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SUMMARY

Epilepsy can be a devastating disorder. In addition to debilitating seizures, epilepsy can

cause cognitive and emotional problems with reduced quality of life. Therefore, the

major aim is to prevent the disorder in the first place: identify, detect, and reverse the

processes responsible for its onset, and monitor and treat its progression. Epilepsy

often occurs following a latent period of months to years (epileptogenesis) as a conse-

quence of a brain insult, such as head trauma, stroke, or status epilepticus. Although

this latent period clearly represents a therapeutic window, we are not able to stratify

patients at risk for long-term epilepsy, which is prerequisite for preventative clinical

trials. Moreover, because of the length of the latent period, an early biomarker for

treatment response would be of high value. Finally, mechanistic biomarkers of epilep-

togenesismay providemore profound insight in the process of disease development.

KEYWORDS: Epileptogenesis, Magnetic resonance imaging (MRI), Nuclear medicine

imaging (PET/SPECT), Glia, Blood–brain barrier.

A key requirement for preventing epilepsy is to predict
which individual will develop epilepsy prior to the onset of
spontaneous seizures. This requires quantifiable, noninva-
sive, clinically relevant, reproducible and easy-to-perform
markers with high sensitivity and specificity, which enable
us to monitor the disease progress and the effects of

interventions. Imaging methodologies meet these require-
ments, and are thus suitable for predicting or early diagnos-
ing epilepsy, in particular, drug-resistant epilepsy, and the
effect of interventions aimed at modulating its development
and progression (Fig. 1).

Imaging methodologies allow visualization of molecules
and pathways involved in the mechanisms of the onset or
progression of the epileptogenic process.1 A variety of
imaging modalities are available, and imaging strategies
and tracers are being developed to address these issues.

Numerous studies have shown that the recovery of brain
function after injury is based on brain plasticity and remod-
eling of functional organizations.2 Although brain plasticity
has been considered essential for recovery, there are also
concerns related to eventual negative consequences. Aber-
rant plasticity has been suggested to be a crucial process in
epileptogenesis after injury. Investigation of brain inflam-
mation seems an ideal biomarker candidate as it is a key
repair mechanism after brain insult and has been recognized
as an important factor in the pathology of various types of
epilepsy.
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The current state-of-the-art for imaging inflammation
and inflammatory processes using preclinical and clinical
magnetic resonance imaging (MRI) and nuclear medicine
imaging (positron emission tomography/single-photon
emission computed tomography [PET/SPECT]) methodolo-
gies are summarized here by describing the current cutting-
edge methodologies and pointing out future directions.

Imaging Microvascular

Pathologyand

Electrophysiologic Biomarkers

for Epileptogenesis

(Alon Friedman and Daniela Kaufer)
In the field of brain protection and therapeutics, phase III

clinical trials have repeatedly failed to show therapeutic
efficacy. This has necessitated a reexamination of

translational research in this area. A growing consensus
holds, that in addition to better understanding of underlying
disease mechanisms, there is a need for biomarker-driven
strategies to (1) identify patients with specific brain pathobi-
ologic processes that increase the risk for a brain disorder,
(2) confirm engagement of the proposed molecular target by
the therapeutic agent, and (3) provide quantitative measures
to assess therapeutic efficacy. The goal of biomarker
research is thus to facilitate clinical studies by enabling
rationalized subject selection, dosing, timing, and duration
of treatment. In the field of postinjury epilepsy (PIE), no
such biomarker is currently available.

Microvascular pathology with associated blood–brain bar-
rier (BBB) dysfunction and neuroinflammation was shown
to underlie long-lasting dysfunction of the neurovascular unit
and was associated with epileptogenesis. To identify these
early pathobiologic-relevant disease-underlying processes,
we developed MRI protocols as well as image and signal
analysis methods to quantitatively follow microvascular
pathology, specifically leaky BBB and electrophysiologic
features of network dysfunction. Postmortem immunohisto-
chemistry was used to confirm the spatial co-localization of
imaging-based evidence of a leaky BBB to the presence of
serum proteins (albumin and immunoglobulin G [IgG]) and
neuroinflammation (activated astrocytes and microglia). In
vivo electrocorticography was used to objectively and quan-
titatively identify alterations in network functions and the
development of seizures in experimental rodents.3

Recent studies show that contrast-enhanced MRI (CE-
MRI) can be used noninvasively to quantitatively assess
BBB pathology in different brain regions. As such, animal

Figure 1.

