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Abstract

Imaging is pivotal in the evaluation and management of patients with seizure disorders. Elegant
structural neuroimaging with magnetic resonance imaging (MRI) may assist in determining the
etiology of focal epilepsy and demonstrating the anatomical changes associated with seizure
activity. The high diagnostic yield of MRI to identify the common pathological findings in
individuals with focal seizures including mesial temporal sclerosis, vascular anomalies, low-grade
glial neoplasms and malformations of cortical development has been demonstrated. Positron
emission tomography (PET) is the most commonly performed /nterictal functional neuroimaging
technique that may reveal a focal hypometabolic region concordant with seizure onset. Single
photon emission computed tomography (SPECT) studies may assist performance of Jicta/
neuroimaging in patients with pharmacoresistant focal epilepsy being considered for neurosurgical
treatment. This chapter highlights neuroimaging developments and innovations, and provides a
comprehensive overview of the imaging strategies used to improve the care and management of
people with epilepsy.

The etiologies of epilepsies are varied and multifactorial in most cases (Berg et al., 2010).
Therefore, investigation of the underlying causes of seizures will depend on the clinical
context, in particular, the type of syndrome, age, types of seizures, associated diseases,
presence or absence of progressive or static motor and cognitive dysfunction, among other
factors.

In this context, in addition to electroencephalogram (EEG), neuroimaging techniques, in
particular magnetic resonance imaging (MRI), are the most important tools for determining
the syndromic diagnosis and possible etiology of epilepsy.
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gcascino@mayo.edu.
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COMPUTED TOMOGRAPHY (CT)

CT has the advantage of being available in most hospitals worldwide and has a relatively
low operating cost. In addition, the logistics of CT make it easier for unstable patients as
compared to MRI. CT can detect most tumors (except for some low-grade tumors), large
arteriovenous malformations and extensive brain malformations, stroke, and infectious
lesions. CT is sensitive for detection of calcified lesions and bone lesions, while MRI often
misses these. CT has low sensitivity for detecting small cortical lesions in general and
particularly lesions in the base of the skull, as in the orbitofrontal and medial temporal
regions. The overall percentage of success of CT in detecting lesions in focal epilepsies is
low, approximately 30% (Bronen et al., 1996). Therefore, although CT may be a good
indication for new-onset seizures in an emergency, it is not a substitute for MRI in the
investigation of epilepsy.

WHEN TO PERFORM AN MRI IN A PATIENT WITH SEIZURES

All patients with epilepsy should undergo an MRI, except those with very typical forms of
primary generalized epilepsy (e.g., juvenilemyoclonic epilepsy, childhoodabsence) or benign
focal epilepsies of childhood with characteristic clinical and EEG features (e.g., benign
epilepsy with centrotemporal spikes, early-onset childhood epilepsy with occipital spikes
(Panayiotopoulos type)) and adequate response to antiepileptic drugs (AEDs) (Commission
on Neuroimaging of the International League Against Epilepsy, 1997; Berg et al., 2010;
Gaillard et al., 2011).

There are two basic situations in which to perform an MRI in patients with seizures. The
first applies to newly diagnosed patients and those with longstanding epilepsy who have not
been properly investigated. The second applies to patients with refractory seizures and
therefore candidates for surgery (Berg et al., 2010). Even patients with long-term focal
epilepsy of unknown etiology should undergo an MRI. Low-grade tumors and other
surgically treatable lesions may be found in patients with a history of epilepsy of more than
20 years’ duration.

Priority should be given to patients with focal findings in the neurologic exam. Imaging
examinations of emergency (CT or MRI) should be performed in patients with early onset of
seizures with focal neurologic deficits, fever, persistent headache, cognitive changes, and a
recent history of head trauma. Focal seizures with onset in adulthood should be considered
as a possible indication for an emergency neuroimaging examination.

MRI exam is crucial for the diagnosis and treatment of patients with epilepsy. MR images
allow the characterization of the nature of the lesion and whether it is progressive (e.g.,
cancer, Rasmussen’s encephalitis) or static (e.g., ischemic lesions, congenital
malformations).

By helping to define the etiology of epilepsy, MRI becomes an important tool for prognostic
counseling and defining treatment strategy. We can also use MRI to monitor progression of
lesions. Diffusion tensor imaging (DTI), three-dimensional (3D) reconstructions, and
coregistrations of different imaging modalities are important tools in surgical planning.
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Not all MRI abnormalities cause seizures and not all seizures originate from identified
structural cerebral abnormalities (Gaillard et al., 2011). It is necessary to establish with
clinical and neurophysiologic data whether a given lesion is likely to cause the seizures.
However, in the context of presurgical evaluation, the identification of a lesion closely
associated with the EEG seizure onset zone is associated with better postoperative seizure
control (Cascino, 2001; Berg et al., 2009; Téllez-Zenteno et al., 2010). In the research field,
MRI allows us to better understand the pathophysiology of epilepsy (Mishra et al., 2011).

HOW TO PERFORM AN MRI IN PATIENTS WITH EPILEPSY

The epileptogenic lesion may be detected using routine MRI protocols. However, routine
MRIs often miss smaller or subtle lesions and are considered normal. Therefore, in these
cases, an optimized epilepsy protocol with adequate spatial resolution and multiplanar
reformatting is essential (Gaillard et al., 2011; Cendes, 2013).

A proper MRI investigation of patients with focal epilepsy requires the use of specific
protocols, selected based on identification of the region of onset by clinical and EEG
findings. For practical purposes, focal epilepsy can be divided into mesial temporal-lobe
epilepsy (MTLE) and neocortical epilepsy. This distinction is due to the relative specificity
and consistency of clinical, MRI, and pathologic findings (most frequently hippocampal
sclerosis: HS) (Figs 51.1 and 51.2) observed in MTLE (Table 51.1) compared to neocortical
epilepsies. The clinical manifestations and EEG changes in neocortical epilepsy are varied,
and the pathologic substrate involved in its genesis comprises a broader range of etiologies
(Table 51.2) (Von Oertzen et al., 2002; Gaillard et al., 2011; Cendes, 2013).

It is recommended that the MRI epilepsy protocols include a T1-weighted volumetric
acquisition (3D) with isotropic voxel size of 1 mm or 1.5 mm in order to enable the
reconstruction of images in any plane (Gaillard et al., 2011; Cendes, 2013).

Studies demonstrated that more sophisticated methods of image reconstruction from 3D
acquisitions allow a better evaluation of patients with discrete structural lesions, in particular
focal cortical dysplasia (FCD) (Figs 51.3-51.6), where the main findings are cortical
thickening, abnormal gyri, and poor delineation of the transition between white and gray
matter (Bastos et al., 1999; Colombo et al., 2009; Bernasconi et al., 2011; Blumcke et al.,
2011). The 3D images obtained have the characteristics of a volume, which may be handled
on a computer workstation to serve various purposes. Among the methods for
postprocessing and analysis of images with great diagnostic application in epilepsy are
multiplanar (Figs 51.3 and 51.4) (Barkovich et al., 1995) and curvilinear reconstruction (Fig.
51.3) (Bastos et al., 1999).

Multiplanar analysis is the interactive visual evaluation of brain parenchyma, acquired by
volumetric MRI. These techniques allow the inspection of details of brain structure through
the simultaneous analysis of brain in different planes of section, which is very important for
the detection of FCDs (Cendes, 2013).
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In addition to the technical aspects of MRI acquisition, the experience of the examiner and a
clinical/ encephalographic correlation are essential when searching for subtle epileptogenic
lesions (Mon Oertzen et al., 2002).

MRI IN MESIAL TEMPORAL-LOBE EPILEPSY

In MTLE, EEG findings, clinical history, and neuroimaging findings are important to define
the diagnosis. Although there are other etiologies that cause TLE, HS is the most common
pathologic substrate. MTLE with HS is often associated with a precipitating injury such as
complex febrile seizures, birth trauma, meningitis, or head injury that happens in early life.
A latent period of several years may precede dyscognitive seizures (previously known as
complex partial seizures) (Cendes et al., 2014).

High-resolution MRI is a highly sensitive and specific noninvasive method to diagnose HS
in vivo. Images need to be optimized for the evaluation of features indicating hippocampal
pathology. Coronal slices are mandatory and they need to be obtained on a plane
perpendicular to the long axis of the hippocampus guided by a sagittal scout image. The
slices need to be thin to allow appreciation of fine details of the different portions of
hippocampal anatomy. Ideally, the slice thickness should be 3 mmor preferably less. To
evaluate volume, shape, orientation, and internal structure, high-resolution T1-weighted
images, particularly with inversion recovery (IR), are highly recommended. T2-weighted or
fluid-attenuated inversion recovery (FLAIR) images are important to assess qualitatively the
signal intensity (Figs 51.1 and 51.2). FLAIR imaging sequences demonstrated an accuracy
of 97% for the demonstration of abnormalities associated with HS defined on
histopathologic examination (Kuzniecky et al., 1997). The presence and severity of HS in
both hippocampi may provide useful prognostic information about less favorable
postoperative seizure control and memory outcome (Arruda et al., 1996; Yasuda and Cendes,
2012).

