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Radiopharmaceutical brain imaging is clinically applied

in planning resective epilepsy surgery. Cerebral sites of

seizure generation-propagation are highly associated

with regions of hyperperfusion during seizures, and

with glucose hypometabolism interictally. For surgical

planning in epilepsy, the functional imaging modalities

currently established are ictal single photon emission

computed tomography (SPECT) with [99mTc]techne-

tium-hexamethylpropyleneamine oxime (HMPAO) or

with [99mTc]technetium-ethylene cysteine dimer (ECD),

and interictal positron emission tomography (PET) with

2-[18F]fluoro-2-deoxyglucose (FDG). Ictal SPECT and in-

terictal FDG PET can be used in presurgical epilepsy

evaluations to reliably: 1) determine the side of anterior

temporal lobectomy, and in children the area of multi-

lobar resection, without intracranial electroencephalo-

graphic recording of seizures; 2) select high-probability

sites of intracranial electrode placement for recording

ictal onsets; and, 3) determine the prognosis for com-

plete seizure control following anterior temporal lobe

resection. Coregistration of a patient’s structural (mag-

netic resonance) and functional images, and statistical

comparison of a patient’s data with a normal data set,

can increase the sensitivity and specificity of these

SPECT and PET applications to the presurgical

evaluation.
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FUNCTIONAL IMAGING WITH various ra-
dioligands and single photon emission com-

puted tomography (SPECT) or positron emission
tomography (PET) has demonstrated many types
of blood flow, glucose metabolic and neurochem-
ical dysfunctions in a variety of neurological con-
ditions,1 including epilepsy.2 Seizures are among
the most common of neurologic symptoms. Sei-
zures, or paroxysmal spells of transitory alteration
in consciousness or other cortical function, may
reflect episodic neurologic, psychiatric, or extrace-
rebral (particularly cardiovascular) dysfunction.
Epileptic seizures are distinguished from other
paroxysmal spells by their abnormally synchro-
nized electrical discharges of localized or widely
distributed groups of cerebral neurons. Many indi-
viduals will suffer a single unprovoked generalized
tonic-clonic seizure some time in life, or one or
more epileptic seizures associated with recurring
hypoglycemia, electrolyte disturbances or other
extracerebral conditions; these individuals do not
have epilepsy, despite occurrence of one or more
epileptic seizures. Epilepsy is diagnosed when
persisting cerebral dysfunction causes recurring
epileptic seizures. Approximately 5% of Ameri-

cans have at least 1 epileptic seizure during their
lifetimes. At any point in time 1-2% of Americans
have epilepsy; cumulative lifetime incidence ex-
ceeds 3%.3

The epilepsies are diverse conditions with little
in common save the tendency for epileptic seizures
to occur at variable intervals and usually at unpre-
dictable times. Functional imaging research in the
epilepsies requires full classification of the sub-
jects’ seizures and epilepsies. Partial-onset seizures
begin electrophysiologically in one cerebral region
before ceasing at that site or propagating to other
sites. Some degree of bihemispheric propagation is
required for a partial-onset seizure to cause glo-
bally altered consciousness (a complex partial
seizures), and spread over the entirely of both
cerebral hemispheres causes a generalized convul-
sive (grand mal) seizure. Grand mal seizures also
can begin without any behavioral or EEG changes
to suggest a focal onset. Such generalized-onset
seizures probably begin with pathological, syn-
chronous discharges of thalamocortical neurons,
which “pace” the simultaneous onset of ictal dis-
charges over the entire cortex.4 Generalized-onset
seizures sometimes involve all areas of cortex, but
only a minority of neurons in each area, to cause
behavioral and cognitive arrest, without convulsive
activity (an absence seizure). High quality imaging
research in the epilepsies requires that the investi-
gators exclude subjects who have “pseudosei-
zures.” Pseudoseizures are paroxysmal events in
which behaviors closely mimic those of epileptic
seizures, but occur due to organic or psychiatric
dysfunction in the absence of electrographic ictal
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discharges. Video-EEG monitoring is routinely used
to diagnose epileptic versus non-epileptic seizures.3

Epilepsy is diagnosed only when persisting cere-
bral dysfunction causes recurring epileptic seizures.
Epilepsies are classified in two domains, as localiza-
tion-related (with partial-onset seizures) versus gen-
eralized (with generalized-onset seizures), and as
primary versus secondary in etiology. In primary
epilepsies, seizures are the only clinical manifesta-
tions of the cerebral dysfunction, epidemiological
evidence points to variably penetrant autosomal in-
heritance, and no post-conceptional cerebral insult
appears necessary for initiation of epileptogenesis.
Secondary generalized epilepsies and most partial
epilepsies are acquired secondary to cerebral insult,
although the precise nature of the insult cannot
always be determined. Frequently, this etiologic in-
sult causes interictal cerebral dysfunction, as in the
mental retardation usually seen in secondary gener-
alized epilepsies, and the deficits of delayed recall
that typify the interictal hippocampal dysfunction of
limbic temporal lobe epilepsy. Many types of sei-
zures are followed by transitory (minutes or hours)
postictal dysfunction, which is more severe or affects
different functions than those that characterize the
interictal state.

Brain imaging research with PET and SPECT
has provided a great deal of new information
concerning ictal and interictal epileptic dysfunc-
tions.2,5 The productivity of emission tomographic
research in the epilepsies is in part attributable to
the wide range of functions that can be anatomi-
cally mapped with radioligands. Regional brain
functions can be mapped with PET or SPECT at
different points in time, to: 1) localize and measure
functional differences between ictal and interictal
states, and to determine the sites of dysfunction in
the interictal state; 2) assess effects of epilepsy
therapies; and 3) analyze regional changes in
synaptic activity during motor, sensory or cogni-
tive processing, which may be abnormal interic-
tally in epilepsy. Detailed discussion of emission
tomographic research in the epilepsies is beyond
the scope of this review. The interested reader can
find a current summary of this research in a
recently published monograph.6

EMISSION TOMOGRAPHIC METHODOLOGY
IN EPILEPSY

Epilepsy poses several unique problems for PET
and SPECT performance and analysis. First, a

variety of structural lesions and neurochemical
disturbances are associated with the epilepsies,
with greater heterogeneity of underlying structural
lesions than occurs in many other neurological
diseases and conditions.

Many lesions associated with epilepsy are
readily characterized with MRI, and correlation of
the individual’s MRI findings with PET and
SPECT abnormalities is essential to adequate in-
terpretation for epilepsy surgery evaluation. Sec-
ond, functional differences among the ictal, postic-
tal, and interictal states increase the complexity of
PET and SPECT image acquisition and interpreta-
tion in the epilepsies, compared with other neuro-
logic conditions. Some PET ligands and their
corresponding kinetic models do not support im-
aging of a particular function over a period of time
as short as that of a typical complex partial or
absence seizure. Clinical PET usually is performed
in the interictal state, but it may be difficult to
exclude seizure occurrence, even when scalp EEG
recordings are made before and during PET. Sub-
clinical electrographic seizures in small cerebral
volumes or deep structures may not be detected
with extracranial EEG7, but may increase glucose
metabolism sufficiently to alter 18F2-fluoro-2-de-
oxyglucose (FDG) images, as shown in Fig 1.
Acquisition and analysis of ictal SPECT is difficult
for these same reasons, in addition to difficulties in
timing injection of the radioligands during a sei-
zure, which often is quite brief. Further, antiepi-
leptic drug therapy alters many cerebral functions,
so the PET and SPECT images do not reflect only
dysfunction due to the epilepsy itself, but also
dysfunction due to the effects of AEDs. Decreased
global cerebral glucose metabolism is more severe
after barbiturates are initiated than occurs with
phenytoin, carbamazepine or valproate.9

Several reviews have covered general and epi-
lepsy-related aspects of PET methodology in de-
tail,10-12 but a few points should be re-emphasized.
Different PET ligands not only produce different
functional maps of the brain (based on their differ-
ent biochemical activities), but also generate image
sets that reflect different periods of time. In partic-
ular, FDG kinetics generate a non-linear temporal
resolution, in that metabolism is averaged over
about 40 minutes, with earlier periods during
scanning weighted more heavily in this average.
The tracer kinetic model of FDG requires steady-
state conditions for absolute measurements of glu-
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cose metabolic rate, so only relative comparison of
metabolism within different regions of the image
set can be made if a single seizure occurs during
FDG imaging.13 Each dimension of a volume of
tissue must be at least twice the linear resolution of
the imaging system for the volume to be accurately
resolved in space and functional intensity on the
image.14 Structures smaller than this will have their
functional activity averaged with those of adjacent
structures (the partial volume effect). The higher
spatial resolution of current PET tomographs, com-
pared with those reported in earlier FDG imaging
research, has been shown to generate more sensi-
tive and accurate detection of hypometabolism,
with greater ability to correlate FDG image coor-
dinates with brain MRI locations.15

