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euronuclear Assessment of Patients With Epilepsy
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Epilepsy is a common chronic neurological disorder that is controlled with medication in
approximately 70% of cases. When partial seizures are recurrent despite the use of antiepi-
leptic drugs, resection of the epileptogenic cortex may be considered. Nuclear medicine plays
an important role in the presurgical assessment of patients with refractory epilepsy. Single-
photon emission computed tomography (SPECT) and positron emission tomography (PET)
techniques are used to determine the seizure onset zone, which needs to be resected to render
a patient seizure free. Correct localization of the ictal onset zone with the use of SPECT or PET
is associated with a better surgical outcome. Ictal perfusion SPECT imaging with 99mTc-ethyl
cysteinate dimer (ECD) or 99mTc-hexamethylpropyleneamine oxime (HMPAO) enables one to
detect the seizure onset zone in a majority of cases, especially in patients with temporal lobe
epilepsy. Interictal SPECT imaging, which is more widely available, is unreliable to determine
the ictal onset zone and is usually only used for comparison with ictal SPECT images.
Assessment of the ictal onset zone using subtracted ictal and interictal studies, overlayed on
structural imaging has proven to be more sensitive and more specific compared with visual
assessment. Video-electroencephalography monitoring in combination with ictal SPECT imag-
ing, however, is only available in specialized centers. It is important to inject the perfusion
tracer as early as possible after the beginning of a seizure and to be aware of patterns of seizure
propagation. Interictal 18F-fluorodeoxyglucose (FDG)-PET is routinely used to detect brain
areas of hypometabolism, which usually encompass, but tend to be larger than, the seizure
onset zone. Also, for assessment of FDG-PET, it is advisable to use an automated technique
comparing the patient’s images to a normal database in addition to visual interpretation of the
images, since automated techniques have proven to be more accurate. In view of the thickness
of the cortical ribbon, which may be below the resolution of the PET camera, posthoc partial
volume correction or PET reconstruction incorporating the anatomical information of magnetic
resonance imaging (MRI), may be useful for optimal assessment of glucose metabolism.
Perfusion SPECT and interictal FDG-PET are able to demonstrate areas of abnormal perfusion
and metabolism at a distance from the ictal onset zone, which may be associated with cognitive
and psychiatric comorbidities, and may represent the functional deficit zone in epilepsy. Part of
the functional deficit zone is a dynamic seizure-related process, which may resolve with
cessation of seizures. In recent years, novel PET tracers have been developed to visualize not
only glucose metabolism but also a wide variety of specific receptor systems. In patients with
epilepsy, changes in the �-amino-butyric acidA receptor, opioid receptor, 5-HT1A serotonin
receptor, nicotinic acetylcholine receptor systems, and others have been described. Because
these tracers are not widely available and the superiority of studying these receptor systems
over glucose metabolism in the presurgical evaluation of patients with refractory epilepsy
remains to be proven, their use in clinical practice is limited at the moment. Finally, advances
in small animal PET scanning allow the in vivo study of the process of epileptogenesis, starting
from an initial brain insult to the development of seizures, in animal models of epilepsy.
Potential new therapeutic targets may be discovered using this translational approach.
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228 K. Goffin et al
pilepsy is a common chronic neurological disorder that is
characterized by recurrent, unprovoked seizures1 and

ffects approximately 3% of the population during their life-
ime.2 After the first seizure, about 80% of patients experi-
nce another seizure within the first 3 years.3 About 60-70%
f patients experience focal or partial seizures, and 30-40%
eneralized seizures.4 Epilepsy is controlled with medication
n approximately 70% of cases. When seizures are medically
ntractable, resection of the epileptogenic cortex may be con-
idered.

In this review, we will address the role of radionuclide
unctional imaging techniques incorporating single-photon
mission computed tomography (SPECT) and positron emis-
ion tomography (PET) in localizing the ictal onset zone,
eizure propagation pathways, and functional deficit zone in
atients with intractable partial epilepsy who are candidates
or epilepsy surgery. We will also focus on novel develop-

ents in PET and SPECT methodology and radioligands,
ncluding specific neuroreceptor targets, and will describe
ossible advantages of these developments when assessing
atients with epilepsy. Finally, we will discuss the potential
f translational imaging using small animal microPET/mi-
roSPECT studies in rodent models of epilepsy.

