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1 | INTRODUCTION

| John S. Ebersole’ | Benjamin H. Brinkmann®*

Abstract

With continued advancement in computational technologies, the analysis of elec-
troencephalography (EEG) has shifted from pure visual analysis to a noninvasive
computational technique called EEG source imaging (ESI), which involves math-
ematical modeling of dipolar and distributed sources of a given scalp EEG pattern.
ESI is a noninvasive phase I test for presurgical localization of the seizure onset
zone in focal epilepsy. It is a relatively inexpensive modality, as it leverages scalp
EEG and magnetic resonance imaging (MRI) data already collected typically dur-
ing presurgical evaluation. With an adequate number of electrodes and combined
with patient-specific MRI-based head models, ESI has proven to be a valuable and
accurate clinical diagnostic tool for localizing the epileptogenic zone. Despite its
advantages, however, ESI is routinely used at only a minority of epilepsy centers.
This paper reviews the current evidence and practical fundamentals for using ESI
of interictal and ictal epileptic activity during the presurgical evaluation of drug-
resistant patients. We identify common errors in processing and interpreting ESI
studies, describe the differences in approach needed for localizing interictal and
ictal EEG discharges through practical examples, and describe best practices for
optimizing the diagnostic information available from these studies.
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surgical evaluation, from 133 centers in 2011 to 261 cent-

The success of epilepsy surgery depends on accurate lo-
calization of epileptogenic zone (EZ), which is defined
as brain regions involved in seizure onset and initial
propagation that need to be removed to stop seizures.'?
Over the past decade, there has been a dramatic increase
in National Association of Epilepsy Centers (NAEC)-
approved epilepsy centers providing comprehensive

ers in 2021 (NAEC Webinar, April 6, 2021). Presurgical
phase I assessment for most of the epilepsy centers in-
cludes visual analysis of interictal-ictal electroencephalo-
graphic (EEG) data, magnetic resonance imaging (MRI),
positron emission tomography (PET), and single photon
emission computed tomography (SPECT), which guides
their decision in selecting patients for surgical evaluation,
and planning strategies for intracranial monitoring and
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cortical resection. Undoubtedly, MRI, PET, and SPECT
are valuable imaging tools that could help localize the EZ
in 50%-80% of cases, depending on the presence or ab-
sence of lesion.>* Similarly, conventional 32-channel EEG
is a valuable tool to classify the epileptic syndrome, but
the overall sensitivity and specificity of visual analysis of
scalp EEG epileptic spikes to localize the EZ are low, espe-
cially in the absence of structural lesion and in extratem-
poral lobe onset epilepsy.

EEG source imaging (ESI) is an inexpensive and nonin-
vasive clinical diagnostic tool that integrates temporal and
spatial components of EEG to localize the sources of given
interictal and ictal scalp EEG signals in real time. With
an adequate number of electrodes combined with patient
MRI-based head models, ESI can localize the epileptic
focus with up to 88% specificity and 84% sensitivity, which
is higher than MRI or PET brain imaging.” Although the
principles of signal detection, signal analysis, and source
localization for EEG are quite similar to magnetoenceph-
alography (MEG), ESI is found to be more sensitive in
localizing the radial sources from gyral cortical planes,
which are rich in corticocortical connections, pyramidal
arborization, and cortical laminations and account for
most of the human cortical homunculus.®” Other practi-
cal advantages of ESI over MEG include feasibility in the
pediatric age group and using ictal studies for source lo-
calization. A comprehensive review by Plummer et al. in
2008 suggested that ESI should be incorporated into the
routine presurgical assessment.® However, only one third
of epilepsy centers were found to be using ESI in surgical
assessment.’ This is likely an outcome of multiple factors,
which include lack of training with advanced EEG signal
analysis during fellowship training, difficulty with using
high-density (HD) electrodes and image coregistration,
and low reimbursement, and also strongly influenced by
the strength of the epilepsy program and its habituated
pattern of clinical practice.

This review aims to cover the fundamentals behind ESI,
and review existing literature evaluating ESI's diagnostic
accuracy compared with other structural imaging modali-
ties and ESI's relationship with postsurgical outcomes.

1.1 | Basic principles of ESI

ESI is a promising technique that is rapidly gaining ac-
ceptance at epilepsy centers worldwide. Although this
technique has the potential to provide high-quality local-
izing information for ictal and interictal discharges using
an inexpensive EEG acquisition and the patient's MRI,
a good understanding of the basic concepts and poten-
tial pitfalls is essential to ensure appropriate utilization
and interpretation of these data. This review is aimed at
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Key points

« Modern ESI is a model-based neuroimaging tool
that integrates temporal and spatial dimensions
of EEG to identify the source of scalp-recorded
potentials

« Selection and grouping spikes based on voltage
topography and accurate modeling of epileptic
spikes are crucial for ESI source localization

« An adequate number of electrodes and using
a patient MRI-based realistic head model can
dramatically improve the accuracy of ESI

« A hybrid approach of trained personnel review-
ing the automated spike detection and source
modeling can provide a good alternative to the
labor-intensive manual ESI approach

providing both a theoretical understanding of the princi-
ples of this technique and practical guidelines for data ac-
quisition, waveform selection, algorithm application, and
interpretation of results.