Several reviews have covered general and epi-
lepsy-related aspects of SPECT methodology in
detail,16 but a few points should be re-emphasized.
It is critical to fully analyze the temporal relation-
ships between radioligand injection and ictal semi-
ology. Interpretation of delayed positictal injection

as representing injection during the ictus may
cause false lateralization of interhemispheric
asymmetries of CBF, due to the “postictal switch”
phenomenon,17 as discussed below. Both interictal
and ictal CBF images must be compared in the
same patient, as unrecognized interictal abnormal-
ities might lead to false localization of ictal hyper-
perfusion if it is wrongly assumed that ictal perfu-
sion patterns are changed from normal interictal
CBF distributions.18 A considerable increase in
sensitivity and specificity is afforded by coregis-
tration and subtraction of ictal and interictal
SPECT images, followed by superimposition on
the individual’s MRI scan, and statistical analysis
of CBF differences.16 While stabilized HMPAO
and ECD often are considered as equivalent for
ictal SPECT, one study found that the dynamic
range of ictal hyperperfusion on HMPAO images
was greater than that afforded by ECD.19

Full co-registration of an individual’s FDG and
MRI scans, followed by registration of the MRI to
a set of normal MRI studies, permits comparison of

Fig 1. Ictal (prolonged auras) and interictal FDG PET images of a mesial TLE patient. These transaxial images of two FDG scans

of the same patient were obtained interictally (lower row) and during a period of repetitive auras without behavioral changes

(upper row). The left hippocampus shows markedly greater FDG uptake during the ictal scan (at the arrowhead and on the adjacent

image planes), compared with the interictal scan. The interictal scan shows the typical anterior mesial-lateral temporal lobe

hypometabolism of unilateral mesial temporal lobe epilepsy. Imaging was performed with the ECAT Exact (Siemens, Hoffman

Estates, IL), with intrinsic resolution of 5.8 mm in plane and 4.2 mm axially (full width at half maximum). On each row the transaxial

images are arranged with the most superior plane to the left and 3.4 mm spacing, with the same levels displayed on each row.

Subject left is displayed on image right. (Images supplied courtesy of Dr. John M. Hoffman, Emory University PET Center).
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anatomically specific metabolic measurements of
the individual with normal subjects’ means and
variances of regional metabolism.20 Statistical
parametric imaging detects some abnormalities
that cannot be appreciated with qualitative inter-
pretation. For example, bilateral temporal hypo-
metabolism with marked asymmetry of temporal
metabolism can be accurately described with sta-
tistical parametric imaging techniques, but usually
appears as unilateral temporal hypometabolism on
visual interpretation (see Fig 2). Quantitative anal-
yses that determine an asymmetry index also will

fail to detect bilateral temporal hypometabolism,
although the temporal lobe with relatively greater
metabolic decrease will be accurately noted as
hypometabolic. Issues regarding the construction
of regions of interest, for regional sampling of
FDG activity, have been previously discussed.21

Despite the advantages of statistical parametric
imaging techniques, visual interpretation and quan-
tification of asymmetry remain useful in current
clinical applications, as unilateral TLE typically
has asymmetric, bilateral temporal hypometabo-
lism interictally.

Acquisition of ictal and interictal SPECT usu-
ally is performed during in-patient video-EEG
monitoring, so availability of both behavioral ob-
servations and EEG is not an issue. Many centers
also perform continuous scalp EEG monitoring
immediately prior to and following FDG adminis-
tration, including for out-patient PET. Continuous
EEG monitoring immediately prior to and follow-
ing FDG administration is useful in determining
wake-sleep state, frequency of interictal epilepti-
form discharges, and occurrence of electrographic
seizures. Scalp electrodes do not significantly at-
tenuate or scatter the high energy (511 keV)
photons that are produced by positron annihilation.
However, intracranial electrodes have been sus-
pected of producing spurious regional hypometab-
olism on FDG imaging.22 Some centers do not
routinely perform EEG monitoring, which slightly
increases the cost of FDG scanning, on the bases
that subclinical or unreported seizures rarely occur
in the imaging suite and that single seizures do not
alter FDG images.23 The latter point has been
disproved (see, e.g., the case presented in 21), but
the cost-benefit ratio of continuous EEG during
FDG studies has not been established.

EMISSION TOMOGRAPHIC FINDINGS IN
CLINICAL EPILEPSY STUDIES

Ictal Imaging of Single Seizures in
Partial Epilepsies

Intense increases in regional cerebral blood flow
(rCBF) and glucose metabolism are hallmarks of
partial-onset seizures. Paroxysmal changes in
rCBF and regional cerebral metabolic rate for
glucose (rCMRGlc) probably are due mainly to
increases and decreases in regional synaptic activ-
ity. Increased ictal rCBF and rCMRGlc could be
due mainly to increased excitatory neurotransmis-

Fig 2. Statistical parametric mapping of interictal hypo-

metabolism in three patients with unilateral mesial TLE. The

upper row shows a single axial image of FDG activity for each

patient, which includes temporal neocortex anteriorly and

laterally, and the amygdala (patient A) or hippocampal for-

mation (patients B and C) mesially. The middle row shows the

corresponding axial plane of the normal FDG atlas, as coreg-

istered to the image in the upper row. The lower row shows

the coregistered MR image for the patient, with voxels of

decreased (by Z-score of 2 or greater) FDG activity shown in

white. Several areas of visually apparent hypometabolism

over lateral temporal regions on the FDG images in the upper

row were not significantly hypometabolic on comparison

with the normal data. These patients had asymmetric bilat-

eral temporal hypometabolism on parametric mapping, with

small volumes of hypometabolism over mesial temporal re-

gions that were contralateral to the ictal onset zone, and

larger volumes of significant hypometabolism on the epilep-

togenic side; the contralateral hypometabolic regions were

not apparent on visual analysis of the FDG activity images.

(The phenomenon of asymmetric bilateral temporal hypome-

tabolism interictally in unilateral TLE is discussed in the text).

The epileptogenic temporal lobe is indicated with an arrow

for patients’ FDG images and parametric images. (Images

supplied courtesy of Dr. Tracy L. Faber, Emory University PET

Center).
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sion, to increased inhibitory neurotransmission, or
to increases in excitatory and inhibitory neuro-
transmission, with hypersynchrony of synaptic ac-
tivities. Thus, imaging of ictal changes in rCBF
and rCMRGlc can be used to localize increased
synaptic neurochemical activity, although without
specificity for particular types of neurotransmis-
sion.

Single seizures usually last for less than 90
seconds (and often are much briefer), and occur
less than once per day (and often far less than that)
for most individuals with epilepsy. Seizure fre-
quency (and duration) can be significantly in-
creased by taking hospitalized patients off their
antiepileptic drugs (AEDs). Tapering or discontin-
uation of AEDs usually is performed to make a
complete diagnosis of seizures types, or to localize
regions of ictal onset in consideration of resective
surgical therapy, with EEG-videomonitoring. In
the setting of an epilepsy monitoring unit, with
AEDs reduced or discontinued, injection of
[99mTc]HMPAO or [99mTc]ECD can be accom-
plished during or within seconds following termi-
nation of a complex partial seizure. Peri-ictal
SPECT imaging of CBF has excellent accuracy in
determining the region of ictal onset and predom-
inant propagation in refractory partial epilep-
sies.17,18,24-31 When the radiopharmaceutical is in-
jected during the electrographic seizure or within
30 seconds after the seizure, over 90% of patients
with unilateral temporal lobe epilepsy (TLE) have
regional hyperperfusion over mesial and lateral
portions of the temporal lobe of ictal onset.18 Ictal
hyperperfusion also frequently extends to contigu-
ous areas of ipsilateral extratemporal cortex and to
ipsilateral basal ganglia.27 Bilateral temporal hy-
perperfusion occurs in some ictal SPECT studies in
TLE,18 but the epileptogenic temporal lobe has
greater CBF increase from the interictal to the ictal
scan than occurs contralaterally. Resolution of ictal
and early postictal hyperperfusion occurs at differ-
ent rates in different brain regions. Ictal HMPAO
SPECT also is useful in determining the region of
ictal onset and predominant propagation in extra-
temporal partial epilepsies.26,30

Ictal SPECT studies can clarify the anatomical
substrates of ictal semiology. Partial seizures that
cause greater impairment of consciousness (with-
out causing a full generalized tonic-clonic seizure)
are more likely to show hyperperfusion of the

thalami and midbrain, in addition to cortical hy-
perperfusion, than are simple partial seizures.32,33

Greater degrees of ictal impairment of conscious-
ness and motor phenomena are associated with
greater propagation of CBF increases to the con-
tralateral hemisphere.34 Newton and colleagues
examined the ictal hemidystonia that often occurs
late in complex partial seizures in TLE.28 They
demonstrated unilateral basal ganglia hyperperfu-
sion during seizures with hemidystonia of the
opposite limbs, which was consistently ipsilateral
to the temporal lobe of ictal onset, but found no
basal ganglia CBF changes during complex partial
seizures without dystonia. In the rare epileptic
syndrome of hypothalamic hamartoma with gelas-
tic seizures, a complex partial seizure was associ-
ated with hypothalamic hyperperfusion, in the
absence of temporal lobe or other cortical CBF
changes,35 thus supporting other lines of evidence
that focal seizures can originate in the hypothala-
mus. It is well known that ictal semiology can be
altered by changes in AED regimens. A further
question that might be addressed with ictal SPECT
is how different AEDs affect ictal onset-propaga-
tion CBF distributions.

