
evidence that treating early post-stroke seizures
prevents the development of epilepsy, although
only one of the studies reviewed met inclusion
criteria as a randomized controlled trial designed
to address this question.

Mesial Temporal Sclerosis

Mesial temporal sclerosis (MTS), also known as
hippocampal sclerosis, is one of the most com-
mon causes of adult-onset epilepsy, especially
refractory epilepsy. However, it has been found
in up to 14% of adults without epilepsy [21].
Classic semiology can include abdominal auras
(nausea, pressure, butterflies, and epigastric ris-
ing), fear, an unpleasant taste or smell, oroali-
mentary or (ipsilateral) limb automatisms, and
autonomic phenomenon. The typical ictal EEG
pattern consists of anterior temporal rhythmic
theta or alpha activity, which often exceeds 5 Hz
within 30 s of seizure onset [22, 23]. Though
many cases may have bilateral temporal onset on
scalp (bisynchronous or independent), this does
not necessarily rule out surgery. However, since
seizures may start elsewhere and spread to the
mesial temporal region, a primary extratemporal
localization may be the source of seizures, even
when semiology and ictal EEG patterns are pre-
dominantly temporal.

The most common MRI finding in MTS is
hippocampal hyperintensity on T2-weighted
sequences (e.g., FLAIR). However, this is not
very reliable. Hippocampal atrophy is the most
specific finding, usually noted on T1-weighted,

thin cut imaging (Fig. 14.4) [24]. When com-
paring hippocampal volumes, asymmetry of the
temporal horns of the lateral ventricle should not
be over-interpreted as MTS. Additionally, even if
MRI is normal, PET may show temporal hypo-
metabolism suggestive of MTS. A recent study
found good surgical outcomes after temporal
lobectomy in patients with PET-positive,
MRI-negative temporal lobe lesions [25], com-
parable to the typical MRI-positive MTS
patients.

The cause of MTS is unclear. There may be a
relationship between MTS, early complex febrile
seizures, and childhood head trauma, but cause
and effect remain controversial. Often there is a
latent period between the injury and seizure
onset, but it is not clear whether the MTS noted
on imaging was either not previously present, not
apparent since the brain was still developing, or
not able to be studied by current imaging
techniques.

Histopathology in MTS usually involves
neuronal loss and gliosis in the CA1, CA3, and
CA4 hippocampal regions, with relative sparing
of CA2. Surgical experience has noted two
important areas outside the hippocampus that
usually require resection to achieve a good sei-
zure outcome: the parahippocampal gyrus and
the amygdala. Because MTS is so common, and
so amenable to surgical resection, new-onset
temporal lobe epilepsy at any age warrants
evaluation for MTS. Dual pathology (MTS with
coexistent neoplasms, MCDs, or vascular
lesions) may require resection of both lesions for
a good outcome.

Fig. 14.4 Right mesial
temporal sclerosis, with
hippocampal atrophy on
T1-weighted MRI and
anterior temporal
hypometabolism on
FDG-PET
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and functional mapping (e.g., language or motor
function) should be used to guide resection.

Malformations of Cortical
Development

Classification and understanding of malformations
of cortical development (MCDs) continues to
evolve. Most definitions are based on genetics,
imaging, molecular biology, and pathology [8, 9].
Stem cells not only differentiate into neurons and
glia, but they alsomigrate radially outward from the
germinal matrix in the deep forebrain and
periventricular regions. They also organize into
“cytoarchitectonic” patterns, creating the six layers
of neocortex. Any disruption in this process can
lead toMCDs (i.e., normal cells in the wrong place,
or abnormal cells in the right place).

Many MCDs are named based on descriptive
anatomic terms and do not indicate a specific
disease or genetic cause per se; in fact, many
have overlapping pathology. Some occur in iso-
lation as well as in the context of larger syn-
dromes, such as hemimegalencephaly (HMEG).
HMEG is characterized by a triad of intractable
partial seizures from infancy, hemiparesis, and
developmental delay; imaging readily identifies
an enlarged, dysmorphic cerebral hemisphere.
HMEG may occur in neurocutaneous syndromes,
such as tuberous sclerosis complex (TSC) or
neurofibromatosis. Functional hemispherectomy
can improve seizure control and quality of life.

Lissencephaly (LIS) and subcortical band
heterotopia (SBH) are two distinct phenotypes
that may share similar genetic features. LIS is
characterized by a “smooth brain” with absent or
decreased convolutions (so-called agyria or
pachygyria). SBH consists of an extra band of
gray matter within the white matter (also known
as “double cortex”). The classical form of LIS
has a thickened, four-layer cortex and may have
associated SBH. The autosomal dominant form
of LIS is caused by LIS1 gene mutation and is
typically more severe posteriorly, whereas the
X-linked form is usually caused by DCX
(“doublecortin”) gene mutation and is typically
more severe anteriorly. The X-linked inheritance

has important implications; males have the more
severe phenotype of LIS, whereas females have
the milder phenotype of SBH (e.g., mild devel-
opmental delay and seizure onset in teenage
years).

Polymicrogyria (PMG) is characterized by
excessive, small gyri. It may present as bilateral
perisylvian polymicrogyria syndrome, consisting
of seizures, aphasia, and oromotor dysfunction.
Schizencephaly (SCZ) and porencephaly
(POR) are both characterized by parenchymal
“clefts”; SCZ typically has gray matter along the
clefts (which is often PMG), whereas POR has a
white matter lining. When SCZ is associated with
optic nerve hypoplasia and absence of the septum
pellucidum, this is known as septo-optic dys-
plasia (de Morsier syndrome), and screening for
hypopituitarism is important.

Periventricular nodular heterotopia (PVNH)
consists of gray matter nodules along the lateral
ventricles due to failed neuronal migration
(Fig. 14.2), often causing intractable focal sei-
zures. PVNH may be associated with abnormal
overlying cortex; there is debate as to whether
both the nodule and cortex should be resected.
PVHN must be differentiated from the
subependymal nodules of TSC (Table 14.2).

Fig. 14.2 Bilateral periventricular nodular heterotopia,
as seen on T2-weighted MRI
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increase, gray-white matter blurring, and the presence of a
Btransmantle^ signs [9, 10]. Post-surgical pathology in four
patients of Bno change^ were described as having FCD
type I, which was not always picked up by MRI in the
majority of patients with FCD type I [10].