Qualitative MRI interpretation, and quantitation of hippocampal volume (volumetry) and T2
signal (T2 relaxometry), are very sensitive and specific in detecting HS (Coan et al., 2014).
However, simple qualitative visual analysis is also quite sensitive, especially if the MR
images are carefully and properly acquired (Labate et al., 2010). Visual discrimination of a
normal from an abnormal hippocampus is straightforward when one is clearly normal and
the other is grossly abnormal, but the visual binary paradigm breaks down in the presence of
symmetric bilateral disease or mild unilateral disease. Therefore, absolute quantitative
measurements may be useful to determine the presence and severity of hippocampal atrophy
in both hippocampi accurately (Table 51.1).

While MRI is the only technique able to diagnose HS /n vivo, qualitative and quantitative
MRI may fail to detect mild HS that is subsequently found on histopathologic examination.
The hippocampal MRI abnormalities in MTLE HS can be bilaterally symmetric, but more
often are unilateral or clearly asymmetric. Brain MRI also frequently shows abnormalities of
volume (atrophy) and signal (T2 increase or T1 decrease) in structures outside of the
hippocampus, usually ipsilateral to the sclerotic hippocampus (Cendes et al., 2014).
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More detailed high-resolution quantitative MRI analysis reveals a network of gray-matter
atrophy that involves mesial temporal and other structures interconnected with the limbic
system, including amygdala, entorhinal, perirhinal, and parahippocampal cortices, and
thalamus (Coan et al., 2014).

MRI is highly sensitive and specific in detecting lesions that cause TLE and may have
similar clinical manifestations as MTLE HS, such as tumors, dysplasias, vascular
malformations and other lesions, such as temporal-lobe encephaloceles (Fig. 51.7)
(Saavalainen et al., 2015).

EPILEPSY DUE TO NEOCORTICAL LESIONS

MRI investigation will detect most common lesions causing neocortical epilepsy, which are:
low-grade tumors, malformations of cortical development, posttraumatic and postischemic
lesions, inflammatory infectious scars, cavernous malformations, and arteriovenous
malformations. However, routine MRI may be unremarkable, particularly in some forms of
malformations of cortical development. In these cases, multimodal imaging techniques can
be useful for localizing suspected lesions. Among the multimodal imaging, interictal
fluorodeoxyglucose positron emission tomography (FDG-PET), ictal single-photon emission
computed tomography (SPECT), ictal/interictal subtraction of SPECT scans, PET/MRI
coregistration, multiplanar reconstruction, and curvilinear reformatting represent
noninvasive methods to evaluate patients with focal seizures (Salamon et al., 2008; Hong et
al., 2014; Perissinotti et al., 2014).

Subtle structural lesions can be missed in patients with neocortical TLE or extratemporal
epilepsy. Therefore, MRI should be performed with adequate protocols evaluated by
professionals with experience in epilepsy workup (Mon Oertzen et al., 2002). Correlation
with semiology, EEG, and structural and functional imaging data is essential (Gaillard et al.,
2011).

The ideal sequence for the acquisition of MRI should be the one that results in excellent
spatial resolution and contrast in a short period of time. Unfortunately, these goals are
mutually exclusive due to limitations imposed by the physical principles of MRI. The
images must include T1- and T2-weighted sequences covering the entire brain in at least two
orthogonal planes, with minimum thickness allowed by the machine used. The injection of
contrast (gadolinium) is not routinely necessary but can be useful in situations when the
images without contrast are not sufficient for diagnosis or if a tumoral or inflammatory
lesion is suspected. The ideal MRI in patients with focal epilepsy should include a
volumetric acquisition (3D) with thin sections (less than 2 mm) in order to enable the
reconstruction of images on any plane (Table 51.2). Studies have shown that more methods
of image reconstruction from 3D acquisitions allow a better evaluation of patients with
discrete structural lesions, especially FCDs (Barkovich et al., 1995; Bastos et al., 1999;
Bernasconi et al., 2011) (Figs 51.3, 51.4, and 51.6).

The use of appropriate MRI protocols targeted for the study of patients with epilepsy
provides the diagnosis of the majority of patients with lesional epilepsy. However, in a
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considerable number of patients, the MRI is considered normal. Although the etiology
remains unclear in these cases, the disorders of cortical development, mainly FCD, are the
most likely pathologic substrates. The effort involved in trying to increase the detection of
these “invisible” lesions involves the improvement of signal-to-noise ratio and contrast of
structural imaging techniques and imaging postprocessing (Bernasconi et al., 2011). Among
the techniques used to implement image quality, two methods are highlighted: the use of
higher magnetic fields (e.g., 3 T or higher) and surface coils or coils with a higher number of
channels (e.g., 32-channel coils, instead of the most often used eight-channel coils) (Knake
et al., 2005; Zijlmans et al., 2009).

MRI IN MALFORMATIONS OF CORTICAL DEVELOPMENT

Focal cortical dysplasia

Refractory epilepsy, particularly in childhood, is often associated with malformations of
cortical development, especially FCD. Many patients have seizures refractory to medication
and are candidates for surgical treatment. However, not all patients with malformations of
cortical development present with refractory epilepsy (Barkovich et al., 2012).

FCD is characterized by disorganization of the cortical lamination associated with bizarre
(dysplastic) neurons or cells with eosinophilic cytoplasm and increased volume (ball cells)
(Taylor et al., 1971). FCD may be evidenced by MRI examinations as areas of cortical
thickening, loss of the interface between white and gray matter, focal atrophy, and
hyperintense signal in T2/ FLAIR sequences (Figs 51.3-51.6).

In the current classification, FCDs are subdivided into three types: type | (no dysmorphic
neurons or balloon cells); type 2 (presence of dysmorphic neurons with or without balloon
cells); and type 3 (FCD associated with another lesion): these in turn have subdivisions
(Blumcke et al., 2011).

FCD type | (Fig. 51.3) may present with mild hyperintensity of the white matter in T2/
FLAIR with loss of gray—white-matter differentiation, but in many patients MRI does not
show abnormalities in the white matter. It may present with mild focal increase in cortical
thickness and abnormal gyrus in shape and deep sulci, but it may also be associated with
focal volume loss and thin cortex, in particular when the temporal lobe is affected.

FCD type Il presents with a gradient of morphologic changes, from dysplastic lesions that
can be easily identified by conventional MRI techniques to minor structural abnormalities,
including small areas of discrete cortical thickening and/or blurring of the gray—white-matter
interface that often go unrecognized. Sometimes it shows subtle hyperintense T2 signal in
the subcortical and deep white matter. It is divided into two types. FCD type 1A has
dysmorphic neurons without balloon cells in the histopathology and the alterations on MRI
are often discrete and without hyperintense signal in FLAIR (Fig. 51.4). FCD type 1IB, or
FCD with balloon cells, or Taylor-type dysplasia, is characterized by areas of thickening of
the cortex on MRI, with blurring of the differentiation between the gray—white-matter
interfaces, deep sulci, and abnormal cortical gyration. Its main MRI feature is hyperintense
T2 FLAIR signal in the subcortical white matter with a wedge shape that extends to the
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ipsilateral ventricle ependymal surface (transmantle sign) (Blumcke et al., 2011) (Fig. 51.5).
Sometimes the lesion is localized only in the bottom of the sulcus (Fig. 51.6).

Other malformations of cortical development associated with epilepsy

Polymicrogyria is one of the most common malformations of cortical development,
characterized by excessive small and prominent convolutions separated by shallow sulci. It
appears to be caused by a variety of mechanisms and often is associated with other
malformative lesions such as cerebellar hypoplasia, callosum agenesis, and periventricular
nodular heterotopia, among others (Barkovich et al., 2012). Polymicrogyria is not always
associated with epilepsy, and in those patients with epilepsy the seizures are often well
controlled with medication (Montenegro et al., 2007).

Polymicrogyria is characterized by developmental abnormalities where cortical neurons
achieve the cerebral cortex, but are distributed abnormally, resulting in abnormal small gyri
that may appear as thickened cortex if the MRI is acquired with low resolution and thick
cuts (Barkovich et al., 2012) (Fig. 51.8).

Schizencephaly is characterized by a cleft that connects the cortical surface with the
ventricular lumen. At its edges, the cortical tissue is usually abnormal (polymicrogyria).
When the edges are juxtaposed it is called closed-lips schizencephaly, and open-lips
schizencephaly when the edges are separated (Barkovich et al., 2012) (Fig. 51.8).