Ictal [18F]FDG PET studies cannot be quantified
because glucose metabolism is not at steady-
state.13 Dynamic [15O]H2O PET imaging of cere-
bral blood flow (CBF) is in theory superior for ictal
scanning of single seizures to either FDG PET or
SPECT techniques, owing to its superior temporal
resolution and the possibility of fully quantifying
CBF (without requirement of correction for non-
linear activity-CBF relationships, as occur with
SPECT agents). In practice, the short half-life of
15O and the usually unpredictable timing of seizure
onsets render ictal [15O]H2O impossible, except
for the study of reflex seizures. Relative increases
and decreases in ictal regional metabolism have
been observed with [18F]FDG PET. Ictal [18F]FDG
studies are most useful when the duration of
continuous seizure activity approximates the dura-
tion of FDG uptake and phosphorylation following
bolus FDG injection, i.e., when seizures last 10
minutes or longer. Occurrence of a brief complex
partial seizure shortly after FDG injection may
actually be associated with false normalization of
apparent FDG activity, presumably due to averag-
ing of interictal hypometabolism and ictal hyper-
metabolism in the same region.21
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SPECT and PET Imaging of
Postictal States

Peri-ictal SPECT studies of TLE have shown a
characteristic evolution in regional CBF, as the
region of ictal hyperfusion declines to severe
hypoperfusion for several minutes postictally, then
within about 20 minutes perfusion rises back to a
milder degree of interictal hypoperfusion. This
phenomenon has been called the “postictal
switch”.17 Resolution of ictal and early postictal
hyperperfusion and of later postictally enhanced
hypoperfusion occurs at different rates in different
brain regions. This “postictal switch” phenomenon
is extremely important to recognize in clinical
applications of ictal SPECT, because false lateral-
ization of the ictal onset zone might occur if a
“switched” postictal CBF asymmetry is mis-inter-
preted as representing an ictal CBF asymmetry.

Peri-ictal [18F]FDG PET studies have shown a
rather different time course of regional CMRGlc

changes following seizures. In a group of patients
with complex partial seizures who had PET at
different intervals following the most recent sei-
zure, quantified regional metabolic changes
evolved for more than 48 hours after a single
complex partial seizure.36 The most severe re-
gional hypometabolism occurred more than 48
hours after the seizure, the least severe hypome-
tabolism occurred at 24–48 hours postictally, and
metabolism was intermediate in the first 24 hours
postictally. In a study in which [18F]FDG studies
were performed on average less than 60 hours after
the most recent seizure, the type of seizures that
preceded the scan had a strong influence on the
regional distribution of hypometabolism.37 In gen-
eral, the most localized ictal discharges preceded
scans with the smallest volumes of hypometabo-
lism, and secondarily generalized seizures pre-
ceded scans with the most widespread patterns of
unilateral hypometabolism.

Interictal FDG PET in Mesial Temporal
Lobe Epilepsy

Interictal FDG PET usually demonstrates hypo-
metabolism of one temporal lobe, or bilateral
temporal hypometabolism with more severe hypo-
metabolism of one temporal lobe, in adults and
children with refractory mesial TLE.6,9,15,21,38-64

Qualitative visual analysis of FDG scans, obtained
with high performance tomographs, currently de-
tects unilateral (or bilateral, but asymmetric) tem-

poral lobe hypometabolism in over 70% of refrac-
tory TLE patients. Higher resolution tomographic
systems produce a higher detection rate for hypo-
metabolism and greater concordance in scan inter-
pretation, in qualitative interpretation of FDG im-
aging in localization-related epilepsies.15 With
quantitative analysis, detection of significant tem-
poral hypometabolism may reach or exceed 90% in
this group.

Temporal lobe hypometabolism usually extends
over mesial and lateral portions of an interictally
dysfunctional temporal lobe, on FDG scans in
mesial TLE.46,47,55,64 Regional hypometabolism in
mesial TLE typically is diffuse, with graded de-
marcations from adjacent areas of normal metab-
olism, and with a relatively large area of hypome-
tabolism. Even in the presence of a temporal lobe
foreign-tissue lesion, patients with refractory me-
sial temporal seizures usually have widespread
temporal lobe hypometabolism, rather than focal
hypometabolism restricted to the site of the lesion.
The lateral temporal hypometabolism often ap-
pears more severe than the mesial temporal hypo-
metabolism of an affected temporal lobe, on qual-
itative scan interpretation. Two quantitative
investigations also demonstrated more severe hy-
pometabolism of lateral temporal than mesial tem-
poral areas in many mesial TLE patients.47,55

Using an ultra-high resolution tomograph, one
study of mesial TLE found that small volumes of
anterior mesial temporal structures were more
severely hypometabolic than were any other tem-
poral or extratemporal areas in many mesial TLE
patients.64 This suggests that partial-volume aver-
aging of severe hypometabolism in the epilepto-
genic amygdala-hippocampus together with less
depressed metabolism of adjacent basal temporal
areas may cause the mesial temporal areas to
appear less severely hypometabolic than they ac-
tually are, using clinical PET systems. Normal
interictal metabolism also occurs in refractory
mesial TLE, but normal FDG scans are more
common in non-refractory than in refractory me-
sial TLE.

Many TLE patients have unilateral frontal, pa-
rietal, thalamic or basal ganglial hypometabolism
ipsilateral to temporal hypometabolism, but occip-
ital hypometabolism is rare in mesial TLE.46,47,56,57

The temporal hypometabolism is nearly always
more severe than is any extratemporal hypometab-
olism. The cortical hypometabolic area typically is
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contiguous across its entire temporal and extratem-
poral extent and bilateral cerebellar hypometabo-
lism is common. Thus, interictal FDG PET in
refractory mesial TLE usually reveals unilateral
diffuse regional hypometabolism of one mesial-
lateral temporal area, with or without ipsilateral
extratemporal cortical hypometabolism or con-
tralateral temporal hypometabolism; ipsilateral ex-
tratemporal and contralateral temporal hypometab-
olism appears less severe than is the temporal lobe
hypometabolism.

The pathophysiological basis of regional hypo-
metabolism, imaged with FDG interictally in TLE,
currently is unclear. Ablative structural lesions
must contribute to localized decreases in glucose
metabolism. Nonetheless, it has been recognized
for some time that the volume of hypometabolism
is greater than the volume of associated structural
lesions, in localization-related epilepsies.40 Acute-
subacute cerebral infarction is associated with
hypometabolism at the site of neuronal loss, and
additional extra-infarctional sites of hypometabo-
lism are considered to represent “diaschisis”, as
passive and usually impersistent effects of a focal
insult on remote brain regions that receive projec-
tions from the insulted area.65 Neuronal loss and
diaschisis were considered the causes of the ana-
tomically distributed interictal hypometabolism in
TLE patients with hippocampal sclerosis. How-
ever, this hypothesis was refuted by a study of
quantified preoperative FDG PET in patients
whose resected temporal tissue underwent quanti-
tative neuronal volumetric densitometry.48 While
neuronal loss and diaschisis probably cause some
of the disseminated glucose metabolic depression
in mesial TLE, other factors must also influence
regional metabolism interictally. Several alterna-
tive such factors have been proposed.2,66 At
present, the diagnostically robust patterns of inter-
ictal glucose hypometabolism are not fully ex-
plained by macrostructural and microstructural
alterations in temporal lobe epilepsy.

Focal mesial temporal hypermetabolism some-
times occurs interictally in children with mesial
TLE, but rarely occurs in adults with localization-
related epilepsies.41,62,67 Continuous or repetitive
focal mesial temporal seizures, which are subclin-
ical and not detectable with scalp electrodes, may
cause “interictal” deep temporal hypermetabo-
lism.8 Alternatively, there may be interictal epilep-
togenic processes that are peculiar to childhood

and that generate greater glucose metabolism in-
terictally. The latter speculation is encouraged by
the presence of interictal regional hypermetabo-
lism is some young children with the Sturge-
Weber syndrome or with infantile spasms, which
does not occur in older children with the Sturge-
Weber syndrome or with the Lennox-Gastaut syn-
drome (a common “endpoint” for patients with
infantile spasms earlier in life), the older children
having exclusively hypometabolism or normal me-
tabolism interictally.

Ictal or peri-ictal (mixed ictal-postictal-interic-
tal) FDG scans are difficult to obtain and to
interpret. True ictal imaging with FDG is restricted
to status epilepticus, due to the relatively poor
temporal resolution of the FDG method. Occur-
rence of a single complex partial seizure during the
FDG uptake period may be associated with the
usual interictal findings of unilateral temporal hy-
pometabolism. In one reported case, a partial
seizure occurred about 2 minutes after FDG injec-
tion and the scan appeared normal; the same
patient later had marked hypometabolism of the
epileptogenic temporal lobe on an interictal FDG
scan.21 Presumably, ictal hypermetabolism was
averaged with interictal-postictal hypometabolism
over the temporal lobe to cause “normalization” of
FDG activity on the peri-ictal scan. In another
case, a TLE patient had repeated complex partial
seizures following FDG injection, and the scan
showed hypermetabolism over the epileptogenic
temporal lobe, with ipsilateral frontal and thalamic
metabolic increases.68 Alterations on ictal and
peri-ictal FDG images likely reflect ictal dysfunc-
tion at the site of ictal onset and in areas of ictal
propagation, and interictal and postictal dysfunc-
tion in these areas, but it is impossible to sort out
the relative contributions of these various dysfunc-
tions to a single set of FDG images.