1.2 | Basic concepts of source
localization and methodologies

Cortical signals recorded by scalp EEG depend upon a sepa-
ration of charges arising from postsynaptic membrane po-
tentials in cortical dendrites oriented in parallel columns
along the cortex. This parallel orientation allows the den-
dritic potentials to summate to produce a potential that is
detectable by scalp electrodes some distance away, sepa-
rated by skin, bone, cerebrospinal fluid, and dural tissues.
This is an important difference between scalp EEG and in-
vasive EEG—that scalp EEG records distant potentials that
are affected by the electrical impedances of intervening tis-
sues, whereas invasive EEG measures local field potentials
around neuronal ensembles directly. As such, the neuronal
discharges measured by invasive EEG are frequently much
higher in amplitude and more spatially constrained around
the measuring electrode compared to scalp EEG, which re-
quires a larger ensemble of neurons firing synchronously
and in a consistent orientation to be detectable by scalp
electrodes. However, invasive EEG suffers from limited
spatial sampling, and contacts only record local field poten-
tials very close to the recording electrode. Some debate ex-
ists regarding exactly how many cortical columns (i.e., how
much cortex) must fire synchronously to produce a meas-
urable potential on the scalp. Experiments using a dry skull
phantom and porous dielectric suggested 6 cm” is needed,"
and simultaneous scalp and cortical EEG recordings have
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suggested 10-20cm>."* However, more recent reports have
challenged this figure and suggested this may actually be
much lower.'? Regardless of the exact amount of cortex,
scalp-recorded potentials represent the summation of syn-
chronously firing groups of cortical columns, and accurate
modeling of the source of the EEG signal should always
take this into account. Although similar considerations are
involved with MEG source imaging, a realistic volume con-
duction model may be more important in ESI due to the
greater influence of tissue properties on electrical signals
than magnetic signals.

1.3 | Equivalent current dipole and
current density models

The simplest way to model the source of any separation of
electrical charge is using a single point dipole. This form
simplifies many of the calculations involved and hence
is commonly used in ESI despite its obvious physical in-
accuracy. In actuality the inverse problem, where meas-
ured voltages at discrete locations on the scalp are used
to compute the position, magnitude, and orientation of a
source from among a vast number of possibilities, is an
ill-posed problem and not analytically solvable, as the pos-
sible solutions far outnumber the measured values. The
forward problem, however, where scalp voltages are com-
puted based on a particular electrical source and known
electrical conductances of tissue, is analytically solvable.
In practice, the inverse problem is solved by finding the
electrical source using the forward problem that mini-
mizes the mean squared error between the calculated and
measured scalp electrical potentials.

Figure 1 illustrates how a potential difference arising
from depolarization of parallel cortical columns creates a
measured voltage at scalp electrode locations, which are
then used to compute an equivalent current dipole solution.
Note that due to the distributed nature of cortical depolar-
ization, a single point equivalent dipole must be placed
deeper than the actual cortical generator to represent the
same distribution of scalp potentials. Furthermore, the
depth of the equivalent dipole is proportional to the spatial
extent of the cortical sheet generating the potentials.

Current density solutions model the source of the scalp
potentials as a spatially distributed array of discrete cur-
rent sources and use the tissue electrical conductances to
compute scalp potentials by solving the forward problem.
As with dipole solutions, these sources are estimated iter-
atively to find the distribution of sources that minimizes
the error between the measured scalp potentials and the
estimated potentials using the forward model. This tends
to be more computationally demanding than dipole solu-
tions, given the multiple contributing cortical sources that

FIGURE 1
Depolarization of cortical gray matter generates a local field

Tllustration of dipole source estimate.

potential that is measurable by electrodes on the scalp surface.

To be measurable on the scalp surface, the region of depolarizing
cortex must extend over multiple square centimeters. To represent
this spatially distributed depolarization as a single point source,
the location of the source must be placed below the actual cortex
generating the discharge.

need to be accounted for. The additional degrees of free-
dom posed by the distributed sources require additional
constraints to reach an unambiguous solution. There are
several current density approaches that are commonly
used and have data from published studies supporting
their application to clinical source localization.

Minimum norm is a solution that assumes the dipole
distribution and noise vectors are normally distributed
with zero mean, and uses the vector pseudoinverse de-
composition to identify the solution that minimizes signal
power."* This is a computationally appealing framework
for solving the inverse solution, but minimum norm solu-
tions by themselves tend to bias results toward shallow
surface, leading some to use depth-weighted versions of
the minimum norm solution."?

Low-resolution electromagnetic tomography (LORETA)
applies a smoothness constraint to the current density
solution. There are several variations of LORETA, which
involve changes to the basic formulation. Standardized
LORETA is very commonly used and has some advantages
in stability and accuracy over other formulations.'*!” The
method can be viewed as a specific instance of a weighted
minimum norm solution that maximizes the similarity be-
tween adjacent cortical volume elements."® LORETA and
its variations have been extensively validated using digital
simulations and human studies."*°
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The local autoregressive average (LAURA) solution be-
gins with a minimum norm framework but applies Maxwell's
equations under the assumption of tissue-specific linear
(ohmic) conductances as constraints to generate the inverse
solution.*! This formulation has the ability to incorporate an-
atomic or other information by modifying the autoregressive
model coefficients. LAURA has been validated in large se-
ries* and has been shown to be robust to brain lesions.*

It should be noted that these current density models
differ from more advanced distributed inverse meth-
ods,**?® which simultaneously estimate the location and
extent of sources, and are beyond the scope of this review.

1.4 | Interictal discharges

A common approach in ESI is to identify and average multiple
interictal epileptiform discharges in the EEG. If the EEG con-
tains a large number of similar discharges, this can be a very
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effective method resulting in an averaged signal with a high
signal to noise ratio and a reliable localization (see Figure 2).

1.4.1 | Selection of discharges

All focal spikes and/or sharp waves can be source-modeled.
Initial selection/identification is usually done by visual in-
spection of EEG traces as in traditional review. However,
this is where the similarity ends. An essential preamble to
further analysis is displaying the voltage topography of each
sharp transient suspected to be a spike, that is to say, review-
ing the voltage field over the entire head, both the negative
and positive field maxima. Using subtemporal electrodes
bilaterally will be essential in this regard to maximize spa-
tial sampling. True spikes have a dipolar field with smooth
gradients between maxima. Artifactual transients usually
have a complex, multipolar field with irregular voltage gra-
dients. Field analysis is far more accurate in identifying true

(B)

FIGURE 2 Electroencephalographic (EEG) source imaging was performed on a patient with frequent interictal discharges over the

right central head region. EEG was recorded using a 76-channel 10-10 electrode array, and numerous interictal discharges were recorded

with peak amplitude over FC6. (A) Dipoles were computed for each individual interictal discharge, creating a dipole cluster over the right
central head region. (B) The discharges were averaged, improving the signal to noise ratio of the discharge. The discharge was analyzed

at approximately 50% of the peak amplitude on the upswing toward the peak using dipole and SLORETA (standardized low-resolution
electromagnetic tomography) solutions, localizing the source of the activity to the frontal operculum. Subsequently, stereo EEG monitoring
was performed, which showed the onset of seizures to be concordant with the source localization result.
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spikes than simply looking at the shape of the EEG tran-
sient. This field analysis will also determine the location
and strength of both maxima, which is essential for dipole
analysis. Importantly, a spike's voltage field will also deter-
mine whether its orientation is radial or tangential. Finally,
voltage topography over time will reveal whether there is
propagation of the generator area to other regions of cortex.