Periventricular nodular heterotopia is characterized by clusters of ectopic neurons and can be
located at the periventricular areas (subependymal). These nodules consist of mature
neurons and glial cells, without well-defined lamellar organization (Fig. 51.9). The
subcortical nodular heterotopia is characterized by nodules of ectopic gray matter, which
vary in number and size, sometimes in the posterior peritrigonal region (vascular border
zone), and may extend toward the white matter, compromising the adjacent neocortex
(Pisano et al., 2012). The subcortical laminar heterotopia (double cortex) is characterized by
a continuous or semicontinuous ectopic band of gray matter below the cortical mantle
(Blumcke et al., 2011) (Fig. 51.9).

Lissencephaly-agyria-pachygyria and subcortical laminar heterotopia represent extremes in
the spectrum of the same entity that results from the arrest of the neuronal migration
process. In lissencephalyagyria-pachygyria the brain has a limited number of gyri and sulci,
resulting in shallow sulci and large gyri with thickened cortex or an almost complete
absence of sulci in lissencephaly (Barkovich et al., 2012) (Fig. 51.9).

Hemimegalencephaly is characterized by hamartomatous growth of part or all of the cerebral
hemisphere. This is visualized on MRI as hemispheric enlargement, often associated with
ipsilateral ventricular dilatation and clearly abnormal signal in the white matter
(hyperintense in T2/FLAIR and hypointense in T1-weighted images) (Fig. 51.10). In
addition, there are often areas of pachygyria, polymicrogyria, heterotopia, FCD, and gliosis
of the underlying white matter (Barkovich et al., 2012).
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Tuberous sclerosis

Tuberous sclerosis is a phakomatosis with dysplasias and hamartomas affecting the brain. It
may be sporadic or hereditary, with an autosomal-dominant pattern of inheritance, and often
causes pharmaco-resistant seizures that start as infantile spasms in the first months of life.
MRI features includes cortical tubers that may be indistinguishable from FCD type I,
subependymal calcified nodules and subependymal giant cell astrocytoma (Koh et al., 2000).

The cortical hamartomas or “tubers” are the most characteristic lesions in tuberous sclerosis
complex and these may be related to focal seizures, oftentimes refractory to AEDs; however,
not all tubers are epileptogenic. Cortical hamartomas appear as dark lesions on CT with
broadened gyri in young children, but these tubers may be difficult to identify on CT in
adults, unless they are calcified. The MRI appearance of tubers also changes with
myelination. In neonates, they are hyperintense on T1 and hypointense on T2-weighted
images compared to the surrounding white matter. In older children, they are hyperintense
on T2-weighted images with poorly defined borders (Fig. 51.11) (Barkovich et al., 2012).

Sturge-Weber syndrome

Sturge-Weber syndrome (SWS), also called encephalotrigeminal angiomatosis, is a rare
neurocutaneous phakomatosis, characterized by capillary-venous malformations involving
skin and brain that may be associated with other types of brain malformation and epilepsy
(Fig. 51.12). SWS classically presents with: unilateral (less frequently, bilateral) facial
nevus, with a port-wine patch appearance typically located in the trigeminal nerve
innervation regions; dural and leptomeningeal angiomatosis more often in the occipital and
posterior parietal lobes; hemangiomas of the choroid; and congenital glaucoma (Osborn et
al., 2010; Wang et al., 2015).

Long-term epilepsy-associated tumors

Long-term epilepsy-associated tumors (Blumcke et al., 2014) are identified in about 20-30%
of patients operated on for refractory epilepsy. These types of tumor may encompass
gangliogliomas, dysembryoblastic neuroepithelial tumors, pleomorphic astrocytomas,
diffuse astrocytomas, oligodendrogliomas, and a few anaplastic tumors. They can occur in
any part of the brain, but preferentially affect the temporal-lobe region. These tumors usually
present with slow growth, and the main clinical feature is epilepsy (Blumcke et al., 2014).
Typical MRI features are characterized by cystic alterations with or without calcification.
Mural nodules can be enhanced after gadolinium injection. However, other MRI findings are
associated with these tumors depending on the histologic type (Thom et al., 2012).

Gangliogliomas (Fig. 51.13), oligodendrogliomas (Fig. 51.14), and dysembryoplastic
neuroepithelial tumors (DNT) are frequently located in the temporal lobe, may be associated
with FCD (Fig. 51.15), and theirmost common clinical manifestation is epilepsy.

Gangliogliomas usually have clear limits, hypointense on T1- and hyperintense on T2-
weighted images. Contrast enhancement is variable, from absent to intense, and may present
with annular pattern. Gangliogliomas should be considered when a poorly defined, slightly
enhancing mass is present in the temporal lobes (Fig. 51.13).
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Oligodendrogliomas are nonspecifically hypointense on T1-weighted and hyperintense on
T2-weighted MR images. Occasionally, foci of increased signal on T1-weighted images
reflect intratumoral hemorrhage (Fig. 51.14). Enhancement on CT or MR is variable. On CT,
calcifications are expected and may be shell-like, ring-like, or nodular.

DNTs are hypodense on CT scan and may show calcifications. Close to one-third of cases
show contrast enhancement. On MRI, the lesion is often limited to the cortex, hypointense
on T1 and hyperintense on T2/FLAIR sequences. There is no peritumoral edema or mass
effect and there may be variable contrast enhancement (Fig. 51.15).

The differential diagnosis of these low-grade tumors in adults primarily includes other
gliomas, particularly astrocytoma. In children, astrocytoma, ganglioglioma/gangliocytoma,
neuroblastoma, or other primitive neuroectodermal tumors could have a similar imaging
appearance (Oshorn et al., 2010). In addition, some long-term epilepsy-associated tumors
may present on MRI with features resembling FCD type 1B (Fig. 51.16).

Cavernous malformations

Cerebral cavernous malformations, also known as cavernomas, are a well-defined epilepsy-
associated pathology. They represent conglomerates of abnormally configured vessels
leading to seizures (Fig. 51.17).

Destructive brain insults in early life

Destructive brain lesions of early development include a wide variety of congenital,
perinatal, and postnatal acquired neuropathologic conditions that have in common tissue
necrosis of a previously normally formed brain, and constitute an important cause of
neurologic morbidity (Barkovich and Truwit, 1990; Teixeira et al., 2003).

Different topographic and morphologic patterns of brain lesions are recognized depending
on the nature of the insult, its severity, and the period of development in which it occurs. It
has long been known that certain regions of the brain are more vulnerable than others when
the whole brain is submitted to an insult (e.g., diffuse hypoperfusion, status epilepticus) and
this can be connoted by the term regional selective vulnerability. The hippocampus is
considered one of these vulnerable regions (Barkovich and Truwit, 1990; Teixeira et al.,
2003). Epilepsy is a common long-term sequel of those precocious destructive lesions, often
presenting with intractable seizures (Teixeira et al., 2003) (Fig. 51.18).

There are several neuropathologic terms to designate these early-life destructive lesions,
including porencephaly, encephalomalacia, ulegyria, hemiatrophy, and leukomalacia.

Destructive lesions in early life are sometimes associated with cortical dsysplasia, which is
classified as FCD type Il (Blumcke et al., 2011) (Fig. 51.19).

Hypothalamic hamartomas

Hypothalamic hamartomas are rare but well-recognized developmental malformations that
are classically associated with gelastic seizures and other refractory seizure types. Patients
commonly exhibit debilitating cognitive, behavioral, and psychiatric disturbances. The
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lesion is hypointense on T1-weighted and variably hyperintense on T2-weighted and FLAIR
images (Fig. 51.20) (Mittal et al., 2013).

Rasmussen encephalitis

Rasmussen syndrome is a progressive disorder, predominantly with childhood onset and
characterized by intractable epilepsy, hemiparesis, and neurologic decline. Rasmussen
syndrome is a rare immune-mediated reaction for which an etiology has yet to be
determined (Andermann, 1991).

MRI in Rasmussen’s encephalitis shows progressive atrophy of one of the cerebral
hemispheres, usually beginning in the opercular region. Many times the cortex presentshy
perintense signal on T2 and FLAIR sequences (Fig. 51.21).

DIFFUSION TENSOR IMAGING AND TRACTOGRAPHY

DTI data provide information regarding the direction of the diffusion of water in each voxel,
which can be used to estimate the orientation of white-matter tracts. Based on this
information, it is possible to trace major myelinated tracts (tractography), offering additional
information for surgical approach; for example, it can be used for visualization of the optic
radiation and for predicting visual field deficits after surgery (Winston et al., 2011). In
addition, DTI allows other quantitative data to be obtained, such as fractional anisotropy,
diffusivity, and connectivity indices, which can indicate integrity or subtle lesions of white
matter that have research applications.

