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Abstract

Since the discovery of electroencephalography (EEG), when it was hoped that EEGwould offer “awindow
into the brain,” researchers and clinicians have attempted to localize the neuronal activity in the brain that
generates the scalp potentials measured noninvasively with EEG. Early explorations in the 1950s using
electric field theory to infer the location and orientation of the current dipole in the brain from the scalp
potential distribution triggered considerable efforts to quantitatively deduce these sources. Initially, dipole
fitting, or dipole localization, was the method of choice and many studies used this approach in experi-
mental and clinical studies with remarkable success. Later on, new methods were proposed that attempted
to overcome the problem of having to fix the number of sources a priori; these methods are known as dis-
tributed source imaging techniques. The introduction and increasing availability of magnetic resonance
imaging, allowing detailed realistic anatomy of the brain and head to be incorporated in source localization
methods, has drastically increased the precision of such approaches. Today, source localization of EEG
(andmagnetoencephalography, orMEG) has reached a level of consistency and precision that allows these
methods to be placed in the family of brain imaging techniques. The particular advantage that they have
over other imaging methods is their high temporal resolution, which allows the origin of activity to be
distinguished from its propagation and information flow in large-scale brain networks to be examined.
This chapter gives an overview of thesemethods and illustrates themwith several examples, thereby focus-
ing on EEG source imaging in epilepsy and presurgical planning, as clinical applications with remarkable
maturation.

INTRODUCTION

It is generally understood that the main generators of the
electroencephalograph (EEG) are the postsynaptic
potentials that take place on the pyramidal cortical neu-
rons (Mitzdorf, 1985; Lopes da Silva, 1991). Synchro-
nized activity of these synaptic currents leads to
current flows in the head volume. Because the head is
a conducting medium, volume conduction allows the
propagation of these current flows to the scalp surface,
where they give rise to electric potential differences
between electrodes placed on different positions on the

scalp (Brazier, 1949). By recording these potentials using
an array of electrodes, topographical maps can be con-
structed that display the distribution of the scalp potential
produced by the active neuronal population at any given
moment in time. If only one brain area is active, the
potential distribution on the scalp is rather simple and
dipolar. However, if several brain areas are simulta-
neously active, complex patterns of scalp potentials arise,
and the deduction of the underlying sources becomes
a nontrivial task. In general, a priori assumptions are
required, preferentially incorporating anatomical, phys-
iological, and biophysical knowledge. An important
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development was to introduce anatomical constraints of
the head to facilitate solving the EEG source localization
problem (He et al., 1987; H€am€al€ainen and Sarvas,
1989). Further development has introduced physiologi-
cal constraints of cortical sources to facilitate solving the
distributed source imaging (Dale and Sereno, 1993;
Pascual-Marqui et al., 1994). Such a priori constraints
greatly improve the solvability and precision of the
EEG source localization, albeit only an estimation of
the underlying sources.

Historically, the first attempts of EEG source localiza-
tion were based on the strong a priori assumption that
only one source is active at a certain time point, that
the head can be approximated as a sphere, and that the
conductivity is homogeneous throughout the brain. In
this case, nonlinear multidimensional optimization pro-
cedures allowed the position, orientation, and strength
of an equivalent dipole in the brain to be found that best
explained the observed scalp potential measurements.
Soon, the conductivity difference between different tis-
sues were incorporated in multilayer spherical head
models, and finally realistic geometry headmodels based
on magnetic resonance (MR) images were developed
using boundary or finite element reconstruction of the
scalp and the different tissues. Also, the inverse model
developed from the strong constraint of one or a few
dipoles with time-varying amplitudes to distributed
source reconstruction methods that estimate the three-
dimensional (3D) current density distribution in the
whole brain volume. In the following text, the concepts
and principles of EEG source localization are reviewed.
More detailed methodological reviews can be found in
He and Ding (2013), Pascual-Marqui et al. (2009),
Michel et al. (2004b), Michel and He (2011). An illustra-
tion of the full pipeline for modern EEG source imaging
is given in Fig. 6.1.