The role of imaging for monitoring epileptogenesis. A key requirement for preventing epilepsy is to predict which individual will develop

epilepsy prior to the onset of spontaneous seizures. This requires quantifiable, noninvasive, clinically relevant, reproducible and easy-to-

perform markers with high sensitivity and specificity, which enable us to monitor the disease progress and the effects of interventions.

Imaging methodologies meet these requirements, and are thus suitable for predicting or early diagnosing of epilepsy, in particular, drug-

resistant epilepsy, and the effect of interventions aimed at modulating its development and progression.

Epilepsia ILAE

Key Points

• Imaging methodologies allow visualization of mole-
cules and pathways mechanistically involved in
epileptogenesis

• MRI and nuclear medicine imaging (positron emission
tomography/single-photon emission computed tomog-
raphy [PET/SPECT]) methodologies can be used for
imaging brain inflammatory processes

• Preclinical and clinical studies need to critically assess
the validity of these imaging biomarkers of epileptoge-
nesis and of drug resistance
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experiments indicate that leaky BBB in limbic brain regions
(specifically the piriform cortex, but also the amygdala and
hippocampus) may serve as a sensitive and specific predic-
tor (area under the curve [AUC] of 0.96, p < 0.0001) for
epilepsy, whereas diffuse BBB breakdown (especially if
includes the thalamus and septal nucleus) is associated with
a lower risk.4 Brain regions with a pathologic leaky BBB
were also showing a neuroinflammatory response, including
the activation of astrocytes and microglia producing and
releasing inflammatory mediators. Therefore, imaging of
BBB breakdown may reflect the local presence and extent
of inflammation.5 The advantage of CE-MRI is the poten-
tially easy implementation in patients. Indeed, CE-MRI was
shown to detect microvascular pathology (dysfunctional
BBB) in cortical regions surrounding contusional brain
lesions following traumatic brain injury or stroke. Further-
more, these brain regions were associated with pathologic
brain activity. These results suggest that identifying BBB
pathology in cortical brain regions indicates a local neuroin-
flammatory response to injury that lowers seizure threshold
and promotes epileptogenesis.

Future directions
Combining imaging with electrophysiologic recordings

may determine whether brain tissue is undergoing
epileptogenesis. Animal studies should confirm that anti-
inflammatory treatments are associated with both nor-
malization of imaging and electrophysiologic alterations
during epileptogenesis and a significant reduced risk for
epilepsy.

MRI T2/T2* Signal Changes: A

Noninvasive, Earlyand Reliable

Predictive Marker of Temporal

Lobe Epilepsy after Febrile

Status Epilepticus, with

Translational Potential

(Tallie Z. Baram)
Temporal lobe epilepsy (TLE), with its associated cog-

nitive and emotional problems is among the most com-
mon epilepsies, and is typically preceded by antecedent
insults including trauma, brain infection, or prolonged
childhood seizures.6,7 Indeed, prolonged febrile seizures,
especially those longer than 30 min (febrile status epilep-
ticus; FSE) precede 30–70% of individuals with TLE, and
epilepsy develops in ~40% of children with FSE.8–10

However, it is not possible to identify early which FSE-
experiencing individuals will develop TLE years later, a
crucial prerequisite for prevention of the spontaneous sei-
zures and the comorbid cognitive and emotional impair-
ments. Thus there is an unmet need for noninvasive,
reliable and early predictive markers of epileptogenesis in
individuals with FSE.1,11

We developed and characterized an immature rodent
model of FSE (experimental FSE; eFSE). The eFSE is
induced in rats on postnatal days 10–11, an age when hip-
pocampal development approximates that of human
infants–toddlers.12 In this model, hyperthermia is used,
because fever cannot be generated in infant rats.10 However,
the brain hyperthermia results in recruitment of fever medi-
ators within the brain, and these are required for the genera-
tion of the eFSE, as shown through the use of transgenic
mice lacking components of the interleukin 1 (IL-1) path-
way.13 Whereas all rats develop eFSE in this model, these
early life seizures generate TLE in only 33–40% of rats after
a “silent period,” analogous to the frequency and time-
course in humans.14

MRI is a clinically useful, noninvasive, repeatable tool.
We employed high-field (11.7T) MRI providing resolution
of limbic (temporal lobe) brain structures to probe eFSE-
induced signal changes that might predict limbic epilepsy
(TLE) development.1,14,15 We then recorded long-term
video–electroencephalography (EEG) to identify rats that
become epileptic, and examine the neurobiologic basis of
signal changes using neurochemical and neuroanatomic
approaches.