Interictal CBF imaging with PET often shows
“diffuse” regional hypoperfusion, consisting of a
relatively large area of hypoperfusion with indis-
tinct boundaries from adjacent areas of normal
CBF, and with inhomogeneous severity of hypo-
perfusion.50,51,69,70 Interictal regional CBF de-
creases often occur predominantly contralateral to
the ictal onset zone in mesial TLE.51,71 Ictal CBF
imaging of complex partial seizures with [15O]H2O
is nearly impossible to obtain, given the 2-minute
half-life of oxygen-15, except with seizure induc-
tion by proconvulsant drugs or during complex
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partial status epilepticus.72 For these reasons, ictal
imaging and resting interictal imaging with
[15O]H2O have no clinical role in presurgical
evaluation.

Interictal FDG PET in Other Localization-
Related Epilepsies

Interictal FDG PET often demonstrates a region
of pathological hypometabolism, in adults and
children with refractory partial seizures of extra-
temporal origin or of neocortical (extra-limbic)
temporal origin.6,21,44,45,57,60,73-75 In patients with a
single neocortical site of ictal onset, interictal
FDG PET usually demonstrates a single region of
hypometabolism, but normal metabolism also is
frequently observed (Fig 3). Compared with non-
lesional limbic TLE, non-lesional neocortical epi-
lepsies are much more likely to have normal
interictal FDG PET studies.73,74 Interictal focal
neocortical areas of hypermetabolism may occur in
early childhood epilepsies,67 but have not been
reported in adults. In many lesional neocortical
epilepsies, the hypometabolic region is small,
sharply circumscribed, and co-localized with a
focal structural lesion detected with MRI (see Fig
4); a similar relationship of “matching” focal PET
hypometabolism and focal MRI lesion rarely is
observed in limbic TLE.73 Many individuals with
lesional or non-lesional neocortical localization-
related epilepsies have a more widespread hypo-
metabolic zone, that has graded transitions from

areas of severe hypometabolism to areas of normal
metabolism, similar to patterns of hypometabolism
in limbic TLE. When associated with a lesion, a
diffuse hypometabolic area of neocortex often is
much larger than any associated structural imaging
abnormality and any histopathological lesion, as
also observed in limbic TLE. In the absence of a
structural lesion on MRI, the volume of diffuse
regional hypometabolism sometimes is fairly small
in neocortical epilepsies. Larger areas of hypome-
tabolism often include mesial temporal, thalamic,
and basal ganglial hypometabolism ipsilateral to
the neocortical site of hypometabolism. Hypome-
tabolism over an entire hemisphere is rare, as is
symmetric bilateral hypometabolism, in unilateral
neocortical epilepsies. The degree of hypometabo-
lism usually varies across a region of diffuse
hypometabolism. The zone of most severe hypo-
metabolism, excluding the site of a foreign-tissue
lesion, usually contains the electrophysiologically
defined ictal onset zone.21

Ictal or peri-ictal FDG imaging during simple
partial seizures of neocortical frontal origin dem-
onstrate patterns of increased and decreased FDG
uptake, which likely reflect neuronal activity at the
site of ictal onset, in areas of ictal spread, and in
regions involved in post-ictal depression. Epilepsia
partialis continua can be associated with a small
volume of cortical hypermetabolism or hypome-
tabolism when the ictal discharge remains limited,
or more diffuse unilateral cortical and thalamic

Fig 3. Ictal and interictal SPECT images of a patient with seizures of right insular origin. Inter-ictal (left) and ictal (right)

transverse plane Tc-99m ECD brain SPECT images demonstrate an ictal seizure focus in the right insular cortex that is

hypoperfused on the inter-ictal study.
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hypermetabolism or hypometabolism when intra-
hemispheric spread occurs.2,68,70,76 In one patient
with epilepsia partialis continua manifested as left
arm and leg clonus, right frontal hypermetabolism
and other bilateral regions of hypermetabolism
were present.68,76 In other cases of epilepsia par-
tialis continua, FDG scans have revealed focal
frontal hypermetabolism with ipsilateral thalamic
or contralateral cerebellar hypermetabolism, or
widespread hypometabolism without detectable ar-
eas of hypermetabolism. In several patients with
epilepsia partialis continua, [15O]O2 scans showed
increased blood flow, increased oxygen metabo-
lism and decreased oxygen extraction fraction in
widespread areas of one cerebral hemisphere,
which was contralateral to the focal motor seizure;

frontal lobe abnormalities were quantitatively
more severe than those of other regions.70

Interictal FDG PET in Primary
Generalized Epilepsies

Presurgical evaluations with PET have not been
used to exclude primary generalized epilepsy pa-
tients from consideration of surgery; because clin-
ical histories, and interictal and ictal scalp EEG
recordings usually have established the diagnosis.
Even when history and EEG might not entirely
distinguish an atypical primary generalized epi-
lepsy from a secondary generalized epilepsy, inter-
ictal FDG imaging would not be helpful. Interictal
FDG studies are normal in primary generalized
epilepsies.22,77-79 Some patients with secondary

Fig 4. Interictal FDG PET images of a patient with seizures of neocortical frontal origin. The highly focal defect in the metabolic

image (at the arrowhead on plane P20, at the upper right) was at the site of a cavernous angioma, which was visible on MRI.

Intracranially recorded ictal onsets occurred superior to the lesion, in the region of structurally normal cortex that was most

severely hypometabolic (at the arrowhead on plane P24). Imaging was performed with the ECAT Exact. Transaxial images are

arranged with the most superior plane to the left and 6.75 mm spacing. (Images supplied courtesy of Dr. John M. Hoffman, Emory

University PET Center).
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generalized epilepsies, and some with localization-
related epilepsies, also have normal interictal FDG
imaging,47,80,81 so the finding of normal interictal
cerebral glucose metabolism is not useful in syn-
dromic classification.

Interictal FDG PET in Symptomatic
(“Secondary”) Generalized Epilepsies

West Syndrome

Patients with infantile spasms have been exten-
sively studied with FDG imaging, in both research
applications and presurgical evaluation. Unilateral
cortical metabolic dysfunctions (hypo- or hyper-
metabolism) are relatively common in West’s syn-
drome.82-85 Bitemporal hypometabolism is less
common, occurring in approximately 15% of in-
fants with spasms in Chugani’s series. In this
series, bitemporal hypometabolism was never as-
sociated with a single predominant zone of struc-
tural imaging or electrophysiological abnormality,
so surgery was never performed; most of these
infants later developed autism.85 (Bitemporal hy-
pometabolism also has been reported in autistic
children who had partial status epilepticus early in
life,86 but these children had evidence of hip-
pocampal sclerosis on MRI.) By contrast, approx-
imately 20% of infants with refractory spasms had
FDG studies showing unilateral cortical regions of
metabolic dysfunction; those who underwent uni-
lateral cortical resection, which usually included
large volumes of cortex, often had cessation of
seizures, and normal or near-normal cognitive
development.49,87

Many infants with West’s syndrome have both
unilateral cortical metabolic dysfunction, and bi-
lateral lenticular and brainstem metabolic dysfunc-
tion.83 Chugani has hypothesized that infantile
spasms begin with a focal cortical abnormality,
which induces brainstem activities that are pro-
jected symmetrically to the basal ganglia and
spinal cord.83 This theory is consistent with the
observations that infantile spasms are generalized
from onset, and that unilateral cortical resection
can result in cessation of the spasms.82 Such
patients often have cortical dysplasias in resected
tissue, and in some of these cases brain MRI did
not detect the malformation.87,88

High-resolution PET tomographs permit detec-
tion of focal cortical regions of decreased or
increased glucose utilization in many infants who
previously were diagnosed as idiopathic West’s

syndrome. Chugani reported a series of 140 cases
of infantile spasms, including 7 who had neuroge-
netic syndromes and 29 who had lesions on struc-
tural imaging; among the patients without lesions
or neurogenetic syndromes, FDG imaging detected
regional metabolic dysfunction at one cortical site
in 30 cases and at multiple cortical sites in 62
cases.84 The subjects in this study were biased by
referral pattern towards infants with refractory
spasms and without a structural lesion on MRI.
Nonetheless, one might logically conclude that
infantile spasm-associated malformations of corti-
cal development are more likely to be detected as
metabolic dysfunction than as structural lesions,
during infancy. Chugani has suggested that in
infants the normal absence of myelination of sub-
cortical white matter may render MRI less sensi-
tive in detecting subtle neuronal heterotopia and
other dysplastic features, compared with the high
MRI sensitivity to dysplasias in children and adults
with completed myelination.

