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ABSTRACT

Dramatic changes have occurred recently in the field of epilepsy, including a fundamental shift
in the etiology of epileptogenic substrates found at surgery. Hippocampal sclerosis (HS) is no
longer the most common etiology found at epilepsy surgery and this decrease has been associ-
ated with an increase in the incidence of focal cortical dysplasia and encephaloceles. Significant
advances have been made in molecular biology and genetics underlying the basis of malforma-
tions of cortical development (MCD), and our ability to detect epileptogenic abnormalities with
magnetic resonance imaging has markedly improved. This article begins with a discussion of
these trends and reviews imaging techniques essential for detecting subtle epilepsy findings.
Representative examples of subtle imaging findings are presented, which are often overlooked
but should not be missed. These include temporal lobe encephaloceles, MCD, especially focal
cortical dysplasia, HS, hippocampal malformation (also known as HIMAL), ulegyria, autoimmune
encephalitis, and Rasmussen’s encephalitis. Recent findings on the pathophysiology and genetic
underpinnings of several causes of localization-related epilepsy are incorporated. For instance, it
has been recently found that focal cortical dysplasia lIb, tuberous sclerosis, hemimegalenceph-
aly, and gangliogliomas are all the result of mutations of the mammalian target of rapamycin
pathway for cell growth.

dvances in molecular biology, the genetics underlying malformations of cortical

development (MCD), and imaging have evolved our understanding of epilepsy.'?

The underlying pathologic substrate of pharmacoresistant epilepsy found at sur-
gery has also shifted.? These changes in the landscape of epilepsy imaging, combined with
the inherent difficulty of detecting magnetic resonance imaging (MRI) findings that may be
very subtle, make MRI of seizure and epilepsy patients quite challenging.?

Epilepsy can be thought of as abnormal brain function within a network, rather than
due to a regional epileptogenic focus.**> Different brain abnormalities responsible for pre-
cipitating seizure onset propagate into common pathways of well-defined brain networks,
with stereotypical phenotypes. About 35% of epilepsy patients have seizures refractory to
medications, termed “intractable or drug-resistant epilepsy,’ and patients with localization-
related epilepsy could have a medication failure rate as high as 75%.° Surgery is the most
effective treatment for many patients with drug-resistant epilepsy and can be curative. The
role of imaging is to detect anatomic brain lesions that may represent the cause of focal
seizures; these epileptogenic regions may be thought of as critical nodes in the cortico-
subcortical network that if removed or ablated will lead to seizure remission. Patients with
no identifiable abnormality on imaging have lower benefit rates from epilepsy surgery, sig-
nifying the critical role of imaging.’

During the 20th century, the most common cause of intractable epilepsy was hippo-
campal sclerosis (HS, also known as mesial temporal sclerosis), accounting for up to 70% of
cases. Over the last 2-3 decades, an international study found a 48% relative decline in HS
surgeries, despite an up-trending number of referrals for refractory epilepsy evaluation. This
may be secondary to an increase in non-lesional extra-temporal epilepsy surgery, improve-
ments in imaging and detection of “untreated” cases in the population, and earlier treat-
ment of febrile seizures, among other potential factors.?
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The decline in HS has been accompanied
by an increase in MCD. Detection of focal
cortical dysplasia (FCD) can be difficult,
not infrequently resulting in an MRI being
labeled “normal,” despite subtle findings,
particularly during the first decade of clini-
cal MRI. Other under-recognized causes of
intractable epilepsy include small temporal
pole encephaloceles, hypothalamic hamar-
tomas, and autoimmune encephalopathies.
While these various disorders are currently

- Recent decrease in hippocampal sclero-
sis at surgery has been accompanied by
an increase in malformations of cortical
development. Detection of focal cortical
dysplasia (FCD) can be difficult, not infre-
quently resulting in magnetic resonance
imaging (MRI) being labeled “normal,”
despite subtle findings. Other under-
recognized causes of intractable epilepsy
include small temporal pole encephalo-
celes, hypothalamic hamartomas, and
autoimmune encephalopathies.

- Temporal lobe atrophy associated with
white matter hyperintensity on long TR
(repetition time) imaging and blurring of
the gray-white matter junction accom-
panies hippocampal sclerosis in half the
cases and is thought to be due to dysmy-
elination related to degeneration of white
matter fibers from early onset seizures.

- The coexistence of an epileptogenic
abnormality and hippocampal sclerosis is
known as dual pathology. It is important
to systematically assess for dual patholo-
gies on MRI because satisfaction of search
may reveal either hippocampal sclerosis or
another pathologic entity but fail to reveal
both entities. Unless both entities are
addressed (e.g., from a surgical perspec-
tive), treatment may be inadequate.

- Temporal lobe encephaloceles may
account for up to 10% of medically refrac-
tory temporal lobe epilepsy. They are best
identified on thin-section axial or coronal
T2-weighted sequences, less well visualized
on FLAIR (fluid attenuated inversion recov-
ery) and T1-weighted images, and demon-
strated focal hypometabolism on F-18-fluor
odeoxyglucose positron emission tomog-
raphy/computed tomography imaging.

« MRI features of FCD include a localized
increase in cortical thickness, localized
increase in cortical signal without other
known cause, ill-defined or irregular cor-
tical-white matter junction, localized sub-
cortical signal located at the bottom of a
sulcus, asymmetrical gyral pattern, abnor-
mal depth, or widening of the overlying
sulcus, abnormal subcortical white matter
signal, and associated transmantle signal
changes (also known as a radial band).

difficult to detect, we are at the precipice of
a quantitative revolution revolving around
measurements of MRI brain volumes, sig-
nals, and white matter connections using
sophisticated artificial intelligence algo-
rithms.2® This review will emphasize recent
changes in our understanding of the imag-
ing of epilepsy and focus on subtle abnor-
malities associated with chronic seizures
that radiologists should be cognizant of.