THE EEG FORWARD PROBLEM

The electric potential generated by synchronized post-
synaptic potentials does not propagate homogeneously
through the brain. Different tissues such as the scalp,
skull, cerebrospinal fluid, and brain have different con-
ductivity characteristics and therefore attenuate the cur-
rent to a different extent. If the conductivity parameters
are known and are correctly taken into account, Poisson’s
equation allows the potential to be determined at each
scalp electrode generated by a known source in the brain
(Malmivuo and Plonsey, 1995). Thereby, the source is
generally modeled as an equivalent current dipole com-
posed of a pair of current source and sink representing the
postsynaptic currents flowing through the apical den-
dritic trees of cortical pyramidal cells. The calculation

of the scalp potentials produced by such a source is com-
monly called the EEG forward problem.

The simplest solution to the EEG forward problem is
that of an infinite homogeneous model, where the entire
space is assumed to be occupied by a homogeneous con-
ductive medium (Plonsey, 1969; He and Lian, 2005).
More complicated but slightly more realistic models
attribute different conductivity properties to different tis-
sues of the head, represented as homogeneous shells in
the spherical model (Rush and Driscoll, 1969; Cuffin
and Cohen, 1979; Wang and He, 1998; Michel and
Murray, 2012; He and Ding, 2013). Such models have
been used inmost of the initial source localization studies
using equivalent dipole fitting. Many of them used con-
ductivity values defined over 40 years ago by Rush and
Driscoll (1969), where the skull resistivity was proposed
to be 80 times higher than the resistivity of the scalp and
the brain. Several more recent studies have showed that

Fig. 6.1. Pipeline of modern EEG source imaging. High-

density EEG (here 256 channels) is recorded with high tempo-

ral resolution. Exact electrode positions are assessed (herewith

a photogrammetry system from EGI Inc. as an example). The

scalp potential map at each time instant is reconstructed from

these recordings. StructuralMRI of the subject is assessed. The

electrodes are coregistered with the head surface. The brain is

segmented and the solution points are distributed within the

gray matter. A distributed inverse solution is then applied to

the EEG map using the individual volume conductor model

reconstructed from the MRI.
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these values are too high and that the conductivity ratio
between skull and brain is only about 20:1 (Lai et al.,
2005; Ryynanen et al., 2006). But not only is the skull
resistivity smaller than previously assumed, the thickness
of the skull varies across the head, and, more importantly,
it varies across age, with thinner skull, and lower resistiv-
ity, in young children (Fig. 6.2A). This leads to a much
higher spatial resolution of the EEG (less smearing)
and has therefore important consequences regarding the
number of electrodes needed to properly sample the scalp
electric field, as discussed in Chapter 14.

While spherical head models with homogeneous con-
ductivity properties of the different tissues provide an
analytical solution of the EEG forward problem, such
a head model is not realistic. The propagation of the elec-
tric potential from the brain to the scalp is modulated by
the electric conductivity properties of the different tis-
sues and by the geometry of the head. Exact knowledge
of these properties and exact modeling of the different
tissues are fundamental for correct source localization
with EEG.With the use of individualmagnetic resonance
imaging (MRI), the head shape, the convolutions, and the
thickness of the tissues can be modeled precisely and
incorporated into what is called the forward solution, i.e.,
the relationship between a current source in the brain and
the potential on the scalp. The most popular method
introduced to solve the EEG forward problem is the
boundary element method (BEM) (He et al., 1987;
H€am€al€ainen and Sarvas, 1989). The use of the BEM per-
mits the anatomic information of the head, as well as the
major conductivity characteristics such as the brain,
skull, and scalp, to be incorporated into EEG forward
solutions. The BEM models the interfaces between each

tissue of the head with amesh of triangles, such as the air/
scalp, scalp/skull, and skull/brain interfaces. Each type of
tissue is considered electrically homogeneous and isotro-
pic and different conductivity values are given for each of
them. The finite element method (FEM), on the other
hand, has been used to model tissue conductivity inho-
mogeneity and even conductivity anisotropic distribu-
tions within the white matter (Lee et al., 2009). These
numerical techniques utilize the anatomical information
provided by the MRI to segment different brain tissues
and head structures.