Using a high-field, high-resolution (11.7T) MR scanner,
reduction of T2 relaxation times in hippocampus and amyg-
dala were noted in eFSE rats compared with normothermic
and hyperthermic controls.1 It is notable that, T2 values in
amygdala distinguished eFSE rats that became epileptic
from eFSE rats that did not develop spontaneous seizures.
The predictive signal was apparent already at 2 h after the
eFSE and persisted at 6 h after the insult. The observed
reduction of T2 values likely represented paramagnetic sus-
ceptibility effects (T2*) derived from increased unsaturated
venous hemoglobin, suggesting augmented oxygen utiliza-
tion after FSE termination. Indeed, the use of deoxyhe-
moglobin-sensitive (T2*) MRI sequences enabled
visualization of the predictive changes on lower-field, clini-
cally relevant MRI scanners (Fig. 2).

Looking for the origin of the high-oxygen and energy
demanding processes that led to the high levels of deoxy-
hemoglobin, we focused on inflammation, because it is
intrinsically required for febrile seizures and eFSE,13–18 is
involved in epileptogenesis that follows eFSE,17,18 and is
associated with high energy use. Searching for an early
step in neuroinflammation, we found that the T2 signal
changes correlated with energy-demanding intracellular
translocation of the injury-sensor HMGB1, a trigger of
inflammatory cascades implicated in epileptogenesis.1,17–
19 Accordingly, individual rats had major variance in T2

signal changes, and these correlated with HMGB1
nucleus-to-cytoplasm translocation, a prerequisite for its
cellular release, and the expression of several key inflam-
matory mediators in the same rat.18 T2* signal changes
hold significant promise for identifying the risk for epi-
lepsy in children experiencing eFSE.1,8
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Multi-Modal Imaging of

Vascular Cell Adhesion

Molecule 1 (VCAM-1) Expression

in Models of Neuroinflammation

and Epilepsy

(Eric�Arstad)
Vascular cell adhesion molecule 1 (VCAM-1) is a mem-

ber of the immunoglobulin supergene family that mediates
the rolling and extravasation of leukocytes across the vascu-
lar endothelium. This is an inflammatory event that has been
implicated in the progression of epilepsy in the lithium-pilo-
carpine mouse model.20 The development of micron-sized
particles of iron oxide (MPIOs) coated with VCAM-1 target-
ing antibodies as a contrast agent (CA) for imaging VCAM-
1 expression with MRI has enabled neuroinflammation to be
detected and localized in animal models of epilepsy.21 To
identify the potential of SPECT for imaging of neuroinflam-
mation, and to explore the value of multimodal imaging,
VCAM-1 targeting MPIOs were labeled with iodine-125.22

Radiolabeling of the antibody-coated particles was straight-
forward and proceeded in high radiochemical yields using
commercially available iodination tubes. In healthy rats, fol-
lowing injection into the right external jugular vein, [125I]
VCAM-MPIO displayed rapid kinetics and was effectively
cleared from the blood pool 2 min postinjection. Within
10 min, the CA accumulated in the lungs ([mean � SD]
4.8 � 1.3% injected dose [ID]/g), spleen (3.4 � 1.4%ID/g)
and liver (1.5 � 0.5% injected dose [ID]/g), with negligible
uptake in the brain (0.016 � 0.005%ID/g). Low

radioactivity levels in the bladder and thyroid suggest that
[125I]VCAM-MPIO remains largely intact after administra-
tion in vivo. In (tumor necrosis factor a (TNF-a)-treated rats,
the hypointensities present on MRI were in good agreement
with the SPECT signals in the brain, and correlated well
with phosphorimaging of cryosections from the site of TNF-
a injection. Quantification of both MRI and SPECT signals
revealed higher CA binding in TNF-a-treated animals com-
pared to the two control groups, globally as well as in each
of the brain hemispheres. Phosphorimaging of brain cryosec-
tions revealed a highly heterogeneous distribution, with the
CA predominately confined to large blood vessels. The
lithium-pilocarpine model of status epilepticus (SE) was used
to further evaluate the properties of [125I]VCAM-MPIO as a
CA. Status epilepticus with tonic–clonic seizures was induced
40–50 min after pilocarpine administration, and the seizures
were terminated 90 min after SE onset by administration of
diazepam. The animals were imaged approximately 20 h
later (Fig. 3). SPECT/CT revealed high localized uptake of
the CA in the cerebellum, cortex, brainstem, and olfactory
bulb. With MRI, hypointensities were observed mainly near
the hippocampus and ventricles, but also in the cerebral cortex
and hypothalamic regions. Phosphorimaging of coronal
brain cryosections confirmed high uptake of [125I]VCAM-
MPIO in the cortex, hippocampus, and hypothalamus. As
seen for the TNF-a-treated animals, [125I]VCAM-MPIO
distributed predominantly to larger blood vessels.