Among the 17 post-surgical patients, 88.2% had good out-
comes, whereas 11.8% had poor outcomes. These findings
were consistent with previous studies in non-lesional or
MRI-negative epilepsy patients [11]. Incorporating 18F-FDG
PETandMRI coregistration into themultimodality presurgical
evaluation has enhanced the noninvasive identification and
successful surgical treatment of patients with cortical dysplasia
(CD), especially for 33% of patients with non-concordant
findings and those with normal MRI scans from mild type I
FCD. In another study, using co-registration to enhance the
recognition of FCD, EEG and neuroimaging findings were
concordant in 52% of type I FCD patients, compared with
89% of type II FCD patients [12]. Due to improved confidence
in presurgical localization, co-registered imaging may reduce
the need for invasive EEG monitoring. Therefore, co-
registration of 18F-FDGPET and HR-MRI images should be
recommended as a standard procedure for conventional MRI
negative refractory ETLE patients for pre-surgical evaluation.

There were several limitations to the current study. Firstly,
since the surgical candidates were prospectively included, sur-
gical resection had not been performed on all patients. The
patients who chose to continue conservativemedication did so
due to their consideration of economic burden or postopera-
tive complications. Secondly, MRI and 18F-FDG PET scans

were performed separately, and co-registered using software
techniques. Acquiring both modalities in a single session on a
hybrid systemwould be particularly beneficial for the epilepsy
pre-surgical evaluation.

Conclusion

Pre-surgical evaluation by co-registration could improve the
identification of EOZ, and may further guide the clinical
decision-making and improve the outcome of the
extratemporal epilepsy patients with normal MRI. Therefore,
co-registration should be recommended as a standard proce-
dure for conventional MRI negative refractory ETLE patients
for pre-surgical evaluation.
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Fig. 3 a. A 22-year-old male with refractory focal epilepsy for 2 years.
Co-registration detected a missing transmantle in the left superior frontal
gyrus. The patient was classified as Change-1. The patient underwent
resective surgery and pathology confirmed FCD type II. b. A 4-year-old
girl with refractory focal epilepsy for 2 years. Co-registration confirmed a

lesion located in the right middle frontal gyrus which was considered as a
nonspecific abnormality in the first MRI reading (Change-2). She was
recommended for resective surgery, and pathological findings confirmed
FCD type II
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Axial FLAIR (a) demonstrates enlargement of the left 

lateral ventricle temporal horn and the left hippocampus 

is relatively smaller and hyperintense compared to the 

contralateral side. Note that the lateral aspect of the left 

hippocampal body is abnormally smooth, and hippocampal 

head digitations are reduced (arrow). Companion coronal 

FLAIR (b) and T2-weighted MRI (c) demonstrate volume loss, 

hyperintensity, and subtle laminar blurring. These are classic 

MRI findings for left hippocampal sclerosis. If the amygdala 

also is involved, this can be classified as left mesial temporal 

sclerosis.

Axial FLAIR, companion coronal FLAIR and T2-weighted MRI 

the gray–white junction on T1 and T2-FLAIR
images due to hypomyelination or dysmyelination
of the subcortical white matter with or without
cortical thickening. Here, the increased white
matter signal changes on T2, WI, and FLAIR
images frequently tapers toward the ventricles

(aka the “transmantle sign”) which marks the
involvement of radial glial neuronal bands. This
radiological feature differentiates FCD from
low-grade tumors. Type II lesions are more
commonly seen outside the temporal lobe with
predilection for the frontal lobes. Type III FCD is

Fig. 21.1 Axial FLAIR (a) demonstrates enlargement of
the left lateral ventricle temporal horn and the left
hippocampus is relatively smaller and hyperintense com-
pared to the contralateral side. Note that the lateral aspect
of the left hippocampal body is abnormally smooth, and
hippocampal head digitations are reduced (arrow).

Companion coronal FLAIR (b) and T2-weighted MRI
(c) demonstrate volume loss, hyperintensity, and subtle
laminar blurring. These are classic MRI findings for left
hippocampal sclerosis. If the amygdala also is involved,
this can be classified as left mesial temporal sclerosis

Fig. 21.2 Coronal T2-weighted images demonstrating
globular left hippocampus (arrow, panel a) more vertical
left collateral sulcus and low-lying left body of the fornix
(arrow, panel b) consistent with incomplete hippocampal

inversion (IHI). This patient also had left hippocampal
sclerosis, but it remains controversial whether IHI
predisposes to sclerosis or is just an incidental association
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Companion T2 and T1-weighted MRI 

Oblique coronal T2 demonstrates obvious volume loss and 

laminar blurring of the right hippocampal head (arrow, panel 

a) consistent with right hippocampal sclerosis and right 

fornix atrophy (b). There is a small gray matter heterotopia in 

the lateral wall of the right lateral ventricle, best seen on the 

coronal double-inversion recovery image (arrow, panel c) 

compared to companion T2 and T1-weighted MRI (b and d).

transcortical cleft that can extend from ventricles
to the pia with open or fused lips, and often
polymicrogyria is seen on the lips of the schizen-
cephaly (Fig. 21.9). Hemimegalencephaly is the
unilateral hamartomatous excessive growth of all
or part of one cerebral hemisphere at different
phases of embryologic development.MRI in these
cases reveals an enlarged hemisphere with
increased white matter volume, cortical thicken-
ing, agyria, pachygyria, polymicrogyria or lissen-
cephaly, and blurring of the gray–white matter
junction. Often, a large, ipsilateral irregularly
shaped ventricle may be seen.

Brain tumors: Approximately 20–40% of the
adults with primary brain tumors experience one
seizure prior to the tumor diagnosis, and another
20–45% will suffer from seizures during the
course of the illness [1]. This incidence rate
varies depending on the tumor type, the grade of
the tumor, and its location. Seizures are more
common in slow growing tumors such as
meningiomas, gangliogliomas (GGs), dysemby-
oplastic neuroepithelial tumors (DNETs), or dif-
fuse low-grade tumors such as Grade II
astrocytomas, oligodendrogliomas, and oligoas-
trocytomas (Table 21.2). Typically, the low-grade

Fig. 21.4 Oblique coronal T2 demonstrates obvious
volume loss and laminar blurring of the right hippocampal
head (arrow, panel a) consistent with right hippocampal
sclerosis and right fornix atrophy (b). There is a small

gray matter heterotopia in the lateral wall of the right
lateral ventricle, best seen on the coronal double-inversion
recovery image (arrow, panel c) compared to companion
T2 and T1-weighted MRI (b and d)

Fig. 21.5 Axial and coronal T2-weighted MRI, and
coronal FLAIR demonstrate a small encephalocele that
involves a focal portion of the fusiform gyrus cortex
extending into the right foramen ovale (arrows). The MRI

abnormality is not always associated with seizures, but
should be considered suspicious. In this case, the finding
was concordant with semiology and EEG
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transcortical cleft that can extend from ventricles
to the pia with open or fused lips, and often
polymicrogyria is seen on the lips of the schizen-
cephaly (Fig. 21.9). Hemimegalencephaly is the
unilateral hamartomatous excessive growth of all
or part of one cerebral hemisphere at different
phases of embryologic development.MRI in these
cases reveals an enlarged hemisphere with
increased white matter volume, cortical thicken-
ing, agyria, pachygyria, polymicrogyria or lissen-
cephaly, and blurring of the gray–white matter
junction. Often, a large, ipsilateral irregularly
shaped ventricle may be seen.