Building a FEM head model is still a rather laborious
effort. An alternative has been proposed by Spinelli et al.
(2000), which combines the simple analytical solution of
a spherical model but takes the head shape and the brain
tissues into account. In a method called the spherical
head model with anatomical constraints (SMAC), they
proposed to determine the best-fitting sphere from the
individual MRI and then use homogeneous transforma-
tion operators to warp the brain to this best-fitting sphere.
The analytical solutions for a multishell spherical model
can then be applied, but the solutions are directly calcu-
lated for this slightly deformed MRI. The method has
subsequently been improved by an adaptive local spher-
ical model (LSMAC), where local spheres with different
radius are built for each electrode (Brunet et al., 2011).
This model allows variation of the conductivity values
for each electrode by taking the skull thickness under
each electrode into account (Fig. 6.2B). In a series of
38 epileptic patients with focal epilepsy who underwent
surgery, Birot et al. (2014) directly compared the BEM,
the FEM, and the simpler LSMAC model in their accu-
racy to localize interictal spikes. Using the individual

Fig. 6.2. The head as a volume conductor. Proper EEG source localization requires a correct model of the volume conductor

because the different compartments have different conductivity properties. Most important is the resistivity of the skull. Its thick-

ness as well as its conductivity varies with age. This important fact has to be considered when building the volume conductor

model. (A) Skull thickness and skull conductivity relative to the brain across age. The values for conductivity are estimated from

Roche (1953) and Lillie et al. (2016). The values for conductivity are estimated from Hoekema et al. (2003) and Latikka et al.

(2001). (B) Estimating the local skull thickness from T1 MRI. The inner and outer estimated boundaries of the skull are shown

as transparent layers. The blue spheres are positioned at the exact locations of the skull underneath each surface electrode (not

shown here).
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MRI and restricting the solution space to the gray matter,
they showed that all three head models performed
equally well with over 70% of the source maxima lying
within the resection zone. No significant differences
were found between the three head models in this partic-
ular clinical application.

THE EEG INVERSE PROBLEM

The basic problem of determining the intracranial
sources that generate a given EEG (and magnetoenceph-
alography, or MEG) measurement over the scalp is the
challenge of the electromagnetic inverse problem.
A solution to this problem can only be found if a priori
assumptions about the sources are incorporated
(Fender, 1987). Neurophysiologic knowledge about
the sources of the EEG, biophysical knowledge about
how electric activity spreads, anatomic knowledge of
the conductive tissues, and knowledge or assumptions
about distributions of neuronal activity are all contribu-
tors to such a priori constraints. Many different con-
straints have been introduced over the years and new
constraints and assumptions are continuously formulated
in the literature based on new available knowledge of sig-
nal generation. Such newmodels must be rigorously val-
idated, leading to the legitimate question of the gold
standard for validation (Michel et al., 2004b). Simula-
tions are certainly helpful and important in this respect
but bear the risk of simulating data that are most appro-
priate for the proposed model. Testing the results in
recordings where the generators are well defined is
another approach, but this can lead to the risk of preselec-
tion of data that are most suitable for the proposed
approach and the question of how much the method
can be generalized to other conditions than the one tested.
For example, being able to properly localize the single
source of an epileptic spike does not prove that the very
samemethod can localize all nodes of a complex network
in ongoing activities at rest. It is possible that one method
works perfectly fine in one specific dataset, but another
method is preferable for another set of data in another
condition. A good knowledge of the properties, advan-
tages, and limitations of each of the methods is
mandatory.

In the following paragraphs, we describe some of
today’s most widely used inverse solution methods and
explain the basic assumptions that each of these inverse
solutions incorporate.

Dipole source localization

Localization of a limited number of equivalent dipoles
was the first approach proposed to solve the EEG inverse
problem. In this classical approach, the a priori assump-
tion is that only one or a few areas in the brain are active

and generate the scalp potential field. Under this con-
straint, the mathematically best solution can be found
by nonlinear optimization (Scherg and von Cramon,
1985; He et al., 1987). The number of dipoles that can
be reliably found is limited by the number of scalp elec-
trodes and by the nonlinear complexity of the search
algorithms with multiple sources. Advanced methods,
such as decoupling the linear and nonlinear part of the
estimation or searching for the best solutions over a cer-
tain time period with time-varying strength of the dipoles
(MUSIC (Mosher et al., 1992); BESA (Scherg and von
Cramon, 1985)) can increase the number of dipoles
slightly. Nevertheless, if the number of dipoles is under-
estimated, the source localization is biased by the miss-
ing dipoles, and if too many dipoles are assumed,
spurious sources will be introduced.