Lennox-Gastaut Syndrome and
Related Conditions

Patients with the Lennox-Gastaut syndrome usu-
ally have multiple regions of bilateral cortical
hypometabolism interictally on FDG scans, but
sometimes have predominantly unilateral hypome-
tabolism, when patients with structural lesions are
included.80,89 When only Lennox-Gastaut patients
with no lateralizing findings on neurological exam-
ination and with normal cranial x-ray CT scans
were imaged with FDG interictally, most patients
had symmetric generalized cortical and thalamic
hypometabolism, although a few had symmetric
generalized cortical hypermetabolism.81

A series of 32 children with “cryptogenic epi-
leptic encephalopathies”, which presumably in-
cluded mainly children with secondary generalized
epilepsies, demonstrated generalized metabolic
dysfunction in most cases (usually hypometabo-
lism, but hypermetabolism in some), regional met-
abolic dysfunction in some cases, and normal
metabolism in only two cases.90 The FDG scans in
this series detected thalamic hypometabolism in
90% of cases, which was usually bilateral, but
thalamic metabolism was lower on the side of
more severe cortical hypometabolism.

Unilateral focal or multifocal sites of hyperme-
tabolism during sleep, with more nearly normal
cerebral glucose metabolism during waking, are
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typical of electrical status of slow wave sleep.91

The sites of metabolic dysfunction mainly were
found in association cortex. This childhood syn-
drome of continuous generalized spike-and-wave
discharges during slow wave sleep, usually with
dementia or progressive aphasia, and with clini-
cally evident epileptic seizures, thus provides an-
other example of a secondary generalized epilepsy
where generalized EEG phenomena are associated
with focal or multifocal cortical metabolic dys-
function.

EMISSION TOMOGRAPHIC IMAGING IN
PRESURGICAL EVALUATION OF

PARTIAL EPILEPSIES

Imaging of ictal CBF with SPECT and of
interictal CMRGlc with PET have similar roles in
evaluations for epilepsy surgery. Both ictal CBF
SPECT and interictal FDG PET can detect definite
abnormalities when structural imaging is normal or
nonspecifically altered.53,92,93 Overall sensitivity
and specificity of ictal SPECT and interictal FDG
PET are similar; studies of the two techniques, in
the same sets of patients, report sensitivity to
functional abnormality in excess of 70% (and
usually much greater than 70%), with specificity to
the ictal onset zone above 90%.92,94,95 Single re-
gions of interictal hypometabolism on FDG PET
are highly associated with the region that can be
resected to control seizures in localization-related
epilepsies. In the syndrome of limbic TLE, inter-
ictal FDG PET and ictal SPECT that shows most
severe abnormality in one temporal lobe strongly
supports anterior temporal lobectomy without prior
intracranial EEG monitoring, if other non-inva-
sively acquired data support this localization (spe-
cifically; when 1) extracranial EEG recordings
show unilateral temporal ictal onsets; 2) MRI is
normal, or non-specifically abnormal, as in the
case of puncta of subcortical white matter abnor-
malities, or abnormal in the same temporal lobe;
and, 3) other non-invasively acquired data are not
discordant with this localization.43 In the syndrome
of limbic TLE, interictal FDG PET and ictal
SPECT that shows most severe abnormality in one
temporal lobe does not alone establish that all
seizures are arising from that temporal lobe (as
discussed further below), so intracranial monitor-
ing will be necessary when FDG abnormalities are
not supported by ictal EEG localization, and when

FDG abnormalities contradict other localizing ab-
normalities.

In extratemporal epilepsies and in localization-
related epilepsies that cannot be fully characterized
by electroclinical manifestations, FDG abnormali-
ties cannot be used to determine the margin of
cortical resection, but can be used with other data
to determine sites that should be monitored with
intracranial electrodes.73 Current evidence demon-
strates that PET and SPECT data are not redundant
with electrophysiological data nor with structural
imaging data. These functional imaging modalities
sometimes provide evidence of falsely localized
extracranial ictal EEG data, or evidence that EEG
and MRI falsely suggested unifocal ictal onsets in
patients who actually have two independent ictal
onset zones. However, the cost effectiveness of
performing one of these functional imaging modal-
ities in all patients before resective epilepsy ther-
apy is unknown. Based on currently available
information, it is reasonable to perform either
interictal FDG PET or ictal SPECT in all patients
with localization-related epilepsies before resec-
tive surgery, in addition to ictal recordings with
extracranial EEG, MRI and neuropsychometric
studies.

Unilateral temporal lobe hypometabolism is
“falsely lateralized” (located contralateral to the
intracranially recorded site of ictal onset, in pa-
tients with single ictal onset zone) in approxi-
mately 1–2% of patients, in series in which poten-
tial sources of imaging artifact and unreliable
forms of quantitative analysis were excluded. Prior
intracranial surgery, including depth electrode
placement, can produce temporal hypometabolism
that is falsely lateralized with respect to intracra-
nially recorded temporal lobe ictal onsets and to
the side of subsequent, efficacious resection.43

Imaging artifacts also can be produced by unrec-
ognized errors in cranial positioning, errors in
computerized image reconstruction and other as-
pects of imaging; visual image analysis should be
used to exclude these artifacts, prior to any auto-
mated quantitative image analysis. Volume-of-
interest-based quantitative analysis should sample
regions whose volumes are in the range of the
usual volume of the interictally hypometabolic
area of TLE, and techniques which do not use
predefined volumes of interest, such as statistical
parametric mapping, should use a volume thresh-
old to avoid detection of potentially misleading,
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tiny foci of statistically significant hypometabo-
lism, at least for application in presurgical evalu-
ation. Continuous EEG monitoring can be per-
formed during FDG scanning and sometimes can
exclude unintentional ictal scanning that could lead
to misinterpretation of FDG images.21 Sperling8

reported a patient who did not have subjective or
objective clinical changes or scalp EEG changes
during “interictal” FDG scanning, which appeared
to show falsely lateralized temporal hypometabo-
lism. In fact, the scan probably showed correctly
lateralized ictal hypermetabolism. Subsequent in-
tracerebral recordings showed frequently recurrent
seizures confined to one hippocampus (without
subjective or objective behavioral change and
without scalp EEG change). Visual interpretation
relies on detecting asymmetry, so hypermetabo-
lism on one side may appear to represent hypome-
tabolism on the other side. Sperling suggested that
relative quantification of temporal lobe and occip-
ital lobe metabolism may support distinction of
temporal hypermetabolism on one side from tem-
poral hypometabolism on the other side. As is true
of all noninvasive means of localizing the epilep-
togenic zone, presurgical application of interictal
FDG PET in partial epilepsies should be limited to
correlation with other studies used to regionalize
the ictal onset zone.

Neuroimaging abnormalities of the ictal onset
zone can be reliably detected with MRI, peri-ictal
single photon emission computed tomography
(SPECT), or interictal FDG PET. Many groups use
one or more such abnormalities, when concordant
with ictal EEG and other data, to direct temporal
lobectomy without prior intracranial EEG monitor-
ing. The relative sensitivities of MRI, peri-ictal
SPECT, and interictal FDG PET in various situa-
tions of presurgical evaluation remain unclear.93

When MRI was performed with a high-perfor-
mance 1.5-Tesla system, but without quantitative
volumetric or T2-relaxometric analysis, 39 TLE
patients in the UCLA series did not have localizing
MRI abnormalities; among these 39 patients, 24
(62%) had temporal lobe hypometabolism on qual-
itative analysis of FDG PET and surgical outcome
was consistent with correct PET lateralization.15

Ryvlin reported that among 19 TLE patients with
normal X-ray computed tomography, 8 had hip-
pocampal T2 increase on MRI and these 8 also had
widespread temporal hypometabolism ipsilaterally
on interictal FDG PET; 8 had normal MRI but had

temporal hypometabolism on PET; 3 had normal
MRI and normal PET.53 Therefore, it can be useful
to perform FDG PET for localization based on
concordance with ictal scalp EEG, even when
qualitatively or quantitatively analyzed MRI is
normal.

Cerebral MRI is essential in detection of neo-
plasia, vascular malformations and other foreign-
tissue lesions.96 Cerebral structural abnormalities
are highly but not completely correlated with the
epileptogenic zone. For this and other reasons,
Spencer has recommended that whenever possible
functional imaging should also be performed and
compared with the other data prior to surgery.93

With increased knowledge of the sensitivity and
specificity of the various imaging techniques in
particular clinical situations, it is possible that in
the future, interictal FDG PET will be reserved for
those cases in which MRI is non-localizing or in
which MRI provides localization discordant with
ictal EEG and other routinely acquired data in
refractory partial epilepsy. Currently many surgery
programs send selected patients to an outside PET
center for FDG imaging, if MRI is normal or
nonlocalizing, ictal SPECT cannot be obtained
successfully, and PET is not available at the center.