Brain tumors: Approximately 20–40% of the
adults with primary brain tumors experience one
seizure prior to the tumor diagnosis, and another
20–45% will suffer from seizures during the
course of the illness [1]. This incidence rate
varies depending on the tumor type, the grade of
the tumor, and its location. Seizures are more
common in slow growing tumors such as
meningiomas, gangliogliomas (GGs), dysemby-
oplastic neuroepithelial tumors (DNETs), or dif-
fuse low-grade tumors such as Grade II
astrocytomas, oligodendrogliomas, and oligoas-
trocytomas (Table 21.2). Typically, the low-grade

Fig. 21.4 Oblique coronal T2 demonstrates obvious
volume loss and laminar blurring of the right hippocampal
head (arrow, panel a) consistent with right hippocampal
sclerosis and right fornix atrophy (b). There is a small

gray matter heterotopia in the lateral wall of the right
lateral ventricle, best seen on the coronal double-inversion
recovery image (arrow, panel c) compared to companion
T2 and T1-weighted MRI (b and d)

Fig. 21.5 Axial and coronal T2-weighted MRI, and
coronal FLAIR demonstrate a small encephalocele that
involves a focal portion of the fusiform gyrus cortex
extending into the right foramen ovale (arrows). The MRI

abnormality is not always associated with seizures, but
should be considered suspicious. In this case, the finding
was concordant with semiology and EEG

21 Neuroimaging in Epilepsy 277



ATLAS OF MRI IN EPILEPSY
3

Authors: Diana M. Gomez-Hassan, Aine Marie Kelly, Daniela N. Minecan, Bruno P. Soares
Title: Seizures in adults and children: evidence-based emergency imaging
Book: Evidence-Based Emergency Imaging
DOI: 10.1007/978-3-319-67066-9_10
© Springer International Publishing AG, part of Springer Nature 2018 

A 4-year-old boy with focal seizures with a cerebral pyogenic abscess on neuroimaging

Axial noncontrast head CT image (a) shows large right 

hemispheric mass lesion with surrounding hypodensity 

suggestive of vasogenic edema. Sagittal contrast-enhanced 

T1-weighted MR image (b) shows large rim-enhancing 

mass lesion. Diffusion-weighted image (c) shows high 

signal intensity of the lesion contents, with corresponding 

hypointense signal on ADC map (d), indicating restricted 

diffusion from purulent content.

146

 Suggested Imaging Protocols

 Noncontrast Brain CT Protocol

In the acute or emergent setting, we recommend 

non-enhanced axial contiguous 5 mm sections 

through the entire brain. Radiation doses should 

follow the as low as reasonably achievable 

(ALARA) recommendation.

 MRI Imaging

MRI of the brain for the workup of epilepsy and 

nonfebrile seizures should include a high- 

resolution dedicated epilepsy protocol which 

includes sequences that optimize contrast resolu-

tion and signal abnormalities.

Fig. 10.2 A 39-year-old man with seizures of temporal 
lobe origin. Coronal T2-weighted image shows decreased 
volume and increased signal intensity in the left hippo-
campus consistent with mesial temporal sclerosis

Fig. 10.3 A 4-year-old boy with focal seizures with a 
cerebral pyogenic abscess on neuroimaging. Axial non-
contrast head CT image (a) shows large right hemispheric 
mass lesion with surrounding hypodensity suggestive of 
vasogenic edema. Sagittal contrast-enhanced T1-weighted 

MR image (b) shows large rim-enhancing mass lesion. 
Diffusion-weighted image (c) shows high signal intensity 
of the lesion contents, with corresponding hypointense sig-
nal on ADC map (d), indicating restricted diffusion from 
purulent content

D.M. Gomez-Hassan et al.
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A 59-year-old woman with mental status changes, headache, fever, and a seizure

Imaging suggested herpes (HSV1) encephalitis. Axial 

noncontrast head CT (a) shows marked hypodensity of 

the right temporal lobe and bilateral areas of high density 

consistent with acute hemorrhage in the bilateral mesial 

temporal lobes. Axial T2-FLAIR MR image (b) shows bilateral 

asymmetric high signal intensity within the temporal 

lobes. Axial T2-weighted MR image (c) shows additional 

involvement of the right insula and posterior cingulate gyrus 

as areas of high signal intensity. Coronal contrast-enhanced 

T1-weighted image (d) shows leptomeningeal and cortical 

enhancement in the right temporal lobe and insula.
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The suggested MRI protocol includes the fol-

lowing sequences: T1-weighted, coronal 3D vol-

ume 1 mm section thickness (ST) no gap, axial 

and coronal oblique fluid-attenuated inversion 

recovery, axial dual echo (gradient and spin 

echo), diffusion-weighted axial, and T2-weighted 

coronal fast spin-echo images through the entire 

brain. At least one post-contrast sequence should 

be obtained to exclude enhancing lesions.

 Neonatal MRI Protocol (48)

A standard neonatal MRI protocol should include 

sagittal T1-weighted images (T1WI), axial or 

coronal T2-weighted images (T2WI), and T1WI 

or inversion recovery-weighted images and 

diffusion- weighted images (DWI), including dif-

fusion coefficient (ADC) mapping. Magnetic 

resonance venography (MRV), MR angiography 

Fig. 10.4 A 59-year-old woman with mental status 
changes, headache, fever, and a seizure. Imaging sug-
gested herpes (HSV1) encephalitis. Axial noncontrast 
head CT (a) shows marked hypodensity of the right tem-
poral lobe and bilateral areas of high density consistent 
with acute hemorrhage in the bilateral mesial temporal 
lobes. Axial T2-FLAIR MR image (b) shows bilateral 

asymmetric high signal intensity within the temporal 
lobes. Axial T2-weighted MR image (c) shows additional 
involvement of the right insula and posterior cingulate 
gyrus as areas of high signal intensity. Coronal contrast- 
enhanced T1-weighted image (d) shows leptomeningeal 
and cortical enhancement in the right temporal lobe and 
insula

10 Seizures in Adults and Children: Evidence-Based Emergency Imaging
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Imaging revealed acute necrotizing encephalitis. Axial 

noncontrast head CT image (a) shows abnormal patchy 

hypodensity involving the bilateral deep gray nuclei. Axial 

T2-weighted MR image (b) shows abnormal swelling and 

hyperintense signal of the thalami, basal ganglia, and 

adjacent white matter tracts.