Imaging technique
considerations

Detecting anatomic abnormalities on
MRI, determining whether these are true
abnormalities or normal variants, determin-
ing if the lesion is concordant with clinical
epilepsy data and possible epileptogenic
focus, and delineating lesion extent of
lesion in preparation for surgery are pri-
mary focus in epilepsy imaging.”® MRI is
not indicated for absence seizures juvenile
myoclonic epilepsy, benign partial epilepsy
of childhood with centrotemporal spikes,
and idiopathic generalized epilepsy."
Several studies have shown a doubling in
the sensitivity for detecting epileptogenic
abnormalities by using a dedicated seizure
protocol with trained readers compared to
a standard seizure protocol read by radiolo-
gists without special training in interpreting
imaging with epileptogenic abnormali-
ties.”” One group advocates performing an
“essential six” epilepsy protocol (which is
formatted into 7 sequences): (a) 3 dimen-
sional (3D)-T1 1-mm isotropic volume (for-
matted in coronal and axial planes), T2/STIR
(short tau inversion recovery) sequences
<3 mm obtained in (b) axial and (c) coronal
planes, FLAIR sequences <3 mm obtained in
(d) axial and (e) coronal planes, and (f) axial
susceptibility-weighted sequences. Coronal
images should be angulated perpendicu-
lar to hippocampal axis. In a series of 2740
patients, abnormalities were identified on
MRI in 80% and these 6 sequences were
able to detect 99% of those abnormalities,
that is, all lesion types except subtle pial
angiomatosis, which necessitated contrast
enhancement.'3. The International League
Against Epilepsy (ILAE) Neuroimaging Task
Force has recommended an imaging proto-
col, referred to as “"HARNESS_MRI’, consist-
ing of isotropic , millimeter 3D T1 and 3D
FLAIR sequences, and high-resolution 2D
submillimeter T2 images.™ Due to relative
lack of white matter myelin, proton den-
sity and FLAIR sequences are less useful in
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infants than in adults.”” Double inversion
recovery pulse sequences can suppress
both cerebrospinal fluid (CSF) and white
matter signal, increasing the detection of
cortically based lesions. 3T field strength or
imaging with phased array coils is recom-
mended over 1.5T (particularly for FCD) due
to its 6- to 8-fold increase in signal-to-noise
ratio, increased resolution, and potentially
faster scanning with reduced motion arti-
facts.'®'” Increased clinical implementation
of 7T magnets may also contribute to our
understanding of non-lesional epilepsy, uti-
lizing its high signal and contrast to noise
ratios. Interestingly, the main source of
false-positive findings on 3T scanners are
focal regions that are misinterpreted as FCD,
due to areas of apparent blurry appearance
of grey-white matter interfaces caused by
volume averaging rather than pathologic
changes.’® Fully automated commercial
programs are available that utilize high-
resolution volumetric 3D T1-gradient echo
images to segment brain anatomy and
assist in the detection of mesial tempo-
ral sclerosis. Improved detection rates of
subtle epileptogenic lesions based on such
methodologies as voxel-based morphom-
etry, resting-state functional MR, and/or
machine learning will continue to expand,
as these techniques evolve from research to
commercial clinical tools.®

Temporal lobe epilepsy

Epilepsy arising from the temporal lobes
is the most common location for medi-
cally refractory epilepsy, reflecting, in part,
the importance of the hippocampus in
seizure generation. Approximately 70% of
patients with drug-resistant temporal lobe
epilepsy (TLE) will have a visually identifi-
able MRI abnormality.' Recent interest has
focused on the role of hippocampal malro-
tation (also known as HIMAL), autoimmune
encephalopathy, temporal lobe networks,
and temporal lobe encephaloceles as
causes of temporal lobe epilepsy.

Hippocampal sclerosis

HS is characterized by hippocampal
neuronal loss associated with gliosis and
remains an important cause of medically
refractory epilepsy. It is often associated
with childhood insult, including encepha-
litis and febrile seizures. Imaging charac-
teristics include unilateral hippocampal
volume loss, T2 prolongation, and loss of
internal architecture, along with secondary
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imaging findings that include atrophy of
the ipsilateral fornix, mammillary body,
parahippocampal gyrus, and thalamus
(Figure 1). Temporal lobe atrophy associ-
ated with white matter hyperintensity
on long TR imaging and blurring of the
gray-white junction accompanies HS in
half the cases and is thought to be due to

dysmyelination related to degeneration of
white matter fibers from early onset sei-
zures? (Figure 1). Hippocampal volume cor-
relates with several parameters, including
hippocampal neuronal loss, memory scores,
EEG (electroencephalogram) findings, his-
tory of childhood febrile seizures, duration
of seizures, lifetime secondary generalized
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Figure 1. (a) Subtle hippocampal sclerosis, with mild left hippocampal volume loss without
associated hyperintense signal changes, is demonstrated on coronal T2W imaging at level of the
hippocampal body. The alternating gray-white bands representing the hippocampal internal
architecture are decreased on the left (arrow, compare with diagram in Figure 1c). (b) In a different
patient, more typical changes of hippocampal sclerosis are present, with a small hyperintense
hippocampus (arrow) associated with ipsilateral temporal lobe atrophy on a coronal T2W image.

(c) Idealized coronal T2W diagram depicts many of the imaging features associated with hippocampal
sclerosis, including hippocampal atrophy, hippocampal T2W signal abnormality, and loss of internal
white matter architecture within the gray matter of the hippocampus (arrow). Associated temporal
lobe atrophy is illustrated, associated with dysmyelination changes (arrowheads), as demonstrated by
white matter hyperintensity and blurring of the gray-white matter junction.