1.4.2 | Segregating spikes into types

This spatiotemporal voltage field analysis is essential in seg-
regating spikes with the same likely generator, as the config-
uration of the generator cortical source directly determines
the voltage typography of the spike. Spike fields with a ra-
dial configuration are likely generated by convexity cortex
that is parallel to the skull/scalp, whereas tangential spike
fields most likely come from sulcal or fissural cortex and
certain gyral planes that are oriented perpendicular to the
skull. Segregation is typically based on whether the spike
field is radial or tangential or between the two (oblique)
and the location of the field maxima. For example, a radial
spike with a midtemporal negative field maximum would
be segregated into a different group or spike type from other
temporal spikes with, for example, a tangential field and a
frontotemporal (temporal tip) negative field maximum.

1.4.3 | Averaging spikes

Although patients commonly have one predominant spike
generator, many have several spike sources. Defining the
voltage topography of each spike will segregate those with
a similar generator. Spikes also have a variable amplitude
and S/N (signal-noise ratio i.e how much larger they are
than background rhythms) (i.e., how much larger they are
than background rhythms). By averaging multiple spikes
of the same voltage field, one can increase the S/N, which
will provide a better substrate for source modeling. It is
critical, however, that only spikes of the same topography
and evolution over time be averaged together. Commonly
one uses an identifiable point on each spike, such as the
peak to align the averaging process. This should time
lock the source sequence. Any point along the spike can
be used for later source modeling. After averaging spikes
with all the various fields, one creates a set of spike types
that represent each major generator for that patient.

1.4.4 | Dipole modeling

After defining the voltage fields of each spike type, the
next goal is to estimate its cortical source within the

brain. As noted in the theoretical discussion of dipole
source modeling, this “inverse” solution has no unique
answer, given that a number of different source config-
urations can produce the same scalp field. If one con-
strains the problem by specifying the number and type
of source models to be used and the locations within the
head model where they can reside, one can find by com-
puterized and iterative trial and error a dipole location
and orientation whose forward solution most closely fits
the actual measured field. In the most simple, clinical
protocol this will involve finding the best single dipole
model within a spherical head model to fit the meas-
ured voltage field data. For modern computers, these
calculations are fast and easy to make. Several problems
with this single dipole solution are obvious. The actual
cortical source is not pointlike, but extended over sev-
eral centimeters, and the head (skull and scalp) is not
totally spherical. Source solutions are therefore typi-
cally displaced from the actual generator. Accordingly,
dipole source models have to be interpreted and cannot
be used at face value for clinical decisions.

1.4.5 | Improving dipole source models

Major ways to improve the accuracy of dipole models
include using sufficient electrodes to define as well as
possible the spike voltage field, making more accurate
voltage field measurements, and having a more accu-
rate head model. International 10-20 EEG electrodes
cover only the top half of the head. Most spike volt-
age fields extend into the "southern hemisphere” of
the head. Subtemporal electrodes are important for ac-
curate source modeling, particularly of orbitofrontal,
temporal base, and inferior occipital sources. Similarly,
electrodes are seldom placed exactly in standard 10-
20 positions. Measuring in three dimensions the exact
electrode locations in an individual patient by any of
a number of position digitizing devices is also worth-
while. Finally, the head and skull cavity containing
brain are not spherical, particularly along the base. A
spherical head model (Figure 3A) will not yield accu-
rate dipoles for these regions. A realistic head model is
needed, which can be obtained from volumetric MRI
or computed tomographic imaging series by a number
of methods. The most popular is the boundary element
method and model (boundary element model [BEM]),
which tessellates the three-dimensional (3D) surfaces
of the inner and outer surfaces of the skull and scalp
into thousands of triangles (Figure 3B). Source loca-
tion calculations using this realistic head model are sig-
nificantly more accurate for spikes originating in basal
head regions. Dipoles from spherical head models are
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FIGURE 3 Spherical and patient-specific realistic head models. (A) A multicompartment spherical head model can approximate the

curvature and shape of the head over the vertex and frontal and occipital regions. However, there is poor correspondence over the lateral

and inferior (temporal) head areas. (B) A boundary element model created from the patient's magnetic resonance imaging approximates the

shape of tissue surfaces using a mesh of triangular geometric elements, creating a far more accurate representation.

typically >2 cm higher in the brain than those calcu-
lated from BEMs.?’ This means, for example, that many
dipole models of temporal lobe spikes are misplaced
into the frontal lobe.

1.4.6 | Dipole interpretation

Even with all these improvements, pointlike dipole mod-
els typically suffer from the problem that they commonly
must be deeper than the actual generator cortex to mimic
the broad scalp voltage field produced by an extended cor-
tical source. As such, dipoles require clinical interpreta-
tion. Their exact location must not be taken as accurate.
Therefore, dipole location should not be used for proce-
dures such as stereo EEG (SEEG) trajectory planning.
Rather, the interpreted cortical source location should be
used.