Despite the simplicity and limitation of this a priori
assumption, dipole source localization can produce reason-
able results under some particular conditions (Henderson
et al., 1975), in particular in localizing the epileptic foci
(Ebersole et al., 1995; Lantz et al., 1996) or primary sen-
sory areas, such as the localization of the sensorimotor
cortex in surgical candidates (Willemse et al., 2016), as dis-
cussed in more detail later. Dipole source localization is
still widely used in the MEG community in these clinical
applications (Stefan et al., 2003).

Distributed source imaging

In experimental EEG studies the dipole source localiza-
tion approach has been largely replaced by distributed
source imaging methods. These methods do not impose
a constraint on the number of sources. Instead, a large
number (usually more than 5000) of equivalent dipoles
are distributed in fixed positions over the whole
source space and the strength of each of these dipoles
is estimated. Using anatomical information from the
individual or a template MRI, the source space is usu-
ally constrained to the gray matter. Dale and Sereno
(1993) proposed the cortical current density model in
which the dipoles are constrained to the directions
perpendicular to the cortical surface. Anatomical con-
straints reduce the number of parameters that have
to be estimated. Still, the number of unknowns is
obviously much larger than the number of knowns
(recordings at electrodes), making the problem highly
underdetermined if no additional constraints are imposed.
Such constraints can be purely mathematical or can be
based on biophysical or physiological information or
incorporate knowledge from other structural or functional
imaging modalities, such as diffusion tensor imaging or
functional MRI.

The first and most general linear distributed inverse
solution was introduced by H€am€alainen (1984) and
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H€am€al€ainen and Ilmoniemi (1994), named the minimum
norm (MN) solution. The constraint proposed in this
solution is that current distribution over all solution
points has minimum energy (minimizing the least-square
error, i.e., the L2-norm) and that the forward solution of
this distribution optimally explains the measured data.
Evidently, the constraint of minimal overall energy favors
sources closer to the scalp electrodes and overlooks
sources in deeper structures. Using different mathemati-
cal operations, depth-weighting strategies have been pro-
posed to overcome the problem of favoring superficial
sources (Wang et al., 1992; Greenblatt, 1993; Grave de
Peralta Menendez and Gonzalez Andino, 1998).

A current widely used variation of the MN solution
is called LORETA (low resolution electromagnetic
tomography, introduced by Pascual-Marqui et al.,
1994). The additional constraint added in this solution
is the minimization of the Laplacian of the sources, lead-
ing to a smooth (low resolution) distribution of the 3D
activity. This constraint has been justified by the physi-
ologically plausible assumption that activity in neigh-
bored voxels are correlated, an assumption that is
challenged in some brain areas, for example, in the inter-
hemispheric fissure. LORETA can lead to blurred and
oversmoothed solutions in such cases. Improvements
of this algorithm have been proposed by this and other
authors, leading to algorithms named sLORETA
(Pascual-Marqui, 2002), eLORETA (Pascual-Marqui
et al., 2011), LAURA (Grave de Peralta Menendez
et al., 2004), VARETA (Fernandez-Bouzas et al., 2004),
and others.

Recently, various signal-processing techniques have
been applied to further develop distributed source imag-
ing algorithms. These include L1-norm algorithms,
which are essentially based on the assumptions that neu-
ronal sources are discrete and focal, therefore leading to
solutions in favor of more focal localizations (instead of
overly smoothed solutions as in the L2-norm) (Matsuura
and Okabe, 1995; Uutela et al., 1999; Huang et al., 2006;
Bai et al., 2007; Ding and He, 2008).

In addition to spatial source imaging in which EEG
measurements at a given time instant are used to localize
and image the underlying brain activity, spatiotemporal
source imaging methods have also been developed
(Yang et al., 2011; Lu et al., 2012). Such spatiotemporal
source imaging has practical importance in imaging sei-
zure sources, which are essentially oscillatory sources
with a high degree of temporal correlation. A particular
approach is to integrate the independent component anal-
ysis (ICA) with source imaging, in which seizure EEG
measurements are decomposed using ICA, source imag-
ing performed on a selected set of these independent com-
ponents, and then recombined to obtain the estimated
seizure sources (Yang et al., 2011; Lu et al., 2012).