seizure occurrence, and successful postop-
erative outcome. Hippocampal T2 prolon-
gation with atrophy is a strong indicator
of temporal lobe epilepsy.?' ILAE task force
classified HS into 4 histopathological sub-
types of HS (type I: cell loss in CA1 and
CA4, type lI: cell loss in CA1, type llI: cell
loss in CA4, type IV: no cell loss/sclerosis,
only gliotic changes).?? This classification
contributes to the prognostication of the
disease, as type | indicates a better surgical
outcome. Utilizing quantitative volumetric
MRI analyses, types | and Il have been pre-
viously associated with lower hippocampal
volumes.” However, a recent study utilizing
3T and 7T MRI scanners found no prognos-
tic value of hippocampal internal architec-
ture, though it was better visualized on 7T
scanner. Both hippocampal volume and
hippocampal internal architecture did pre-
dict seizure laterality, both on 3T and 7T
scanners.?* Without coronal sequences, hip-
pocampal abnormalities may be impossible
to discern, particularly when findings are
bilateral. The importance of detecting MRI
findings is underscored by their relation-
ship to postoperative outcomes; 75% of TLE
patients with MRI-identified HS become sei-
zure-free postoperatively versus 51% with
MRI-negative TLE* Quantitative assess-
ment using 3T can help improve the detec-
tion of preoperative HS, shifting individuals
from the MRI-negative to the MRI-positive
group in a quarter of TLE patients.”®

The coexistence of an extrahippocam-
pal epileptogenic abnormality and HS is
referred to as dual pathology.”” The most
common abnormalities found in association
with HS are MCD or early childhood insults.
Kuchukhidze et al.® found hippocampal
disorders in almost a third of their patients
with MCDs. It is important to systematically
assess for dual pathologies on MRI because
the satisfaction of search may reveal either
HS or another pathologic entity but fail to
reveal both entities. Unless both entities
are addressed (e.g., from a surgical perspec-
tive), treatment may be inadequate.”

Hippocampal malrotation: An anatomic
variant or epileptogenic substrate?
During normal in utero development,
hippocampal shape transforms from an
unfolded structure into a partially folded
vertically oriented shape, with continued
evolution eventually into a completely
folded oval structure in the coronal plane
(Figure 2). In an early study evaluating the
shape of hippocampi in normal volunteers,
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79% were oval, 18% were rectangular, and
3% were round/square.*® Barsi et al.*' linked
HIMAL to 6% of their epilepsy patients,
which they related to incomplete hippo-
campal inversion. MRI findings include
an abnormally round shape unilaterally
with normal hippocampal signal intensity
and size, blurring of hippocampal inter-
nal architecture, and an abnormal angle
of the collateral sulcus (i.e., a more vertical
orientation).

The HIMAL designation has generated a
significant amount of controversy related
to the classification and reproducibility and
the concern that this is a normal variation
rather than a biomarker of epilepsy. Several
recent studies shed light on this entity,
which implicate a relationship to febrile sta-
tus epilepticus but not to epilepsy itself.3>*
Other groups reported no significant dif-
ference between the frequency of HIMAL
in epilepsy and non-epilepsy populations
suggesting that the presence of HIMAL is
an anatomic variant.34*

Temporal lobe encephalocele

An under-recognized and frequently
overlooked cause of TLE in patients with
refractory epilepsy is the small temporal
pole encephalocele (Figure 3), which was
reported in 2%-4% of patients with drug-
resistant epilepsy and 10% of temporal
lobe resections.?**” These lesions appear
as focal protrusions of brain parenchyma
through or indenting the inner table and
demonstrate isointense gray-matter sig-
nal with characteristic rim of CSF. They
are best identified on thin section or 3D
isotropic volume T2-weighted sequences
that include the anterior temporal pole.
These abnormalities are less well seen on
2D FLAIR, 2D or 3D T1-weighted images,
or by F-18-fluorodeoxyglucose positron
emission tomography/computed tomog-
raphy (F-18 FDG-PET) imaging.* Isotropic
sequences such as 3D-T2 or 3D-FLAIR, with
reformation perpendicular to the encepha-
locele, may help confirm the presence of
protruded brain. A small calvarial defect,
harboring the encephalocele, is best dem-
onstrated by CT. There are several interest-
ing features associated with this condition.
These patients present at an older age than
most TLE patients (i.e, more than 30 years
old for the encephalocele group). There
was a mean delay of 9 years after symptom
onset to diagnosis. Left-sided encephalo-
cele TLE ictus semiology consists of sig-
nificant language impairment without
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Figure 2. Hippocampal malrotation (HIMAL). A 3-year-old boy with febrile and infantile seizures.
Coronal T2W imaging (a) and diagram (b) demonstrate findings associated with HIMAL—a rounded
hippocampal shape with a unilateral malrotated left hippocampus with blurred hippocampal
internal architecture (black arrowheads), vertical collateral sulcus (long white arrow; compared to

normal contralateral side, white arrowhead), and an abnormal temporal horn configuration
(short white arrow).

Figure 3. Temporal lobe encephalocele. A 36-year-old female with intractable complex partial
seizures since age 28.The left temporal pole encephalocele (arrows) is easy to overlook without
using a systematic approach to interpretations (coronal T2W and FLAIR Imaging, (a) and (b),
respectively). The patient underwent left temporal pole resection, which confirmed an
encephalocele, with pathologic changes of reactive gliosis. The patient has been seizure-free
since resection.
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confusion or aura (which is unusual for left
TLE). Focal resection of the lesion offers a
good outcome for seizure cure. Prevalence
of encephaloceles may be increasing due
to idiopathic intracranial hypertension
(IH), which in turn may be related to the
increasing rates of obesity.3® In a recent
series of 13 cases, Sandhu et al.*° reported
excellent Engel class | outcome in patients
who underwent resection surgery with EEG
concordat to the ipsilateral TLE. Most of
their cases were overweight (mean BMI of
31) with signs of IIH.

Other causes of temporal lobe epilepsy

Temporal lobe epilepsy has been linked
with other causes of epilepsy, including
isolated amygdala enlargement, temporal
plus epilepsy, and autoimmune encepha-
lopathy (in addition to other inflammatory,
neoplastic, and vascular disorders).*®

Temporal plus epilepsy refers to an
epileptogenic focus in the temporal lobe
that extends to a network of ipsilateral
extra-temporal regions such as the insula,
frontal operculum, orbito-frontal cortex,
and temporo-parieto-occipital junction.
In these patients, the risk of temporal lobe
surgery failure was 5 times greater than uni-
lateral temporal lobe epilepsy,*“* making it
incumbent to carefully assess these areas
for imaging abnormalities and correlate
with scalp EEG.