MAGNETIC RESONANCE SPECTROSCOPY (MRS)

Proton-MRS assesses neuronal integrity by quantifying the peak of A-acetyl-aspartate
(NAA), a marker of neuronal integrity, usually by comparing its concentrations with choline
or creatine peaks. Unlike MRI, SPECT, and PET techniques, the entire brain is not included
in typical MRS measurements and often only a few relatively large voxels are sampled with
proton MRS (Cendes et al., 2002). The relatively poor signal-to-noise ratio of proton MRS
and the relatively long time required to obtain spectra makes this technique of limited
clinical use.

Comparisons with EEG localization and surgical results have demonstrated that the reduced
signal intensity of NAA can lateralize and localize the epileptogenic focus in patients with
focal epilepsy, especially MTLE. However, these changes are often bilateral in patients with
MTLE. Moreover, the relative concentration of NAA can normalize after successful surgery
for MTLE (Cendes et al., 2002).

POSITRON EMISSION TOMOGRAPHY

The role of PET, particularly using 18F-FDG, is well established. In addition to seizure focus
localization, PET has been used for cognitive studies (now superseded by functional MRI),
investigation of comorbidity, particularly psychiatric disorders, and investigations of
neurotransmitter receptor binding. These studies may be important both for focus
localization and understanding the pathophysiology of epilepsy. Coregistration with MRI
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has become standard for PET studies in epilepsy. Simultaneous image acquisition using
PET/MR scanners may facilitate comparison of structural and functional images (Ding et al.,
2014).

Focal epilepsy—Depending on scanner resolution, sensitivity for detection of focal and
regional hypometabolism in patients with TLE approaches 80% (Engel et al., 1982, 1990;
Theodore et al., 1983; O’Brien et al., 2001) (Fig. 51.22). Specificity is more difficult to
determine, since it can be based on agreement with one of several standards, including final
electrographic localization of epileptogenic zones, or outcome from temporal lobectomy.
The latter, of course, is itself subject to many factors, such as potential limitation of the
extent of surgery due to the need to preserve cortex with functional importance. Thus, it can
be difficult to determine the predictive value of FDG-PET for temporal lobectomy outcome.
Willmann et al. (2007) performed a meta-analysis of 46 FDG-PET studies from 1992 to
2006; study design heterogeneity made it difficult to assess the overall results. PET
hypometabolism alone was thought to have a predictive value of 86% for “good” outcome
(not always equivalent to being seizure-free), but not to improved accuracy for seizure focus
localization or surgery outcome in patients with congruent ictal scalp EEG and MRI
localization.

The increasing sensitivity of structural MRI may reduce the role of FDG-PET in presurgical
evaluation. Some investigators suggest that, when temporal hypometabolism extends beyond
the limits of an MRI lesion such as mesial temporal sclerosis (MTS), wider resection may
improve outcome (Vinton et al., 2007). However, hypometabolism that is not contiguous
with, or distant from, the seizure focus, as opposed to perifocal hypometabolism, may be a
negative prognostic factor in patients with both mesial temporal and neocortical
electrographic seizure onsets (Wong et al., 2010, 2012). Bitemporal hypometabolism is
associated with less-well-localized ictal epileptiform onset and may be a negative surgical
prognostic indicator (Koutroumanidis et al., 2000; Joo et al., 2004; Kim et al., 2006).
Patients with TLE and enlarged amygdala, but not MTS, have been reported to have
ipsilateral hypometabolism (Lv et al., 2014).

Some studies suggest that quantitative methods for determination of hypometabolism may
be more accurate than visual analysis for prediction of surgical outcome (Theodore et al.,
1992a; Kim et al., 2003), while others have found visual assessment by consensus of expert
readers more accurate than approaches such as statistical parametric mapping (van’t
Klooster et al., 2014).

Several studies have shown that, when focal FDG-PET hypometabolism is present, but MRI
is normal, patients’ surgical outcome is equivalent to those with clear MRI lesions;
pathologic findings may not be as well defined in MRI-negative PET-positive patients as in
MRI-negative patients (Carne et al., 2004; LoPinto-Khoury et al., 2012; Gok et al., 2013;
Yang et al., 2014). In a study of 158 patients with normal MRI, 12 with subtle MRI
abnormalities and 24 with discordant noninvasive data, FDG-PET was normal in 37%,
showed unilateral hypometabolism in 51%, and bilateral hypometabolism 12%, leading to
surgery in 6%, helped planning invasive EEG in 35%, and excluded surgery in 12% (Rathore
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et al., 2014). PET was more useful in patients with TLE (63%) than frontal- (38%) or
extratemporal-lobe epilepsy (50%). Previous studies reported similar results (Swartz et al.,
2002).

In frontal-lobe epilepsy patients who showed good outcome after surgical resection, 73% of
patients with, and 36% without, MRI structural lesions had focal hypometabolism (Kim et
al., 2002). Reexamination of MRI images in patients with hypometabolism and normal MRI,
particularly with neocortical or extratemporal foci, may show initially undetected subtle
lesions such as FCD.

The correlation between the degree of mesial temporal neuronal loss and hypometabolism is
limited, although studies may be limited by resolution (Henry et al., 1994; Foldvary et al.,
1999). The physiologic basis for hypometabolism in the absence of MRI lesions is uncertain,
perhaps related to decreased synaptic activity, impaired maintenance of membrane potential
differences in hippocampal surface anatomy, or alterations in adjacent white-matter tracts on
DTI (O’Brien et al., 1997; Theodore et al., 2001; Hogan et al., 2008; Lippé et al., 2012). In
patients with FCD, data suggest that hypometabolism is associated with reduced
mitochondrial complex IV function, but not degree of dysplasia (Tenney et al., 2014).

The degree of hypometabolism at seizure onset was a prognostic factor for poor AED
response in some studies, particularly in children, but not others (Gaillard et al., 1995, 2002;
Weitemeyer et al., 2005).

Nonfocal epilepsy syndromes

In patients with primary generalized absence, interictal metabolism imaged by PET was
normal, and diffuse increases were seen during seizures (Engel et al., 1985; Theodore et al.,
1985). Using oxygen-15-labeled water, global cortical as well as thalamic blood flow
increases were found (Prevett et al., 1995). In Lennox—Gastaut syndrome, studies showed
variable patterns of global or multifocal hypometabolism related to structural lesions, as well
as underlying etiology (Chugani et al., 1987; Theodore et al., 1987). Some children with
infantile spasms and normal structural MRI have hypometabolism in parieto-temporo-
occipital cortex, associated with occult FCD or a variety of other malformations; FDG-PET
imaging may help guide the resection strategy (Chugani et al., 1990, 1993, 2014). Some
studies suggest that hypometabolism in these children may resolve spontaneously if seizures
are controlled by medical therapy; persistent hypometabolism is of uncertain prognostic
value (Itomi et al., 2002; Metsahonkala et al., 2002).

Potential confounders in PET localization studies

False lateralization occurs rarely and may be associated with unrecognized seizures, causing
relative hypermetabolism, or prior depth electrode implantation, causing hypometabolism
(Sperling et al., 1995). Large cortical malformations may have increased metabolism (Poduri
et al., 2007). Recent seizure activity may produce altered patterns of metabolism on FDG-
PET, as well as receptor imaging studies, persisting for several days (Leiderman et al., 1994;
Savic et al., 1997). Hippocampal 11C-flumazenil (FMZ) binding was reduced when patients
had shorter intervals since their last seizure (Bouvard et al., 2005). Bilateral temporal
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hypometabolism may be more common on scans performed within 2 days of a seizure
(Tepmongkol et al., 2013).

Neurotransmitter receptor studies and epilepsy pathophysiology

Several studies have investigated the role of P-glycoprotein transporters in the
pathophysiology of epilepsy, and their relation to drug resistance. In a comparison of 14
pharmacoresistant patients, eight seizure-free patients, and 13 healthy controls, pharma-
coresistant patients had higher P-glycoprotein activity than seizure-free patients in several
temporal regions, both ipsilateral and contralateral to seizure foci (Feldmann et al., 2013).
Higher P-glycoprotein activity was associated with higher seizure frequency. Seven patients
with drug-resistant TLE (R)-11C had verapamil PET before and after temporal lobectomy
(Bauer et al., 2014). Patients who became seizure-free off AEDs had higher preoperative
ligand binding, temporal-lobe P-glycoprotein function before surgery, and reduced global
postoperative binding of P-glycoprotein function postoperatively than those who did not
become seizure-free off AEDs.

Some investigators have used a-11C-methyl-L-tryptophan (AMT) for differentiating
epileptogenic from “silent” tubers in children with tuberous sclerosis. In 191 children, the
number of tubers with increased binding correlated with duration of intractable epilepsy,
with excellent agreement between ictal scalp EEG localization (Chugani et al., 2013). Fifty-
eight percent of patients with nonlocalized EEG had localized AMT PET. A study of 126
tubers in 12 patients showed only two with clearly increased uptake; per-patient sensitivity
in detecting tuber epileptogenicity was 17%; per-lesion sensitivity was 12%; specificity,
however, was 100% (Rubi et al., 2013). Increased binding has been reported in patients with
FCD, particularly type 11B (Chugani et al., 2011).