For most dipole models of spikes with a radial and
oblique orientation, the simplest method of interpreta-
tion is to extend the dipole vector toward the negative
field maximum until in intersects overlying cortex. If the
net orientation of that cortex is orthogonal to the dipole,
this will be the most likely source. This is easily visualized
in a 3D rendering of the brain and dipole by rotating the
brain to view the dipole head-on from a perspective above
the cortex. The dipole will point to the cortical source. If
the dipole is tangential, the source is best defined by also
moving the dipole more superficially as well as viewing it
head-on. The clearest example of this dual displacement
is perhaps dipoles of the temporal lobe base. They com-
monly lie above the hippocampus, but are really modeling
basal cortex.

An additional consideration when mapping interic-
tal epileptiform discharges is the potential for discharges
to propagate. Although mapping the discharges at peak
amplitude would provide the best signal to noise ratio
possible, the peak of the discharge may represent propa-
gation from the discharge's origin, compromising the ac-
curacy of the localization. In theory, localizing the base
of the discharge ameliorates any propagation that may
have occurred, but this is also the point of lowest signal,
and the presence of noise may produce an inaccurate lo-
calization.?® The usual solution is to map the discharge at
the midpoint of the upswing of the discharge, as this rep-
resents a reasonable compromise between these factors. In
practice, stable nonpropagating discharges can be mapped
at the discharge peak, and starting at the discharge peak
and moving the analysis point leftward in steps can be
helpful to assess whether the discharge is stationary or
propagating.

1.5 | Automated interictal spike
detection and modeling

Once the duration of an EEG recording exceeds that of
a routine laboratory study, the effort of reviewing it for
spikes becomes increasingly burdensome. This is particu-
larly true for long-term monitoring records of several days'
duration. Over the past few decades, numerous software
programs have been developed to detect spikes and sei-
zures automatically. Early programs depended on various
morphological characteristics of sharp and rhythmic tran-
sients. Recent software has adopted artificial intelligence
(AI) techniques by “teaching” neural networks through
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hundreds of examples what a typical spike looks like.
Some of these software packages have become very popu-
lar and are often offered as part of long-term monitoring
(LTM) systems.

Unfortunately, all suffer in some degree from the
same deficiency. In order not to miss many real spikes,
these programs become too sensitive and also detect
many artifacts and normal sharp transients. Many false
positives produce decreased specificity, which means
that effort must be expended in reviewing the detections
and eliminating the false positives. One important im-
provement in modern spike detection software is the
automatic clustering of individual spikes into groups
with similar morphology, topological distribution, and/
or voltage field. This allows the interpreter to eliminate
and or accept entire populations of transients by judging
the acceptability of the cluster, rather than reviewing
each individual detection.

Several recent publications have compared popu-
lar spike detection programs on scalp EEG recordings
using LTM results as a gold standard.”>! They found
high sensitivity for all of them, that is, nearly all true
spikes were detected. Unfortunately, all programs also
had relatively low specificity (i.e., many false positives).
The consensus was that fully automatic spike detection
programs, even of the Al type, are not optimal for clin-
ical purposes by themselves. Semiautomated or hybrid
approaches, where human interpreters reviewed clus-
ters of spike types and discarded those clusters that did
not appear to be spikes, were far superior. Accordingly,
it would appear at present that no automated spike (or
seizure) detection program is superior to an experienced
EEG reader and should not be used alone. Some form of
human intervention is needed to increase the specificity
and reduce inevitable false positives. Similarly, it goes
without saying that dipole or other source modeling of
automatically detected spikes makes little sense without
human confirmation that the spikes are really epilepto-
genic. Additionally, it has been found that dipole models
from automatically detected spikes are more accurate
relative to the surgical resection site if there is a single
predominant spike type and if a human interpreter can
choose the latency to model (e.g., spike peak or half
rising).*!

However, the clinical objective of spike detection needs
to be better defined. On one extreme, is it important to
detect as many true spikes as possible to make a quantita-
tive assessment, or on the other, is the goal to determine
whether there are any spikes? Perhaps an intermediate
position is more realistic, such as identifying the number
of spike “types” (i.e., distinct sources), and finding suf-
ficient numbers of each type so that averaging can pro-
duce a spike of high S/N for optimal source analysis. This

latter goal would seem to be optimal for the evaluation
of patients for possible therapeutic intervention beyond
medication.

1.6 | Ictal discharges

Although interictal discharges are a staple of ESI, map-
ping seizure discharges represents a more direct meas-
ure of the seizure onset zone.** Cortical spikes that are
apparent at the scalp typically recruit sufficient adjacent
cortex within milliseconds, whereas ictal activity may
take seconds to appear on scalp EEG. Ictal onsets are
more often corrupted by myogenic artifacts, eye blinks,
and other sources of noise. For most patients, prolonged
monitoring is required to record seizure discharges,
and this carries a greater potential for some channels
to lose connection, develop high impedances, and be-
come dominated by inductive noise. Most ESI analysis
software allows such channels to be omitted from the
localization calculation.

Analysis of seizure onsets require a modified strat-
egy from analysis of interictal discharges. Not all sei-
zure onsets will have adequate scalp representation to
provide a reliable result, for example, low-voltage, high-
frequency, cerebral seizure onsets are not recognizable
at the scalp. Only after some recruitment of adjacent
cortex into slower, synchronous activity are scalp ictal
potentials visible. Accordingly, it is crucial to seek the
earliest recognizable scalp EEG rhythm for source mod-
eling to define the seizure source. Tight band-pass filter-
ing, such as 3-15Hz for temporal seizures and 3-25Hz
for extratemporal seizures, is often essential in eliminat-
ing muscle and movement artifact and in emphasizing
the normal scalp ictal frequencies for that brain region.
Seizure onsets can be analyzed by selecting the earliest
epoch of ictal rhythm and using amplitude-weighted di-
pole or current density methods. Variations on the sin-
gle equivalent moving dipole solution are available, and
include rotating dipoles and MUSIC (multiple signal
classification) dipoles, which use singular value matrix
decomposition to model an oscillating source of EEG ac-
tivity.>* Independent component analysis is often helpful
for removing artifacts and noise that cannot be removed
by filtering, including eye blinks and movement arti-
facts (Figure 4). These algorithms use the spatial and
temporal characteristics of the EEG signals to separate
the EEG signals into spatiotemporally coherent compo-
nents, potentially separating different physiological and
noise sources. The components can be transformed back
into the original signal space with artifact or unwanted
signal components zeroed out, reconstructing the origi-
nal signal without the unwanted features.
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FIGURE 4 (A)Interictal source localization using a 32-channel array recording prolonged electroencephalogram. Interictal spikes with
peak amplitude over F9 were averaged, and dipole and standardized low-resolution electromagnetic tomography (SLORETA) solutions
localized the source of the discharge to the left temporal pole. (B) Seizure onsets in this patient occur as a theta frequency discharge over