A 5-week-old girl with lethargy, poor feeding, and seizures
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(MRA), 1H-magnetic resonance spectroscopy 
(MRS), and susceptibility-weighted images 
(SWI) should preferably be available as well.

DWI is especially important in hypoxic-isch-
emic encephalopathy HIE and perinatal arterial 
ischemic stroke (PAIS) and is also useful in central 
nervous system (CNS) infections. MRV should be 

added when a cerebral sinus venous thrombosis 
(CSVT) is suspected. MRA can be useful in 
(PAIS) and in diagnosing arteriovenous malforma-
tions. 1H-MRS can provide additional information 
in suspected metabolic disorders, and HIE and 
SWI are useful in diagnosing (small) hemorrhages. 
Section thickness should be 2 mm or less.

Fig. 10.5 A 5-week-old girl with lethargy, poor feeding, 
and seizures. Imaging revealed acute necrotizing enceph-
alitis. Axial noncontrast head CT image (a) shows abnor-
mal patchy hypodensity involving the bilateral deep gray 

nuclei. Axial T2-weighted MR image (b) shows abnormal 
swelling and hyperintense signal of the thalami, basal 
ganglia, and adjacent white matter tracts

Fig. 10.6 A 62-year-old woman presented with a seizure 
indicating temporal lobe origin. Imaging revealed a neu-
roglial tumor. Coronal (a) T2-weighted MR image shows 

a multicystic mass lesion centered in the right amygdala, 
with corresponding high T2 signal intensity on the coro-
nal T2-FLAIR image (b)

D.M. Gomez-Hassan et al.
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Left temporal glioblastoma multiforme, on T2 FLAIR and T1-

contrasted MRI. Nearly all dysembryoplastic neuroepithelial 

tumors will cause seizures, followed by gangliogliomas 

and low-grade astrocytomas; higher grade or fast-growing 

tumors (such as glioblastoma multiforme [GBM] or 

primary CNS lymphoma) do not cause seizures as often. A 

characteristic GBM is shown in this figure.

Left temporal glioblastoma multiforme
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Brain Tumors and Epilepsy

Intracranial tumors are a common cause of adult
—and childhood-onset epilepsies. In general, the
following tumors are more epileptogenic:
adult-onset tumors (which tend to be supraten-
torial, as opposed to pediatric tumors), lower
grade tumors, cortical tumors, and tumors closer
to sensitive networks, such as hippocampus or
motor cortex [5]. Parietal tumors have the
strongest association with seizures, followed
closely by temporal tumors.

Seizure semiology depends on tumor location,
but certain pathologies have stronger association
with seizures. Nearly all dysembryoplastic neu-
roepithelial tumors will cause seizures, followed
by gangliogliomas and low-grade astrocytomas;
higher grade or fast-growing tumors (such as
glioblastoma multiforme [GBM] or primary CNS
lymphoma) do not cause seizures as often [6].
A characteristic GBM is shown in Fig. 14.1.
Additionally, hypothalamic hamartomas cause
gelastic seizures. Regardless of tumor type, a
seizure as the initial symptom of tumor presen-
tation may increase the risk of recurrent seizures
and refractory seizures, possibly independent of
treatment.

Epileptogenicity may relate to both peritu-
moral (non-neoplastic) tissue as well as genetic
factors. Higher grade tumors may have central
necrosis and be electrically silent, whereas sur-
rounding hemosiderin or edematous tissue may
be epileptogenic. One example of a genetic

correlation is the absence of LGI1 gene product
in GBM, due to gene translocation [5]. This is a
tumor suppressor gene, but two non-neoplastic
epilepsies relate to LGI1: autosomal dominant
lateral temporal lobe epilepsy with auditory fea-
tures caused by LGI1 gene mutation and
autoimmune epilepsy related to antibodies
against an LGI1 gene product (VGKC complex).

The American Academy of Neurology
(AAN) guidelines recommend strongly against
AED prophylaxis in brain tumor patients without
a history of seizures, since prophylaxis does not
prevent the first seizure [7]. AED prophylaxis
may be used peri- and post-operatively, but
usually only for one week. Once seizures have
occurred, AEDs must be chosen carefully due to
interactions with chemotherapy and corticos-
teroids, as well as additive risk of bone marrow
suppression. Thus, agents such as levetiracetam
and lacosamide may be preferred.

The goal of seizure freedom must be balanced
with tumor prognosis; seizure freedom may not
be a goal with unresectable tumors. Surgical
treatment must be divided into “tumor surgery”
(curative) or “epilepsy surgery” (palliative). Poor
prognostic factors for seizure control include
longer epilepsy duration, lower tumor grade,
seizures at time of tumor diagnosis, and incom-
plete resection. Surgery can be considered even
in low-grade tumors with resistant epilepsy, even
if stable on imaging. Imaging alone should not
guide surgery, since peritumoral tissue can be
epileptogenic. Video-EEG, electrocorticography,

Fig. 14.1 Left temporal
glioblastoma multiforme,
on T2 FLAIR and
T1-contrasted MRI
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Bilateral periventricular nodular heterotopia (PVNH), as seen 

on T2-weighted MRI. PVNH consists of gray matter nodules 

along the lateral ventricles due to failed neuronal migration, 

often causing intractable focal seizures.

Bilateral periventricular nodular heterotopia

and functional mapping (e.g., language or motor
function) should be used to guide resection.

Malformations of Cortical
Development

Classification and understanding of malformations
of cortical development (MCDs) continues to
evolve. Most definitions are based on genetics,
imaging, molecular biology, and pathology [8, 9].
Stem cells not only differentiate into neurons and
glia, but they alsomigrate radially outward from the
germinal matrix in the deep forebrain and
periventricular regions. They also organize into
“cytoarchitectonic” patterns, creating the six layers
of neocortex. Any disruption in this process can
lead toMCDs (i.e., normal cells in the wrong place,
or abnormal cells in the right place).

Many MCDs are named based on descriptive
anatomic terms and do not indicate a specific
disease or genetic cause per se; in fact, many
have overlapping pathology. Some occur in iso-
lation as well as in the context of larger syn-
dromes, such as hemimegalencephaly (HMEG).
HMEG is characterized by a triad of intractable
partial seizures from infancy, hemiparesis, and
developmental delay; imaging readily identifies
an enlarged, dysmorphic cerebral hemisphere.
HMEG may occur in neurocutaneous syndromes,
such as tuberous sclerosis complex (TSC) or
neurofibromatosis. Functional hemispherectomy
can improve seizure control and quality of life.