Autoimmune-mediated encephalopa-
thy (AME) refers to a group of neuro-psychi-
atric disorders mediated by autoimmune
antibodies, the incidence of which has
surged over the last decade.”® In adults
presenting with new-onset intractable TLE,
especially in conjunction with a history of
psychosis, it is incumbent to exclude AME.
Early diagnosis may lead to early treat-
ment and better outcomes. AME can be
classified based on: (a) cellular location of
antigens—membrane versus intracellular,
(b) paraneoplastic versus non-paraneo-
plastic autoantibodies, and (3) affected
brain location—limbic versus extra-limbic
involvement (Figure 4). Intracellular anti-
gens most commonly include Hu, Ma2,
and CV2/CRMP5 and are most commonly
paraneoplastic and associated with lung
cancer, testicular germ cell tumors, and
Hodgkin lymphoma. Antibodies targeting
cell-surface antigens are the most com-
mon cause of AME, particularly antibod-
ies directed against N-methyl-D-aspartate
receptor (NMDAR) and the voltage-gated
potassium channel, notably leucine-rich

glioma inactivated 1 (LGI1) protein. Anti-
NMDAR AME is associated with tumors
(usually ovarian teratoma) in about 40% of
the cases.*® A recent study utilizing struc-
tural TTW MRI and DTl in patients with
limbic encephalitis due to autoantibodies
against glutamic acid decarboxylase 65
(associated with amygdala enlargement)
showed altered global network topol-
ogy as compared to healthy controls and
patients with HS.*

In general, non-paraneoplastic AME
demonstrates abnormal signal and vari-
able diffusion restriction in the limbic

structures, whereas paraneoplastic forms
may

additionally include extra-limbic

signal abnormalities, leukoencephalopa-
thy, cerebellar degeneration, and brain-
stem encephalitis.** Limbic encephalitis
has classic clinical and radiology features,
consisting of temporal lobe seizures,
memory impairment, mood fluctuations,
and involvement of the medial temporal
lobe.* Limbic involvement may be unilat-
eral, bilateral symmetric, or bilateral asym-
metric; anti-LGI1 voltage-gated potassium
channel complex AME frequently involves
limbic structures on MRI (Figure 4). The
absence of imaging findings does not
exclude AME, particularly in the case of
anti-NMDAR AME. Imaging differential
diagnosis includes viral encephalitis such

b

Limbic

MRI localization

Rarely Limbic

Paraneoplastic

Rarely
Paraneoplastic

Figure 4. Autoimmune-mediated encephalitis (AME). A 57-year-old female presented with
progressive confusion over 3 days, which evolved to visual hallucinations and then complex partial
seizures. On coronal images, hippocampi are slightly enlarged and hyperintense bilaterally (arrows)
on T2W imaging (a), consistent with limbic encephalitis that was due to voltage-gated potassium
channel complex antibodies. Despite immunotherapy and steroids, the patient was left with memory
loss and intractable epilepsy. (b). AME classification schemes, using a diagram of a neuron with cell
membrane in black and intracellular compartment green. AME can be categorized by (1) cellular
location of antigens—membranous versus intracellular, (2) site of brain encephalitis—limbic versus
rarely limbic, and (3) association with neoplastic disease—paraneoplastic versus rarely

paraneoplastic.
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as herpes simplex virus, human herpes
virus 6 and Ebstein-Barr virus encephalitis,
infrequent infectious entities such as rabies
encephalitis and neurosyphilis, and non-
infectious entities such as status epilepti-
cus, tumors, infarct, and trauma.

Malformations of cortical
development

Major advances have occurred over
the last decade in the imaging, molecular
biology, and genetics of MCDs, which are
now recognized as the cause of intrac-
table epilepsy in approximately 50%
cases. These abnormalities include lesions
related to abnormal cell proliferation
(hemimegalencephaly and FCD type Ilb)

or apoptosis, abnormal neuronal migra-
tion (lissencephaly, band heterotopia,
periventricular nodular heterotopia), and
abnormal cortical organization (polymi-
crogyria, schizencephaly, and FCD type I)
(Table 1).%

Imaging features

Common imaging features of MCDs
include alterations in cortical morphology,
blurring of the gray-white matter junction,
gray matter in abnormal locations (e.g., het-
erotopia), radial bands (FCD, tuberous scle-
rosis, hemimegalencephaly), and abnormal
white matter signal intensity (e.g., FCD, tuber-
ous sclerosis, and hemimegalencephaly).
Alternations of cortical morphology include
cortical thickening, hyperintensity of gray

Table 1. Malformation of cortical development classification”

I. Abnormal neuronal and glial proliferation or apoptosis

A. Microcephaly
B. Megalencephaly

C. Cortical dysgenesis with abnormal cell proliferation

1. Diffuse
2. Focal and multifocal
a. Hemimegalencephaly
b. Focal cortical dysplasia type Il

c. Tuberous sclerosis

D. Cortical dysplasias with abnormal cell proliferation and neoplasia

1. Dysembryoplastic neuroepithelial tumor
2. Ganglioglioma and gangliocytoma
IIl. Abnormal neuronal migration

A. Periventricular heterotopia

B. Generalized abnormal transmantle migration

1. Anterior or diffuse classic lissencephaly and subcortical band heterotopia

2. Posterior or diffuse classic and without cell-sparse zone lissencephaly and subcortical band

heterotopia
3. X-linked lissencephaly
4. Reelin-type lissencephaly

5. Variant lissencephaly

C. Localized abnormal late transmantle migration

1. Subcortical heterotopia

2. Sublobar dysplasia

D. Abnormal terminal migration and defects in pial limiting membrane (cobblestone

malformations)
Ill. Abnormal postmigration development
A. Polymicrogyria (including schizencephaly)

B. Inborn errors of metabolism

C. Focal cortical dysplasias without dysmorphic neurons (types | and Ill)

D. Postmigration microcephaly

*Modified from Appendix 1, Barkovich (2012).4”
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matter, disturbing gyral and sulcal patterns,
including cortical dimple (FCD and poly-
microgyria), paucity or lack of gyri (e.g., lis-
sencephaly and pachygyria), and increased
number of gyri (e.g., polymicrogyria).'*®