Studies using ligands for the serotonin (5HT)-1A receptor have found reduced binding in
mesial temporal foci (Toczek et al., 2003; Merlet et al., 2004; Savic et al., 2004; Giovacchini
et al., 2005). In combination with FDG-PET, 5HT-1A receptor imaging may help predict
outcome after temporal lobectomy (Theodore et al., 2012a) (Fig. 51.23).

FMZ PET has shown reduced binding ipsilateral to temporal-lobe foci in several studies, and
occasionally may detect abnormal regions not found on FDG-PET, although few advantages
in clinical utility have been shown (Savic et al., 1988; Henry et al., 1993; Burdette et al.,
1995; Ryvlin et al., 1998). FMZ PET was more sensitive than FDG-PET for detection of
neocortical seizure onset in children with extratemporal-lobe epilepsy (Muzik et al., 2000).
Similar results have been obtained with 18F-flumazenil, which may be easier to use due to
the longer ligand half-life (Vivash et al., 2013). Not all studies show consistent localizing
value (Koepp et al., 2000). In patients with normal MRI, about 40% had reduced 11C-FMZ
binding, a proportion similar to FDG-PET (Lamusuo et al., 2000). One group has found that
increased periventricular FMZ binding may identify potentially epileptogenic heterotopias in
patients with temporal-lobe foci and MTS, that may account in some cases for poor outcome
after temporal lobectomy (Yankam-Njiwa et al., 2013). FMZ PET can also help elucidate the
pathophysiology of epilepsy syndromes. In patients with succinic semialdehyde
dehydrogenase deficiency, a disorder of gamma-aminobutyric acid (GABA) metabolism,
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reduced postsynaptic receptor binding was found, probably due to down-regulation related
to increased synaptic GABA levels (Pearl et al., 2009).

Recent studies using PET ligands for the translocator protein 18 kDa, a marker of activated
microglia and reactive astrocytes, have shown evidence for inflammation in epilepsy.
Increased binding has been found in regions of perilesional edema in patients with
cysticercosis and epilepsy (Fujita et al., 2013). Previous studies using 11C-PK-11195 had
shown increased binding in a patient with Rasmussen’s encephalitis but not TLE (Banati et
al., 1999). However, in a series scanned with a newer ligand, 11C-PBR28, brain uptake was
significantly higher ipsilateral to the seizure focus in hippocampus and amygdala. This
asymmetry was more pronounced in patients with HS than in those without (Hirvonen et al.,
2012). A patient with FCD had increased binding colocalized with EEG and MR seizure
focus localization (Butler et al., 2013). These data suggest a pathophysiologic role for
inflammation in focal epilepsy syndromes.

A variety of other receptors, including mu, delta, and kappa opiate (Frost et al., 1988;
Mayberg et al., 1991; Theodore et al., 1992b) H;-histamine (linuma et al., 1993),
monoamine oxidase B (Kumlien et al., 2001), A-methyl-p-aspartatic acid (using 11C-
ketamine) (Kumlien et al., 1999), muscarinic (Muller-Gartner et al., 1993) and nicotinic
acetyl choline receptors (Brodtkorb et al., 2006), and dopamine (Bouilleret et al., 2005),
have been studied in patients with epilepsy. These have been valuable for examining the
pathophysiology of epilepsy, but have not made important contributions to clinical seizure
evaluation. Impaired dopamine uptake was reported in the midbrain of patients with juvenile
myoclonic epilepsy (Odano et al., 2012). A recent study showed increased availability of the
neurokinin-1 receptor in TLE, mirroring studies in experimental models that suggest a role
for substance P in epileptogenesis (Danfors et al., 2011).

Epilepsy comorbidities

Depression is one of the most common comorbidities of epilepsy, and contributes to reduced
quality of life. Patients with epilepsy and depression are more likely to have ipsilateral or
bifrontal hypometabolism (Bromfield et al., 1992; Victoroff et al., 1994; Salzberg et al.,
2006). Paralleling results in patients with major depressive disorders, there is a strong
correlation between depression in TLE and the extent of 5SHT-1A binding reduction (Hasler
etal., 2007; Theodore et al., 2007). PET studies using a ligand for the serotonin transporter
as well as receptor binding showed relatively reduced transporter activity, in subjects with
both TLE and depression, as compared to subjects with TLE alone, implying reduced
reuptake and thus increased synaptic 5-HT availability, which may represent a compensatory
mechanism for 5HT-1A receptor loss (Martinez et al., 2013). These data support the use of
selective serotonin reuptake blockers in patients with epilepsy and depression.

Memory deficits are among the major comorbidities experienced by people with epilepsy. In
patients with occipital-lobe epilepsy, poorer verbal memory and executive function were
associated with left temporal lobe hypometabolism (Knopman et al., 2014). Left mesial
temporal metabolism correlated with anterograde and retrograde memory in patients with
transient epileptic amnesia (Mosbah et al., 2014). Reduced 5HT-1A receptor binding had an
effect on verbal memory scores (after correction for partial volume effects) that was additive
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to the influence of hippocampal atrophy, and independent of depression scales (Theodore et
al., 2012b).

FDG-PET should be performed in patients with focal epilepsy being considered for surgery,
particularly when MRI is normal or shows nonspecific findings. PET is more likely to be
helpful in patients with suspected temporal, particularly mesial temporal, rather than
extratemporal foci. Receptor PET is primarily a research tool, although some ligands, such
as 11C- or 18F-flumazenil, may be able to provide clinically useful data for a small number
of patients.

The role of PET when a clear structural lesion is present needs further evaluation.
Unfortunately, most studies have been relatively small, particularly when broken down by
seizure focus location or lesion type. Prospective multicenter studies would have a much
better chance of enrolling the numbers needed to determine the optimal use of PET at a time
of increasing concern over the cost of medical care, and the realization that diagnostic
resources often are overused. Although randomization may not be possible in the context of
epilepsy surgery, clear guidelines have been developed that allow imaging studies to provide
reasonably reliable evidence (Gaillard et al., 2011).

In order to detect seizure activity, which could lead to false relative hypo- or
hypermetabolism, the best approach is to record EEG during the 30-40-minute FDG uptake
period. If this is not possible, an observer with experience in epilepsy should watch the
patient. EEG recording can be discontinued once the patient goes into the scanner. It is
important to keep in mind that PET is not a diagnostic tool, and should not be used to
support a diagnosis of a seizure disorder. Focal hypometabolism can be due to a variety of
other conditions.

SINGLE-PHOTON EMISSION COMPUTED TOMOGRAPHY

SPECT has been proven as a useful tool in epileptogenic zone localization. The development
of multimodal coregistration and also comparison of ictal SPECT images with a control
group have ensured its clinical relevance. Ictal SPECT provides a unique window of
opportunity to look at cerebral perfusion during seizure. Seizure activity dramatically
increases brain metabolism and cerebral blood flow (CBF) in the epileptic focus during
seizure initiation and propagation. Intravenous injection of radiotracer makes it possible to
measure local differences in CBF.

Epileptogenic zone localization

In drug-resistant focal epilepsy localization of the epileptogenic zone is required for surgical
planning prior to a focal cortical resection (Wiebe et al., 2001). The site of seizure onset may
be difficult to determine with scalp-recorded EEG in patients with nonlesional focal seizures
or when preoperative evaluation reveals conflicting findings between the EEG and MRI
studies. SPECT may be an important neurodiagnostic study in patients being considered for
epilepsy surgery.
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Interictal perfusion changes—Increased neuronal activity leads to an increase in CBF.
This effect has also been observed under ictal and interictal conditions. The area producing
interictal discharges, often wider than the epileptogenic zone, is called the irritative zone.
Therefore, interictal and ictal activities may be generated by distinct brain regions, where
they presumably depend on different neuronal populations and possibly distinct signaling
systems.

In MTLE, cerebral perfusion patterns suggest interictal hypofunction and ictal activation of
the corticothalamo-hippocampal-insular network and ictal hypoperfusion of the anterior
frontal cortex (Tae et al., 2005). Although it is possible to analyze interictal SPECT images,
it usually only serves as a baseline study in further analysis, as these studies have a low
sensitivity and high false-positive rate (Zubal et al., 1995).

Ictal perfusion changes—Ictal perfusion changes can be further divided into
pregeneralization, i.e., before the widespread propagation associated with a tonic-clonic
seizure, generalization, and postictal. In a study using optical imaging, preictal
hemodynamic changes occurring seconds before epileptic seizures have also been described
(Patel et al., 2013). Because of the relatively low temporal resolution of SPECT due to the
combination of time-to-injection and time-to-uptake delays, ictal SPECT usually shows a
characteristic ictal hyperperfusion pattern, often containing both the ictal onset zone and
propagation with a multilobular hourglass appearance (Van Paesschen et al., 2007).