Future directions
Further work will determine how faithfully this reflects

the distribution of the VCAM-1 receptor in the brain’s

Figure 2.

A noninvasive magnetic resonance imaging (MRI) signal predicts the eventual development of epilepsy in an at-risk population. Top row:

Representative color-coded quantitative T2 maps of a normothermic control (NT-C), as well as nonepileptic and epileptic rats experienc-

ing experimental febrile status epilepticus (eFSE). The basolateral amygdala is highlighted in the black box. Bottom row: magnified views of

the amygdalae. Scale bar indicates 1 mm. Measuring T2 values in the basolateral amygdala on the side with the lower T2 relaxation time

distinguished the epileptic group from the nonepileptic group, indicating that amygdala T2 values were predictive of epilepsy. MRI scans

were obtained 2 h after the end of the eFSE (3 h after its onset). An 11.7T scanner was used, and the apparent reduction in T2 values was

a result of the T2* effect.1 Notably, the same predictive signal change can be seen in clinical-strength MR scanners when appropriate

sequences are used.
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pathologic state or whether this phenomenon might to some
extent be due to changes in blood flow. We are currently
developing a peptide-derived VCAM-1 nuclear imaging
agent to overcome some of the limitations of MPIOs, and
potentially allow translation to human studies.

Imaging Astrocytes during

Epileptogenesis by Proton

Magnetic Resonance

Spectroscopy

(Teresa Ravizza, Annamaria Vezzani)
The activation of astrocytes is one of the most prominent

cellular changes occurring in the brain after various epilepto-
genic injuries. Studies in experimental models of epilepsy
showed that activated astrocytes produce and release an array
of proinflammatory mediators during epileptogenesis that
potentially contribute to spontaneous seizures generation,23

cell loss, and comorbidity.24 Because of the potential mecha-
nistic role of neuroinflammation in epilepsy, monitoring this
process using noninvasive approaches may generate potential
biomarkers of ictogenesis and epileptogenesis.

Proton magnetic resonance spectroscopy (1H-MRS) is a
noninvasive in vivo imaging technique that allows the
detection and quantification of brain metabolites of which
myo-Inositol (mIns) specifically reflects the functional acti-
vation of astrocytes.25 We designed therefore an in vivo lon-
gitudinal study to assess hippocampal mIns levels in a rat
SE model of epilepsy where spontaneous seizures develop
in 100% of animals. We found that mIns levels increase
progressively during epileptogenesis.26 Notably, these
changes occurred before the onset of spontaneous seizures
with mIns levels maintained as high as before epilepsy onset
in chronic epileptic rats. A positive correlation was found
between hippocampal mIns levels in epileptic rats and

immunohistochemical Glial fibrillary acid protein (GFAP)
expression, thus confirming the association between
changes in mIns and astroglial activation.26 Receiver-oper-
ating characteristic (ROC) analysis showed that mIns levels
measured before epilepsy onset differentiate with high fide-
lity (AUC = 1.0) control rats from rats that develop epi-
lepsy. We further studied mIns as a potential biomarker of
epileptogenesis using an experimental models of brain
injury, where epilepsy develops only in a subpopulation of
animals. By inducing SE in postnatal day (PN)21 rats with
lithium+pilocarpine, only 60–70% of animals develop epi-
lepsy, although SE severity and duration are similar in all
rats. 1H-MRS analysis was done longitudinally post-SE at
selected times before spontaneous seizures arose. Epileptic
rats were identified by the presence of spontaneous video-
EEG seizures and decreased hippocampal afterdischarge
threshold assessed 7 months post-SE, and were distin-
guished from nonepileptic rats showing no spontaneous sei-
zures and with a threshold similar to that of sham controls
(not exposed to SE). mIns levels were retrospectively ana-
lyzed and compared in these two cohorts of rats. We found
that mIns hippocampal levels were persistently increased
post-SE only in rats prone to develop epilepsy.27 ROC anal-
ysis of mIns levels at the predicted time of disease onset
showed a good discrimination between these two rat cohorts
(AUC = 0.83).