F9 and T9. Independent component analysis (ICA) was used to isolate the ictal discharge, seen as the first rhythmic ICA component, from
background activity and noise, isolated in the later seven components. MUSIC (multiple signal classification) dipole scan and SLORETA
solutions were computed on the first ICA component epoch, and localized the activity to the left temporal pole.

The simplest method to localize a seizure onset is by av-
eraging the peaks of sequential ictal oscillations or spikes
after filtration. Here, the same essential principles apply
as with interictal discharges. The analysis window may
need to be narrowed for theta and other closely spaced dis-
charges, which will influence the algorithm's estimate of
signal to noise ratio. In a recent report, Cox et al. showed
greater accuracy with a repetitive spiking pattern at onset
compared to other patterns.*

Given that the onset of cerebral ictal activity may not
be identifiable at the scalp and that recruitment of adja-
cent cortex into synchronous discharging is likely nec-
essary for a correlate scalp rhythm to appear, dipole and
other source models of seizure onset may not localize
the initial cortical generator as well as similar models of
spikes. A patient is also likely to have spikes with more
than one cortical origin. Accordingly, it is reasonable to
use the scalp ictal source model to determine the epilepto-
genic generator lobe and further use spike source models
from the same lobar area to refine focus location.

1.7 | Head models

The overall accuracy of the inverse solution depends upon
the accuracy of the assumptions and models used in its
calculation. This is especially true for the models used to
represent the scalp, skull, and brain and their electrical
conductances. Early work with ESI was done using ide-
alized spherical head models to reduce computational
complexity.*>>® These were typically multicompartment
models that incorporated measured values of the conduct-
ances of tissues. These models often produced moderate

accuracy in the upper half of the head, but rather poor ac-
curacy inferiorly, including the temporal lobes.”” Modern
cortex-based head models (Figure 3B) are far more accu-
rate and improve precision in calculating the inverse solu-
tion, 363839404142 BE)Mg identify boundaries between tissue
types in the brain and model the conductance changes
across these boundaries. In contrast, finite element mod-
els (FEMs) model tissue volume elements within the cra-
nial compartments, and may provide advantages in more
accurately modeling anisotropy and complex geometries,
but are also more computationally intensive.*’ In the ab-
sence of a patient-specific MRI, high-quality atlas-aligned
precomputed BEM and FEM human head models are
available and may produce reasonably good accuracy.?”**

1.8 | Scalp EEG electrodes

Although there is no consensus on the required number
of scalp EEG electrodes needed for obtaining clinically
relevant ESI, there is strong evidence that extending the
coverage below the hairline could dramatically improve
the source localization, particularly with sources from in-
ferior surfaces of the cerebral hemispheres. An intuitively
higher number of electrodes relates to a better spatial
resolution of ESI and differentiation of source origin from
propagation phenomena. However, a study by Lantz et al.,
evaluating ESI accuracy with Engel I surgical outcomes
in 14 patients with drug-resistant focal epilepsy, reported
the distance from the nearest surgical margin to the lo-
cation of a single fit inverse model improved by approxi-
mately 2 cm from a 31- to a 63-electrode setup, with little
change from a 63- to a 123-electrode setup.*’ The question
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of the optimum electrode number needed for ESI may be
settled for now by recommendation of the International
Federation of Clinical Neurophysiology with a minimum
of 25 electrodes for routine EEG recordings, extending to
the inferior frontal, temporal, and occipital regions.*®

1.9 | Diagnostic yield of ESI with respect
to conventional imaging tools

The primary goal of presurgical imaging evaluation is to
localize the source of the seizures noninvasively, plan in-
tracranial EEG monitoring, and optimally select the can-
didates who are likely to achieve a good surgical outcome.
MRI, PET, and SPECT are well established in this clinical
role, and there is growing evidence that ESI adds relative
and additive clinical value to the standard presurgical im-
aging evaluation for localizing the EZ. Sperli et al. 2006
analyzed ESI performance using standard conventional
EEG (19-29 electrodes) in 30 operated seizure-free chil-
dren.*” They reported that in 27 (90%) of 30 patients, ESI
correctly localized the EZ at the lobar level, whereas PET
and SPECT localized the EZ in 82% and 70%, respectively.
They also reported ESI was correct in all extratemporal
epilepsy and in 10 of 13 temporal lobe cases. Suboptimal
performance of ESI in temporal lobe epilepsy (TLE) cases
was explained by the lack of basal temporal lobe coverage
in the study, which dramatically improved by adding HD
(128 electrodes) EEG. Michel et al. reported similar find-
ings using HD EEG, where ESI achieved localization ac-
curacy of 93.7% at the lobar level and 79% at the sublobar
level.”® In 2011, Brodbeck et al. presented findings from a
prospective study of 152 operated patients with >1 year
postoperative follow-up, allowing them to compare the
sensitivity and specificity of ESI against PET, MRI, and
ictal SPECT for epileptic focus localization.’ They found
ESI calculated using HD EEG (128-256 electrodes) com-
bined with patients’ MRI head models performed bet-
ter than the structural MRI alone, with better sensitivity
(84.1% vs. 76.3%) and markedly superior specificity (87.5%
vs. 52.9%), followed by PET (sensitivity = 68.7%, specific-
ity = 43.8%) and ictal SPECT (sensitivity = 57.7%, specific-
ity = 46.7%). Feng and colleagues analyzed the ESI using
a HD (256 electrodes) EEG of 43 patients with TLE who
underwent one-stage resective surgery.49 They reported
similar findings, where ESI performed better with locali-
zation of EZ (sublobule, 91.4%; lobule, 97.1%) followed by
PET (93% at lobar level) and MRI (77.1%).