The tracer is administered intravenously, is rapidly taken up with an estimated peak brain
uptake of 30 seconds, and is not redistributed, which enables data acquisition after the
patient recovers from the seizure (Andersen, 1989; Kaminska et al., 2003). The interictal
SPECT is usually performed for subtraction analysis, but can occasionally show decreased
cerebral perfusion in the region of suspected epileptogenic focus.

Various seizure-related factors affect the localization values of ictal SPECT. The most
significant one is an early ictal injection and possibly also injection before or without seizure
generalization. The localized ictal SPECT had been reported to be more frequent in a group
with localized ictal EEG patterns. Total seizure duration, etiology of epilepsy, its type, and
especially propagation pattern can also influence the results, necessitating the availability of
these factors for correct interpretation of ictal SPECT. A different perfusion between the two
most commonly used radiotracers has been shown, possibly related to different mechanisms
of brain retention —99MTc-ethyl cysteinate dimer is retained in the brain after an enzymatic
conversion to ionized acid compounds and %MTc-hexamethylpropyleneamine oxime
(HMPAO) after conversion to a nondiffusible hydrophilic compound after cell uptake.
During seizure generalization, focal CBF increases in variable regions of the cerebral cortex,
such as cerebellum and deep cerebellar nuclei, and decreases in the frontoparietal
association cortex.

A study on secondarily generalized tonic-clonic seizures found that, in the pregeneralization
and generalization phases, ictal SPECT showed more regions of CBF increases than in focal
seizures without secondary generalization (Varghese et al., 2009). This made identification
of a single unambiguous region of seizure onset impossible 50% of the time with ictal
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SPECT in secondarily generalized seizures. However, when a single unambiguous region
was present, the localization was correct 80% of the time, which highlights the importance
of propagation pattern.

Studies with nonlocalizing initial ictal SPECT showed that second ictal SPECT was able to
localize epileptic focus in 62% of patients. One of the reasons for this could be that it is
caused by significantly shorter injection times of second ictal SPECT (Lee et al., 2011). The
interpretation of ictal perfusion changes should be done in the context of all available
diagnostic modalities — especially in extratemporal-lobe epilepsy. In practice, using different
thresholds for SPECT analysis can also help to see propagation patterns (Van Paesschen et
al., 2007; Newey et al., 2013).

Postictal perfusion changes—After seizure termination the CBF in the epileptogenic
zone usually drops and increase in the cerebellum becomes more pronounced, which later
shifts into lateral cerebellar hemispheres, with midline regions less involved. The amount of
cerebellar hyperperfusion, however, was not shown to be related to total seizure duration,
duration of clonic phase, or severity of the tonic contractions (Blumenfeld et al., 2009).
These changes are widespread and nonspecific, but it has been shown that early postictal
SPECT scans can be used in seizure localization or at least in lateralization of seizure
(O’Brien et al., 1999; McNally et al., 2005). The opposite pattern of CBF decrease in the
hemisphere ipsilateral to the side of onset has also been observed, although this study
included only patients with partial seizures without secondary generalization (McNally et
al., 2005).

Data processing

SISCOM—Subtraction ictal SPECT coregistered to MRI (SISCOM) was originally
developed with Analyze at the Mayo Foundation and serves to compare the patient ictal scan
with interictal scan to produce a subtraction image that is later coregistered to and visualized
on the patient’s MRI (O’Brien et al., 1998a, b, 1999). Both ictal and interictal scans are
intensity-normalized to adjust for differences in administered dose. Individual data are then
coregistered together using a set method (usually surface-based or mutual information
method). Coregistration brings imaging data into common space where voxel position in one
image corresponds in another. Data subtraction is then made and the resulting images are
then coregistered to patient’s MRI. The statistical threshold is then applied (usually 2
standard deviations (SD), although some studies show better performance with 1.5 SD)
(Newey et al., 2013). Final perfusion maps typically demonstrate areas of regional
hyperperfusion, reflecting increased neuronal activity in parts of the brain involved in
seizure activity (O’Brien et al., 1998a, b).

This method improved localization of 39% using side-by-side visual inspection to 88%
using SISCOM (O’Brien et al., 1998b). SISCOM has been described as particularly useful
in identifying the seizure-onset zone in FCDs (Dupont et al., 2006). In patients with TLE
and normal MRI,a favorable outcome was associated with SISCOM abnormality
coregistered to the resection site (Bell et al., 2009) (Fig. 51.24). Also in nonlesional and
extratemporal epilepsy, SISCOM is a highly valuable diagnostic tool to localize the seizure-
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onset zone and can be used to guide intracranial electrode placement and improve surgical
outcome (Von Oertzen et al., 2011). SISCOM improves the sensitivity and specificity of
SPECT in localizing the seizure focus for epilepsy surgery and it has been shown to be
predictive of postsurgical improvement in seizure outcome; the extent of the SISCOM focus
was significantly associated with an excellent outcome (O’Brien et al., 1998a, b, 2000).

STATISCOM—AIlthough SISCOM proved itself to be a valuable tool in epilepsy surgery
candidates, its algorithm does not include the physiologic variability of CBF. Using a group
of normal controls with two scans taken at different times and coregistered to template
space, a map of this intraindividual variability is then created. STATISCOM stands for
statistical ictal SPECT coregistered to MRI. The method is similar to SISCOM, with the
additional step of data normalization (coregistration to template space, usually MNI) and
comparison with a control group using statistical parametric mapping analysis (Lee et al.,
2000; Kazemi et al., 2010). Normal group data are ideally taken from healthy volunteers in a
given institution to eliminate covariates caused by different scanning protocols. Given
possible difficulties in obtaining these controls, 14 pairs of HMPAO scans for these normal
subjects (28 scans total) are also available for public use (Scheinost et al., 2010). Results are
then coregistered back to patients” MRI space for final visualization. With this approach,
ictal SPECT identified a single unambiguous region of seizure onset in 71% of mesial
temporal and 83% of neocortical epilepsy cases (McNally et al., 2005). STATISCOM was
superior to SISCOM for seizure localization before TLE surgery. STATISCOM localization
to the correct TLE subtype was also important for postsurgical seizure freedom (Kazemi et
al., 2010) (Fig. 51.25). Modification of this analysis can also be used when a single ictal or
interictal scan is compared with a control group, although results are better when using
paired ictal-interictal images (Lee et al., 2000).

Comparison with other diagnostic modalities

MRI—MRI is a basic and one of the most versatile methods in epilepsy imaging. The
sensitivity of MRI in identifying epileptogenic foci in patients with medically refractory
patients has been reported to be more than 80%. The sensitivity of MRI depends on the
pathologic substrate, applied techniques, and last but not least, the experience of the
interpreting physician.

Patients with MRI-negative epilepsy have a lower chance of having surgery than those with
MRI-demonstrated lesions and, if surgery is performed, the odds of seizure freedom are two
to three times lower than in the presence of a lesion on histopathology or MRI (Téllez-
Zenteno et al., 2010). However, MRI-negative patients after successful surgery demonstrate
that the process of multimodal presurgical evaluation may lead to good outcomes (Bien et
al., 2009).

In recent years many previously MRI-negative cases have been shown to demonstrate subtle
changes using high-field MRI, but no significant difference in outcomes was observed
between groups with and without these changes (Garbelli et al., 2012). Apart from structural
imaging additional postprocessing can be used for manual or automatic volumetry or voxel-
based methods to identify FCDs (Jack et al., 1992; Kassubek et al., 2002).
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Intracranial EEG—Intracranial EEG is the gold standard for ictal data in guiding
resection, particularly in patients with MRI negative of bitemporal pathology. It provides
excellent temporal resolution but limited spatial resolution and also elucidates the
relationship to eloquent brain areas. Subdural grid monitoring for identification and
epileptogenic focus is high yield, revealing a focus in 79% of monitoring sessions.
Complications rarely result in permanent morbidity (1.5%). Surgical outcome has indicated
that 74% of patients experienced a favorable reduction in seizure tendency (Van Gompel et
al., 2008). It has also been reported that strictly unifocal, interictal epileptiform patterns on
scalp EEG were a good predictor of successful outcome in subjects with intractable
extratemporal epilepsy in a mixed group of MRI-positive and negative patients and also in a
mixed group of patients with temporal and extratemporal epilepsy with normal or nonfocal
MRI (Holmes et al., 2000; Jayakar et al., 2008). In bitemporal epilepsy, good outcome was
correlated with highly lateralized (>75%) interictal scalp EEG discharges (Holmes et al.,
2000).

