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ABSTRACT - Magnetic resonance imaging (MRI) plays a central role in
the management and evaluation of patients with epilepsy. It is important
that structural MRI scans are optimally acquired and carefully reviewed
by trained experts within the context of all available clinical data. The aim
of this review is to discuss the essentials of MRI that will be useful to
health care providers specialized in epilepsy, as outlined by the compe-
tencies and learning objectives of the recently developed ILAE curriculum.
This review contains information on basic MRI principles, sequences, field
strengths and safety, when to perform and repeat an MRI, epilepsy MRI
protocol (HARNESS-MRI) and the basic reading guidelines, and common
epileptic pathologies. More advanced topics such as MRI-negative epilepsy,
functional MRI and diffusion-weighted imaging are also briefly discussed.
Although the available resources can differ markedly across different cen-
ters, it is the hope that this review can provide general guidance in the
everyday practice of using MRI for patients with epilepsy.
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Overview

The Neuroimaging Task Force of the International
League Against Epilepsy (ILAE) Commission on Dia-
gnostic Methods was tasked to create an entry-level
review paper intended to echo the competencies
and learning objectives of the recently developed
ILAE curriculum (Blimcke et al., 2019). The aim of
this review is to discuss the essentials of magnetic
resonance imaging (MRI) that will be useful to health
care providers specializing in epilepsy, as outlined by
the ILAE learning objectives (table 7). This review is
also meant to complement recent consensus recom-
mendations of the ILAE Neuroimaging Taskforce on
the use of structural MRI in the care of patients with
epilepsy (Bernasconi et al., 2019) and bring it to a more
basic level.

MRI - principles, sequences,
field strengths and safety

MRI is an important non-invasive tool for evaluation
of persons with epilepsy that provides two pieces
of critical information: a potentially epileptogenic
brain abnormality and its surrounding anatomy.
The soft tissue contrast provided by MRI makes it
sensitive to small cortical lesions. In addition, the
whole-brain coverage allows for the examination of
lesion location in relationship to eloquent cortex. The
readers are referred to the Epilepsy Imaging web-
site (http://www.epilepsy-imaging.org) for hands-on
practice sessions to review major neuroanatomical
landmarks.

MRI is a versatile tool because it can be used to
measure a range of tissue chemistry, including the
water environment in different brain tissue types. The
human body is largely composed of water molecules

each containing two hydrogen nuclei, or protons.
When inside a magnetic field, the magnetic moments
of these protons precess more coherently about an
axis aligned with the main magnetic field. When a
radio frequency pulse is applied at the precession
frequency, the protons will alter their alignment away
from the main magnetic field (longitudinal plane) and
into the transverse plane. It is the signal in transverse
plane that is received by the scanner and transformed
into an image. The protons in different tissues (such
as gray matter, white matter and cerebrospinal fluid)
return to their equilibrium state at different rates
which can be characterized by two different relaxation
times: longitudinal (T1) and transverse (T2). Therefore,
tissues in different stages of relaxation at the time
of signal detection will result in different image
contrast. An MRI pulse sequence includes a series of
excitations, relaxation delays and signal detection that
can be “tuned” to take advantage of these different
relaxation characteristics of different tissues, such as
MRI sequences that are T1-weighted or T2-weighted.
The flexibility offered by different contrasts can
enhance differences between normal and abnormal
tissues, as certain abnormalities may have similar T1
to normal tissue but very different T2, while some
other types of abnormalities may have more striking
T1 differences.

There are many ways to modify MRI acquisition
sequences to make them more sensitive to brain
pathology. The fluid attenuated inversion recovery
(FLAIR) sequence, for example, is very useful for eval-
uation of epileptogenic lesions. The FLAIR image is
similar to a T2-weighted image except that the cere-
brospinal fluid is attenuated and made dark. This
attenuation makes it easier for the human eye to
detect bright signals related to the pathology, and
therefore provides improved sensitivity for lesion
detection. Note that FLAIR images are not sensi-
tive to epilepsy-associated pathology in neonates and

Table 1. Learning objectives in the 2019 “ILAE roadmap” pertinent to MRI essentials in epileptology. Level 1
(“entry level”), Level 2 (“proficiency level”), and Level 3 (“advanced proficiency level”).

Competency Learning Objective Level
1.5.1 Recognize the spectrum of MRI sequences optimized for epilepsy Level 2
1.5.2 Decide on whom to perform structural neuroimaging Level 1
153 Decide when to conduct neuroimaging and repeat as needed Level 2
154 Decide when to conduct specialized neuroimaging and which type Level 2
(e.g. functional, metabolic, post-processing, etc.)
155 Interpret and apply the results of specialized neuroimaging accurately Level 3
in the clinical context
432 Recommend functional neuroimaging as appropriate Level 3
422 Epileptic Disord, Vol. 22, No. 4, August 2020



infants <two years, as the myelination process is not
yet complete.

The most commonly used MRI scanner field strengths
are 1.5 Tesla (1.5T) and 3.0 Tesla (3T). A higher field
strength (e.g., 3T) is capable of providing higher signal-
to-noise ratio and potentially higher contrast-to-noise
ratio than a lower field strength. A high signal-to-noise
ratio allows increased spatial resolution, thus opti-
mizing the detection of small focal lesions. However,
scans at higher fields (e.g., 3T) might be more sensi-
tive to motion and susceptibility artifacts (the latter
are caused by air-filled cavities such as nasal cavities)
than lower field scans. The recent advent of 7T MRI
follows this general trend, with further improvements
in resolution, yet increased motion and susceptibility
sensitivity.