These results provide a proof-of-principle demonstration
that mIns levels following potential epileptogenic injuries
may represent a clinically meaningful biomarker for early
identification of individuals at risk for developing epilepsy.

Future directions
1H-MRS is an imaging approach previously used for

detecting astroglia activation in human epilepsy (i.e., TLE,
tuberous sclerosis, and Rasmussen’s encephalitis). Further
studies are warranted for validating mIns as a biomarker of
epileptogenesis in the clinical setting. For the same purpose,
PET/SPECT detection of astrogliosis using tracers targeting
monoaminoxidase-B (MAO), an enzyme preferentially
localized in astrocytes, should be considered. Notably, an
increased uptake of 11C-deuterium-deprenyl, a MAO inhibi-
tor, has been described in the hippocampus of patients with
TLE, which was associated with astrogliosis assessed by
3H-L-deprenyl autoradiography.28–30 Similar findings were
reported using the SPECT tracer 123I-Ro43-0463.31

Imaging Glia by Positron

Emission Tomography (PET) as a

Biomarker of Epileptogenesis

(Stefanie Dedeurwaerdere, Jens P. Bankstahl)
Molecular imaging with PET and specific radioligands

for translocator protein 18 kDa (TSPO) offer the possibility
to visualize in vivo the cellular inflammatory processes in

Figure 3.

Overview of TSPO upregulation during SE-induced epileptogene-

sis. TSPO upregulation is hypothesized to result from two super-

imposed processes related to the response to SE on the one hand

and spontaneous recurrent seizures. Because some studies have

shown a correlation between seizures and TSPO expression, it

may represent a seizure biomarker. In addition, TSPO PET may act

as a theragnostic marker for anti-inflammatory treatment. Future

studies will investigate whether early inflammation could be a bio-

marker of development of epilepsy and comorbidities.
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the brain, and more particularly microglia activation during
epileptogenesis.32 To be considered a useful biomarker for
studying a pathologic condition, TSPO expression has to be
altered during the disease. In this regard, longitudinal
in vivo TSPO PET imaging during epileptogenesis in the
lithium+pilocarpine SE rat model revealed increased micro-
glia activation in epileptogenesis-associated brain regions
within days from the acute insult and peaking 1–2 weeks
after SE.33,34 This evidence was replicated in the systemic
and focal intrahippocampal kainic acid post-SE rodent mod-
els32 and is in accordance with histologic assessment of
microglia activation and the time course of neuroinflamma-
tory markers measured with histologic or biochemical tech-
niques. In vivo imaging data were also validated by
measuring TSPO autoradiographic binding postmortem in
the same animals.

To appreciate the value of TSPO PET as a prognostic
biomarker of epilepsy, we need to evaluate its relation to
spontaneous seizures. Recently, several studies in rat SE
models have described a relationship between seizures and
increased TSPO expression. First, it was observed that a
severe SE results in a stronger TSPO upregulation com-
pared to a mild SE.35 Secondly, TSPO expression in hip-
pocampus and extrahippocampal temporal lobe regions in
the chronic phase of epilepsy positively correlates with the
frequency of spontaneous seizures.32,36 Figure 4 represents
a graphical summary of the temporal evolution of TSPO
expression and its potential relationship to behavioral phe-
notypes such as comorbidities and spontaneous seizures in
the SE models.

Recent work provided proof-of-concept for an associa-
tion between TSPO expression measured with the translo-
cator protein ligand 18F-PBR111 PET and behavioral
comorbidities related to depression-like symptoms in the
rat kainic acid post-SE model.37 Moreover, when applying
a multivariate modeling approach, the TSPO PET scans at
disease onset (2 weeks after SE) were predictive of the

individual seizure burden of the epileptic animals. These
data indicate that TSPO PET scans could be useful for
prognosis of epilepsy severity at disease onset. However,
these results remain to be reproduced by independent
groups and translated to other animal models. In addition,
investigations of the theragnostic value of TSPO PET
after anti-inflammatory treatment are warranted because
first attempts showed detectable, although moderate,
decrease in TSPO signal.38 Currently, TSPO-based PET
imaging limited to the investigation of neuroinflammation
processes linked to overexpression of TSPO. Alterna-
tively, it would be valuable to investigate PET ligands
visualizing different players in brain inflammation when
available.