SPECT-based decision making in neurologic surgery

Clinical implications in temporal-lobe epilepsy—In TLE, surgery is superior to
prolonged medical therapy, offering significantly better quality of life (Wiebe et al., 2001). A
widely used resective approach is anteromesial temporal lobectomy, which extends 3 cm
posterior to the temporal pole laterally, and as far back as possible mesially, to include the
amygdala, pes of the hippocampus, and most of the tail of the hippocampus. Another
approach is a selective amygdalohippocampectomy that includes some of the
parahippocampal gyrus but otherwise spares neocortical tissue. A recent meta-analysis
showed that anteromesial temporal resection confers a higher chance of seizure freedom
compared to selective amygdalohippocampectomy (Josephson et al., 2013).

MTS is the most common pathologic finding in patients with MTLE and this cohort is a
distinctive group with excellent surgical outcome (Radhakrishnan et al., 1998). However,
20-30% of patients with TLE have no identifiable lesion on MRI, but obviously have
dysfunction within the limbic network (Téllez-Zendeno et al., 2010). Even in patients with
electrophysiologic-verified epileptogenic lesions, such as HS or other focal pathology, some
do not benefit from surgery. Other patients who fail surgery may in fact have temporal plus
epilepsy, with an epileptogenic network that extends into other cerebral lobes (Barba et al.,
2007; Bertram, 2009). Ictal SPECT scans in MTLE show an increase in tracer uptake in the
medial temporal region, cerebellum, thalamus, insula, and putamen. This suggests that
MTLE is associated with state-specific perfusion and possibly functional organization and
that there is a state-specific shift in metabolic networks in MTLE (Sequeira et al., 2013). In
patients with MRI-negative TLE, good outcome, defined as free of disabling seizures, was
associated with SISCOM abnormity localized to the resection site, absence of contralateral
or extratemporal interictal epileptiform discharges, and subtle nonspecific MRI findings
(Bell et al., 2009).

Clinical implications in extratemporal-lobe epilepsy—When MRI fails to detect a

potentially epileptogenic lesion, the chances of an excellent surgical outcome are
significantly lower (Noe et al., 2013). In extratemporal-lobe epilepsy only MRI was reported
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to predict surgical outcome, although various diagnostic methods can be useful in the
diagnosis of extratemporal-lobe epilepsy (Mosewich et al., 2000; Lee et al., 2008). However
in children with FCD, favorable outcome was associated with complete resection of the
SPECT hyperperfusion and the value of colocalization of the cortical hyperperfusion zones
with MRI-detected dysplastic lesions has been reported in adults (O’Brien et al., 2004;
Krsek et al., 2013).

SPECT studies may play a pivotal role in the assessment of patients with drug-resistant focal
epilepsy who are being considered for surgical treatment. In MRI-negative epilepsy patients
usually require chronic intracranial EEG evaluation to define epileptogenic areas. SPECT
may assist in determining the localization for the intracranial electrodes. Patients with
lesional epilepsy with nonconvergent data or widespread noncircumscribed lesions may also
benefit from functional neuroimaging studies in surgical planning. SISCOM can alter
placement of electrodes or even decision making to recommend resective epilepsy surgery
(Cascino et al., 2004; Ahnlide et al., 2007; Tan et al., 2008).
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Fig. 51.1.
Coronal T1 inversion recovery (A) and fluid-attenuated inversion recovery (FLAIR) axial

(B) and coronal (C) magnetic resonance imaging (MRI) showing left hippocampal atrophy
associated with changes in morphology and internal structure and hyperintense FLAIR
signal (arrows) — all classic signs of hippocampal sclerosis on MRI that were confirmed on
postoperative histopathology. Patient with left mesial temporal-lobe epilepsy and seizure-
free after left amygdalohippocampectomy.
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Fig. 51.2.
Coronal T1 inversion recovery (IR) (A) and fluid-attenuated inversion recovery (FLAIR) (B)

magnetic resonance imaging showing left hippocampal atrophy associated with change in
morphology and internal structure (open arrow) and hyperintense FLAIR signal. There is
also a small nodular lesion which is slightly hyperintense in the T1 IR and hypointense in
FLAIR images (arrows) in the third temporal gyrus that corresponded to a calcified lesion on
computed tomography scan. Postoperative histopathology confirmed hippocampal sclerosis
and a degenerated calcified neurocysticercosis nodule. Patient with left mesial temporal-lobe
epilepsy and seizure-free after left anterior temporal lobe resection.
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Fig. 51.3.
T1-weighted magnetic resonance imaging (MRI) multiplanar (MPR) and curvilinear

reconstruction (bottom right) in a patient with frontal-lobe seizures and previous MRIs
considered as normal. Note an area with abnormal gyri and slightly thickened cortex and
blurred cortical-subcortical transition in the left lateral-basal frontal lobe (arrows). These
abnormalities and the focal cortical-subcortical blurring became obvious in the curvilinear
reconstructions in layers going from 4 to 8 mm deep from the surface of the brain (bottom
right). The T2-weighted and fluid-attenuated inversion recovery images did not show

Handb Clin Neurol. Author manuscript; available in PMC 2017 January 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cendes et al.

Page 32

abnormal signal (not shown here). These changes are suggestive of focal cortical dysplasia
(FCD) type l or I1A.
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Fig. 51.4.
Magnetic resonance imaging (MRI) multiplanar reconstruction (MPR) in a patient with

frontal-lobe seizures due to focal cortical dysplasia (FCD) who had previous MRIs
considered as negative. Top row shows reconstructed volumetric coronal T1-weighted
images, and bottom row shows reconstructed volumetric fluid-attenuated inversion recovery
(FLAIR) images and an axial reconstructed T1-weighted image (all with 1-mm thickness).
The area with FCD in the left frontal lobe presents with slightly thickened cortex associated
with abnormal gyri and cortical dimple (arrows). The FLAIR images did not show a clearly
abnormal signal, except for a slightly blurred cortical-subcortical transition. The
postoperative histopathology showed classic signs of FCD type IIA.
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Fig. 51.5.
Coronal T1 inversion recovery and axial fluid-attenuated inversion recovery (FLAIR)

images showing typical changes of focal cortical dysplasia type 1B (arrows) confirmed by
postoperative histopathology in a patient with refractory focal seizures with temporal-insular
semiology. Note area of cortical thickening and loss of sharpness of the cortical-subcortical
transition and cortical-subcortical signal changes (increased FLAIR signal and decreased T1
signal) below the area of cortical thickening that extends toward the ventricle (“transmantle”

sign).
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Fig. 51.6.
Coronal T1 inversion recovery and fluid-attenuated inversion recovery (FLAIR) images

showing typical changes of the bottom of the sulcus dysplasia (arrows). This is a focal
cortical dysplasia (FCD) type 1IB localized in the bottom of a (usually) deep sulcus with a
mildly thickened cortex and hyperintense FLAIR signal, as seen in this patient with left
frontal epilepsy. Histopathology showed FCD type 1B and the patient became seizure-free
after surgery.
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Fig. 51.7.
Coronal T1-weighted inversion recovery and T2-weighted images (top) and sagittal T1-

weighted and fluid-attenuated inversion recovery images showing a small left anterior
temporal encephalocele (arrows) and a left hippocampus with an abnormal shape and loss of
internal structure (open arrow), in a patient with left temporal-lobe epilepsy.
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Fig. 51.8.
Open-lips (A, B) and closed-lips (C, D) schizencephaly; bilateral perisylvian polymicrogyria
(E, F).
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Fig. 51.9.
Unilateral periventricular nodular heterotopia (PNH) (A: arrow) with polymicrogyria in the

adjacent cortex; two different patients with bilateral PNH (B, C); a patient with PNH in the
right temporal horn of the ventricle (D: arrow) and a large subcortical heterotopia extending
to the posterior quadrant of the brain (E, F); three patients with different thickness of
subcortical laminar heterotopia (double cortex), from thin and discontinuous bands (G) to
continuous bands (H, 1); three patients with different degrees of lissencephaly-agyria—
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pachygyria complex, from pachygyria (J), posterior agyria and anterior pachygyria (K), to
diffuse lissencephaly (L).
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Fig. 51.10.
Coronal T1-weighted inversion recovery, axial fluid-attenuated inversion recovery (FLAIR),

and T1-weighted sagittal images in a patient with right hemimegalencephaly, more intense
in the frontal region. Note the abnormal signal in the white matter of the affected hemisphere
(hypointense on T1-weighted and hyperintense on FLAIR images), areas of pachygyria and
hemispheric enlargement. Periventricular nodular heterotopia is also present (coronal
image).
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Fig. 51.11.
Multiple cortical tubers (arrows) in a fluid-attenuated inversion recovery image in a patient

with tuberous sclerosis and epilepsy.
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Fig. 51.12.