Abnormal cell proliferation or apoptosis

Abnormal cell proliferation

FCD llb, tuberous sclerosis, and hemi-
megalencephaly (also known as dys-
plastic megalencephaly) have similar
histological appearance. FCD Ilb, tuber-
ous sclerosis, hemimegalencephaly, and
ganglioglioma are all the result of muta-
tions of the mTOR (mammalian target
of Rapamycin) pathway for cell growth
and share some imaging features—for
example, cortical thickening, subcortical
white matter hyperintensity on FLAIR, and
radial bands that can be found in FCD lIb,
tuberous sclerosis, as well as hemimega-
lencephaly. There is evidence to suggest
that these disorders (so-called mTORpa-
thies) may be more similar than previously
thought, with some hemimegalencepha-
lies more focal in nature and some FCD
Ilb being more extensive than typically
thought of.! From an imaging perspec-
tive, hemimegalencephaly represents
hemispheric overgrowth (or hypertrophy
of part of a hemisphere), often associated

Figure 5. Hemimegalencephaly, partial. Axial
T1W image displays an enlarged posterior left
hemisphere, with dysplastic hyperintense cortex
associated with blurred gray-white junction
(white arrows) and periventricular heterotopia
(black arrowheads), consistent with partial
hemimegalencephaly. Identification is more
challenging when hemimegalencephaly
involves only a portion of a hemisphere instead
of the entire hemisphere.

Adin et al.



with dysplastic cortex, heterotopia, or
increased signal within the white matter
(Figure 5).%8 Both in hemimegalencephaly
and hemiatrophy, the lateral ventricular
enlargement is ipsilateral to the affected
side. The cortical tubers of tuberous scle-
rosis are very similar to FCD both from
histologic and imaging perspectives. In
contrast to tuberous sclerosis, FCD is a sol-
itary abnormality and not associated with
subependymal tubers. A few features have
been reported to be helpful in radiologi-
cal differentiation between FCD subtypes
and tuberous sclerosis cortical tubers. FCD
typically does not enhance, as opposed
to 5% of enhancement rate with cortical
tubers* Cortical tubers may grow larger or
reveal cystic or calcific changes over time,
as opposed to static appearance of FCD.

Focal cortical dysplasia

FCD is circumscribed MCD that results
from abnormal neuronal proliferation,
migration, and differentiation. Seizure onset
is almost always prior to 16 years old, and
epilepsy is often pharmacoresistant.>® Only
5%-10% of all epilepsy patients will have
FCD, butin children with focal drug-resistant
epilepsy, the prevalence of FCD increases to
50%. The epileptogenic zone of FCDs may
extend beyond the anatomically defined
lesion boundaries on MRI, based on invasive
EEG and F-18 FDG-PET/CT imaging.”’ While
PET/CT hypometabolic activity has a low
sensitivity for localizing FCD by visual analy-
sis, this can be significantly increased by
combining quantitative analyses of radio-
tracer uptake with electroclinical data and
co-registration of PET with MRI images.*?
In cases with no identifiable epileptogenic
focus on imaging, invasive EEG remains the
gold standard, which can be performed

\ S/

Table 2. Focal cortical dysplasia classification
Type I: disrupted cortical lamination (isolated)
la: abnormal radial cortical lamination

Ib: abnormal tangential cortical lamination

Ic: abnormal radial and tangential cortical lamination

Type lI: disrupted cortical lamination and cytologic abnormalities (isolated)

lla: dysmorphic neurons

IIb: dysmorphic neurons and balloon cells

Type lll: disrupted cortical lamination associated with a lesion

llla: hHippocampal sclerosis
Illb: gGlial or glioneuronal tumor

Illc: vascular malformation

llld: early life acquired abnormality (e.g., injury, encephalitis, ischemia)

The International League Against Epilepsy standardized the classification of focal cortical dysplasia, a heterogeneous
group of abnormalities, representing a localized area with disrupted cortical organization and abnormal neurons®.

with electrodes placed on brain surface
(electrocorticography using subdural grids
and strips) or inside the suspected region of
brain parenchyma (depth electrodes).”

The ILAE classifies FCD into type 1, mild
cortical dyslamination; type 2a, dyslamina-
tion plus dysmorphic cells; type 2b, type 2a
plus balloon cells; and type 3, FCD associ-
ated with another epileptogenic lesion
(Table 2).>* Balloon cells have features of
both glia and neurons and may represent a
progenitor cell. MRI findings may be quite
subtle, with type 1T much more difficult to
detect as compared to type 2°3%; According
to the scheme developed by Barkovich
et al.”, type 2 is categorized in the abnor-
mal proliferation category, while type 1
is classified as being within the abnormal
postmigration development group. Mild
malformations of cortical development,
including those with oligodendroglial

hypertrophy (MOGHE) are recently recog-
nized focal cortical dysplasias.>*'

MRI features of FCD include localized
increase in cortical thickness, localized
increase in cortical signal without other
known cause, ill-defined or irregular cor-
tical-white matter junction, localized sub-
cortical signal located at the bottom of a
sulcus, asymmetrical gyral pattern, abnor-
mal depth or widening of the overlying
sulcus, abnormal subcortical white matter
signal, and associated transmantle signal
changes (also known as a radial band)
(Figures 6, 7).5>%* A 2019 study found trans-
mantle signal changes to be hyperintense
on T1-weighted imaging in a minority of
patients with type Ilb FCD.* Five follow-
ing general themes of FCD have also been
described: anterior temporal lobe type
gyral malformation predominant theme
which is localized to one brain region with
thickening or lobularity of the cortex (most
commonly frontal lobe), cortical signal pre-
dominant theme where there is abnormal
increased or decreased cortical T2 signal

Figure 6. Focal cortical dysplasia. A 28-year-old female with medically refractory seizures since age 4, consisting of left arm tingling and dystonia;