There are no known biological risks to the human
body associated with MRI as long as there are no
ferromagnetic objects in or attached to the person.
Common contraindications may include cardiac pace-
maker/stent, cochlear implants and neurostimulators
such as vagal nerve or responsive neurostimulators.
When these contraindications are encountered, it is
essential to involve the MRI physicists and the sys-
tem manufacturer to determine whether the patient
can be safely scanned (De Jonge et al., 2014). An MRI
may also cause anxiety for people due to the confined
space. Some people may become anxious by the loud
banging noises made by the machine. Patients can be
given protective headphones that minimize the per-
ceived noise inside the MRI scanner. Some patients
may experience odd sensations such as dizziness,
metallic taste or flashes of light as they go in and out
of the scanner magnet. These sensations will depend
on the speed of scanner table movement through the
magnetic field, and typically only last for a couple
of minutes.

When to perform/repeat an MRI

Because the first seizure is often evaluated in emer-
gency settings where computerized tomography (CT)
is more available, CT may be a reasonable first attempt
to image the brain. CT can effectively detect most
tumors (except for some low-grade tumors), large
arteriovenous malformations, stroke, calcified lesions
and parenchymal infections. However, small cortical
lesions, particularly in orbitofrontal and medial tem-
poral regions, are not detectable on CT. Therefore,
patients with unknown etiology of their first seizure
and a negative CT should undergo further evaluation
with MR, if resources allow.

In patients with recurrent seizures, an MRI should be
performed early in the course to look for an underly-
ing structural abnormality (Scheffer et al., 2017). This is

MRI essentials in epileptology

because a structural abnormality on MRI considerably
increases the risk of drug resistance (Berg et al., 2009).
In the presence of an MRI abnormality after failing
to respond to the first two antiepileptic medications
(AEDs), epilepsy surgery should be considered (Wiebe
and Jette, 2012). These considerations are particu-
larly important, since epilepsy surgery is significantly
under-utilized despite evidence-based practice guide-
lines (Engel et al., 2003; Engel, 2008).

While MRI is indicated for focal epilepsy, imaging is
usually notindicated for patients with genetic and self-
limited epilepsy syndromes, such as benign childhood
epilepsy with centrotemporal spikes. However, an MRI
should be performed when there is uncertainty about
whether a patient has focal or generalized epilepsy,
or if seizures are not controlled with medications. An
MRI is also not indicated for those with probable syn-
cope or when psychogenic non-epileptic seizures are
strongly suspected.

Epilepsy MRI protocol

As summarized in table 2, recently the ILAE Neu-
roimaging Task Force recommended a set of acqui-
sition sequences that is currently considered as the
optimal epilepsy protocol, the “HARNESS”-MRI pro-
tocol (Bernasconi et al., 2019). This protocol consists
of three basic, easily-implementable sequences appli-
cable to adults and children alike. The HARNESS-MRI
protocol is optimized for 3T scanners; nevertheless,
these sequences can be obtained on a 1.5T MRI scan-
ner, as long as the general guidelines shown in table 2
are followed.

Basic reading guidelines

The ability of MRI to reveal epileptogenic lesions
strongly depends on the reader’s experience. It is
thus preferable to follow a standardized approach to
reviewing a study. Notably, a detailed review can be
time-consuming, especially when searching for subtle
lesions, particularly small cortical dysplasias. Impor-
tantly, providing as much clinical information as possi-
ble to the neuroradiologist/epileptologist inspecting
the MRI increases the yield of MRI reading. Prefer-
ably, an observer with expertise in epilepsy imaging
should review the scans. Itis furthermore often neces-
sary to repeatedly review the MRI, as even experienced
observers may miss small and subtle lesions. Review-
ing the study in the context of new information such
as positron emission tomography (PET), electroen-
cephalography/magnetoencephalography (EEG/MEG)
or other localizing information can be revealing.

When reviewing the MRI, it is important to inspect
images without inter-slice gap. It is also crucial to
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Table 2. Mandatory and optional sequences of the HARNESS-MRI protocol (Bernasconi et al., 2019).

Name (abbreviation/vendor) Advantages

Mandatory sequences —- HARNESS MRI protocol

Magnetization-prepared rapid gradient-echo T1-weighted 3D  High-resolution images that can be

(MPRAGE, Siemens), Spoiled gradient-echo reformatted to be viewed on coronal, axial

(SPGR, GE), Turbo field echo (TFE, Phillips) and sagittal planes
Optimal visualization of brain anatomy and
morphology

3D fluid attenuation inversion recovery T2-weighted 3D 3D high-resolution images that can be

(FLAIR) reformatted to any plane
Cerebrospinal fluid nulling enhances visibility
of epileptic pathologies such as focal cortical
dysplasia, hippocampal sclerosis, tubers,
hamartomas, glial scars, etc.