A>g<ial T2-weighted (A), susceptibility-weighted imaging (SWI) (B) and postgadolinium T1-
weighted (C) images, and coronal fluid-attenuated inversion recovery (D) and T1-weighted
(E, F) images in a patient with Sturge—\Weber syndrome and epilepsy. Note the dural and
leptomeningeal angiomatosis involving the right occipital and posterior temporal regions
(arrows) which are best seen in the SWI (B). There is an associated right hippocampal
sclerosis (open arrows), and an atrophy of the right temporal-occipital region.
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Fig. 51.13.
Coronal magnetic resonance imaging (MRI) showing ganglioglioma in three patients with

temporal-lobe epilepsy and seizures not responding to antiepileptic drugss who became
seizure-free after surgical resection of the lesion. (A) T1 inversion recovery image showing a
small ganglioglioma in the right collateral sulcus (arrow) which was previously missed on an
MRI without thin coronal cuts. (B) T2-weighted image showing a ganglioglioma in the left
amygdala. (C) Axial T1-weighted and (D) coronal T2-weighted images showing a
ganglioglioma in the left uncal region with cystic and solid components.
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Fig. 51.14.
Axial fluid-attenuated inversion recovery (FLAIR) (A) and T1-weighted (B) images and

postgadolinium coronal T1-weighted image (with a slight peritumoral enhancement (C) in a
patient with temporal-lobe epilepsy due to oligodendroglioma in the right temporal horn of
the ventricle adjacent to the hippocampus. The area with hypointense signal on FLAIR
(arrow) and T1 images corresponds to a small calcification seen on computed tomography
scan.
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Fig. 51.15.
(A-C) T1 postgadolinium, T2-weighted coronal and axial fluid-attenuated inversion

recovery images showing a dysembryoplastic neuroepithelial tumor (DNT) associated with
focal cortical dysplasia (confirmed in the postoperative histopathology) in the right temporal
lobe in a 23-year-old patient with refractory partial seizures since the age of 9 years, who
became seizure-free after lesionectomy. Note a small area of intratumoral contrast
enhancement (A: arrow), and the classic heterogeneous aspect of the tumor in all magnetic
resonance imaging (sequences, sometimes given the appearance of small microcysts inside
the lesion. (D—F) Coronal T2-weighted and sagittal T1-weighted images showing a DNT in
the left temporal lobe in a patient with seizures since childhood who became seizure-free
after lesionectomy.
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Fig. 51.16.
Axial T1-weighted and double inversion recovery (DIR), and three-dimensional fluid-

attenuated inversion recovery (FLAIR) curvilinear reconstruction showing a left superior
frontal gyrus lesion with hyperintense FLAIR signal and blurred cortical-subcortical
interface in a 6-year-old girl with refractory frontal-lobe epilepsy. Postoperative
histopathology showed an angiocentric glioma (a rare grade | glioma).
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Fig. 51.17.
Axial fluid-attenuated inversion recovery (FLAIR), susceptibility-weighted imaging (SWI),

and T1-weighted images in a patient with a cavernoma (arrows) and right frontal epilepsy
(top) and coronal T1-weighted inversion recovery and FLAIR images in a patient with left
temporal-lobe epilepsy due to a cavernoma (bottom). Note the classic hypointense signal
surrounding the lesion on FLAIR and T1-weighted images.
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Fig. 51.18.
Axial and coronal images from four patients with perinatal insults and epilepsy. (A) and (E)

show hemiatrophy (right hemisphere); (B) and (F), a large left middle cerebral artery infarct;
(C) and (G), a bilateral occipital gliosis and atrophy; and (D) and (H), porencephaly in the
territory of the left middle cerebral artery. Note that all four patients have severe
hippocampal atrophy, and in (H), hyperintense T2 signal ipsilateral to the main lesion.
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Fig. 51.19.
Fluid-attenuated inversion recovery (FLAIR) and T1-weighted images showing an area of

gliosis (best seen in the FLAIR images) and ulegyria (best seen in the sagittal image) in the
left occipital region in a patient with refractory occipital epilepsy. Postoperative
histopathology showed an area of focal cortical dysplasia and a gliotic scar tissue.
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Fig. 51.20.
Coronal fluid-attenuated inversion recovery and T1-weighted images showing a

hypothalamic hamartoma (arrows) in a patient with gelastic seizures.
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Fig. 51.21.
Axial T2-weighted (A), coronal T1-weighted inversion recovery (B), fluid-attenuated

inversion recovery (FLAIR), axial (C), and coronal (D) images from two patients with
Rasmussen’s encephalitis (A, B and C, D respectively) involving the right hemisphere. The
progressive atrophy usually involves initially the insular-opercular regions, as seen in these
patients. Sometimes, multiple cortical and subcortical foci of hyperintense FLAIR signal
may be present, even in the initial stages of the disease, as in the patient shown in (C) and

(D).
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Fig. 51.22.
(A) Right temporal focal hypometabolism seen on 18F-fluorodeoxyglucose positron

emission tomography in a patient with normal magnetic resonance imaging (MRI) scan and
right temporal seizure onset on ictal video-electroencephalogram monitoring. (B) MRI in the
same patient.
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Fig. 51.23.
(A) 18F-FCWAY positron emission tomography (PET) scan showing reduced left temporal

5HT-1A receptor binding in a patient with a left temporal focus on ictal video-
electroencephalogram monitoring. (B) 18F-fluorodeoxyglucose PET shows less clear focal
hypometabolism in the same region.
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Fig. 51.24.
Subtraction ictal SPECT co-registered to a magnetic resonance imaging head (SISCOM)

shows a region of focal hyperperfusion over the right frontal head region in a patient with
nonlesional extratemporal epilepsy of right frontal-lobe origin.
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Fig. 51.25.
STATISCOM (statistical ictal SPECT coregistered to magnetic resonance imaging) shows a

left medial temporal-lobe region of hyperperfusion in a patient with left temporal-lobe
epilepsy.
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Table 51.1

Magnetic resonance imaging (MRI) features of hippocampal sclerosis (HS) by visual analysis of MRI

Hippocampal atrophy

The most specific and reliable feature: determined by
comparing the hippocampal size on each side on all
available coronal slices. Small asymmetries can be

present due to normal variation or a tilted position in the
scanner, and should not be considered as abnormal. It is
important to evaluate the shape of the hippocampus as

well. The normal hippocampus has an oval shape. In the
presence of hippocampal sclerosis it is usually flattened and
inclined

Increased T2/FLAIR signal

May be insufficient to diagnose HS in isolation. It is important
to compare both hippocampi and the signal intensity of the
nearby cortex to avoid false positives. Clearly asymmetric
hyperintense signal is more reliable

Loss of internal structure

Usually associated with atrophy and hyperintense T2/FLAIR
signal. The loss of normal internal hippocampal structure is a
consequence of neuronal loss and gliosis

Asymmetry of the horns of the lateral ventricles

Usually present when the lesion occurs later in life, and
therefore, it is variable and may lead to false lateralization

Atrophy of the anterior temporal lobe
Often present, but nonspecific
Atrophy of the ipsilateral fornix and mammillary bodies

Secondary to the neuronal loss of the hippocampus, and
considered secondary signs. Seen in cases of pronounced
hippocampal atrophy

T2 mapping (relaxometry)

An objective method for measuring abnormal T2 signal which
may be difficult to detect visually

FLAIR, fluid-attenuated inversion recovery.
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Table 51.2

Imaging investigation in patients with suspected neocortical lesions

Imaging protocol should include at least the following:

. Coronal T1-weighted (3 mm or less), perpendicular to the long axis of hippocampi

. High-resolution volume (3D) acquisition (T1-weighted, GRE) with 1-mm isotropic voxels

. Coronal T2 and coronal and axial (or 3D) FLAIR sequences

. In children under the age of 2, T1-weighted MRI has poor contrast between gray and white matter due to incomplete myelination.

Therefore, high-resolution fast-spin echo (FSE) T2-weighted images are better for detecting subtle cortical lesions

If nothing is found in the first evaluation, reexamination by an
experienced observer may reveal a subtle lesion such as focal
cortical dysplasia:

. Multiplanar reconstruction and reslicing, 3-mm coronal inversion recovery images, and thin T2-FSE sequence, and 3D FLAIR
may be helpful at this point. High-resolution double inversion recovery (DIR) images, as well as coregistration with FDG-PET
and 3D MRI, may help to characterize better small cortical lesions, such as bottom of the sulcus dysplasias

If focal findings are suspected, correlation with seizure
semiology, EEG findings, ictal and interictal SPECT images
or PET may add additional information on the localization of
the epileptogenic zone:

. Local expertise in performing and interpreting this procedure is important given the complexity of refractory focal epilepsies

The most common lesions causing neocortical epilepsies are
low-grade tumors; malformations of cortical development,
posttraumatic; postischemic and inflammatory-infectious
scars; cavernous angioma; and arteriovenous

malformations

3D, three-dimensional; GRE, gradient echo; FLAIR, fluid-attenuated inversion recovery; MRI, magnetic resonance imaging; FDG-PET,
fluorodeoxyglucose positron emission tomography; EEG, electroencephalogram; SPECT, single-photon emission computed tomography.
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