Lissencephaly (LIS) and subcortical band
heterotopia (SBH) are two distinct phenotypes
that may share similar genetic features. LIS is
characterized by a “smooth brain” with absent or
decreased convolutions (so-called agyria or
pachygyria). SBH consists of an extra band of
gray matter within the white matter (also known
as “double cortex”). The classical form of LIS
has a thickened, four-layer cortex and may have
associated SBH. The autosomal dominant form
of LIS is caused by LIS1 gene mutation and is
typically more severe posteriorly, whereas the
X-linked form is usually caused by DCX
(“doublecortin”) gene mutation and is typically
more severe anteriorly. The X-linked inheritance

has important implications; males have the more
severe phenotype of LIS, whereas females have
the milder phenotype of SBH (e.g., mild devel-
opmental delay and seizure onset in teenage
years).

Polymicrogyria (PMG) is characterized by
excessive, small gyri. It may present as bilateral
perisylvian polymicrogyria syndrome, consisting
of seizures, aphasia, and oromotor dysfunction.
Schizencephaly (SCZ) and porencephaly
(POR) are both characterized by parenchymal
“clefts”; SCZ typically has gray matter along the
clefts (which is often PMG), whereas POR has a
white matter lining. When SCZ is associated with
optic nerve hypoplasia and absence of the septum
pellucidum, this is known as septo-optic dys-
plasia (de Morsier syndrome), and screening for
hypopituitarism is important.

Periventricular nodular heterotopia (PVNH)
consists of gray matter nodules along the lateral
ventricles due to failed neuronal migration
(Fig. 14.2), often causing intractable focal sei-
zures. PVNH may be associated with abnormal
overlying cortex; there is debate as to whether
both the nodule and cortex should be resected.
PVHN must be differentiated from the
subependymal nodules of TSC (Table 14.2).

Fig. 14.2 Bilateral periventricular nodular heterotopia,
as seen on T2-weighted MRI
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Left parietal focal cortical dysplasia (FCD), with 

thickened cortex on T2 FLAIR and concordant region 

of hypometabolism on FDG-PET. FCDs can also cause 

intractable focal seizures. Typical MRI findings include 

blurred gray–white junction, thickened cortex, or the 

transmantle sign (a band of T2 hyperintensity extending 

radially between the cortex and ventricle).

Left parietal focal cortical dysplasia, with thickened cortex

PVNH can be familial, most often due to the
X-linked FLNA (filamin A) gene mutation.
Genetic cases are typically female and have
bilateral PVNH (presumably the mutation is
lethal in males).

Focal cortical dysplasias (FCDs) can also cause
intractable focal seizures. Typical MRI findings
include blurred gray–white junction, thickened
cortex (Fig. 14.3), or the transmantle sign (a band
of T2 hyperintensity extending radially between
the cortex and ventricle). Many FCDs are subtle
or not visible on MRI and may be found on
functional imaging (PET or interictal SPECT, see
Fig. 14.3). FCDs can be classified by pathological
severity [10, 11]; more severe pathology has better
prognosis, possibly due to being more visible on
MRI or due to having better defined resection
margins [12]. The mildest type is known as
microdysgenesis. The intermediate type (Type I)
may or may not be seen on MRI. The most severe
type (Type II) can have “balloon cells” on
pathology (Type IIb). Type III refers to dual
pathology (FCDs associated with other lesions,
such as tumors or mesial temporal sclerosis).

Post-traumatic Epilepsy

Head trauma is a leading cause of epilepsy,
especially in young adults. The challenge lies in
differentiating post-traumatic epileptic seizures
from psychogenic non-epileptic events (PNES),
though both may coexist in the same patient.
Post-traumatic seizures are classified as early
(within the first week) and late (after the first
week).

A single late unprovoked post-traumatic sei-
zure is nearly synonymous with epilepsy, and the
terms may be used interchangeably. In one study,
the risk of seizure recurrence after a single late
seizure was 86%within two years [13]. Therefore,
only one late seizure is necessary to diagnose
epilepsy and strongly consider AED treatment.
Approximately 10% of patients with early
post-traumatic seizures develop epilepsy; how-
ever, multivariate analysis has shown that this can
be explained by factors other than the early sei-
zures themselves [14]. Also, early status epilepti-
cus may have a higher risk for late seizures.

Table 14.2 Comparison of periventricular lesions in two distinct neurological disorders

Tuberous sclerosis complex (subependymal nodules) Periventricular nodular heterotopia

Smaller Larger

Less in number More in number, often bilateral

Heterogeneous Homogeneous

Calcified Not calcified

White matter intensity on MRI Gray matter intensity on MRI

Fig. 14.3 Left parietal
focal cortical dysplasia,
with thickened cortex on
T2 FLAIR and concordant
region of hypometabolism
on FDG-PET
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Right mesial temporal sclerosis, with hippocampal atrophy

Right mesial temporal sclerosis, with hippocampal atrophy 

on T1-weighted MRI and anterior temporal hypometabolism 

on FDG-PET.  The most common MRI finding in MTS is 

hippocampal hyperintensity on T2-weighted sequences 

(e.g., FLAIR). However, this is not very reliable. Hippocampal 

atrophy is the most specific finding, usually noted on T1-

weighted, thin cut imaging.
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evidence that treating early post-stroke seizures
prevents the development of epilepsy, although
only one of the studies reviewed met inclusion
criteria as a randomized controlled trial designed
to address this question.

Mesial Temporal Sclerosis

Mesial temporal sclerosis (MTS), also known as
hippocampal sclerosis, is one of the most com-
mon causes of adult-onset epilepsy, especially
refractory epilepsy. However, it has been found
in up to 14% of adults without epilepsy [21].
Classic semiology can include abdominal auras
(nausea, pressure, butterflies, and epigastric ris-
ing), fear, an unpleasant taste or smell, oroali-
mentary or (ipsilateral) limb automatisms, and
autonomic phenomenon. The typical ictal EEG
pattern consists of anterior temporal rhythmic
theta or alpha activity, which often exceeds 5 Hz
within 30 s of seizure onset [22, 23]. Though
many cases may have bilateral temporal onset on
scalp (bisynchronous or independent), this does
not necessarily rule out surgery. However, since
seizures may start elsewhere and spread to the
mesial temporal region, a primary extratemporal
localization may be the source of seizures, even
when semiology and ictal EEG patterns are pre-
dominantly temporal.