Coronal spin echo (acquisition plane T2-weighted 2D  High in-plane resolution

perpendicular to the long axis of the Optimal visualization of hippocampal internal

hippocampus) structure on coronal cuts

Optional sequences

Gadolinium-enhanced MRI T1-weighted 3D  Best for assessing tumor-like lesions, vascular
malformations, or infectious processes

Susceptibility weighted imaging T2*-weighted 3D  Sensitive to iron deposits, blood products and
calcifications

Figure 1. Example illustrating the importance of inspecting all imaging planes: coronal, axial and sagittal. In the left anterior insular
region, highlighted by the crosshair, a focal area of gray matter appears to have a blurred appearance on the axial cut. However, when
examining the coronal and sagittal planes, it is evident that this finding was produced by an axial slice catching the upper portion of
the insular cortex. The blurred appearance was thus caused by the combined “averaging” of signal changes from both gray and white
matter tissue (partial volume effect).

view T1-weighted and T2-weighted images side-by-
side to assess whether a putative abnormality is
seen on both sequences. To evaluate whether an
apparent abnormality is caused by partial volume
effects, it is essential to inspect all imaging planes
on the 3D sequence, i.e. coronal, axial and sagittal
planes (figure 7). Detecting an abnormality on multiple

sequences and multiple planes increases diagnostic
confidence.

Special attention should be paid to the mesial tempo-
ral structures especially if electroclinical data suggest
temporal lobe epilepsy. Coronal cuts acquired with an
imaging plane perpendicular to the long axis of hip-
pocampus (as detailed in the HARNESS-MRI protocol)
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T2-w FLAIR

Figure 2. A small FCD in the right frontal lobe (arrows) illustrated with T1-weighted MPRAGE (left), T2-weighted (T2-w) TSE (middle)
and T2-weighted FLAIR (right) images. Upper row: images with default brightness and contrast from the picture archiving and commu-
nication system (PACS) viewing system. Lower row: adjusting the image brightness and contrast enhances the conspicuity of the
transmantle sign within the white matter. Note that the transmantle sign is mainly visible in the T2-weighted TSE and FLAIR sequences,
while it remains difficult to see on the T1-weighted MRRAGE sequence despite the aforementioned adjustments.

allow for an optimal visualization of the hippocampal
internal structure. Before comparing left-right asym-
metry of volume and shape, it is important to ensure
that the patient’s head is symmetrically positioned in
the scanner. The coronal T2-weighted turbo spin echo
(TSE) sequence is optimal for comparison of volume,
shape and signal, while the coronal FLAIR sequence is
particularly suited to evaluate signal asymmetry. Sagit-
tal images on 3D FLAIR sequences provide a complete
antero-posterior view of signal distribution along the
length of the hippocampus and parahippocampus.
Attention should also be paid to the neocortical ribbon
and the white matter, particularly when electroclini-
cal data suggest an underlying focal cortical dysplasia
(FCD). A prominent feature of this cortical malforma-
tion is the transmantle sign, a funnel-shaped signal
extending across the white matter, from the lateral
ventricle to the cortex harboring the lesion. This fea-
ture is usually more evident on FLAIR, especially after
properly adjusting the brightness and contrast of the
images (figure 2). Small FCD lesions are preferentially
located at the bottom of deep sulci (Besson et al., 2008);
therefore, review of sulci anatomy is also crucial when
suspecting dysplasias.

Common epileptic pathologies

A recent study examined resected brain specimens
of approximately 10,000 patients collected over a
period of 25 years who underwent epilepsy surgery

(Blumcke et al, 2017). This retrospective study
reported hippocampal sclerosis as the most com-
mon histopathological diagnosis among adults, and
focal cortical dysplasia as the most common diagno-
sis among children. Tumors (mainly ganglioglioma)
were the second most common lesion in both groups.
The most frequent histopathological diagnostic cate-
gories reported in the study are discussed below in the
order of occurrence frequency. Readers are referred
to the Epilepsy Imaging (www.epilepsy-imaging.org)
for hands-on practice sessions for MRI case studies of
common epileptic pathologies.

Hippocampal sclerosis was seen in 36.4% of all surgi-
cal specimens, 44.5% of those from adults and 15.0%
of those from children (Blumcke et al., 2017). Typi-
cal hippocampal sclerosis is characterized by atrophy,
loss of internal structure, decreased T1-weighted and
increased T2-weighted signal intensity in the hip-
pocampus (figure 3); additional features may include
atrophy of the ipsilateral fornix, mammillary body and
the ipsilateral temporal lobe, particularly the temporal
pole (Bernhardt et al., 2016; Bernasconi et al., 2019).
Of note, about 40% of patients with temporal lobe
epilepsy present with malrotation, a shape variant
characterized by an abnormally round and vertically
orientated hippocampus, and a deep collateral sul-
cus (Bernasconi et al., 2005). This neurodevelopmental
variant also occurs in normal subjects (figure 4) and
does not seem to have clear pathological significance
(Tsai et al., 2016).

Epileptic Disord, Vol. 22, No. 4, August 2020
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Figure 3. Right mesial temporal sclerosis (arrows) as seen in coronal T2-weighted TSE (left) and coronal FLAIR (right) images. Loss of
volume and internal structure are seen in the coronal TSE, and T2-weighted signal increase is seen on the coronal FLAIR.