resurgical
ssessment of Patients
ith Refractory Epilepsy

presurgical evaluation starts with a complete seizure his-
ory, physical and neurological examination, routine scalp
lectroencephalography (EEG), and high-resolution mag-
etic resonance imaging (MRI) of the brain to assess struc-
ural abnormalities.5 These investigations are complemented
y video-EEG monitoring, which allows evaluation of the
linical features of seizures, interictal and ictal EEG, ictal
PECT injection, interictal 18F-fluorodeoxyglucose (FDG)-
ET, and neuropsychological examination. The presurgical
valuation of patients with refractory partial epilepsy is used
o determine whether a patient has a single epileptogenic
ocus and to localize the epileptogenic zone. The epilepto-
enic zone is the cortical region that is indispensable for the
eneration of seizures and that has to be removed to render a
atient seizure free. The epileptogenic zone is a theoretical
onstruct, which is defined in terms of different cortical
ones.6 The seizure-onset zone is the region in which the
eizures actually originate. Ictal SPECT is the only imaging
odality that can define in a reliable and consistent man-
er the ictal onset zone. The symptomatogenic zone is the
sub)cortical region producing ictal symptoms. The epilep-
ogenic lesion can be visualized on morphological imaging
uch as magnetic resonance imaging (MRI). The functional
eficit zone is the part of the cortex with an abnormal func-
ion in-between seizures, due to morphological or functional
actors, or both.7 Interictal FDG-PET is probably the best
maging method to assess the functional deficit zone. Epi-
epsy surgery has the best results if the different cortical zones

re concordant, ie, point toward the same cortical region, p
rovided that there is no overlap with eloquent cortex. The
ature of the epileptic lesion and the completeness of the
esection are important prognostic factors. Surgery renders
p to 60-90% of patients with unilateral temporal lobe epi-

epsy (TLE)8 seizure free and up to 70% of patients with a
ocal cortical malformation.9

ctal and Interictal Perfusion SPECT Imaging
ctal SPECT perfusion requires video-EEG monitoring and is
herefore only available in tertiary care hospitals with an ep-
lepsy surgery program in combination with a dedicated nu-
lear medicine department. Ictal SPECT is the only imaging
odality that is able to visualize the ictal onset zone in rou-

ine clinical practice. During epileptic activity, a hyperperfu-
ion of the seizure onset zone occurs because of an autoreg-
latory response to the local neuronal hyperactivity. For ictal
PECT perfusion imaging, mostly 99mTc-labeled compounds are
sed, such as 99mTc-ethyl cysteinate dimer (ECD) or 99mTc-hexa-
ethylpropyleneamine oxime (HMPAO). They are character-

zed by fast (first tens of seconds) cerebral uptake propor-
ional to blood flow and trapping into brain cells by
ntracellular conversion to polar metabolites10,11 resulting in
static image which remains stable (ie, little regional redis-

ribution or washout) up to 4 hours after injection. Thus,
hen such perfusion SPECT tracer is injected intravenously

mmediately after the start of a seizure, this hyperperfusion at
he ictal onset zone can be captured and the ictal SPECT
mages, therefore, reflect the perfusion changes in the early
hase of the seizure.
The accuracy of ictal SPECT analysis is greatest when com-

aring the ictal perfusion images to interictal perfusion data.
ethodologically, this can be done by traditional side-by-

ide visual evaluation, but computer-aided voxel-based
oregistration techniques such as subtraction ictal SPECT
oregistered to MRI (SISCOM)12 and ictal-interictal SPECT
ifference image,13 are fast, accurate, and are routinely avail-
ble.

For SISCOM analysis, interictal and ictal SPECT scans are
oregistered using an automatic registration algorithm based
n mutual information,14 and the interictal image is then
ubtracted from the ictal. The difference image is smoothed
nd transformed into a z-score map using the mean and the
tandard deviation of the differences in all brain voxels. The
ean image of the ictal and interictal coregistered images can

e used for coregistration to the patient’s MRI. The same
ransformation is then applied to the z-map. For the func-
ional overlay different thresholds can be used to assess prob-
ble differences and locations of propagated seizure activity.

The interpretation of automatically generated SISCOM
ata often is easy and straightforward.12 SISCOM analysis has
een shown to be more sensitive and specific in the detection
f the epileptic onset zone than visual assessment and pro-
ides an objective way to study individual propagation pat-
erns,12,15 especially in extratemporal epilepsies and when
ast seizure propagation after an early tracer injection is

resent.
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Neuronuclear assessment of patients with epilepsy 229
Careful quality control of registration (eg, assessment of
cquisition movement artifacts, registration errors) and sub-
raction is important to avoid false positive and false negative
esults (Fig. 1), and the result of the SISCOM analysis has to be
oncordant with the result of visual comparison of the ictal and
nterictal images, and other data of the presurgical evaluation.
urthermore, SISCOM may be false negative because of the
ubclinical seizure activity at the moment of tracer injection of
nterictal SPECT imaging.16 EEG monitoring during the interic-
al injection, therefore, should be routinely performed.