Imaging of Glia as a Biomarker

of Drug Resistance

(Heidrun Potschka)
Drug resistance in epilepsy is considered a multifactorial

phenomenon. Strong evidence exists that disease-associated
molecular and cellular alterations can affect both the phar-
macokinetics and pharmacodynamics of antiepileptic
drugs.39 Experimental studies indicate that excessive
inflammatory signaling may have an impact on BBB pene-
tration of antiepileptic drugs or their interaction with target
sites. Moreover, inflammatory mediators play a role in neu-
ronal hyperexcitability and ictogenesis, thereby contribut-
ing to intrinsic severity of epilepsy.40,41

TSPO has repeatedly been described as a molecular
marker of microglial activation. Even though TSPO is also
expressed in other cell types, its expression was proven to
correlate with activation of microglia in several studies.42

Therefore, we have hypothesized that molecular imaging of
microglia activation using a radioligand of TSPO might
serve as a biomarker for pharmacoresistance. To address
this hypothesis, groups of phenobarbital responder and non-
responder rats have been selected in the chronic epilepsy
phase of a post-SE model and subjected to micro-PET anal-
ysis. In rats with drug-resistant seizures, (R)-[11C]PK11195
brain uptake values in the hippocampus, caudate putamen,
parietal cortex, and occipital cortex significantly exceeded
that in electrode-implanted control rats.36 Notably, data
from rats with a relevant pharmacoresponse were proven to
be in the control range.

These findings suggest that TSPO PET imaging might
serve as a biomarker of drug resistance. However, it needs
to be carefully assessed in future studies whether the corre-
lation between brain uptake of TSPO radioligands and phar-
macoresponsiveness does not merely reflect seizure
frequency. Because experimental data did not indicate that
setting a cut-off would reliably distinguish responders from
nonresponders, it remains doubtful that this imaging
approach would reach the required specificity and sensitiv-
ity for clinical translation.

Figure 4.

In vivo imaging of neuroinflammation in the lithium-pilocarpine

model of SE with [125I]VCAM-MPIO. The distribution of the CA

was assessed by SPECT/CT (top row) and MRI (bottom row). Images

from an SE rat (left), a sham-treated control rat (middle), and an SE

rat administered with immunoglobulin-coated [125]IMPIO CA

(right).
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Future directions
Data obtained with (R)-[11C]PK11195 in responders sug-

gest that this radiotracer is not optimal for imaging of epi-
lepsy development. Thus the novel TSPO tracer [18F]GE180,
with superior affinity and selectivity, should be used for lon-
gitudinal micro-PET studies for monitoring the tracer uptake
during epileptogenesis and exploring its predictive value.

To identify novel biomarkers of neuroinflammation that
may be exploited for imaging studies, we have completed a
liquid chromatography–mass spectrometry (LC/MS)-based
proteomic analysis of hippocampal as well as parahip-
pocampal cortex tissue sampled at different time points dur-
ing epileptogenesis in a rat SE model. Bioinformatic
analysis provides information about temporal changes in
protein expression of inflammatory regulatory pathways.43

We are currently analyzing these data with a systems biol-
ogy approach and network analysis.

PET Imaging of Inflammation in

Human Epilepsy

(William H. Theodore)
TSPO, previously known as the peripheral benzodi-

azepine receptor, is overexpressed in activated microglia
and reactive astrocytes. The previous generation of PET
TSPO ligands such as PK-11195 showed increased activity
in patients with syndromes such as Rasmussen’s encephali-
tis, but studies in patients with TLE and other focal syn-
dromes were unrevealing. Several new ligands with better
relative brain to peripheral binding have become available.
In addition, a polymorphism leading to low brain uptake in
about 10% of patients was discovered that can be tested in
leukocytes.