Figure4. Coronal T2-weighted TSE from a healthy control subject
with left hippocampal malrotation (arrow).

Brain tumors were found in 23.6% of cases, with
ganglioglioma being the most frequent finding, fol-
lowed by dysembryoplastic neuroepithelial tumors
(DNET), both commonly found in the temporal
lobe (Blumcke et al., 2017). On MRI, both tumors
are isointense to gray matter on T1-weighted and
hyperintense on T2-weighted images; gadolinium
enhancement is variable, although more common
in ganglioglioma. Dysembryoplastic neuroepithelial
tumors have a typical multilobulated appearance on
T2-weighted imaging (figure 5).

Malformations of cortical development were found in
19.8% of specimens and were the third most frequent
histopathological category; in children, malformations
of cortical development were seen in 39.3% (Blumcke
etal., 2017).

Focal cortical dysplasia (FCD) accounted for 70.6%
of cases of malformations of cortical development

Figure 5. Dysembryoplastic neuroepithelial tumor (arrow) with
a typical lobulated appearance on coronal T2-weighted TSE.

(Blumcke et al., 2017). FCD encompasses a broad
spectrum of histopathological abnormalities. Accord-
ing to the 2011 ILAE classification system (Blumcke
et al.,, 2011), FCD type | has abnormal radial and/or
tangential lamination; FCD type Il has dysmorphic neu-
rons (lla without and Ilb with balloon cells). Many
radiological features, such as abnormal cortical thick-
ness, indistinct gray-white junction, T1-weighted and
T2-weighted signal abnormalities are shared by dif-
ferent FCD subtypes (Hong et al.,, 2017); therefore,
visual determination of FCD subtypes on conventional
MRI is challenging and often inconclusive (Kim et al.,
2012). The only exception is that the transmantle sign
(figure 2) is generally associated with FCD Ilb (Kim et
al., 2012; Muhlebner et al., 2012). Figure 6 illustrates
examples of FCD type Ila and Ilb.

Polymicrogyria is characterized by regions of cerebral
cortex with excessive localized, small-scale gyration.

426

Epileptic Disord, Vol. 22, No. 4, August 2020



‘ MRI essentials in epileptology

Figure 6. (A-C) Three examples of FCD type lIb with varying degrees of the transmantle sign. (D) FCD lla with thickened cortex and

hyperintensity on T2-weighted FLAIR.

Figure 7. Sagittal T1-weighted MPRAGE images from two patients, one with left-sided perisylvian polymicrogyria (arrows, left panel)
and the other with right-sided perisylvian polymicrogyria (arrows, right panel).

The distribution of polymicrogyria can be unilateral,
bilateral symmetric or bilateral asymmetric, mostly
seen in the perisylvian region (figure 7). Seizures are
intractable in at least 50% of patients.

Hemimegalencephaly is a brain malformation char-
acterized by an abnormally enlarged and dysplastic
cerebral hemisphere (figure 8). Seizures are usually
refractory to medication. Anatomical or functional

hemispherectomy are commonly performed for
seizure control.

Periventricular nodular heterotopia is often found in
the periventricular region or subcortical white mat-
ter, suggesting a migration failure of neurons from the
ventricle to the cerebral cortex (figure 9). The nodules
may be single or multiple, unilateral or bilateral, large
or small, and symmetric or asymmetric. The signal

Epileptic Disord, Vol. 22, No. 4, August 2020
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Figure 8. Patient with right hemimegalencephaly with polymicr-
ogyria (arrows) in the right parieto-occipital region (T1-weighted
MPRAGE coronal image).

intensity is isointense to cortical gray matter. Seizures
due to periventricular nodular heterotopia are usually
intractable to medications.

Temporal lobe encephalocele is a developmental
abnormality of high epileptogenicity, with excel-
lent outcome with resection and is commonly
missed if not specifically looked for (Abou-Hamden
et al., 2010).

Vascular malformations were found in 6.1% of speci-
mens, with cavernous angiomas in the temporal lobe
being the most frequent type (Blumcke et al., 2017).
The MRI appearance of a cavernous malformation is
typically multi-cystic, with various T1-weighted and T2-
weighted signal intensities reflecting blood products

of various ages (Rosenow et al., 2013). Cavernous mal-
formations (also known as cavernomas) can occur as
single or multiple lesions (figure 10A). Because of the
hemosiderin content, gradient echo sequence or sus-
ceptibility weighted imaging sequence can increase
the sensitivity to detect small cavernomas (figure 10B).
Individuals with cavernomas that have cortical involve-
ment are more likely to have epilepsy than those with
subcortical lesions; additionally, mesial temporal cav-
ernomas are associated with more severe epilepsy
(Rosenow et al., 2013). Other vascular lesions asso-
ciated with refractory seizures include ischemic and
hemorrhagic stroke, as well as subdural hematoma.

Glial scars (gliosis) were found in 4.9% of specimens
and can be associated with FCD (FCD type Ill) accord-
ing to the 2011 ILAE classification system (Blumcke et
al.,, 2011). Gliosis is hyperintense on T2-weighted scans
and is often associated with cortical atrophy, best seen
on T1-weighted scans. It is most commonly seen fol-
lowing significant head trauma, intracranial infections,
neurosurgical procedures, or due to unknown cause.