Based on current literature, >40%-50% of patients with
MRI-negative focal epilepsy will not achieve seizure free-
dom, despite invasive intracranial EEG rnonitoring.50 ESI
is an essential clinical tool in the presurgical assessment
of MRI-negative cases. Brodbeck et al. 2010 analyzed ESI

in 10 operated patients with normal MRI and a postsur-
gical follow-up of at least 1 year.”" Five of the 10 patients
had extratemporal lobe epilepsy. ESI correctly localized
the epileptic focus within the resection margins in eight
of 10 patients, nine of whom experienced favorable post-
surgical outcomes. Rikir et al.** prospectively analyzed 28
consecutive patients undergoing presurgical investigation
for malformation of cortical development (MCD)-related
refractory epilepsy and reported a similar observation of
ESI being fully concordant with EZ in 64% and partly con-
cordant in 36% of MRI-negative cases.

1.10 | Concordance of ESI with
intracranial EEG monitoring and its effect
on postsurgery outcomes

Meégevand and colleagues evaluated the localization accu-
racy of ESI of interictal spikes in delineating the seizure
onset zone defined by subdural and depth intracranial
EEG monitoring.” They calculated ESI using HD EEG
(128-256 electrodes) in 38 patients with intractable focal
epilepsy who underwent subsequent intracranial EEG
monitoring. They reported median distance between the
ESI maximum with the nearest iEEG electrode involved
in the irritative zone and seizure onset zone was 15 and
17 mm, respectively, concluding that localization of inter-
ictal spikes with HD ESI correctly identified the seizure
onset zone. They also reported that including the source
maximum in the resected brain volume is associated
with a favorable postoperative outcome, indicating that
ESI of interictal spikes helps delineate the EZ. Similarly,
Abdallah et al.>* prospectively analyzed 74 patients un-
dergoing SEEG monitoring for anatomical concordance
of ESI of interictal discharges with EZ defined by SEEG.
They reported ESI was completely or partly in concord-
ance in 85% (full concordance in 13 cases and partial con-
cordance in 50 cases); the rate of ESI full concordance
with EZ was significantly higher in frontal lobe epilepsy
(46%), negative MRI cases (36%), and MCD (27%).

In a study evaluating the predictive values of HD ESI
in 190 patients with conventional imaging tools, Lascano
et al. reported that structural MRI and HD ESI were the
only two favorable outcome predictors.>® Patients with con-
cordant HD ESI and structural MRI findings had a 92.3%
probability of a favorable surgical outcome. A recent sys-
temic review and meta-analysis by Sharma et al.* evalu-
ated the diagnostic accuracy of interictal and ictal EST and
magnetic source imaging (MSI) in epilepsy surgery, and
found 25 studies on ESI that specified the diagnostic refer-
ence standard as the site of resection and the postoperative
outcome (seizure-freedom). Table 1 provides a summary
of the ESI studies. They reported overall accuracy was



Epilepsia*

SINGH ET AL.

(senunuo))

OSL Y
sjuanjed 921J-2INZIAS UI BAIB PJOISAI M [SH AISUSP
-MO] UBY} JUEPIOOUOI SIOW 2q 0} PUNOJ sem [SH AH

syuanyed 11/8 ur SSUIpI0da1
QAISBAUT WOIJ SCHT UM JUBPIOIUOD dI9M [SIN/ISH
UIIMm JUepIoduod Afferyeds a1om ey} s103sn[d TYINJ 109

WOPAIJ dINZISS 10 Add %76 UM A1o1j1oads

%9. pue AIADISUSS %0/ PeY UONBZI[EI0] 3IINOS [BI0]
sisA[eue 1eusdis 109

TIINT UM DFH [EUOT)USATOD URY) 193)9q pauriojrad 1SH
ZH Ay SuizIfeso|
ur %88 Jo £101109ds pue %48 Jo ATATIISUIS SASIYIR
Ued [SH ‘S[opOW peay] paseq-IYIN siuaned yim

pauIqUIOd (957—8ZT) SOPOIIII[A JO Ioquunu YSIY YITA
Asdarida 1e00] 9ATIESOU

TN P syuanied QT Jo § UT ZH Y3 PazI[edo] ISH
SUOISI] [BIqa19D

931 yIm syuanyed Jo 9S8 Ul ZH 9Y) PIZITed0] [SH
(%0L "LOEdS 1811 %8
‘1ad) stuaned awes 9y} ur sanbruyos) SurSewr 1oyjo
3m douewiograd o[qereduwIod pey Os[e pue Sased

06 ut uorda1 orusgoydaqide oY) paziedo] A[3091109 I1SH

UONEBZI[BI0] T8qO[qNS JO AOBINIIR %6/ UM
sjuaned Jo 96 Ul eare oruadoldarids o) pagnuapr
S[eUURYD 87T UM ISH [BI1IIUI UONN[0SAI-YSIH

sisougoid 9[qeI10Ae] SS9 © pey

osTe syuaned asay ‘3uryids [eoniodoau yusurword

pue uorjejuaLio ojodrp HFH [eIU0ZII0OY YIm sSUIpu
00D pue DI UaM)9q USS SeM UOTIR[OII0D 19119

SOPOIIIJA TE YIIM

UBT) SOPOIII[ €9 PUE €7 YIM Id[[ews A[yuedyrusis
sem uo1so[ ondaids oy} 03 921n0S HHH 9Y) WOIJ JULISIJ

Guriojruowt

[eTUBIORI)UT WOIJ JJOUSG P[NOd oy sjuaned 11,
e} I0003U JO 2INJEU IeqO[qNS 3} SUTWISNP Ued [SH