Beamforming (Vrba and Robinson, 2001) is another
spatiotemporal method for source imaging. The idea
behind this method is to refocus the signal captured at
the scalp to its originating location, by finding weights
pertaining to each location of the source space, such that
the variance of the current dipole at every location ismin-
imal. Beamforming techniques have the same smoothing
issue as the MN solution, and are known to face chal-
lenges when underlying sources have correlation with
each other.

Scanning techniques are another class of methods that
attempt to solve for the dipole distribution by scanning
through all the possible locations of the source space
to determine the most likely locations of the dipoles.
MUSIC (Mosher et al., 1992) is a well-known scanning
approach. Some variants of MUSIC are the recursively
applied and projected MUSIC (RAP-MUSIC) (Mosher
and Leahy, 1999) and the first principle vector (FINE)
(Xu et al., 2004) localization method. Scanning methods
will have decreased performance for coherent and corre-
lated sources, specifically when the sources are close to
each other.

Brain network analysis

EEG (and MEG) source localization has been widely
used to identify brain regions implicated in information
processing and execution of tasks and to localize dys-
functional areas in different neurologic and psychiatric
diseases. However, whole-brain imaging methods, par-
ticularly fMRI, have led to an increasing recognition that
brain functions and dysfunctions are based on interac-
tions between different regions forming large-scale net-
works. The question of how such interactions are
organized, how the regions communicate with each
other, how areas transmit and receive information, and
how such communication is disturbed in mental disease
has become a key topic of research in neuroscience
(Ioannides, 2007). Because of the sluggishness of the
hemodynamic process, fMRI is limited with respect to
the interpretation of neuronal interactions (Otte and
Halsband, 2006). EEG (andMEG) with its high temporal
resolution is more suitable for studying network dynam-
ics and connectivity. Many different techniques with dif-
ferent properties have been developed for this purpose
(Lopes da Silva et al., 1989; Lachaux et al., 1999;
Stam and Van Dijk, 2002; Wendling et al., 2009), most
interestingly time-varying methods that estimate the
direction of interactions using effective connectivity
measures in the framework of Wiener–Granger causality
or dynamic causal modeling (Urbano et al., 1998;
Strogatz, 2001; Brovelli et al., 2004; David et al.,
2006; Lin et al., 2009; Martino et al., 2011; Porcaro
et al., 2013; Plomp et al., 2014). They were mainly
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applied to evaluate the relationships between pairs of
electrodes on the scalp, which bears the problem of vol-
ume conduction (Brunner et al., 2016; Van De Steen
et al., 2016) and reference dependency (Chella et al.,
2016) and limits the interpretability in terms of brain
areas that are connected. It was therefore proposed to per-
form functional connectivity analysis on the source
domain after solving the source imaging (inverse) prob-
lem. This approach leads to a more adequate description
of interactions between brain regions. Functional con-
nectivity analysis such as structural equation modeling

(Astolfi et al., 2004), the directed transfer function
(Babiloni et al., 2005; Wilke et al., 2009b), partial
directed coherence (Coito et al., 2015; Plomp et al.,
2015), and graph theory (Astolfi et al., 2007a) have been
applied on the estimated current density waveforms,
allowing a direct mapping of brain functional networks
from the high temporal resolution EEG (or MEG).

Fig. 6.3 illustrates the approach of functional connec-
tivity imaging from EEG or MEG (from Sohrabpour
et al., 2016). The combined electric source imaging
(ESI) and directional functional connectivity analysis

Fig. 6.3. Mapping and imaging the functional connectivity from EEG/MEG. The combined ESI and directional functional

connectivity analysis identifies nodes and internodal connections of the network under study. ESI can objectively determine

the network nodes and extract activation time-courses and feed them to a directional functional-connectivity analysis, such as

Granger causality analysis, to determine the directional connectivity patterns. From Sohrabpour A, Ye S, Worrell GA et al.

(2016). Noninvasive electromagnetic source imaging and granger causality analysis: an electrophysiological connectome

(eConnectome) approach. IEEE Trans Biomed Eng 63: 2474–2487.
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identifies nodes and internodal connections of the
network under study. ESI can objectively determine
the network nodes and extract activation time-courses
and feed them to a directional functional-connectivity
analysis, such asGranger causality analysis, to determine
the directional connectivity patterns.