Encephalitis and other infections. A total of 1.5%
of patients had a histopathological diagnosis of
encephalitis, most frequently Rasmussen’s encephali-
tis, affecting multiple lobes. MRI characteristics
of Rasmussen’s encephalitis include early cortical
swelling followed by cortical and subcortical hyper-
intensity on FLAIR and other T2-weighted images
with progressive atrophy of the affected hemi-
sphere. The perisylvian region has been observed
to be the predominant site for signal abnormality
and atrophy. Volume loss of the ipsilateral cau-
date head is also frequently observed (Varadkar et
al., 2014). While Rasmussen’s encephalitis was the
most common encephalitis (Blumcke et al., 2017),
it is uncommonly seen in routine clinical practice.
Instead, the most common encephalitis seen is herpes

Figure 9. Patient with bilateral periventricular nodular heterotopia (arrows). Both axial and sagittal views of the MRI (T1-weighted

MPRAGE) are shown.
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Figure 10. A patient with multiple cortico-subcortical and subcortical cavernous malformations (red arrows). Left: axial T2-weighted
TSE; right: axial T2*-susceptibility weighted imaging which shows increased sensitivity to detect the small cavernoma in the right

frontal region.

Figure 11. lllustration of a patient with herpes simplex encephalitis. (A, B) T2-weighted TSE axial/coronal; (C, D) T2-weighted FLAIR

axial/coronal.

simplex encephalitis (figure 77). In adults, herpes sim-
plex encephalitis typically affects the limbic system,
including the mesial temporal lobes, insula, and infe-
rior frontal lobes, often with bilateral asymmetrical

involvement. Key changes in the affected areas include
hyperintensity on T2-weighted sequences, hypointen-
sity on T1-weighted images and restricted diffusion
on diffusion-weighted imaging/apparent diffusion

Epileptic Disord, Vol. 22, No. 4, August 2020
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Figure 12. Patient with cerebral cysticercosis at one month (A) and three months (B) after treatment with albendazole and steroid.

coefficient images. If complicated by hemorrhage, T1-
weighted hyperintensity/T2-weighted hypointensity
may also be seen. Contrast enhancement (lep-
tomeningeal, diffuse) may also be observed later in
the disease course. Notably, the most common cause
of infection-related epilepsy worldwide is neurocys-
ticercosis; MRI changes are varied and depend on the
location and stage of the disease (figure 12). The cysts
are usually 1-2 cm and can be parenchymal, usually in
the grey-white matter junction, or they can be located
in the subarachnoid space or intraventricularly. There
are four main stages. The vesicular stage consists of
a viable parasite, with an intact membrane, and no
host reaction. On MRI, the cyst is CSF density, with a
dot sign and sometimes a hyperintense scolex can be
seen. In the colloid vesicular stage, which is the most
symptomatic stage, the parasite dies within 4-5 years
if untreated and the cyst fluid becomes turbid, and
edema ensues as the membrane becomes leaky. On
MRI, the cystic fluid is T1 hyperintense to CSF, there
is surrounding edema, and the scolex can often still
be seen. The cyst wall also thickens and shows strong
enhancement. In the granular nodular stage, the cyst
size, edema, and enhancement all decrease. The final
stage is the nodular calcified stage, where a quiescent
calcified cyst remnant remains with no edema and loss
of T2 signal. There is usually no enhancement and if
found, this could suggest ongoing seizures.

“MRI-negative” epilepsy

Up to 50% of patients with drug-resistant epilepsy eval-
uated for surgery have no apparent lesion based on

visual inspection of the MRI. These cases are usu-
ally referred to as having non-lesional or MRI-negative
epilepsy (Bernasconi et al., 2011). The definition of
MRI-negative, however, largely depends on the party
viewing the scan. In many instances, the initial MRI
scan may be interpreted as being negative; how-
ever, a second focused review, at times supported by
additional information provided by ancillary tests, may
reveal the lesion.

FCD is the most common pathologic substrate in
epilepsies with a negative MRI (Wang et al., 2013).
FCD lesions can be very subtle and masked by
the complex neocortical convexities. Their detection
may be even more difficult when non-invasive clin-
ical data, such as scalp EEG and semiology, are also
non-localizing. In MRI-negative cases, one should
first determine if the MRI scan was acquired using
HARNESS-MRI epilepsy protocol (Bernasconi et al.,
2019). In the presence of artifacts related to sub-
ject motion, which greatly affect scan interpretation,
it is imperative to repeat the MRI, preferably at 3T.
Sedation may also be required for anxious, claus-
trophobic, or pediatric patients. One should further
evaluate whether the review of the MRl was specialized
and considered significant relevant to epilepsy (see
previous section “Basic Reading Guidelines”); if not,
focused re-review should be performed, particularly
when multimodal data point to a potential epilepto-
genic zone, as illustrated in figure 13. Small bottom
of sulcus dysplasia, temporal pole encephaloceles,
hypothalamic hamartomas and subtle double cortex
should be specifically looked for in MRI-negative cases
as these diagnoses could change management and
prognosis.
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Figure 13. Multimodal imaging with interictal FDG-PET (middle) and ictal SPECT (right) which guided focused re-review of MRI (left,
T1-weighted MPRAGE sequence). Ictal SPECT data were processed using SISCOM (O’Brien et al., 2004), shown with a z score of 2. The
hypometabolism on interictal PET (arrow) and hyperperfusion on ictal SPECT both pointed to a region in the left orbitofrontal cortex.
Detailed re-review of the MRI revealed a cortical malformation characterized by gray-white blurring and thickened cortex (arrow).
Resection of this region led to postoperative seizure freedom and surgical pathology-confirmed FCD.