When interpreting ictal perfusion data, it is usually as-
umed that the cluster of the largest and most intense ictal
yperperfusion represents the ictal onset zone.17 A meta-
nalysis of SPECT brain imaging in patients with TLE showed
sensitivity of ictal SPECT localization of 0.97, relative to
iagnostic evaluation without imaging, while this was only
.44 for interictal SPECT localization.18 Interictal SPECT per-
usion imaging on its own, therefore, seems to be inefficient
n localizing the seizure onset zone and should only be used
s a baseline perfusion measure in the comparison of ictal
erfusion images.
Ictal perfusion SPECT imaging has a limited temporal res-

lution. After intravenous injection into an arm vein, it takes
5 to 20 seconds for the tracer to reach the brain.19 Therefore,
he ictal brain perfusion image displays not only the ictal
nset zone, but also areas of seizure propagation. It is, there-
ore, important to be aware of propagation patterns when
nterpreting ictal perfusion brain SPECT studies and thus to
ave knowledge of the moment of tracer injection relative to
he start of the seizure, the type of seizure, and the ictal EEG
ecording. In patients with TLE, propagation of seizure activ-

Figure 1 SISCOM images before (A) and after (B) correc
perfusion present bilaterally over the inferofrontal corte
artifact during acquisition and thus false positive. These
an ictal onset zone in the right temporal neocortex in thi
of the brain. All her seizures began with buzzing in the e
correction, these clusters were no longer present. A clu
high temporal cortex (yellow arrow in B), which is conc
neocortex. The largest and most intense cluster in th
propagation. The referring neurologist planned further d
a complex partial seizure that lasted around 200 seconds
ty to the contralateral temporal lobe, and ipsilateral insula, f
asal ganglia, and frontal lobe often occurs,20 but also prop-
gation to the parieto-occipital region has been described.21

In epilepsy originating from single focal dysplastic lesions
FDLs) that are capable of being visualized on MRI, we re-
orted 3 different ictal perfusion patterns. The first pattern is
haracterized by the largest and most intense hyperperfusion
t the FDL and is most often found with very early injection,
epresenting the ictal onset zone before seizure propagation
ccurs. The second pattern is characterized by an “hourglass
attern,” with the least-intense lobule overlapping with the
DL and the most intense at a distance, representing propa-
ation. Thirdly, a variant of the second pattern exists and
hows a more complicated, multilobulated propagation pat-
ern that is most often found in frontal lobe seizures with fast
eizure propagation, at relatively later ictal injection times.15

n example of such seizure propagation from a FDL is shown
n Figure 2. Furthermore, it has been demonstrated that in a

ajority of patients with frontal lobe epilepsy, the largest and
ost intense cluster of ictal hyperperfusion comprises not

nly the ictal onset zone, but also other brain regions.22

The importance of early tracer injection after the beginning
f the seizure cannot be overemphasized. It has been shown
hat an injection delay of less than 20 seconds is significantly
orrelated with a correct localization.16 With early injections,
he largest and most intense cluster is more likely to represent
he seizure onset zone, and not seizure propagation.

Perfusion changes after the termination of a seizure can be
ssessed by injection of the tracer in the early postictal (1-60
econds after seizure termination) or in the late postictal
hase (1-10 minutes after seizure termination). The postictal
hase is characterized by a postictal switch, when hyperper-

r movement during scanning. The foci of ictal hyper-
arrows) on SISCOM (A) were the result of a movement
gs were discordant with the electroclinical suspicion of
nt with refractory partial epilepsy and normal MRI scan
lowed by paraesthesia in the left limbs. After movement
ictal hyperperfusion was present in the right insular to
with the hypothesis of ictal onset in the right temporal

t parietal lobe at the midline could be explained by
EG studies. The ictal SPECT injection was given during

initiation of the injection 18 seconds after seizure onset.
tion fo
x (red
findin
s patie
ars, fol
ster of
ordant
e righ
epth-E
usion at the seizure onset zone changes into hypoperfusion.
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230 K. Goffin et al
his postictal switch occurs about 60 seconds after the sei-
ure termination. When tracer injection is performed in the
rst 100 seconds after the end of the seizure, there is still a
yperperfusion present in more than 60% of patients,
hereas hypoperfusion can be found in all patients when the

racer is injected later than 100 seconds after seizure termi-
ation.23 In patients with TLE, early postictal SPECT had a
ensitivity of 75% in localizing the seizure onset zone.18 Ac-
ording to McNally and colleagues, postictal SPECT with
njections performed soon after seizures is very poor at local-
zing a single region based on either perfusion increases or
ecreases, often because changes were similar in multiple
rain regions.13 An example of a localizing postictal SPECT

mage with SISCOM analysis is shown in Figure 3.
Supplementary information by coregistration of ictal

PECT, SISCOM, and MRI can be gained by multimodal
utomated registration, because these different imaging mo-
alities provide complementary information, resulting from
he specific strengths of each modality.24 An example of mul-
imodality imaging in the presurgical workup of a patient can
e seen in Figure 4.

nterictal Glucose
etabolism Imaging With FDG-PET

rain glucose metabolism, as a measure of neural activity, can
e studied with FDG-PET scanning. FDG, because it is glu-
ose analog, is taken up into the cells and is phosphorylated

Figure 2 Ictal SPECT and interictal FDG-PET in focal co
the right temporal lobe (red cross). (B and C) SISCOM sh
the right temporal and frontal lobe, partially overlapping
during a complex partial seizure that lasted 178 seconds
Taking all the data of the presurgical evaluation into con
onset zone was in the focal dysplastic lesion with propag
(D) FDG-PET showed asymmetric temporal lobe hypom
was consistent with memory impairment for both verb
tabolism may be useful in the delineation of the functio
focal dysplastic lesion was removed. Anatomopatholo
dysplasia without balloon cells. All images (A-D) were c
y hexokinase. Unlike glucose, FDG cannot be further me- m
abolized and accumulates in the cell, thereby representing
he regional metabolic rate of glucose consumption (rCMR-
lu) of the tissue.