EEG suggested midline central origin. MRI was initially interpreted as normal, but reevaluation after knowledge of semiology and EEG findings revealed
minimally thickened, hyperintense gyrus with blurred gray-white interface, in the right paracentral lobule (white arrow) on axial TTW (a) and axial FLAIR
(b) images. Very subtle radial band (arrowhead) is present on axial FLAIR (c). This was confirmed on an oblique coronal reformatted image (d), showing
subtle subcortical hyperintensity (arrow) with a radial band to the ventricle (arrowheads). F-18 FDG-PET also confirmed this abnormal region. (e). Focal
cortical dysplasia type Ilb in a different patient with seizure onset at age 15 consisted of episodes of flashing lights. A right parietal lesion was resected
and showed both dysmorphic neurons (black arrow) and balloon cells with eccentric nucleus (arrowhead) on photomicrograph (original magnification,
20x; hematoxylin-eosin (H-E) stain). F-18 FDG-PET, F-18-fluorodeoxyglucose positron emission tomography.
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Figure 7. Focal cortical dysplasia (FCD). A 2-year-old boy with intractable right arm and leg clonic

seizures with FCD lla. Axial T1TW image (a) demonstrates markedly disorganized perirolandic sulcal
pattern (compared to normal right central sulcus), pronounced thickening of the cortex with
hyperintensity, and blurring of the cortical-white matter junction (arrows). Intraoperative photograph
of brain surface with subdural grid electrodes (b) found marked distortion of brain motor
representation, compared to the typical motor homunculus pattern (motor activity represented by
electrodes in green; seizure activity represented by electrodes in blue, which were located adjacent
to the interhemispheric fissure). Seizure freedom was obtained after functional hemispherectomy.

but without significant gyral abnormalities
(most commonly occipital lobe), subcorti-
cal predominant theme, which has local-
ized subcortical signal changes localized
to a gyrus and usually with blurring of the
gray-white matter junction, and trans-
mantle type theme where there is tapering
deep white matter signal from the gyrus to
ventricle margin (FCD type 2).>* With FCD
underlying up to 50% of intractable epi-
lepsy that is potentially curable by surgery,
it is imperative that strategies for detec-
tion using MRI be optimized, both from
protocol and interpretation perspectives.
These abnormalities are often very subtle
and FCD is too important an entity to fail
to detect.

Tuberous sclerosis complex

Tuberous sclerosis complex (TSC) is arare,
autosomal-dominant neurocutaneous dis-
order resulting from TSC1 and TSC2 mTOR
pathway genes leading to excessive cell

7

proliferation and hamartomatous lesions
in various organs and systems.** CNS find-
ings are characterized by multiple cortical
tubers, subependymal nodules, subep-
endymal giant cell astrocytoma (SEGA),
and white matter lesions (Figure 8). Less-
frequent CNS findings include cerebral
or cerebellar malformations, hemimega-
loencephaly, and vascular abnormalities.
Intellectual disability and intractable
seizures are main neurological manifesta-
tions. Imaging plays a crucial role in the
diagnosis and monitoring of TSC. The
patients are primarily of pediatric age
group and MRI is the modality of choice,
as it possesses no ionizing radiation expo-
sure and has excellent image resolution.
In the first years of infancy, tubers might
not be appreciated on MRI due to ongo-
ing myelination process but grow in size
proportionally to the brain development.
Aside from primary diagnosis, MRI has a
critical role in monitoring TSC cases for

‘

potential SEGA development and tempo-
ral changes in the lesions. SEGA, a World
Health Organization (WHO) grade | astro-
cytoma, typically develops in the region
of foramen of Monro along the caudotha-
lamic groove, though occasionally it may
develop elsewhere along the ventricles or
even within the cortical tubers. Imaging
is also important to determine which
tuber is epileptogenic. Nuclear medi-
cine studies including PET/CT and single
photon emission computed tomography
(SPECT) are the modalities of choice for
this aim, though recent MRl features have
also been described that can help iden-
tify the epileptogenic tuber. Increased
uptake of ictal a-[11C]-methyl-I-tryptoph
an PET is indicative of a seizure-trigger-
ing tuber>® Similarly, SPECT performed
using Tc-99m-HMPAO can demonstrate
increased radiotracer uptake on ictal
imaging.”” F-18 FDG-PET/CT helps iden-
tifying hypometabolic tubers (seizure
triggering focus) on interictal imaging.>®
Tubers with higher ADC (apparent dif-
fusion coefficient) values may represent
epileptogenic foci, as these foci are more
likely to undergo internal architectural
changes.®® Those with increased relative
cerebral blood parameters on perfusion-
weighted images using arterial spin
labeling are also likely to represent epi-
leptogenic focus.*® Studies utilizing com-
bined EEG-fMRI data have shown a higher
BOLD activity surrounding the known
epileptogenic zone, which may suggest
a larger network activity surrounding a
triggering focus in children.®® Although
EEG-fMRI studies were not able to pin-
point zones of increased interictal epilep-
togenic discharges, they provide valuable
information.

Figure 8. Tuberous sclerosis complex. (a) Hyperintense cortical tubers in the subcortical white matter with associated with radial bands (arrows) on
coronal FLAIR. (b, c) Different patient with tuberous sclerosis. (b) Subependymal periventricular nodule (note signal void representing calcification on
axial SWI [susceptibility weighted imagel). (c) Enhancing (left greater than right) subependymal giant cell astrocytomas (arrow points to left SEGA on axial
postcontrast T1W MP-RAGE [magnetization-prepared rapid acquisitive gradient echo] image). SEGA, subependymal giant cell astrocytoma.
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Abnormal migration

Malformations due to abnormal migra-
tion include heterotopia, lissencephaly, and
cobblestone malformations.’

Lissencephaly can be divided into clas-
sic and variant lissencephaly subgroups.
Microtubules and microtubule-associat
ed proteins play a crucial role in the
migration of neurons along radial path-
ways from the ventricular zone to cortical
plate and are responsible for heterotopia
or classic lissencephaly. Classic lissen-
cephaly has phenotypes ranging from
agyria (Figure 9) to pachygyria or subcorti-
cal band heterotopia. While the cortex is
generally simplified, it may sometimes be
polymicrogyria-like. There is generally a
subcortical cell-sparse zone. Mutations of
the LIST gene may cause partial subcor-
tical band heterotopia that may be sub-
tle.562 The variant lissencephalies are due
to mutations in the ARX (Aristaless-related
homebox) or Reeling signaling pathway.
These lissencephalies have slightly thick-
ened cortex with anterior to posterior gra-
dient and no cell-sparse zone; the extent
of smooth cortex is variable. ARX muta-
tions are associated with a small dysplastic
basal ganglia and absent corpus callosum.
Reeling mutations are associated with cer-
ebellar hypoplasia. Previously referred to
as type Il lissencephaly, cobblestone mal-
formations are due to defects in basement
membrane.