MRI post-processing, which enhances typical char-
acteristics of the epileptic tissue, can be applied to
assist the search for subtle FCD lesions. Some of
these post-processing algorithms include voxel-based
morphometry, texture analysis, curvilinear reformat-
ting and surface-based morphometry. Post-processing
algorithms generally operate on 3D T1-weighted volu-
metric data with whole-brain coverage using statistical
maps to direct the reader’s attention to potential
abnormalities. This allows the simultaneous consider-
ation of information from consecutive slices, whereas
conventional visual analysis examines the brain vol-
ume one slice at a time. Also, post-processing can be
done retrospectively (as long as the 3D T1-weighted
volumetric sequence is available) and does not require
additional imaging. Post-processing yields increased
sensitivity for subtle lesions that escaped initial visual
inspection (Wagner et al., 2011; Hong et al., 2014; Wang
etal., 2015). In selected centers, ultra-high field 7T MRI
may be performed, with some data showing increased
lesion visibility (De Ciantis et al., 2016; Veersema et al.,
2017; Guye etal., 2019). Theyield of ultra-high-field MRI
remains to be further studied and clarified.

Functional MRI (fMRI)

Almost all functional MRI acquisitions capitalize on
the blood oxygen level-dependent (BOLD) effect
to indirectly infer brain activity via T2* acquisitions
(Logothetis, 2003). These sequences are sensitive to
changes in magnetic susceptibility as a result of
blood oxygenation, as oxygenated hemoglobin is
diamagnetic while deoxygenated hemoglobin is para-
magnetic. Although the precise relationship between
neural activity and BOLD is still the subject of investiga-
tion, local neural activity generally leads to increases in
cerebral blood flow through neurovascular coupling.

This, in turn, results in a decrease of deoxygenated
hemoglobin and an increase in local field homogene-
ity, and therefore a small increase in the T2* signal in
regions with increased neural activity.

fMRI can be used to image brain activities in response
to an external task. Changes in T2* in response to task
conditions are usually very small (<10%). Therefore,
to detect and localize the signal increase, a number of
images need to be acquired during the performance
of the task and during control or rest periods. The task
and control images are then statistically compared to
localize the regions of signal increases associated with
the task performance (task activation). This requires
the ability to acquire T2*-weighted images every few
seconds for the duration of the study. Tasks are usually
directed to the patient via visual or auditory prompts.
The hardware and software requirements for per-
forming fMRI include the availability of the proper
MRI sequences for acquisition, proper task delivery,
and image post-processing software to identify activa-
tion. Importantly, trained imaging experts are needed
to identify brain activations in an fMRI dataset. A
more detailed description of how task-based fMRI is
provided can be found elsewhere (Silva et al., 2018;
Agarwal et al., 2019).

Task-based fMRI has been widely used in the context
of the presurgical workup to determine or confirm
language hemispheric dominance, often in the set-
ting of temporal lobe resection in the dominant
hemisphere (figure 14). Due to its non-invasiveness,
it provides more precise localization and is more
cost-effective than the Wada test (also known as
the intracarotid amobarbital procedure), particularly
in patients with left-lateralized language (Bauer et
al., 2014). According to the Practice Guideline of
American Academy of Neurology, fMRI using verbal
memory or language encoding should be considered
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Figure 14. Language fMRI in an epilepsy patient showing left hemispheric dominance during a sentence completion task. The paradigm
was taken from those recommended for presurgical language assessment from the American Society of Functional Neuroradiology

(Black et al., 2017).

Figure 15. Patient with refractory seizures arising from a brain tumor (possibly DNET) in the left mesial temporal region (amygdala and
hippocampus) associated with blurring of the grey-white matter interface in the ipsilateral temporal pole. (A) Representative FLAIR
coronal and axial brain sections displaying the lesion (red box); (B) Scalp EEG-fMRI analysis of left frontotemporal discharges (F7-T3)
shows a maximum BOLD response on the leftamygdala and hippocampus as well as an additional smaller BOLD cluster at the temporal

pole (left superior temporal gyrus).

for predicting postoperative verbal memory outcome
(Level Brecommendation) (Szaflarski et al., 2017). fMRI
using non-verbal memory encoding may be consid-
ered for predicting postoperative visuospatial memory
outcomes (Level C recommendation) (Szaflarski et
al., 2017). Patients may be unsuitable for task-based

fMRI language mapping because of claustrophobia,
implanted devices, and inability to perform activation
tasks. In this situation, the intracarotid amobarbital
procedure should be performed for language and
memory lateralization. A recent study also indicated
that reliability of fMRI could be limited in patients with
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non-typical lateralization and the intracarotid amobar-
bital procedure is warranted when fMRI fails to show
clear left lateralization (Bauer et al., 2014).