Optimal choice of intracranial electrode place-
ments is necessary for successful localization of
the electrophysiological ictal onset zone, when
non-invasive data do not suffice. Interictal meta-
bolic information may be combined with other data
to direct intracranial electrode placement to sites of
possible ictal onset. Regional hypometabolism can
suggest otherwise unsuspected possible sites of
ictal onset, to avoid intracranial monitoring proce-
dures that record ictal propagation patterns but fail
to record earliest ictal onset patterns (evidenced by
absence of ictal discharges recorded during earliest
behavioral manifestations). The absence of any
hypometabolism obviously does not rule out local-
ization-related epilepsy. Similarly, regional hypo-
metabolism strongly suggests that seizures may
begin somewhere within the region of hypometab-
olism, but does not rule out multiple areas of ictal
onset both within and beyond the hypometabolic
cortex. Unilateral temporal hypometabolism has
been reported in patients who have intracranially
recorded bilateral independent hippocampal ictal
onsets of complex partial seizures, most of whom
also have exclusively unilateral MRI abnormal-
ity.97 It is the author’s experience that ictal scalp-
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sphenoidal EEG recordings are much more likely
than are MRI or PET images to show evidence of
bilateral TLE, among patients who subsequently
have intracranial recording of bilateral independent
hippocampal ictal onsets during complex partial
seizures. The author also has seen several patients
who had bilateral independent temporal ictal on-
sets on extracranial EEG, with unilateral temporal
abnormalities on MRI and PET or on PET only,
but had exclusively unilateral hippocampal intra-
cranial EEG onsets that were on the side of the
imaging abnormality (and of efficacious temporal
lobectomy). All focal ictal onset patterns on ex-
tracranial EEG, all focal cerebral gray matter
lesions on MRI, and all regions of cortical hypo-
metabolism on PET should be considered when
determining intracranial electrode placements.

Interictal regional hypometabolism is useful in
predicting the outcome of temporal lobectomy
with respect to seizures. Greater severity of preop-
erative hypometabolism of the resected temporal
lobe is associated with significantly better postop-
erative seizure control, using either qualitative or
quantitative definitions of severity of hypometab-
olism.52,63,98 The high correlation of temporal hy-
pometabolism and seizure outcome is independent
of the pathological diagnosis. Uncal metabolism,
analyzed quantitatively, may provide the most
accurate correlation with seizure outcome.98 Qual-
itatively, severe extratemporal hypometabolism is
associated with a higher incidence of postoperative
seizures.59 Symmetric, severe, bilateral temporal
hypometabolism also is associated with a higher
incidence of postoperative seizures, even when
other data suggest that all seizures originate in one
temporal lobe.39 A site of reduced FDG activity
that is distinct and non-contiguous with a cavern-
ous angioma is highly associated with recurrent
seizures after lesionectomy.59,99 Interictal CBF im-
aging with [15O]H2O PET is not useful in predict-
ing seizure outcome.71 One study found ictal
SPECT highly predictive of surgical outcome in
extratemporal epilepsies.100

Future investigations may establish CBF activa-
tion PET studies as useful in avoiding iatrogenic
injury to essential cortical processing zones during
resective epilepsy surgery, although functional
MRI studies provide similar information without
exposure to ionizing radiation.101 Both activation
PET and fMRI appear likely to be able to lateralize
hemisphere language specialization, based on

functional imaging studies of normal subjects who
did not undergo Wada tests. Full application of
activation PET or fMRI in presurgical evaluation
will require many studies to determine the answers
to many areas of uncertainty, including: 1) whether
fMRI techniques can be developed to permit
speech-related cranial motion during imaging, and
whether it is essential to assess patient effort with
analysis of verbal responses (given that patients
may not comply with instructions during silent
cognitive task performance, as apparently do paid,
healthy volunteers in studies of normal cognitive
activation); 2) how results of activation PET and
fMRI compare with current clinical tools such as
the Wada test and direct cortical electrical stimu-
lation mapping; and, 3) whether modification of
resection based on functional imaging results ac-
tually improves functional outcome of surgery.

EMISSION TOMOGRAPHIC IMAGING IN
PRESURGICAL EVALUATION OF

SYMPTOMATIC GENERALIZED EPILEPSIES

Single regions of interictal hypometabolism on
FDG PET are highly associated with the region
that can be resected to control seizures in the West
syndrome, in the Sturge-Weber syndrome with
generalized-onset seizures, and in other secondary
generalized epilepsies of early childhood.82,83,87 In
addition to the generalized interictal and ictal EEG
phenomena, these early childhood secondary gen-
eralized epilepsies frequently have focal scalp
EEG abnormalities,87 that often correspond to the
PET focus in patients with infantile spasms. When
a single region of abnormal glucose utilization is
apparent on PET, corresponding to the EEG focus,
and the seizures are intractable, surgical removal of
the PET focus results not only in seizure control,
but also in complete or partial reversal of the
associated developmental arrest. This is in contrast
to the expectation of moderate to severe retardation
based on their preoperative developmental decline.

Neuropathological examination of the resected
tissue in the West syndrome who underwent sur-
gery reveals that the epileptogenic zone is typically
a previously unsuspected area of cortical dyspla-
sia.82,87 It is now recommended that any patient
considered to have cryptogenic medically refrac-
tory infantile spasms following extensive evalua-
tion, including metabolic studies and structural
neuroimaging, should have a PET study of glucose
metabolism. About 20% of these refractory cases
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will show a single focal lesion and be candidates
for cortical resection. The remainder will show
multifocal abnormalities on PET, usually corre-
sponding to bihemispheric epileptogenicity on the
EEG.

In Sturge-Weber syndrome patients with refrac-
tory epilepsy, PET has been useful both in guiding
the extent of focal cortical resection (i.e., correlat-
ing better with intraoperative electrocorticography
than CT or MRI) and in assessing candidacy for
early hemispherectomy. Children with cutaneous
anomalies similar to those of Sturge-Weber syn-

drome, but without intracranial angiomata, have
normal cerebral FDG PET. Therefore, PET pro-
vides a sensitive measure of the extent of early
cerebral involvement in Sturge-Weber syndrome
patients, a means of monitoring disease progres-
sion, and information useful in guiding resective
surgery.

Normal metabolism or complex regional metab-
olism bilaterally on FDG PET might be proposed
as indirect support for corpus callosotomy. Further
investigation will be required to establish a specific
role for PET in pre-callosotomy evaluation.

REFERENCES

1. Van Heertum RL, Drocea C, Ichise M, et al: Single
photon emission CT and positron emission tomography in the
evaluation of neurologic disease. Radiol Clin N Am 39:1007-
1033, 2001

2. Henry TR: Progress in epilepsy research: Functional
neuroimaging with positron emission tomography. Epilepsia
37:1141-1154, 1996

3. Engel J Jr: Seizures and Epilepsy. Philadelphia, F.A.
Davis, 1989

4. Steriade M: Cellular substrates of brain rhythms, in
Niedermeyer E, Lopes da Silva F (eds): Electroencephalogra-
phy: Basic Principles, Clinical Applications, and Related Fields
(ed 3). Baltimore, Williams & Wilkins, 1993 pp 27-62

5. Henry TR, Pennell PB: Neuropharmacological imaging in
epilepsy with PET and SPECT. Quart J Nucl Med 42:199-210,
1998

6. Henry TR: PET: Cerebral blood flow and glucose
metabolism: presurgical evaluation, in Henry TR, Berkovic
SF, Duncan JS (eds): Functional Imaging in the Epilepsies.
Philadelphia, Lippincott Williams & Wilkins, 2000, pp
105-120

7. Sperling MR, O’Connor MJ: Auras and subclinical sei-
zures. Characteristics and prognostic significance. Ann Neurol
28:320-328, 1990b

8. Sperling MR, Alavi A, Reivich M, et al: False lateraliza-
tion of temporal lobe epilepsy with FDG positron emission
tomography. Epilepsia 36:722-777, 1995

9. Theodore WH: Antiepileptic drugs and cerebral glucose
metabolism. Epilepsia, 29:S48-S55, 1988 (suppl 2)

10. Frey KA: Positron emission tomography, in Siegel GJ,
Agranoff BW, Albers RW, Molinoff PB (eds): Basic Neuro-
chemistry: Molecular, Cellular, and Medical Aspects (ed 5).
New York, Raven Press, 1999, pp 935-955.

11. Henry TR, Engel J Jr, Mazziotta JC: PET studies of
functional cerebral anatomy in human epilepsy, int Meldrum
BS, Ferrendelli JA, Wieser HG, (eds): Anatomy of Epilepto-
genesis. London, John Libbey-Eurotext, 1988, pp 155-178

12. Phelps ME: Positron emission tomography (PET), in
Mazziotta JC, Gilman S (eds): Clinical Brain Imaging: Princi-
ples and Applications. Philadelphia, F.A. Davis, 1992 pp
71-107

13. Phelps ME, Huang S-C, Hoffman EJ, et al: Tomographic
measurement of local cerebral glucose metabolic rate in humans

with (F-18) 2-fluoro-2-deoxy-D-glucose: Validation of method.
Ann Neurol 6:371-388, 1979

14. Mazziotta JC, Phelps ME, Plummer D, et al: Quantita-
tion in positron emission computed tomography: 5. Physical-
anatomical effects. J Comp Assist Tomogr 5:734-743, 1981

15. Henry TR, Engel J Jr, Mazziotta JC: Clinical evaluation
of interictal fluorine-18-fluorodeoxyglucose PET in partial ep-
ilepsy. J Nucl Med 34:1892-1898, 1993b

16. O’Brien TJ: SPECT: Methodology, in: Henry TR, Berk-
ovic SF, Duncan JS (eds): Functional Imaging in the Epilepsies.
Philadelphia, Lippincott Williams & Wilkins, 2000a, pp 11-32

17. Newton MR, Berkovic SF, Austin MC, et al: Postictal
switch in blood flow distribution and temporal lobe seizures.
J Neurol Neurosurg Psychiatr 55:891-894, 1992

18. Berkovic SF, Newton MR, Chiron C, et al: Single photon
emission tomography, in Engel J Jr. (ed): Surgical Treatment of
the Epilepsies (ed 2). New York: Raven Press, 1993, pp.233-
243

19. Lee DS, Lee SK, Kim Y, et al: Superiority of HMPAO
ictal SPECT to ECD ictal SPECT in localizing the epilepto-
genic zone. Epilepsia, 43:263-269, 2002

20. Faber TL, Hoffman JM, Henry TR, et al: Identifying
hypometabolism in PET images of the brain: application to
epilepsy, in Hohne KH, Kikinis R (eds): Visualization in
Biomedical Computing. Berlin, Springer-Verlag; 1996, pp 457-
465.