ethodology
DG-PET usually is evaluated visually. In addition, a pix-
l-wise comparison of the patient’s image to an age-
atched reference database can be performed in an auto-
ated way and provides an objective evaluation of the

hanges in glucose metabolism with a reduction in ob-
erver variability. Such an automated analysis is especially
seful in patients with extratemporal epilepsy.25 In pa-
ients with TLE, automated quantification of the maximal
etabolic asymmetry in the temporal lobes has been re-
orted to enhance predictive accuracy for seizure-free
ostsurgical outcomes.26

Absolute glucose metabolism measures in patients with
pilepsy can identify global reductions in metabolism of
round 10-30% as the result of antiepileptic drugs.27,28

uantitative FDG-PET studies are time-consuming, require
rterial sampling, and are usually only performed in a re-
earch setting. However, quantitative FDG-PET studies may
e possible in a clinical setting using the simplified kinetic
ethod described by Hunter and colleagues.29 In this
ethod, a single venous blood sample to determine the blood

lucose level and blood 18F-FDG activity at the moment of PET
canning is sufficient to calculate the absolute brain glucose

ysplasia. (A) FLAIR showed a focal dysplastic lesion in
a cluster of hyperperfusion of complex configuration in
al dysplastic lesion. The ictal SPECT injection was given
nitiation of the injection 50 seconds after seizure onset.
ion, our interpretation of the SISCOM was that the ictal
oward the ipsilateral anterior temporal and frontal lobe.
sm, which was more pronounced on the left. This result
visual material, and illustrates that FDG-PET hypome-
ficit zone. Patient underwent epilepsy surgery, and the
xamination confirmed the presence of focal cortical

tered.
rtical d
owed
the foc
, with i
siderat
ation t
etaboli
al and
nal de
gical e
etabolism.
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Neuronuclear assessment of patients with epilepsy 231
Measuring small brain structures, such as the cortical rib-
on, may lead to an underestimation of the tracer activity due
o limits in resolution (approximately 4-5 mm for most cur-
ent PET scanners). This partial volume effect can lead to
purious hypometabolic regions, resulting in an increased
mount of false-positive predicted hypometabolic regions.
oreover, if the finite spatial resolution of the imaging sys-

em is not accounted for, a possible spillover of activity to
eighboring regions can occur, leading to a misinterpretation
f the extent of hypometabolic regions. Several algorithms
re available for partial volume correction, both post-hoc (eg,
artial volume effect–out30) or during reconstruction, for in-
tance, an anatomy-based maximum-a posteriori iterative re-
onstruction algorithm.31 We have shown that partial vol-
me correction improves the detection accuracy of small
ypometabolic lesions in FDG-PET images of the brain in a
uman observer study, compared with postsmoothed maxi-
um-likelihood reconstruction.32

linical Applications
ocalization of Epileptogenic Focus. Interictal brain FDG-
ET scanning can provide useful localizing information with
egards to the epileptogenic focus. Classically, the brain re-
ion with the most profound hypometabolism is considered
o contain the epileptogenic zone. Using this hypothesis, Lee
nd coauthors found an overall diagnostic sensitivity of 44%
or FDG-PET in detecting the area of seizure onset in a group
f patients with different forms of refractory partial epilepsy
nd normal MRI findings.33 FDG-PET localization accuracy

Figure 3 Localizing postictal SISCOM. Threshold: ��
epilepsy as the result of a focal dysplastic lesion in the le
FLAIR (red cross). The patient had 2 ictal SPECTs. The
partial seizure that lasted 16 seconds, and the second 11
hyperintense cluster partially overlapped the focal dysp
Notice the large areas of hypoperfusion surrounding the
consistent with the hypothesis of “surround inhibition.”
as greatest in patients with neocortical TLE. Indeed, an area t
f interictal temporal lobe hypometabolism ipsilateral to
he side of the seizure focus can be found in 60 to 90% of
atients with TLE25,34,35 even without structural lesion on
RI (Fig. 5). In extratemporal epilepsy, literature review

esulted in a detection rate of hypometabolism relevant to
he focus in around 67% of patients.35 In the same patient
roup, the sensitivity of FDG-PET in detecting the epilep-
ogenic focus increased from 30-40% to 67% with the use
f 3-dimensional stereotactic surface projections instead of
isual assessment.25

The use of FDG-PET enabled researchers to detect the
pileptogenic zone in more than 90% of children with focal
ortical dysplasia36 and provided information additional to
hat obtained with other investigations regarding the epilep-
ogenic zone in 77% of children with refractory epilepsy and
hanged management in 50% of patients.37

urgical Outcomes. Lobar localization of the ictal focus by
DG-PET correlates significantly with a seizure free surgical
utcome.33,38 When using multiple techniques to assess the
eizure onset zone, concordance between 2 or more presur-
ical evaluations has been shown to significantly correlate
ith a seizure-free outcome.33