Functional MRI can also be used in mapping of pri-
mary motor, somatosensory cortex, or visual cortex.
It is particularly useful when an epileptic pathology,
such as tumor, gliosis, or FCD, is in or close to the elo-
quent cortex. Notably, distortion of the local anatomy
makes prediction of the eloquent cortex difficult, as
functional reorganization can be unpredictable in the
presence of these lesions.

Over the past decade, simultaneous scalp EEG com-
bined with fMRI (EEG-fMRI) has been increasingly used
to map the patterns of brain activation associated
with focal, mostly interictal epileptiform discharges
(figure 15). This method uses EEG data as task regres-
sors, and hemodynamic changes are then inferred in
response to electrical events such as inter-ictal spikes
(Gotman and Pittau, 2011; Beers et al., 2015; Pittau
and Vulliemoz, 2015; Vitali et al., 2015). It is believed
that the region with the maximal BOLD response
represents the spike onset zone (the area generat-
ing the interictal discharges), which may in turn be
a marker of the seizure onset zone (An et al., 2013;
Vaudano et al., 2013; Tousseyn et al., 2014; Khoo et al.,
2018, 2017;). Thus, EEG-fMRI may yield complementary
information within the presurgical workup of surgi-
cal remediable epilepsies and potentially impact on
the clinical decision-making and patient management
process (Zijlmans, 2007; Markoula et al., 2018).

In more recent years, task-based fMRI and EEG-fMRI
paradigms have increasingly been complemented with
task-free or resting-state acquisitions. Resting-state
datasets can be used to map local functional parame-
ters (Zhang et al., 2010; Hong et al., 2017; Jackson et al.,
2017). Furthermore, literature has shown that resting-
state fMRI connectivity analysis can be used to map
multiple functionally relevant networks in a single ses-
sion (Biswal et al., 1995; Greicius et al., 2003; Smith et al.,
2009), offering a window into whole-brain functioning
while not being very demanding for the participants
(unlike task-based fMRI). In select epileptic cohorts,
these tools identified atypical functional connectivity
in both large-scale networks and in regions relevant
to seizure generation (Lee et al., 2014; Bernhardt et al.,
2016; Hong et al., 2019). As such, there is high potential
for these techniques to enter clinical decision-making

in epilepsy.

Diffusion-weighted imaging

Diffusion-weighted MRI (DWI) uses MRI sequences
sensitive to diffusion of the water molecules in brain
tissue and can be used to assess white matter archi-
tecture and microstructure. In the brain, the diffusion
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Figure 16. Schematic representation focusing on the use of MRI
in the process of presurgical evaluation for patients with drug-
resistant focal epilepsy, in the setting of surgical hypothesis
forming and surgical planning.

is restricted by intracellular and extracellular bound-
aries, with myelin being the main barrier. As such,
the information contained in DWI images can guide
algorithms that approximate and visualize white mat-
ter tracts in the brain by following pathways of
unhindered water diffusion (a technique known as
known as tractography). DWI data can also be used
to extract voxel-wise parameters that reflect regional
tissue properties. Widely used diffusion parameters
are fractional anisotropy (indicating a preferred direc-
tionality of diffusion) and mean diffusivity (indicating
the overall magnitude of diffusion). These parame-
ters are usually inferred using a mathematical model
of diffusivity known as “tensor”, which describes the
magnitude of water diffusion in 3D space (hence
the term “diffusion tensor imaging” which, however,
is nowadays less frequently used). The analysis of
tensor parameters, for example the study of hippocam-
pal mean diffusivity, has been shown to be sensitive
to localize and lateralize epileptic lesions such as
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hippocampal sclerosis (Assaf et al., 2003; Kim et al.,
2014). However, ongoing research suggests greater
validity of more complex analytical models, such as
constrained spherical deconvolution which do not
make the simplified assumption that there is only one
major fiber direction in a given voxel (Maier-Hein et al.,
2017; Raffelt et al., 2017). Similarly, tractography meth-
ods benefit from diffusion modelling that goes beyond
the tensor, since at least 90% of voxels in the brain con-
tain more than one fiber direction (Farquharson et al.,
2013; Jones et al., 2013).

White matter tractography based on diffusionisimpor-
tant in epilepsy as seizures involve brain networks,
and diffusion tractography allows visualization and,
with appropriate techniques, quantitative evaluation
of white matter pathways that make up the struc-
tural brain networks. This application of diffusion
MRI requires three essential steps: the acquisition of
appropriate DWI data; the correct estimation of fiber
orientations, and finally, the application of an appropri-
ate tracking algorithm. The reliability of tractography
results is dependent on all three steps, and these steps
are interdependent, i.e., data collection needs to be
consistent with the intended data analysis method and
vice versa (Farquharson et al., 2013).