21. Henry TR, Chugani HT, Abou-Khalil BW, et al: Positron
emission tomography in presurgical evaluation of epilepsy, in
Engel J Jr (ed): Surgical Treatment of the Epilepsies (ed 2).
New York, Raven Press; 1993a, pp 211-232.

22. Engel J Jr, Ochs RF, Gloor P: Metabolic studies of
generalized epilepsy, in Avoli M, Gloor P, Kostopoulos G, et al
(eds): Generalized Epilepsy. Cambridge, MA, Birkhauser,
1990b pp 387-396.

23. Barrington SF, Koutroumanidis M, Agathonikou A, et
al: Clinical value of “ictal” FDG-positron emission tomography
and the routine use of simultaneous scalp EEG studies in
patients with intractable partial epilepsies. Epilepsia 39:753-
766, 1998

24. Chiron C, Vera P, Kaminska A, et al: SPECT: Ictal
perfusion in childhood epilepsies, in Henry TR, Berkovic SF,
Duncan JS (eds): Functional Imaging in the Epilepsies. Phila-
delphia, Lippincott Williams & Wilkins, 2000, pp 51-60

101PET AND SPECT IN EPILEPSY CARE



25. Lee BI, Markand ON, Wellman HN, et al: HIPDM-
SPECT in patients with medically intractable complex partial
seizures. Arch Neurol 45:397-412, 1988

26. Marks, DA, Katz A, Hoffer P, et al: Localization of
extratemporal epileptic foci during ictal single photon emission
computed tomography. Ann Neurol 31:250-255, 1992

27. Newton MR, Austin MC, Chan JG, et al: Ictal SPECT
using Technetium-99m-HMPAO: methods for rapid prepara-
tion and optimal deployment of tracer during spontaneous
seizures. J Nucl Med 34:666-670, 1993

28. Newton MR, Berkovic SF, Austin MC, et al: Dystonia,
clinical lateralization, and regional blood flow changes in
temporal lobe seizures. Neurology 42:371-377, 1992

29. Rowe CC, Berkovic SF, Sia STB, et al. Localization of
epileptic foci with postictal single photon emission computed
tomography. Ann Neurol 26:660-668, 1989

30. Stefan H, Bauer J, Feistel H, et al: Regional cerebral
blood flow during focal seizures of temporal and frontocentral
onset. Ann Neurol 27:162-166, 1990

31. Stefan H, Hopp P, Platsch G, et al: SPECT: Ictal
perfusion in localization-related epilepsies, in Henry TR, Berk-
ovic SF, Duncan JS (eds): Functional Imaging in the Epilepsies.
Lippincott Williams & Wilkins: Philadelphia, 2000, pp. 41-50

32. Lee KH, Meador KJ, Park YD, et al: Pathophysiology of
altered consciousness during seizures: Subtraction SPECT
study. Neurology 59:841-846, 2002

33. Takano A, Shiga T, Kobayashi J, et al: Thalamic
asymmetry on interictal SPECT in patients with frontal lobe
epilepsy. Nucl Med Comm 22:319-324, 2001

34. Shin WC, Hong SB, Tae WS, et al: Ictal hyperperfusion
patterns according to the progression of temporal lobe seizures.
Neurology 58:373-380, 2002

35. Arroyo S, Santamaria J, Sanmarti F, et al: Ictal laughter
associated with paroxysmal hypothalamopituitary dysfunction.
Epilepsia 38:114-117, 1997

36. Leiderman DB, Albert P, Balish M, et al: The dynamics
of metabolic change following seizures as measured by positron
emission tomography with fluorodeoxyglucose F 18. Arch
Neurol 51:932-936, 1994

37. Savic I, Altshuler L, Baxter L, et al: Pattern of interictal
hypometabolism in PET scans with fluorodeoxyglucose F 18
reflects prior seizures types in patients with mesial temporal
lobe seizures. Arch Neurol 54:129-136, 1997

38. Abou-Khalil BW, Siegal GJ, Sackellares JC, et al:
Positron emission tomography studies of cerebral glucose
metabolism in chronic partial epilepsy. Ann Neurol 22:480-486,
1987

39. Blum DE, Ehsan T, Dungan D, et al: Bilateral temporal
hypometabolism in epilepsy. Epilepsia 39:651-659, 1998

40. Engel J Jr, Brown WJ, Kuhl DE, et al: Pathological
findings underlying focal temporal lobe hypometabolism in
partial epilepsy. Ann Neurol 12:518-528, 1982a

41. Engel J Jr, Kuhl DE, Phelps ME, et al: Comparative
localization of epileptic foci in partial epilepsy by PCT and
EEG. Ann Neurol 12:529-537, 1982c

42. Engel J Jr, Kuhl DE, Phelps ME, et al: Interictal cerebral
glucose metabolism in partial epilepsy and its relation to EEG
changes. Ann Neurol 12:510-517, 1982d

43. Engel J Jr, Henry TR, Risinger MW, et al: Presurgical
evaluation for partial epilepsy: Relative contributions of chronic

depth electrode recordings versus FDG-PET and scalp-sphenoi-
dal ictal EEG. Neurology 40:1670-1677, 1990

44. Hajek M, Antonini A, Leenders KL, et al: Mesiobasal
versus lateral temporal lobe epilepsy: Metabolic differences in
the temporal lobe shown by interictal 18F-FDG positron emis-
sion tomography. Neurology 43:79-86, 1993

45. Hajek M, Wieser H-G, Khan N, et al: Preoperative and
postoperative glucose consumption in mesiobasal and lateral
temporal lobe epilepsy. Neurology 44:2125-2132, 1994

46. Henry TR, Mazziotta JC, Engel J Jr, et al: Quantifying
interictal metabolic activity in human temporal lobe epilepsy.
J Cereb Blood Flow Metab 10:748-757, 1990

47. Henry TR, Mazziotta JC, Engel J Jr: Interictal metabolic
anatomy of mesial temporal lobe epilepsy. Arch Neurol 50:582-
589, 1993d

48. Henry TR, Babb TL, Engel J Jr, et al: Hippocampal
neuronal loss and regional metabolism in temporal lobe epi-
lepsy. Ann Neurol 36:925-927, 1994a

49. Henry TR, Chugani HT: Positron emission tomography
in the epilepsies, in Engel J Jr, Pedley TA (eds): Epilepsy: A
Comprehensive Textbook. New York, Lippincott-Raven Pub-
lishers, 1997b, pp 947-968

50. Kuhl DE, Engel J Jr, Phelps ME, et al: Epileptic patterns
of local cerebral metabolism and perfusion in humans deter-
mined by emission computed tomography of 18FDG and 13NH3.
Ann Neurol 18:348-360, 1980

51. Leiderman DB, Balish M, Sato S, et al: Comparison of
PET measurements of cerebral blood flow and glucose metab-
olism for the localization of human epileptic foci. Epilepsy Res
13:153-157, 1992

52. Radtke RA, Hanson MW, Hoffman JM, et al: Temporal
lobe hypometabolism on PET: Predictor of seizure control after
temporal lobectomy. Neurology 43:1088-1092, 1993

53. Ryvlin P, Cinotti L, Froment JC, et al: Metabolic
patterns associated with non-specific magnetic resonance imag-
ing abnormalities in temporal lobe epilepsy. Brain 114:2363-
2383, 1991

54. Ryvlin P, Mauguiere F, Sindou M, et al: Interictal
cerebral metabolism and epilepsy in cavernous angiomas. Brain
118:677-687, 1995

55. Sackellares JC, Siegel GJ, Abou-Khalil BW, et al:
Differences between lateral and mesial temporal metabolism
interictally in epilepsy of mesial temporal origin. Neurology
40:1420-1426, 1990

56. Sadzot B, Debets R, Maguet P, et al: Regional brain
glucose metabolism in patients with complex partial seizures
investigated by intracranial EEG. Epilepsy Res 12:121-129,
1992

57. Sperling MR, Gur RC, Alavi A, et al: Subcortical
metabolic alterations in partial epilepsy. Epilepsia 31:145-155,
1990a