Also the extent of hypometabolism can help to predict
hether a good surgical outcome can be achieved or not: in
atients with TLE, unilateral temporal hypometabolism is
orrelated with a better surgical outcome than more ex-
ended hypometabolism. It has been demonstrated that more

orange, ��1 SD: blue. Patient had refractory partial
etal lobe, which was visible as a hyperintense lesion on
jection was given 5 seconds after the end of a complex
s after one that lasted 25 seconds. The largest and most

esion in both studies (red crosses in SISCOM 1 and 2).
nset zone, which is not seen in ictal SISCOMs, which is
mages were coregistered.
2 SD:
ft pari
first in
second
lastic l
ictal o
han 75% of patients with TLE and hypometabolism selective
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232 K. Goffin et al
o the ipsilateral temporal cortex were completely seizure free
fter surgery. In contrast, 45% of patients with extratemporal
ortical hypometabolism confined to the ipsilateral cerebral
emisphere and only 20% of patients with hypometabolism

n the contralateral cerebral cortex were completely seizure
ree after surgery.39 Lin and coauthors predicted seizure free
utcome in patients with TLE using quantification of the
aximal metabolic asymmetry in the 20% most asymmetric

emporal left–right pixel pairs and found that those patients
ith greater maximal asymmetry had a significantly de-

reased chance of achieving seizure-free status after surgery
han those with lower degrees of asymmetry,26 in subject
roups with generally unilateral temporal hypometabolism.

unctional Deficit Zone and Surround Inhibition
ypometabolism on FDG-PET has been ascribed to factors

uch as neuronal loss, diaschisis, inhibitory processes, reduc-
ion in synaptic density, or decreased blood–brain barrier
lucose transporter activity.40-42 Recent studies have, how-
ver, provided new insights into its pathophysiology. In par-
ial epilepsy, the hypometabolism on PET is often more ex-
ensive than the pathological abnormality.35 In patients with

Figure 4 Multimodal imaging in the presurgical evaluati
diffusion tensor imaging (DTI): SISCOM thresholded at z
fMRI (yellow), and arcuate fasciculus (green). This right
left temporoparietal area for an intraventricular menin
symptom of her habitual epileptic seizures. SISCOM thr
in the left anterior temporal lobe, at z � �1 a larger are
surgical resection site. These findings are consistent with a
ictal propagation into the left temporal lobe. fMRI showe
immediately anterior to the resection site, probably coincid
LE, hypometabolism in the ipsilateral temporal lobe is often s
ssociated with hypometabolism in the ipsilateral orbitofron-
al and prefrontal cortex. This frontal hypometabolism can
ven be more pronounced than the temporal hypometabo-
ism (Fig. 6).43 We speculate that this frontal hypometabo-
ism can be attributed to surround inhibition in the areas of
eizure propagation, which has the purpose to act as a dy-
amic defense mechanism against this seizure propagation.
his frontal hypometabolism may be responsible for the def-

cits in executive function that are often observed in patients
ith TLE. Resting hypometabolism in the frontal lobe can
redict executive dysfunction in patients with epilepsy.44 De-
ression, often present in patients with TLE, is also associated
ith hypometabolism in the frontal lobe.45

The frontal hypometabolism on PET in mesial TLE is a
ynamic seizure-related process.43 Patients with a greater fre-
uency of seizures suffer from more severe cognitive impair-
ent that correlates with glucose hypometabolism in the
refrontal cortices.46 Longitudinal changes in cortical glu-
ose hypometabolism have been reported in children with
efractory epilepsy when 2 sequential FDG-PET scans per-
ormed 7 to 44 months apart were compared. The change in

bining 3D MRI, SISCOM, functional MRI (fMRI), and
(red), SISCOM thresholded at z � �1 (blue), language
d patient developed epilepsy after neurosurgery in the

. (Early) ictal and postictal aphasia were a prominent
ed at z � �2 showed a large cluster of hyperperfusion
nvolving more posterior brain regions surrounding the
nset zone surrounding the surgical resection site with fast
teralized language functions. The arcuate fasciculus was
th the ictal onset zone. She was not offered surgery.
on com
� �2

-hande
gioma
eshold
a also i
n ictal o
d left la
eizure frequency between 2 PET scans correlated positively
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Neuronuclear assessment of patients with epilepsy 233
ith the change in the extent of cortical glucose hypometab-
lism. There was enlargement in the area of hypometabolism
n the second PET scan when the seizure frequency was
ersistent or increased. On the other hand, the area of hypo-
etabolism decreased with improved seizure control.47 Sim-

lar results were found when comparing pre- and postopera-
ive FDG-PET scans in patients with TLE caused by
ippocampal sclerosis (HS) who were rendered seizure free
fter surgery. Increases in metabolism were observed after
urgery in the propagation pathways of ictal and interictal
pileptic discharges, such as temporal stem white matter,
nferior precentral gyrus, and anterior cingulate gyrus in the
psilateral hemisphere. The hypometabolism in these areas
as likely to be functional, seizure-related, and reversible.
ecreased metabolism was found postsurgically in brain

tructures with afferents from resected temporal structures.48

e provided anecdotal evidence that patients with cognitive
mpairment associated with frontal lobe hypometabolism as
he result of ongoing parietal lobe seizures recovered more
han 1 year after remission of seizures and that this recovery
as associated with the resolution of hypometabolism.49

maging of Specific
eurotransmitter Systems

part from studies investigating changes in glucose metabo-
ism or perfusion as indirect markers of neural activity, neu-