The most common MRI finding in MTS is
hippocampal hyperintensity on T2-weighted
sequences (e.g., FLAIR). However, this is not
very reliable. Hippocampal atrophy is the most
specific finding, usually noted on T1-weighted,

thin cut imaging (Fig. 14.4) [24]. When com-
paring hippocampal volumes, asymmetry of the
temporal horns of the lateral ventricle should not
be over-interpreted as MTS. Additionally, even if
MRI is normal, PET may show temporal hypo-
metabolism suggestive of MTS. A recent study
found good surgical outcomes after temporal
lobectomy in patients with PET-positive,
MRI-negative temporal lobe lesions [25], com-
parable to the typical MRI-positive MTS
patients.

The cause of MTS is unclear. There may be a
relationship between MTS, early complex febrile
seizures, and childhood head trauma, but cause
and effect remain controversial. Often there is a
latent period between the injury and seizure
onset, but it is not clear whether the MTS noted
on imaging was either not previously present, not
apparent since the brain was still developing, or
not able to be studied by current imaging
techniques.

Histopathology in MTS usually involves
neuronal loss and gliosis in the CA1, CA3, and
CA4 hippocampal regions, with relative sparing
of CA2. Surgical experience has noted two
important areas outside the hippocampus that
usually require resection to achieve a good sei-
zure outcome: the parahippocampal gyrus and
the amygdala. Because MTS is so common, and
so amenable to surgical resection, new-onset
temporal lobe epilepsy at any age warrants
evaluation for MTS. Dual pathology (MTS with
coexistent neoplasms, MCDs, or vascular
lesions) may require resection of both lesions for
a good outcome.

Fig. 14.4 Right mesial
temporal sclerosis, with
hippocampal atrophy on
T1-weighted MRI and
anterior temporal
hypometabolism on
FDG-PET
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Refractory focal epilepsy

(a) A 22-year-old male with refractory focal epilepsy for 2 

years. Co-registration detected a missing transmantle in 

the left superior frontal gyrus. The patient was classified 

as Change-1. The patient underwent resective surgery 

and pathology confirmed FCD type II. 

(b) A 4-year-old girl with refractory focal epilepsy for 2 

years. Co-registration confirmed a lesion located in 

the right middle frontal gyrus which was considered 

as a nonspecific abnormality in the first MRI reading 

(Change-2). She was recommended for resective surgery, 

and pathological findings confirmed FCD type II.
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Title: 18F-FDG PET and high-resolution MRI co-registration for pre-surgical evaluation of patients with conventional MRI-
negative refractory extra-temporal lobe epilepsy
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increase, gray-white matter blurring, and the presence of a
Btransmantle^ signs [9, 10]. Post-surgical pathology in four
patients of Bno change^ were described as having FCD
type I, which was not always picked up by MRI in the
majority of patients with FCD type I [10].

Among the 17 post-surgical patients, 88.2% had good out-
comes, whereas 11.8% had poor outcomes. These findings
were consistent with previous studies in non-lesional or
MRI-negative epilepsy patients [11]. Incorporating 18F-FDG
PETandMRI coregistration into themultimodality presurgical
evaluation has enhanced the noninvasive identification and
successful surgical treatment of patients with cortical dysplasia
(CD), especially for 33% of patients with non-concordant
findings and those with normal MRI scans from mild type I
FCD. In another study, using co-registration to enhance the
recognition of FCD, EEG and neuroimaging findings were
concordant in 52% of type I FCD patients, compared with
89% of type II FCD patients [12]. Due to improved confidence
in presurgical localization, co-registered imaging may reduce
the need for invasive EEG monitoring. Therefore, co-
registration of 18F-FDGPET and HR-MRI images should be
recommended as a standard procedure for conventional MRI
negative refractory ETLE patients for pre-surgical evaluation.

There were several limitations to the current study. Firstly,
since the surgical candidates were prospectively included, sur-
gical resection had not been performed on all patients. The
patients who chose to continue conservativemedication did so
due to their consideration of economic burden or postopera-
tive complications. Secondly, MRI and 18F-FDG PET scans

were performed separately, and co-registered using software
techniques. Acquiring both modalities in a single session on a
hybrid systemwould be particularly beneficial for the epilepsy
pre-surgical evaluation.

Conclusion

Pre-surgical evaluation by co-registration could improve the
identification of EOZ, and may further guide the clinical
decision-making and improve the outcome of the
extratemporal epilepsy patients with normal MRI. Therefore,
co-registration should be recommended as a standard proce-
dure for conventional MRI negative refractory ETLE patients
for pre-surgical evaluation.
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Fig. 3 a. A 22-year-old male with refractory focal epilepsy for 2 years.
Co-registration detected a missing transmantle in the left superior frontal
gyrus. The patient was classified as Change-1. The patient underwent
resective surgery and pathology confirmed FCD type II. b. A 4-year-old
girl with refractory focal epilepsy for 2 years. Co-registration confirmed a

lesion located in the right middle frontal gyrus which was considered as a
nonspecific abnormality in the first MRI reading (Change-2). She was
recommended for resective surgery, and pathological findings confirmed
FCD type II
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Hyperintensities in the left frontal, parietal and occipital lobes

Coronal (a, b, d) and axial T2/FLAIR (c) images obtained in 

a 20-year-old male (patient 19) with serum GAD65 level 

of 54 nmol/L demonstrate multiple cortical/subcortical T2 

hyperintensities in the left frontal, parietal, and occipital 

lobes. There is mild diffuse cerebral parenchymal atrophy 

with relative preservation of cerebellar parenchymal volume 

(a) and normal appearance of the hippocampal formations 

(d).
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treatment with either anti-epileptic medications, immunosup-
pression, or both (16/19; 84%). While cerebellar atrophy was
present in 42% (8/19), only one patient clinically had ataxia. A
single patient in the study cohort had been treated with

phenytoin. Eight patients (42%) had cognitive decline, though
only half had appreciable parenchymal volume loss on MRI.
Several pat ients had a concomitant autoimmune
endocrinopathy, with 42% of patients diagnosed with
autoimmune-related thyroid disease and 36% of patients with
type 1 diabetes. The majority of patients (58%) were eventu-
ally treated with some form of immunotherapy. Two had re-
sponses, but only one demonstrated sustained clinical im-
provement. Two patients had a history of malignancy; how-
ever, these were documented prior to the neurologic presenta-
tion and the neurologic conditions were not felt attributable to
a paraneoplastic effect.