SJUIUITIOD [RUL]

SIeAH—T

IeK T

TeaK T

S1BAA 72/

TeoA I<

Teak T

Teak T

Teak 1<

TeaA 1<

TeaA I<

TeaA 1<

SIBAAT

dn-mofjoj
[es18ansisog

NSd

INSa

(V4NVvT1) WSa

(VINVT) WSA

(VINVT) INSA

(VINvT1) WSa

(VINVT) WSa

INSa

(snoo4d1dd) add

anda

(SNDO4Idd) WSA

soodrp paxig

[opouI 3SIdAU]

eorreyds

A

[eorroyds

[eorroyds

(Topouwr
DVIAS) dusIeay

[epowt
(OVIAS) dusireay

[eoroyds

[eotzoyds

[eorroyds

onsieay

[estrayds

V/N

[opowI pIemIoj

[eIo1Iu]

[e301I0)u]

€101

[e101I3U]

[eI01IIu]

e3oruy

[e301I)U]

[e10110)u]

R]REINN

eI Uy

[e101I3U]

Te301

SurSewnr
32anog

€l

1c

(4%

¢ST

0T

14!

0¢

e

61

14!

SL
N

dq

uSisap
Apmg

1oV 10T T& 39 spoIsIey

0oV 10T 'T€ 39 SIedH
2£10T e 30 Ayzotuag

6sC10T T8 30 JJoysiq

¢LTOT ‘T 39 ¥d52qpoig

1<0T0T Te 32 }oaqpoig

600 'T® 32 Yo3qpo1g

»900T 'Te 39 13ads

o 700T Te 19 [PUYITN

c€00T "Te 10 udf1a]

&»£00T Te 19 Zyue]

L6661 S[0SIDQH PUE Jessy

TedL/I0INYy

1SH 9y} Sunenyead sarpms jo Arewrwing 1 A 19V.L



SINGH ET AL.

* | Epilepsia

74 Jo (%06) uonezieoso

BUITXEW Teq0[S TYINF-DHAH Y} UBY} 9)BINIJE dI0W
a19m (%€8) ISH Pu® (%16) TINI-OHHE/ISH paulquio)

punoidyoeq AsIou e woij Seudis ureiq

19B1IX9 A[9ANIIII0 PIN0od 299G pue ‘U0IZa1 Pajoasal
I PIZITBIO] dOINOS P RIS ZH 0052 Je Surdures

UuoTIRZI[eI0] JO AorINdoR A[duwl
A[118SS909U J0U PIP SPOYIOW UM)Q JUSUIAITe
INQ ‘SPOYIOW JUSISFIP WM} JUIWIITe POOT
UM %€/ JO AOBINDOE UB PAaAdIYoe SUIdewr 20Inos [e3o]
QWI02)N0 3[qeI0AE] Jo ATIqeqoxd %€°76
pey s3SI ISH @H PUe TYIA [eINIONI)S JURPIOIUOD
{s10301pa1d 9WI09INO J[qBIOAE] 1M (+00° = d
‘T'€T =¥O0) IST aH Pue (00" = d ‘6'0T = ¥O) N
UOT}03SI A}
9PISINO $I2INOS pue $301N0s aydnnur ueyy (so° > d)
wod)no Tedrdmsjsod 19339q pey UOIIdISAT UTYIIM
S9OINOS PUE 90INOS J[JUTS [9AJ] T8QOIqNS JB %T6 JO
KJTAT)ISUDS PIASIYIE SOPOIIOJ[D JO ABIIR dSUIP YIIM [SH

(%08 "SA %68)

eIep HODH YIM [SIN UBY] JUBPIOOUOD dIOW dI9M

s3urpury JSH 99BJINS [BI1I0D Y} U0 PAZI[BIO] SINSAT
ISIN Y3} SBaI9yM ‘X2)100 9y} uey) 19dosp pazifedo] ISH

ST INOYIIM SISATRUR BIED TN

Jo A1AnIsuas aaoxdwl Pinod YOI pue ‘TYIAF uo s3uel
[e10ads paseaIoul YiIm PaJeIdosse Sem ST JO d0UISAIJ

ureiq

TIIN 9AnESaU M sjuaned Jo %9¢ Ul JUBPIOIUOD
Apred pue %19 Ul Zd 9y3 YIIM JUBPIOIUOD A[[NJ Sem [SH

W /T SeM ZOS Y} U PIAJOAUT 9POIIOI[ [EIULRIORIIUI

JS9IBU ) 0) WNWIXEW [SH Y3} WOIJ 3DULISIP UBIPIN

SJUIUINIOD [RUL]

SI1BAG-T INSa
(sreugdis rennuajod
pardnod Aouanbaiy

ek T -SS0I0) INSA

(urou

WNWIUW pue

‘VIVTID [8d01I100

‘VIVTIO ‘Sumy

orodip ‘Surddewt
IeaA T aseyd) NSa
SyqIuow Z 1< (VINVT) WSa
TR0k 1< (V1390T) WSa
ek 1< (DISAN PaXy) ADH
ek 1< JANE

(VIHI0TS)
Ieak 1< INSA/ddd
ek 1< NSa
dn-mojjoy [9pow ISIAUT

resrdansisod

JAGK ]

NHA

[opoux

peay onsIeay

Wad

INHE

[eorroyds

NHd

[eorroyds

[opow pIemiIog

[e101I3U]

€301

e11

[eI01IIu]

[e101IIU]

Te3o1Ia)u]

[e3oruy

RIS |

[eI0LI) U]

SurSeuwnr
92anog

€S

0T

[44

06T

34

/g

ST

8¢

8¢

uSisop
Apms

4oL, TOT T8 32 OUBIUR)D

09T0T e 10 I'T

»09T0T 'Te 30 Ayzoruag

«9T0T Te 39 OUBDSE']