Figure 5 SISCOM (A) and FDG-PET (B) images of a 42-ye
showed a large cluster of ictal hyperperfusion located at
SPECT injection was given during a complex partial sei
seconds after seizure onset. FDG-PET showed a subtle h
These functional imaging data were concordant with ele
an important argument to proceed to surgery. Patient u
dala, but with sparing of the hippocampus. She has re
reveal an epileptic lesion.
ochemical characterization of the different cortical zones in n
he epileptic brain with the use of specific receptor ligands is
lso of high interest. Several of these receptor systems repre-
ent existing or possible therapeutic targets. The lack of stud-
es demonstrating the clinical usefulness of the assessment of
hese receptor systems and their superiority over ictal per-
usion SPECT and brain FDG-PET imaging in epilepsy,
nd the continuous availability of FDG and SPECT perfu-
ion tracers in nuclear medicine departments, has limited
he use of these other tracers to research studies in patients
ith epilepsy.

-Amino-Butyric Acid (GABA) Receptor
ABA is the main inhibitory neurotransmitter in the brain
nd maintains the inhibitory tone that counterbalances neu-
onal excitation. Evidence from experimental and clinical
tudies indicates that GABA plays an important role in the
echanism and treatment of epilepsy.50

GABA acts on 2 types of receptors: GABAA and GABAB.
maging of the GABAA receptor can be done using either 11C-
r 18F-labeled flumazenil (FMZ). The use of FMZ in patients
ith epilepsy has the disadvantage that FMZ binding is af-

ected by several antiepileptic drugs that are often used in
linical practice, such as benzodiazepines, barbiturates, and
igabatrin, thereby limiting its clinical use.

11C-labeled FMZ binding was found to be abnormal in
ray and white matter in the brain of 75% of patients with
ifferent types of refractory neocortical focal epilepsy and

patient with left TLE and normal MRI. SISCOM analysis
ft temporal lobe (indicated by the blue cross). The ictal
at lasted 67 seconds, with initiation of the injection 35
tabolism in the same area. All images were coregistered.
ical and neuropsychological data, and were considered
ent a neocortical temporal lobectomy including amyg-

seizure free. Neuropathological examination did not
ar-old
the le

zure th
ypome
ctroclin
nderw
mained
ormal MRI. Focal increases as well as decreases in 11C-la-
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eled FMZ binding or a combination of both were reported.
n a subgroup of patients, the increases in FMZ binding were
eriventricular, in locations where periventricular nodular
eterotopia is often present. In patients with parietal lobe
pilepsy, there were frontal and parietal increases in FMZ
inding in gray and white matter. Decreases in FMZ binding
ere present in the cingulate gyrus in patients with occipital

obe epilepsy.51

In a group of patients with TLE who underwent a routine
resurgical evaluation, FMZ-PET was able to localize the on-
et zone of seizures in a majority of patients. In those patients
ho had a lesion on MRI, the changes in FMZ binding were

oncordant with this lesion. When MRI showed a normal or
mbiguous result, FMZ uptake was abnormal and concor-
ant with the electrophysiological localization of the epilep-
ic focus. Remote abnormalities on FMZ-PET were present in
0% of patients and were associated with early age of seizure

Figure 6 Frontal lobe hypometabolism in mesial TLE w
group of patients with TLE caused by HS shows that the i
than the contralateral side, and appears to be the most hy
P � 0.001) shown on the MRI of a single subject in M
spheric metabolism is only found in the temporal lobes
patients with TLE (C) and controls (D), displayed using
fronto-parietal lobes in patients compared with control
other hand, is less striking than the changes in the extratem
nset and long duration of epilepsy.52 i
In patients with unilateral HS, preoperative 11C-labeled
MZ-PET detected decreased binding in the affected hip-
ocampus,53 and this in vivo binding correlated with ex vivo
MZ-autoradiography.54 Increases of FMZ binding in
eriventricular white matter in patients with unilateral HS,
ossibly reflecting the number of neuronal cell bodies in the
hite matter, correlated with a poorer outcome after epilepsy

urgery.55 Hammers and colleagues reported that full quan-
ification with an image-independent input produces the best
esults in the evaluation of FMZ-PET.56 Implementing re-
earch PET methodologies of the highest standards into rou-
ine clinical practice will remain a challenge.