Discussion

The most common imaging finding in patients with GAD65
autoimmune epilepsy is disproportionate parenchymal atro-
phy for age, either involving the cerebellum in isolation or a
combination of both cerebral and cerebellar atrophy. The over-
all degree of atrophy is particularly notable, given the typically
young age of the patients in this series. In patients who had
serial examinations available for review, atrophy was typically
progressive over time (Figs. 4 and 5). It is important to note
that while cerebellar atrophy was a common imaging finding

Fig. 1 Coronal (a, b, d) and axial
T2/FLAIR (c) images obtained in
a 20-year-old male (patient 19)
with serum GAD65 level of
54 nmol/L demonstrate multiple
cortical/subcortical T2
hyperintensities in the left frontal,
parietal, and occipital lobes.
There is mild diffuse cerebral
parenchymal atrophy with
relative preservation of cerebellar
parenchymal volume (a) and
normal appearance of the
hippocampal formations (d)

Table 3 Summary of main imaging findings

Imaging data

Parenchymal atrophy 9/19 (47%)

Isolated cerebellar atrophy 1/19 (5%)

Isolated cerebral atrophy 1/19 (5%)

Median GAD65 level (nmol/L) 331 (33–4415)

Cortical/subcortical T2 hyperintensity 7/19 (58%)

Abnormal signal + atrophy 4/7 (57%)

Abnormal signal + MTS 0%

Median GAD65 level (nmol/L) 539 (54–2869)

Abnormal hippocampal signal 5/19 (26%)

Unilateral 3/5 (60%)

MTS 3/19 (16%)

Median GAD65 level (nmol/L) 317 (33–2245)

Abnormal parenchymal enhancement 0%

Normal MRI 6/19 (32%)

Normal reference < 0.02 nmol/L

GAD65 glutamic acid decarboxylase, MTS mesial temporal sclerosis

242 Neuroradiology (2018) 60:239–245
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MRI in a 33-year-old male (patient 8) with serum GAD65 

level of 175 nmol/L. Axial (a) and coronal (b, c) T2/FLAIR 

images demonstrate a focal area of cortical/subcortical 

parenchymal hyperintensity in the right parietal lobe (white 

arrows). Abnormal hyperintensity is also present in the 

hippocampal formations bilaterally (c).

Focal hyperintensity in the right parietal lobe
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in this series, the use of phenytoin as an anti-epileptic treat-
ment was not. This suggests that parenchymal atrophy is a
consequence of GAD65 autoimmunity rather than a con-
founding finding related to treatment effect.

The majority of patients also demonstrated cortical/subcortical
parenchymal T2 hyperintensity at baseline or follow-up MRI.
Hippocampal involvement and findings of MTS were seen in a
minority of patients, and these patients tended to have lower
overall serum GAD65 Ab titers. Intrinsic T1 hyperintensity and
abnormal parenchymal or leptomeningeal enhancement were not
seen in any patient in this series and are more typically seen in
patients with voltage-gated potassium channel autoantibodies
[10]. The presence of T1 hyperintensity or abnormal enhance-
ment should steer the radiologist away from GAD65 as a

diagnostic consideration. While there was a wide range of serum
GAD65 autoantibody titers, the lowest recorded value in our
cohort is still over 1500 times above the normal reference value.
While therewas no clear correlation between serumGAD65 titers
and the severity of imaging findings, this may be influenced in
part by the relatively small study sample size. A minority of
patients in this series (6/19, 32%) had normal brain MRI exams.

The clinical presentation of patients with GAD65 autoim-
mune epilepsy is important to consider, as patients tended to
demonstrate a common pattern of a young female patient with
medically intractable, complex partial seizures of temporal
lobe onset. Knowledge of this clinical pattern may help the
radiologist to consider GAD65 autoimmunity when it is en-
countered with the above constellation of imaging findings.

Fig. 3 MRI images obtained in a
13-year-old female (patient 17)
with GAD 65+ level of 370 nmol/
L. Images from a baseline exam
obtained in 2013 (a, b)
demonstrate abnormal T2
hyperintensity within normal-
sized hippocampal formations.
On follow-up MRI in 2016 (c, d),
there is volume loss and persistent
T2 hyperintensity involving both
hippocampal formations,
compatible with mesial
temporal sclerosis

Fig. 2 MRI in a 33-year-old male (patient 8) with serum GAD65 level of
175 nmol/L. Axial (a) and coronal (b, c) T2/FLAIR images demonstrate a
focal area of cortical/subcortical parenchymal hyperintensity in the right

parietal lobe (white arrows). Abnormal hyperintensity is also present in
the hippocampal formations bilaterally (c)

Neuroradiology (2018) 60:239–245 243





evidence that treating early post-stroke seizures
prevents the development of epilepsy, although
only one of the studies reviewed met inclusion
criteria as a randomized controlled trial designed
to address this question.

Mesial Temporal Sclerosis

Mesial temporal sclerosis (MTS), also known as
hippocampal sclerosis, is one of the most com-
mon causes of adult-onset epilepsy, especially
refractory epilepsy. However, it has been found
in up to 14% of adults without epilepsy [21].
Classic semiology can include abdominal auras
(nausea, pressure, butterflies, and epigastric ris-
ing), fear, an unpleasant taste or smell, oroali-
mentary or (ipsilateral) limb automatisms, and
autonomic phenomenon. The typical ictal EEG
pattern consists of anterior temporal rhythmic
theta or alpha activity, which often exceeds 5 Hz
within 30 s of seizure onset [22, 23]. Though
many cases may have bilateral temporal onset on
scalp (bisynchronous or independent), this does
not necessarily rule out surgery. However, since
seizures may start elsewhere and spread to the
mesial temporal region, a primary extratemporal
localization may be the source of seizures, even
when semiology and ictal EEG patterns are pre-
dominantly temporal.

The most common MRI finding in MTS is
hippocampal hyperintensity on T2-weighted
sequences (e.g., FLAIR). However, this is not
very reliable. Hippocampal atrophy is the most
specific finding, usually noted on T1-weighted,

thin cut imaging (Fig. 14.4) [24]. When com-
paring hippocampal volumes, asymmetry of the
temporal horns of the lateral ventricle should not
be over-interpreted as MTS. Additionally, even if
MRI is normal, PET may show temporal hypo-
metabolism suggestive of MTS. A recent study
found good surgical outcomes after temporal
lobectomy in patients with PET-positive,
MRI-negative temporal lobe lesions [25], com-
parable to the typical MRI-positive MTS
patients.

The cause of MTS is unclear. There may be a
relationship between MTS, early complex febrile
seizures, and childhood head trauma, but cause
and effect remain controversial. Often there is a
latent period between the injury and seizure
onset, but it is not clear whether the MTS noted
on imaging was either not previously present, not
apparent since the brain was still developing, or
not able to be studied by current imaging
techniques.