Figure 9. Lissencephaly. There is generalized
smooth thickened cortex, with open Sylvian
fissures (S) with poor gray-white junction and
paucity of white matter on axial T2W imaging,
representing classic lissencephaly. Note the
hyperintense sparse cell zone with increased
water content on T2W imaging (white arrows),

a feature of lissencephaly which can sometimes
be misinterpreted as indicating double cortex
syndrome (band heterotopia).

Heterotopia. Seizures can arise from
the heterotopic gray matter, the overlying
cortex, or both. Periventricular nodular
heterotopia appears to be due to muta-
tions resulting in neuronal migration of
the radial scaffolding and/or disruption
of the continuity of the neuroependyma
leading to inability of the proliferating
neurons to adhere to the radial scaffold-
ing.! Gray matter should never be pres-
ent lateral to the lateral ventricle and can
sometimes be quite small. Subcortical
heterotopia can have a varied MR appear-
ance, sometimes extending from ventricle
to cortex, and may be mistaken for other
disorders.*®

Abnormal cortical organization

Polymicrogyria and schizencephaly
(with underlying histology of polymicro-
gyria) are disorders with multiple small
gyri and sulci, caused by a wide variety of
etiologies (Figure 10)."*® Polymicrogyria
syndromes include bilateral perisylvian,
bilateral frontal, and bilateral parieto-
occipital. The most common is bilateral
perisylvian polymicrogyria syndrome, dur-
ing which the Sylvian fissure often fuses
with the central sulcus. Polymicrogyria
is often associated with other malforma-
tions, such as schizencephaly or heteroto-
pia. When the microgyria are very closely
spaced, the cortex may appear thickened
on MR images rather than a collection of
small gyri. When such cases occur bilater-
ally, it may be difficult to distinguish from
pachygyria phenotype of lissencephaly,
but the more diffuse nature of lissenceph-
aly as opposed to the syndromic locations
of polymicrogyria is often a helpful differ-
entiating feature.

FCD type 1 was discussed previously.

Other entities associated
with epilepsy

Overview

A host of abnormalities can precipitate
seizures, which develop into epilepsy. These
include neoplasms, vascular malformations,
infections, trauma, Sturge Weber syndrome,
and hypoxic-ischemic insults. However,
this section will focus on recent imaging
advances and understanding of the fol-
lowing unique and/or subtle abnormalities
associated epilepsy—hypothalamic hamar-
tomas, ulegyria, Rasmussen’s encephalitis,
and ictal phenomena.

Hypothalamic hamartoma

Hypothalamic hamartoma is a non-
neoplastic congenital malformation with
intrinsic pacemaker-like activity, composed
histologically of glia cells and normally
appearing neurons, often the GABAergic
interneuron phenotype. Mutations of
the sonic hedgehog pathway have been
implicated.®® Patients may exhibit sei-
zures, often the gelastic phenotype, pre-
cious puberty, developmental delay, and/
or behavioral disturbances. Epileptogenic
hamartomas vary in MR signal intensity
from being isointense to gray matter using
conventional spin-echo sequences to
being slightly hyperintense on fast spin-
echo T2-weighted sequences and slightly
hypointense on T1-weighted 3D volume
or inversion recovery sequences; the per-
centage of glial cells may affect the signal
characteristics.** Hamartomas character-
istically do not enhance, are usually stable
over time, and are often connected to the
mammillary body, either as a pedunculated
or sessile mass.** Mean size of lesions in
most studies is between 1 and 2 cm. These

4

Figure 10. Polymicrogyria. Right polymicrogyria is nicely depicted on sagittal (a) and coronal (b) TTW

imaging as numerous small gyri (arrows). The perisylvian location, as seen here, is the most common
region affected and often results in fusion of the Sylvian fissure with the central sulcus (arrowheads),
as in this case. Findings may be unilateral or bilateral; when bilateral asymmetric, it may be easy to
overlook a subtle contralateral abnormality (as in this case, with very subtle thickening and increased
nodularity of the contralateral left insula and frontal operculum).
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lesions may easily escape visual detection
unless one employs a systematic approach
that includes the hypothalamus and spe-
cifically, the mammillary body (Figure 11).
Treatments include radiosurgery, stereo-
tactic radiofrequency ablation, endoscopic
resection or disconnection, and open
craniotomy.

Ulegyria

Full-term infants who experience mild-
moderate global hypoxic-ischemic events
can have a cortical and subcortical injury
pattern, typically in a watershed and para-
sagittal distribution. It may be unilateral
or bilateral and often posterior. Due to
relatively increased perfusion to the gyral
apex versus base the base of the gyrus in
newborns, this injury results in a charac-
teristic mushroom-shaped appearance of
the affected gyri on MRI, termed “ulegyria”
(Figure 12). Gliosis in underlying subcorti-
cal white matter, porencephalic cysts, and
deep gray matter involvement may be seen,
depending on the severity of initial injury.
Symptoms are often manifested by cerebral
palsy, mental retardation, and pharmacore-
sistant complex partial seizures. Mean age
at seizure onset is 4 years, with variable
semiology often involving visual auras due
to their posterior location. In 1 case series
of 25 patients, 48% had additional HS.%¢ It
is important to recognize that patients with
unilateral, bilateral, and perisylvian ulegy-
rias may benefit from surgical interventions,
as discussed in “Surgical Interventions.”s’8

Rasmussen’s encephalitis and ictal
phenomena

Rasmussen’s encephalitis is an
immune-mediated unilateral progressive
hemispheric encephalopathy, with charac-
teristic drug-resistant epilepsy and progres-
sive decline, usually in children.®® This rare
encephalitis is thought to be mediated by
cytotoxic T-cells. There are 3 clinical stages,
starting with a prodromal motor seizure
stage, followed by an acute/active stage
with epilepsia partialis continua and pro-
gressive hemiplegia. This ultimately evolves
into a chronic residual stage, manifested by
seizures and end-stage hemispheric failure.