DWI is not necessary for all patients with epilepsy
undergoing epilepsy presurgical evaluation, but DWI-
derived parameters can provide sensitive information
for certain epileptic pathologies such as hippocampal
sclerosis. Moreover, white matter tractography has
potential to inform about the degree of functional loss

Summary

MRI plays a central role in the management and
evaluation of people with epilepsy. In patients
with newly diagnosed epilepsy, the presence of an
epileptogenic lesion on MRI significantly increases
the risk of medication resistance. In patients being
considered for epilepsy surgery, the presence of
an epileptogenic lesion provides a surgical target
and increases the chance of post-surgical freedom.
Thus, it is critical that MRI scans are obtained early
in the clinical course, using an optimized proto-
col (HARNESS-MRI). Furthermore, it is important
that structural MRI scans are carefully reviewed by
trained experts who have all available clinical data
and investigation results. Consistent with the ILAE
learning objectives for neuroimaging, this review
provides a general overview of MRI pertaining to
epilepsy diagnosis and evaluation, with these objec-
tives in mind. Although the available resources can
differ markedly across different centers, it is the
hope of the Imaging Task Force that this review can
provide guidance in the everyday practice of using

MRI for patients with epilepsy.

post-surgically, especially when damage to key white
matter tracts is possible. For example, tractography
can be used to assess visual field loss when resection
may damage Meyer’s loop (Winston et al., 2011);
visualization of the pyramidal tract could be used
for prediction of the presence or absence of motor
deficits when resection overlaps with the motor cortex
(Guye et al., 2003).

Schematic representation

As simplistic summary of the sections above, figure 16
provides a schematic representation of the use of
MRI during the presurgical evaluation of patients with
refractory seizures, in the setting of surgical hypothe-
sis forming and surgical planning. OJ
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(1) Which statement(s) about FLAIR images are true?
B. FLAIR is a modified T1-weighted sequence

D.FLAIR cannot be acquired with 1.5T
E. FLAIR is suited for patients of all age groups

A. A first seizure requires acquisition of MRI
B. An implanted pacemaker is a contraindication

D. MRl is indicated for all types of epilepsy
E. Tattoos are contraindications

TEST YOURSELF

A. FLAIR stands for Fluid Attenuated Inversion Recovery

C.FLAIR is useful for detection of epileptogenic lesions

(2) Which statement(s) regarding indications for MRI are true?

C. MRI should be acquired for presurgical evaluation only
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MRI essentials in epileptology

(3) Which sequence(s) are mandatory for MRI according to the HARNESS-protocol?
A. Susceptibility weighted imaging (T2*)

B. 3D-FLAIR

C.3D-T1

D. Axial spin echo/T2

E. Coronal spin echo/T2

(4) Which statement(s) regarding inspection of MRI are true?

A. Special attention should be paid to the mesial temporal structures

B. Lesions should only be reported if seen with more than one sequence

C. Partial volume effects do not occur on 3D series

D. Inspection of the white matter is not important due to the neuronal generation of seizures

E. Any additional information (e.g. EEG, MEG, PET, SPECT, etc.) should be taken into account for inspection

(5) Which MRI feature(s) can be observed as signs of hippocampal sclerosis?
A. Malrotation of the hippocampus

B. Decreased T1- and increased T2-weighted signal

C. Hypertrophy of the ipsilateral fornix

D. Deep ipsilateral collateral sulcus

E. Atrophy of the temporal pole

(6) Which statement(s) regarding ganglioglioma and DNET are true?

A. Ganglioglioma and DNET are isointense to gray matter on T1

B. Ganglioglioma and DNET are isointense to gray matter on T2

C. Gadolinium enhancement is typically strong in ganglioglioma and DNET
D. Gadolinium enhancement is more common in ganglioglioma

E. Ganglioglioma have a typical multilobulated appearance on T2

(7) Which statement(s) regarding malformations of cortical development are NOT true?

A. Abnormal cortical thickness is a sign of FCD

B. Blurred gray-white junction is a sign of FCD

C.Nodules in periventricular nodular heterotopia may be single or multiple, unilateral or bilateral
D. A transmantle sign is specifically associated with FCD IIb

E. Polymicrogyria only occurs unilaterally

(8) Which statement(s) regarding vascular malformations are NOT true?

A. Cavernous angiomas show no (or only subtle) changes on T2, but show strong susceptibility artifacts on T2*
B. Cavernous angiomas typically show a multi-cystic appearance

C. Cortical involvement is associated with a higher risk of epilepsy

D. Mesial temporal cavernomas do not show an association with more severe epilepsy

E. Ischemic and hemorrhagic stroke may be associated with refractory seizures

(9) Which statement(s) regarding other structural alterations and lesions in epilepsy are NOT true?
A. Glial scars are hypointense on T2 and hyperintense on T1

B. Glial scars may be associated with FCD type IlI

C. MRI characteristics of Rasmussen’s encephalitis include early cortical swelling

D. Herpes simplex encephalitis is associated with hyperintensity on T2 and hypointensity on T1

E. Calcified neurocysticercosis cysts usually show no surrounding edema and a loss of T2 signal

(10) Which statement(s) regarding “MRI-negative” epilepsy are true?

A. The definition of MRI-negative is dependent on the party viewing the scans

B. Only about 10% of patients with drug-resistant epilepsy evaluated for surgery have no apparent lesion on
MRI

C. Encephalitis is the most common pathologic substrate in epilepsies with negative MRI

D. A second focused review with additional information may reveal a lesion

E. MRI post-processing requires specialized sequences and cannot be done retrospectively

Note: Reading the manuscript provides an answer to all questions. Correct answers may be accessed on the
website, www.epilepticdisorders.com, under the section “The EpiCentre”.
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