9T0T TE 10 Sudg

¢oSTOT T8 39 y1ed

26STOT T8 19 OLI9ZRIN

V10T T8 39 1Y

«PTOT T8 30 puBAdSIIN

Iedk/I0INy

(penunuo)) T HTAV.L



Epilepsia**

SINGH ET AL.

x9[dwod S1501979s snoxaqn) ‘DS, ‘Asdaride aqor rexodwey ‘g1], ‘AyderSowo) payndwod uorssiurs uojoyd a3urs

‘LDAJS ou0z 32su0 d1InzIas ‘ZOS ‘AydeiSowro) onsuSewoo9]s uonnN[osaI-Mo] pAZIpIepuels ‘VIAYOTS 2andadsonar 4 anyea aanorpaid aanisod ‘Add ‘AydeiSowo) uorssiurs uonisod ‘dd ‘dandadsoid ‘g ‘onel sppo
40 ‘9[qe[IeAR JOU “y/N ‘IOULIOJUWBA( SOUBLIBA WNWIUIW ‘AT ‘UonedyIsse]d feusds sdnnu ‘OISNIA (SutSewr 921nos onoudeut ‘[SIN (SuISew 90UBU0SAI INOUSEUL ‘I 95810 JAISS2IFI0INE [BI0] VANV (931BYISIP
urrojndaqide ejorrayul ‘qA] ‘sisATeue jusuodwod Juspuadopur ‘yOT (A1susp YSiy ‘GH TN Teuonouny ‘TYINJ ‘Asdaids 2qo] [ejuoj ‘g1 {[opotl JUSWRd )1ulj ‘INH] ‘ouoz drusgdoidarids ‘zy Suidewr 9o1nos OFH ‘ISH
‘oryderSoreydoousonose ‘OFH 01qdeiSoon10001999 ‘Do) H oodIp JusalInd JusTeAnbs ‘O {[OPOW 22IN0S PANGLUSIP ‘NS ‘Iuspuadap-[oas] UaSAX0 poolq ‘qT0Od [oPOW JUSUIA[S ATepunoq ‘NHd SUOTJBIARIqQY

a3reyosip [erodwolenxa ULy} sajel

90UBPIOOUOD I9YSIY dAY S9ZIeYOSIp 9907 [erodura)

¢A19A1309dSAI ‘WIW G'ZE PUB ('€ 9I9M SIPOIIIIA ZOS
JO PIOIUID B 0} IINOS PAINGLUSIP Wnwirxew pue djodiq

(%L7) yuawdo[oASp [BI1310D JO UOTIBULIOJ[EU

pue (%9¢) TN 2anESaU (0" = d *%9t) AT Ul
19yS1y Apueoyrusdis sem Zdg YIM [SH JO S0UBPIOOUOD [N

%0S A10110ads pue
%76 JO AJTAIIISUSS Pamoys 411, Yim sjuaned ur [SH 183101
BLIILIO 9[NQO] pue 9[nqo[qns Yjoq I0f
(%S L) K109103ds pue (%T°L6 “9INQO ‘%116 ‘O[ngo[qns)
K)IADISUSS 159q ) PAMOYS (S[oUUeYd 957) ISH AH

ISH Te3d1 pue

ST U99M)3q UIS Sem 20UBpI0du0d Y3y ‘sjusned
2a13-01nz19s AeaneIadolsod 9/ ur Zg pazi[eoo] ISH [810]

A1eAnoadsar ‘oxids

o) Jo awn SuISLI-[ey oY) pue yead ay) Je ‘g 1SNy

I0J WIW 97 PUB L7 PUE T I9)sn[o ay1ds pajewoine

JIOJ WIWIGT PUB G'9 SEM SWI0INO [ SSB[O [95ud yIm
syusnyed UI UOT}O9SAI AU} 0} SOUBISIP UBIPIW AT,

SJUIUITIOD [RUL]

IeaK T

SIB3A T

SIedKH-G'C

Te9A T

ek 1<

dn-mojjoj
[es18ansisoq

(V1EY07TS)
INSA/ADd

VIHIOTS
OISO ‘ddd

AN

(VIEI0T) INSA

(V1H90T) WSa

INSA

[opouI ISIdAU]

AL

JACESE
(OVIAS)
SJUTEIISUOD
[eoraIojeu®
)M [opour
[eorroyds
S[opour
QOUDIHIP
S}uly [enprIAIpuf
SJUTEIISUOD
[eoTaIojEUR
UIIm [opowr
[eotrayds Aqreoo

[enpIAlpUy

[opowI pIemIoj

[
—[ejdrau]

AR]REINN

Te11

(R]REINN

8101

[eI01I3U]

SurSewnr
92anog

L8

YL

8T

114

14!

e

uSisap
Apmg

¢ 1C0T T8 19 X0D

4L T0T '8 19 Ye[[epqy

4,8T0T 'T& 19 ua103

o810C e 30 3uag

4oL TOT e 19 SesjwaN

LoLTOZ "T€ 13 O[IDTA UeA

Iedk/I0INny

(penupuo)) T HTAV.L



SINGH ET AL.

* | Epilepsia

between 50% and 75% (highest for ictal EST) and diagnostic
odds ratio was between 4.02 and 7.9 (interictal ESI <inter-
ictal magnetic source imaging <ictal ESI). Table 1 includes
a summary of studies comparing ESI with conventional
imaging and evaluating the postsurgical outcomes.

2 | CONCULSIONS

This article covers the fundamentals behind the develop-
ment of ESI and the diagnostic accuracy of ESI compared
to standard conventional imaging, highlighting the im-
portance of ESI as a valuable clinical imaging tool in the
presurgical assessment of drug-resistant focal epilepsy. In
approximately 20%-30% of patients with intractable epi-
lepsy, ESI can directly influence presurgical and intracra-
nial EEG electrode implantation planning. We also found
good concordance between ESI and EZ at the sublobar
level, which translates into better postsurgical outcomes;
hopefully, this will encourage more level IV epilepsy cent-
ers to incorporate ESI into standard presurgical assessment.
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