58. Stefan H, Pawlik G, Bocher-Schwarz HG, et al: Func-
tional and morphological abnormalities in temporal lobe epi-
lepsy: A comparison of interictal and ictal EEG, CT, MRI,
SPECT and PET. J Neurol 234:377-384, 1987

59. Swartz BE, Tomiyasu U, Delgado-Escueta AV, et al:
Neuroimaging in temporal lobe epilepsy: test sensitivity and
relationships to pathology and post-surgical outcome. Epilepsia
33:624-634, 1992b

102 HENRY AND HEERTUM



60. Theodore WH, Holmes MD, Dorwart RH, et al: Com-
plex partial seizures: cerebral structure and cerebral function,
Epilepsia 27:576-582, 1986d

61. Theodore WH, Katz D, Kufta C, et al: Pathology of
temporal lobe foci: Correlation with CT, MRI and PET.
Neurology 40:797-803, 1990c

62. Theodore WH, Newmark ME, Sato S, et al: [18F]Fluoro-
deoxyglucose positron emission tomography in refractory com-
plex partial seizures. Ann Neurol 14:429-437, 1983

63. Theodore WH, Sato S, Kufta C, et al: Temporal lobec-
tomy for uncontrolled seizures: The role of positron emission
tomography. Ann Neurol 32:789-794, 1992b

64. Valk PE, Laxer KD, Barbero NM, et al: High-resolution
(2.6-mm) PET in partial complex epilepsy associated with
mesial temporal sclerosis. Radiology 186:55-58, 1993

65. Meyer JS, Hata T, Imai A: Clinical and experimental
studies of diaschisis, in Wood JH (ed): Cerebral Blood Flow.
New York, McGraw-Hill, 1987, pp 481-502

66. Reutens DC, Gjedde AH, Meyer E: Regional lumped
constant differences and asymmetry in fluorine-18-FDG uptake
in temporal lobe epilepsy. J Nucl Med 39:176-180, 1998

67. Chugani HT, Shewmon DA, Khanna S, et al: Interictal
and postictal focal hypermetabolism on positron emission
tomography. Pediatr Neurol 9:10-15, 1993

68. Engel J Jr, Kuhl DE, Phelps ME, et al: Local cerebral
metabolism during partial seizures. Neurology 33:400-413,
1983

69. Bernardi S, Trimble MR, Frackowiak RSJ, et al: An
interictal study of partial epilepsy using positron emission
tomography and the oxygen-15 inhalation technique. J Neurol
Neurosurg Psychiatr 46:473-477, 1983

70. Franck G, Sadzot B, Salmon E, et al: Regional cerebral
blood flow and metabolic rates in human focal epilepsy and
status epilepticus, in Delgado-Escueta AV, Ward AA Jr, Wood-
bury DM, et al (eds.): Basic mechanisms of the epilepsies:
molecular and cellular approaches. New York; Raven Press,
1985, pp 935-948

71. Theodore WH, Gaillard WD, Sato S, et al: Positron
emission tomographic measurement of cerebral blood flow and
temporal lobectomy. Ann Neurol 36:241-244, 1994

72. Theodore WH, Balish M, Leiderman D, et al: Effect of
seizures on cerebral blood flow measured with 15O-H2O and
positron emission tomography. Epilepsia 37:796-802, 1996

73. Henry TR, Sutherling WW, Engel J Jr, et al: Interictal
cerebral metabolism in partial epilepsies of neocortical origin.
Epilepsy Res 10:174-182, 1991

74. Radtke RA, Hanson MW, Hoffman JM, et al: Positron
emission tomography: Comparison of clinical utility in tempo-
ral lobe and extratemporal epilepsy. J Epilepsy 7:27-33, 1994

75. Swartz BE, Halgren E, Delgado-Escueta AV, et al:
Neuroimaging in patients with seizures of probable frontal lobe
origin. Epilepsia 30:547-558, 1989

76. Engel J Jr, Kuhl DE, Phelps ME: Patterns of human local
cerebral glucose metabolism during epileptic seizures. Science
218:64-66, 1982b

77. Engel J Jr, Lubens P, Kuhl DE, et al: Local cerebral
metabolic rate for glucose during petit mal absences. Ann
Neurol 17:121-128, 1985

78. Ochs RF, Gloor P, Tyler JL, et al: Effect of generalized
spike-and-wave discharge on glucose metabolism measured by
positron emission tomography. Ann Neurol 21:458-464, 1987

79. Theodore WH, Brooks R, Margolin R, et al: Positron
emission tomography in generalized seizures. Neurology 35:
684-690, 1985

80. Chugani HT, Mazziotta JC, Engel J Jr, et al: The
Lennox-Gastaut syndrome: metabolic subtypes determined by
2-deoxy-2[18F]fluoro-D-glucose positron emission tomogra-
phy. Ann Neurol 21:4-13, 1987

81. Theodore WH, Rose D, Patronas N, et al: Cerebral
glucose metabolism in the Lennox-Gastaut syndrome. Ann
Neurol 21:14-21, 1987

82. Chugani HT, Shields WD, Shewmon DA, et al: Infantile
spasms: I. PET identifies focal cortical dysgenesis in crypto-
genic cases for surgical treatment. Ann Neurol 24:406-413,
1990

83. Chugani HT, Shewmon DA, Sankar R, et al: Infantile
spasms: II. Lenticular nuclei and brainstem activation on
positron emission tomography. Ann Neurol 31:212-219, 1992

84. Chugani HT, Conti JR: Etiologic classification of infan-
tile spasms in 140 cases: role of positron emission tomography.
J Child Neurol 11:44-48, 1996a

85. Chugani HT, Da Silva E, Chugani DC: Infantile spasms:
III. Prognostic implications of bitemporal hypometabolism on
positron emission tomography. Ann Neurol 39:643-649, 1996b

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

87. Chugani HT, Shewmon DA, Shields WD, et al: Surgery
for intractable infantile spasms: Neuroimaging perspectives.
Epilepsia 34:764-771, 1993b

88. Wyllie E, Comair YG, Ruggieri P, et al: Epilepsy
surgery in the setting of periventricular leukomalacia and focal
cortical dysplasia. Neurology 46:839-841, 1996b

89. Iinuma K, Yanai K, Yanagisawa T, et al: Cerebral
glucose metabolism in five patients with Lennox-Gastaut syn-
drome. Pediatr Neurol 3:12-18, 1987

90. Ferrie CD, Marsden PK, Maisey MN, et al: Cortical and
subcortical glucose metabolism in childhood epileptic enceph-
alopathies. J Neurol Neurosurg Psychiatr 63:181-187, 1997

91. Maquet P, Hirsch E, Metz-Lutz MN, et al: Regional
cerebral glucose metabolism in children with deterioration of
one or more cognitive functions and continuous spike-and-wave
discharges during sleep. Brain 118:1497-1520, 1995

92. Ho SS, Berkovic SF, Berlangieri SU, et al: Comparison
of ictal SPECT and interictal PET in the presurgical evaluation
of temporal lobe epilepsy. Ann Neurol 37:738-745, 1995

93. Spencer SS, Bautista RED: Functional neuroimaging in
localization of the ictal onset zone, in Henry TR, Berkovic SF,
Duncan JS (eds): Functional Imaging in the Epilepsies. Phila-
delphia, Lippincott Williams & Wilkins; 2000, pp 285-296

94. Bouilleret V, Valenti MP, Hirsch E, et al: Correlation
between PET and SISCOM in temporal lobe epilepsy. J Nucl
Med 43:991-998, 2002

95. Hwang SI, Kim JH, Park SW, et al: Comparative
analysis of MR imaging, positron emission tomography, and
ictal single-photon emission CT in patients with neocortical
epilepsy. AJNR 22:937-946, 2001

96. Kuzniecky RI, Cascino GD, Palmini A, et al: Structural
imaging, in Engel J Jr, (ed) Surgical Treatment of the Epilepsies
(ed 2). New York, Raven Press, 1993, pp 197-209

97. Henry TR, Ross DA, Schuh LA, et al: Indications and
outcome of ictal recording with intracerebral and subdural

103PET AND SPECT IN EPILEPSY CARE



electrodes in refractory complex partial seizures. J Clin Neuro-
physiol 16:426-438, 1999

98. Manno EM, Sperling MR, Ding X, et al: Predictors of
outcome after anterior temporal lobectomy: Positron emission
tomography. Neurology 44:2331-2336, 1994

99. Kraemer DL, Griebel ML, Lee N, et al: Surgical out-
come in patients with epilepsy with occult vascular malforma-
tions treated with lesionectomy. Epilepsia 39:600-607, 1998

100. O’Brien TJ, So EL, Mullan BP, et al: Subtraction
peri-ictal SPECT is predictive of extratemporal epilepsy sur-
gery outcome. Neurology. 55:1668-1677, 2000b

101. Fried I: Functional neuroimaging in presurgical local-
ization of essential cortical processing zones, in Henry TR,
Berkovic SF, Duncan JS (eds): Functional Imaging in the
Epilepsies. Philadelphia, Lippincott Williams & Wilkins; 2000,
pp 297-304

104 HENRY AND HEERTUM