The changes that can be seen in FMZ binding are, as is the
ase for the changes in glucose metabolism, dynamic. A test-
etest FMZ-PET study in patients with TLE revealed a signif-
cant effect of the duration of the interictal period on FMZ
inding with lower maximal FMZ binding related to shorter

(A) Mean image of the normalized FDG-PET across a
ral temporal lobe (white arrows) is more hypometabolic
abolic region in the brain. (B) SPM T-map (uncorrected
ce confirms that a significant asymmetry in interhemi-
d D) Mean images of the normalized FDG-PET across
me color table, show a striking hypometabolism in the
hypometabolism in the epileptic temporal lobe, on the
egions. (Reprinted with permission from Nelissen et al.43)
ith HS.
psilate
pomet

NI spa
. (C an
the sa

s. The
nterictal periods.57
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The recent development of 18F-labeled FMZ may make the
tudy of the central benzodiazepine receptors more widely
vailable because the tracer has a longer half life and the need
f an on-site cyclotron can be eliminated.58

pioid Receptor
here is growing evidence for the existence of an endogenous
nticonvulsant mechanism in humans modulated by an an-
iconvulsant substance with opioid characteristics. Endoge-
ous opioids are thought to play a dynamic role in the ter-
ination of seizures,59 because high-frequency firing is

equired for their endogenous release.60

Interictal PET studies in patients with TLE that use 11C-
arfentanil,61,62 which is selective for the �-opioid peptide
eceptor, or 11C-methylnaltrindole,63 which is selective for
he �-opioid peptide receptor, have shown increased binding
n the lateral temporal neocortex on the side of the epilepto-
enic focus in patients with TLE.

Hammers and coworkers showed that changes in the opioid
ystem are seizure-related. In a longitudinal study, each patient
ith TLE was scanned twice using the nonsubtype selective
pioid receptor PET radioligand 11C-diprenorphine, and one
can was within hours after a seizure. There was an increase of
pioid receptor availability found in the temporal pole and fusi-
orm gyrus ipsilateral to the seizure focus; this increase corre-
ated negatively with the time since the last seizure, compatible
ith an early increase and gradual return to baseline. This study

mphasized the possibly important role of the opioid system in
eizure control.64

-HT1A Serotonin Receptor
everal lines of evidence suggest that serotonin (5-HT) may
lso have an anticonvulsant effect through activation of the
-HT1A receptor65,66 because activation of this receptor affects
he release and activity of other neurotransmitters such as
lutamate, dopamine, and GABA. Theodore and coworkers
sed 18F-FCWAY, a selective 5-HT1A receptor antagonist, to
tudy the receptor in patients with TLE and demonstrated a
educed serotonin receptor binding in temporal lobe epilep-
ic foci.67 The same group recently showed that there is a
elationship between hippocampal 5-HT1A binding and de-
ressive symptoms in patients with TLE.68 They also showed
hat these reductions in 5-HT1A receptor binding in mesial
emporal structures and insula remained significant after par-
ial volume correction.69 Using 11C-WAY100635, Ito and co-
uthors found a decreased 5-HT1A receptor binding predom-
nantly in the ipsilateral mesial temporal lobe structures but
lso in the contralateral side in patients with nonlesional
LE.70

maging of Tuberous Sclerosis
sing �-[11C]methyl-L-tryptophan (AMT)

maging of the serotonin synthesis can be performed using
MT. In patients with tuberous sclerosis, an increased AMT
ptake can be found in a subset of epileptogenic tubers con-
istent with the location of the seizure focus71,72 thereby de-

ecting those tubers that need to be resected to achieve a v
eizure free outcome. In this way, AMT-PET imaging can
rovide independent complementary information regarding
he localization of epileptogenic regions in tuberous sclerosis
nd enhance the confidence of patient selection for successful
pilepsy surgery.73

icotinic Acetylcholine Receptor (nAChR)
AChRs are ionotropic receptors that form ligand gated ion
hannels and are opened by the binding of ACh, but also of
icotine. The role of nAChRs in epilepsy has been suggested
y the finding of mutations in a subset of genes coding for
ubunits of the nAChRs in autosomal dominant nocturnal
rontal lobe epilepsy (ADNFLE). In around 10% of ADNFLE
amilies, mutations were identified in the nAChR �4 or �2

ubunit, which together compose the main cerebral nAChR.
unctional characterization of some mutations suggests that
ain of the receptor function might be the basis for epilepto-
enesis.74 Picard and coauthors used 18F-F-A-85380 to study
he �4 �2 nAChRs in vivo in patients with ADNFLE and
ound a significantly increased nAChR density in the epith-
lamus, ventral mesencephalon and cerebellum, implicating
hese structures in the pathophysiology of ADNFLE. On the
ther hand, the nAChR density was decreased in the right
orsolateral prefrontal region, consistent with a focal epi-

epsy involving the frontal lobe.75

ype-1 Cannabinoid Receptor
n the brain, endogenous and exogenous cannabinoids act on
he G-protein-coupled type 1 cannabinoid receptor (CB1R),
xpressed on neurons, astrocytes, microglia, and oligoden-
rocytes.76 CB1 receptors, located mainly on the presynaptic
erve terminal, mediate mixed inhibitory-disinhibitory ef-
ects on neurotransmission through suppression of the re-
ease of other neurotransmitters, for example glutamate,
ABA and dopamine.77