In a preliminary study using [11C]PBR28 in patients with
mesial TLE, we found relatively increased binding ipsilat-
eral to seizure foci.44 We then wished to determine whether
patients with TLE have widespread TSPO overexpression,
and to investigate patients with neocortical and extratempo-
ral foci using [11C]PBR28 and another TSPO radioligand,
[11C]DPA-713. Twenty-three patients with TLE and 11
age-matched controls were scanned with [11C]PBR28, and
eight patients and seven controls were scanned with [11C]
DPA-713. A subset had arterial blood sampling for full
quantification. Patients had unilateral seizure foci based on
ictal EEG and structural MRI. Participants with homozy-
gous low-affinity TSPO binding were excluded.45 The [11C]
PBR28 distribution volume (VT) corrected for free fraction
(fP) was measured in patients and controls using FreeSurfer
software. Side-to-side asymmetry in patients with TLE was
calculated as the ratio of ipsilateral to contralateral [11C]
PBR28 and [11C]DPA-713 standardized uptake values from
temporal regions. The [11C]PBR28 VT to fP ratio was
higher in patients with TLE than in controls for all ipsilat-
eral temporal regions (27–42%; p < 0.05) and in con-
tralateral hippocampus, amygdala, and temporal pole

(approximately 30–32%; p < 0.05). Individually, 12
patients, 10 with mesial temporal sclerosis, had asymmetri-
cally increased hippocampal [11C]PBR28 uptake exceeding
the 95% confidence interval (CIs) of the controls. Binding
of [11C]PBR28 was increased significantly in thalamus.
Relative [11C]PBR28 and [11C]DPA-713 uptakes were
higher ipsilateral than contralateral to seizure foci in
patients with TLE ([11C]PBR28: 2–6%; [11C]DPA-713:
4–9%). Asymmetry of [11C]DPA-713 was greater than that
of [11C]PBR28 (F = 29.4; p = 0.001).45

Nine patients with neocortical foci had [11C]PBR28 PET
scans. Four patients had surgical resections with pathologic
findings of focal cortical dysplasia (FCD) type IIA and IIB.
Preselected regions of interest (ROIs) were delineated using
T1-weighted MRI and FreeSurfer based on patients’ seizure
foci. All nine patients had asymmetry indices that exceeded
the 95% CI of the control mean in at least one region related
to the focus. Asymmetry did not differ based on the pres-
ence of FCD in surgical tissue samples. TSPO binding is
increased both ipsilateral and contralateral to seizure foci in
patients with TLE, suggesting ongoing inflammation. Nota-
bly, a recent study in a patient with refractory frontal epi-
lepsy due to FCD type II confirmed that TSPO binding
increased in the clinically defined seizure focus; moreover,
the postseizure scan done at least 2 weeks after a seizure-
free period showed persistent and more widespread signal,
possibly reflecting seizure spread.46

Future directions
Future perspectives are to investigate whether there is a

link between the peak in TSPO increase during the latent
phase after an acute injury and the sequelae of seizure devel-
opment and behavioral comorbidities in different models of
acquired epilepsy. This information will help to guide the
clinical application in patients exposed to potential epilepto-
genic injuries. It may be hypothesized that TSPO overex-
pression results from two potentially interrelated and
overlapping processes resulting from the response to injury
and the recurring spontaneous seizures (Fig. 4).

Conclusions and Future

Directions

This review of preclinical and clinical biomarkers of
epileptogenesis indicates that several innovative imaging
methods offer promise of identifying predictors or corre-
lates of neuroinflammation and other related cellular pro-
cesses that portend or accompany epilepsy. Novel
signatures delineate the onset of epileptogenic cascades,
molecules involved in BBB dysfunction, neuroinflamma-
tion, and activation of glial cells, and all have promising
translational potential for clinical use.

Broad future experimental and clinical approaches are
noted here. First, as most of the methods are innovative and
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novel, studies are necessary to critically assess the validity
of these imaging biomarkers of epileptogenesis and of drug
resistance. Preclinical studies should evaluate predictive
values with imaging prior to antiepileptic drug exposure and
in models with comparison between subgroups with or with-
out epilepsy manifestation following a brain insult. Clinical
studies should be performed longitudinally, ideally compar-
ing groups of patients who develop spontaneous seizures
after similar injury with those that do not develop seizures
over a similar time frame. Moreover, specificity and sensi-
tivity need to be assessed carefully in different epilepsy
models. In addition, efforts are necessary to identify alter-
nate molecular markers and to validate their informative
value in the context of development and pharmacoresis-
tance of epilepsy.

Future studies are also needed to investigate the effect of
disease-modifying treatment on the imaging biomarkers
and potential subsequent seizure prevention as a strategy to
evaluate treatment response.
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