MRI abnormalities often have focal site
of onset and spread across a single hemi-
sphere over time.*® The earliest regions of
involvement are often the insula, perisyl-
vian region, caudate head, and putamen.
Serial MRI may show fluctuations inimaging
appearance with abnormal hyperintensity
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Figure 11. Hypothalamic hamartoma. An 8-year-old boy with complex partial seizure. Coronal TTW
image demonstrates a hypothalamic mass (arrow) encompassing the mammillary body that was
isointense to gray matter on multiple sequences, consistent with a hypothalamic hamartoma.

A patterned interpretation approach must include the evaluation of the hypothalamus and
mamillary body in patients with epilepsy to detect subtle lesions.

Figure 12. Ulegyria. A 11-year-old boy with family history of coagulation disorder had infarcts at

2 weeks of age and perinatal seizures. Coronal FLAIR (a) and T2W imaging (b) demonstrate typical
bilateral watershed-territory ulegyria. Note the atrophic gyri with mushroom-like configuration at the
dome (black arrow), dilatation of CSF at the depth of the sulci (white arrow), subcortical white matter
signal changes, and bilateral parasagittal locations. CSF, cerebrospinal fluid.

Figure 13. Rasmussen’s encephalitis. A 5-year-old girl with 1-year history of right body twitching that
developed into right body motor partial status epilepticus. Left parietal white matter hyperintensity
(black arrow) was present on initial axial FLAIR MRI (a), which extended into adjacent white and gray
matter as subtle hyperintensity, with loss of gray-white matter junction (white arrows), 1 year later
(b). MR imaging findings were compatible with Rasmussen’s progression and ictal changes, with
possible concomitant FCD. F-18 FDG PET-CT (not shown) revealed hypometabolism in the left
cerebral hemisphere. Biopsy revealed perivascular distribution of CD3/8 positive T-cells and
microglial cells (CD68) with type Ib FCD, consistent with Rasmussen encephalitis in the setting of dual
pathology. MRI, magnetic resonance imaging; F-18 FDG-PET, F-18-fluorodeoxyglucose positron
emission tomography; FCD, focal cortical dysplasia.
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on FLAIR involving cortical and subcorti-
cal regions, which are considered to be
related to changes from frequent seizures
or status epilepticus (Figure 13). One study
noted that one-third of patients demon-
strated regression followed by reappear-
ance of high-intensity lesions, which may
be considered a diagnostic feature of this
disorder.”® Over time, unilateral hemisphere
volume loss and long TR hyperintensity
from gliosis occur. Treatment is anatomi-
cal or functional hemispherectomy. In ictal
phenomena, signal changes are located at
the epileptogenic focus in the cortex and
in structures along the seizure propagation
pathway such as the thalamus and basal
ganglia. The hippocampus is the most com-
mon site of abnormal signal changes (T2
prolongation), particularly in partial sei-
zures.”'”? Patients with status epilepticus
are more likely to have only partially revers-
ible signal abnormalities.”’”3

Long-term epilepsy-associated tumors

In about 30% of patients with long-term
pharmacoresistant  epilepsy, neuroepi-
thelial neoplasms such as gangliogliomas
are encountered (i.e., long-term epilepsy-
associated tumors, LEATs).”* Approximately
70% of LEATs are WHO grade | tumors,
most commonly gangliogliomas (57%), fol-
lowed by pilocytic astrocytomas (23%) and
dysembryoplastic neuroepithelial tumors
(20%).7*WHO grade Il and lll tumors are less-
frequent, encountered approximately in
29% and 1%, respectively, based on a series
of 207 patients with intractable epilepsy.’*
Gangliogliomas, characteristically cortically
based enhancing cystic nodules on imag-
ing, are associated with cortical disorgani-
zation in above 80% of cases.”® Presence of
cortical thickening and transmantle sign is
important to differentiate FCD (Figure 6)
from low-grade tumors. Since MRI features
are better appreciated on scanners with
higher magnetic fields, imaging should be
performed preferably with 3T strength or
above.

Surgical interventions

A variety of surgical approaches are avail-
able for patients with treatment-resistant
intractable epilepsy. These include surgi-
cal resection or invasive neuromodulation.
In well-defined focal lesions that are con-
cordant with electroclinical data, lesionec-
tomy is the procedure of choice. In patients
with extensive burden of lesions and

less-favorable clinical outcome, functional
lobectomy or tailored hemispherectomy
can be performed (such as in Rasmussen
encephalitis or hypotonic seizures). If
resectable focal lesions are anatomically
close to eloquent cortex, such as language
or sensorimotor cortices, or if surgery is
contraindicated, minimally invasive neu-
romodulation techniques are preferred.
Widely applied neuromodulation applica-
tions include deep brain stimulation, vagus
nerve stimulation, and responsive neuro-
stimulation, among other investigative
techniques that are less-invasive but not
yet in clinical use (such as transcranial mag-
netic stimulation or focused ultrasound).” In
these cases, the primary goal is to disrupt
the propagation of epileptogenic activity
within a network. One should keep in mind
that surgical approach is tailored, and each
person may have a different journey of epi-
lepsy treatment, which may include a single
or a combination of surgical approaches
discussed above.

Conclusion

Over the last couple of decades, HS has
declined in incidence at epilepsy surgery,
while MCD and other disorders, such as
encephaloceles and AME, have increased.
Since many epileptogenic abnormalities
affect the temporal lobe, it is critical to
have coronal long TR images for assess-
ment, in order to arrive at the appropriate
diagnosis. Detection of FCD requires thin
section imaging with high contrast resolu-
tion. Awareness of the subtle and unique
abnormalities that cause seizures, and use
of a systematic checklist when interpreting
MR studies, is critical for successful imaging
diagnosis.
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