Several lines of evidence point toward a link between the
ndocannabinoid system and mechanisms involved in gen-
ration and cessation of epileptic seizures. The endocannabi-
oid system would provide an “on-demand” protection
gainst acute excitotoxicity in neurons of the central nervous
ystem and would contribute to a signaling system that pro-
ects neurons against the consequences of abnormal dis-
harge activity.78 In humans, cannabis may act as an anti-
onvulsant in the treatment of partial and secondarily
eneralized seizures,79 although prospective and randomized
tudies are lacking. In rodent models of epilepsy, administra-
ion of cannabinoids is protective against seizures80,81 and
ffects seizure frequency and duration. Endocannabinoid
nd CB1R levels are increased in these epileptic animals.82

In vivo visualization of the CB1R has been possible since
he development of specific ligands for this receptor. 18F-MK-
470, a selective, high-affinity, inverse agonist for the CB1R
as the potential to be a valuable, noninvasive research tool
or the in vivo study of CB1R biology and pharmacology in a

ariety of neuropsychiatric disorders in humans.83
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mall Animal Imaging:
ranslational Research

he use of animal models in epilepsy research enables the
nvestigation of a wide range of neurobiological processes
uring the development, onset, and progression of the dis-
ase in laboratory-controlled conditions. Complex molecular

Figure 7 Overview of saPET applications in epilepsy rese
of the rat brain with 18F-FDG (glucose metabolism; top
second image); 18F-MK-9470 (CB1 receptor system; top
system; top row, fourth image) after inhibition of defluo
from the Society of Nuclear Medicine from Tipre et al.89

image), section through the striatum. Description of th
genesis and the development of epilepsy and outline of so
(bottom row).
vents can be unraveled with the use of specific interventions a
o pinpoint certain mechanisms. Neuroimaging in vivo al-
ows preclinical research to be conducted in a noninvasive
nd longitudinal manner, facilitating translation of knowl-
dge from bench side to clinical applications.

In animal models, epileptogenesis is generally induced by
precipitating insult (genetic or acquired) that initiates a

ascade of processes that transform a normal to a hyperexcit-

oronal views of PET images through the hippocampus
rst image); 18F-FMZ (GABAA receptor system; top row,
ird image); and 18F-FCWAY (5-HT1A serotonin receptor
n with miconazole treatment. (Reprinted by permission
aclopride (dopamine D2 receptor system; top row, fifth
ble imaging milestones during the process of epilepto-
the neurobiological alterations during this time window
arch. C
row, fi
row, th
rinatio
). 11C-r
e possi
me of
ble epileptic brain, resulting in the occurrence of recurrent
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pontaneous seizures after a latent or silent period (Fig. 7). A
ultitude of alterations have been described to occur during

he insult, in the first hours and days immediately after the
nitial insult and during the silent period, such as cell death,
liosis, inflammation, mossy fiber sprouting, neurogenesis,
nd synaptogenesis.84 When spontaneous seizures develop,
hese recurrent insults are likely to affect the brain, for exam-
le, induction of protective mechanisms and rewiring of the
euronal circuits, in addition to ongoing epileptogenic pro-
esses.

Small animal PET (saPET) and SPECT offer the possibility
o map and follow the evolution of pathophysiological pro-
esses in epilepsy models in vivo (Fig. 7). However, we have
o bear in mind partial volume effects, because of the limited
esolution of saPET (1-2 mm) and the small size of the brains
f small animals. At present, most animal studies conducted
ith saPET have used FDG to assess changes in glucose me-

abolism during seizures and epileptogenesis.85-87 We have
ecently reviewed these studies and possible applications of
aPET for epilepsy research.88

Specific neurobiological changes at several time points
an be measured with a range of PET tracers, as mentioned
reviously (Fig. 7). In addition, the relevance of these alter-
tions as a biomarker for the development of seizures can be
tudied in follow-up studies, which may give clues for new
herapeutic targets. A therapeutic window may be identified
reating the opportunity to assess the effects of potential anti-
pileptogenic treatments. Several tracers could be compared
or their validity to identify the epileptogenic zone in a focal
pilepsy model. In addition, saPET can be used to appraise
he temporary and permanent effects of recurrent seizures on
he brain (Fig. 7), which can help in interpreting human
maging data.

onclusion
ctal perfusion SPECT and interictal FDG-PET imaging re-
ain important tools in the localization of the ictal onset

one, seizure propagation pathways, and the functional def-
cit zone in the presurgical evaluation of patients with refrac-
ory partial epilepsy. Automated image processing tech-
iques and novel reconstruction techniques help to provide
bjective results, although careful interpretation by close col-
aboration between the nuclear medicine and neurology de-
artment remains necessary. Imaging of specific receptor sys-
ems is likely to become more important in the future and
ay give us a better understanding of the complex mecha-
isms that underlie the development and termination of sei-
ures and epilepsy. Also, translational small animal imaging
o investigate animal models of epilepsy may prove useful to
his cause.
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