Histopathology in MTS usually involves
neuronal loss and gliosis in the CA1, CA3, and
CA4 hippocampal regions, with relative sparing
of CA2. Surgical experience has noted two
important areas outside the hippocampus that
usually require resection to achieve a good sei-
zure outcome: the parahippocampal gyrus and
the amygdala. Because MTS is so common, and
so amenable to surgical resection, new-onset
temporal lobe epilepsy at any age warrants
evaluation for MTS. Dual pathology (MTS with
coexistent neoplasms, MCDs, or vascular
lesions) may require resection of both lesions for
a good outcome.

Fig. 14.4 Right mesial
temporal sclerosis, with
hippocampal atrophy on
T1-weighted MRI and
anterior temporal
hypometabolism on
FDG-PET
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and functional mapping (e.g., language or motor
function) should be used to guide resection.

Malformations of Cortical
Development

Classification and understanding of malformations
of cortical development (MCDs) continues to
evolve. Most definitions are based on genetics,
imaging, molecular biology, and pathology [8, 9].
Stem cells not only differentiate into neurons and
glia, but they alsomigrate radially outward from the
germinal matrix in the deep forebrain and
periventricular regions. They also organize into
“cytoarchitectonic” patterns, creating the six layers
of neocortex. Any disruption in this process can
lead toMCDs (i.e., normal cells in the wrong place,
or abnormal cells in the right place).

Many MCDs are named based on descriptive
anatomic terms and do not indicate a specific
disease or genetic cause per se; in fact, many
have overlapping pathology. Some occur in iso-
lation as well as in the context of larger syn-
dromes, such as hemimegalencephaly (HMEG).
HMEG is characterized by a triad of intractable
partial seizures from infancy, hemiparesis, and
developmental delay; imaging readily identifies
an enlarged, dysmorphic cerebral hemisphere.
HMEG may occur in neurocutaneous syndromes,
such as tuberous sclerosis complex (TSC) or
neurofibromatosis. Functional hemispherectomy
can improve seizure control and quality of life.

Lissencephaly (LIS) and subcortical band
heterotopia (SBH) are two distinct phenotypes
that may share similar genetic features. LIS is
characterized by a “smooth brain” with absent or
decreased convolutions (so-called agyria or
pachygyria). SBH consists of an extra band of
gray matter within the white matter (also known
as “double cortex”). The classical form of LIS
has a thickened, four-layer cortex and may have
associated SBH. The autosomal dominant form
of LIS is caused by LIS1 gene mutation and is
typically more severe posteriorly, whereas the
X-linked form is usually caused by DCX
(“doublecortin”) gene mutation and is typically
more severe anteriorly. The X-linked inheritance

has important implications; males have the more
severe phenotype of LIS, whereas females have
the milder phenotype of SBH (e.g., mild devel-
opmental delay and seizure onset in teenage
years).

Polymicrogyria (PMG) is characterized by
excessive, small gyri. It may present as bilateral
perisylvian polymicrogyria syndrome, consisting
of seizures, aphasia, and oromotor dysfunction.
Schizencephaly (SCZ) and porencephaly
(POR) are both characterized by parenchymal
“clefts”; SCZ typically has gray matter along the
clefts (which is often PMG), whereas POR has a
white matter lining. When SCZ is associated with
optic nerve hypoplasia and absence of the septum
pellucidum, this is known as septo-optic dys-
plasia (de Morsier syndrome), and screening for
hypopituitarism is important.

Periventricular nodular heterotopia (PVNH)
consists of gray matter nodules along the lateral
ventricles due to failed neuronal migration
(Fig. 14.2), often causing intractable focal sei-
zures. PVNH may be associated with abnormal
overlying cortex; there is debate as to whether
both the nodule and cortex should be resected.
PVHN must be differentiated from the
subependymal nodules of TSC (Table 14.2).

Fig. 14.2 Bilateral periventricular nodular heterotopia,
as seen on T2-weighted MRI
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increase, gray-white matter blurring, and the presence of a
Btransmantle^ signs [9, 10]. Post-surgical pathology in four
patients of Bno change^ were described as having FCD
type I, which was not always picked up by MRI in the
majority of patients with FCD type I [10].

Among the 17 post-surgical patients, 88.2% had good out-
comes, whereas 11.8% had poor outcomes. These findings
were consistent with previous studies in non-lesional or
MRI-negative epilepsy patients [11]. Incorporating 18F-FDG
PETandMRI coregistration into themultimodality presurgical
evaluation has enhanced the noninvasive identification and
successful surgical treatment of patients with cortical dysplasia
(CD), especially for 33% of patients with non-concordant
findings and those with normal MRI scans from mild type I
FCD. In another study, using co-registration to enhance the
recognition of FCD, EEG and neuroimaging findings were
concordant in 52% of type I FCD patients, compared with
89% of type II FCD patients [12]. Due to improved confidence
in presurgical localization, co-registered imaging may reduce
the need for invasive EEG monitoring. Therefore, co-
registration of 18F-FDGPET and HR-MRI images should be
recommended as a standard procedure for conventional MRI
negative refractory ETLE patients for pre-surgical evaluation.

There were several limitations to the current study. Firstly,
since the surgical candidates were prospectively included, sur-
gical resection had not been performed on all patients. The
patients who chose to continue conservativemedication did so
due to their consideration of economic burden or postopera-
tive complications. Secondly, MRI and 18F-FDG PET scans

were performed separately, and co-registered using software
techniques. Acquiring both modalities in a single session on a
hybrid systemwould be particularly beneficial for the epilepsy
pre-surgical evaluation.

Conclusion

Pre-surgical evaluation by co-registration could improve the
identification of EOZ, and may further guide the clinical
decision-making and improve the outcome of the
extratemporal epilepsy patients with normal MRI. Therefore,
co-registration should be recommended as a standard proce-
dure for conventional MRI negative refractory ETLE patients
for pre-surgical evaluation.
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Fig. 3 a. A 22-year-old male with refractory focal epilepsy for 2 years.
Co-registration detected a missing transmantle in the left superior frontal
gyrus. The patient was classified as Change-1. The patient underwent
resective surgery and pathology confirmed FCD type II. b. A 4-year-old
girl with refractory focal epilepsy for 2 years. Co-registration confirmed a

lesion located in the right middle frontal gyrus which was considered as a
nonspecific abnormality in the first MRI reading (Change-2). She was
recommended for resective surgery, and pathological findings confirmed
FCD type II
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