Currently, many different methods for estimating
functional connectivity are available and have been
applied to EEG andMEG on the sensor and source level.
Since they have different properties, their suitability for
a given data set has to be carefully evaluated and valida-
tion studies using simulations and benchmark data are
still needed (David et al., 2004; Astolfi et al., 2007b;
Wendling et al., 2009; Haufe et al., 2013; Plomp
et al., 2014).

CLINICAL APPLICATIONS OF EEG
SOURCE IMAGING

Given the increasing interest in large-scale, whole-brain
networks and their temporal dynamics, EEG source
imaging methods have become a method of choice in
many research laboratories, often combined with other
functional or structural imaging methods (Michel and
He, 2011; Michel and Murray, 2012).

EEG source imaging is also increasingly used in clin-
ical applications to localize functionally abnormal brain
areas and/or to localize eloquent cortex for surgical plan-
ning. One of the key applications is epilepsy, and more
precisely in the presurgical evaluation of patients with
pharmaco-resistant focal epilepsy. EEG source imaging
has proven to be an important tool to localize the epileptic
foci and to decide about the possibility for surgical resec-
tion or guide the placement of intracranial electrodes.

In the following we describe selected examples of
studies applying EEG source imaging in clinical and
experimental studies, albeit only a subjective selection
of exemplar cases. Studies using MEG instead of EEG
are also described, considering these two modalities as
measuring the same sources and using the same localiza-
tion methods, albeit with some differences in sensitivity
to different types of sources (Ahlfors et al., 2010;
Malmivuo, 2011).

Epilepsy

The main aim of EEG source imaging in epileptic
patients is the determination of the epileptogenic focus.
This helps inmaking decisions about surgically resecting
or ablating the focus or it can guide the location of intra-
cranial electrodes if considered necessary.

Early applications of epileptic focus localization with
EEG used equivalent dipole modeling (Ebersole and
Wade, 1990; Ebersole, 1998). Subsequently, many dif-
ferent groups demonstrated the accuracy of dipole fitting

to epileptic spikes in comparison to intracranial record-
ings or to the resected zone in operated patients (Lantz
et al., 1994; Scherg and Ebersole, 1994; Gavaret et al.,
2006; Ebersole and Hawes-Ebersole, 2007; Gavaret
et al., 2009; Rose and Ebersole, 2009). Several commer-
cially available EEG analysis packages added this tool to
their analysis software. Dipole fitting also became the
standard in clinical MEG systems where it has been
approved by the FDA and is still widely used
(Schwartz et al., 2010; Braeutigam, 2013). However,
there are obvious limits to the anatomical precision of
such single-point dipoles, particularly if spatially
extended or multiple sources generated the spike seen
on the scalp (Alarcon et al., 1994; Shindo et al., 1998;
Ebersole and Hawes-Ebersole, 2007). Most importantly,
however, is the increasing acknowledgment that epilepsy
is a network disease with fast propagation of epileptic
activity within large-scale networks (Richardson,
2012). Identifying these network nodes and the temporal
dynamics within these networks requires distributed
source imaging methods that allow identification of mul-
tiple sources. Also, methods that permit the definition of
the epileptic activity extent are of interest and have
recently been proposed (Chowdhury et al., 2013;
Heers et al., 2016).

Accurate localization of interictal spikes using distrib-
uted electric source imaging methods (often abbreviated
as ESI) has been demonstrated in many studies over the
last 15 years (for an early application, see Michel et al.,
1999). Sperli et al. (2006) analyzed the standard (20 elec-
trodes) clinical EEG of 30 operated and seizure-free chil-
dren with ESI. They reported correct localization on a
lobar level in 90% of the cases, whereas PETand SPECT
revealed only 82% and 70% correct localization, respec-
tively. However, they also showed that a higher number
of electrodes (in their case 128) increased localization
precision, particularly in temporal lobe epilepsy. Using
such high-density EEG recordings, Michel et al.
(2004a) demonstrated correct localization on a lobar
level in 93.7% of 32 patients. In the 24 patients whowere
operated, ESI localized the maximumwithin the resected
zone, i.e., on a sublobar level, in 79%. Brodbeck et al.,
2010 analyzed 10 operated patients with normal MRI
and showed correct localization within the resected mar-
gins in 8 of them. Zumsteg et al. (2005) performed ESI
analysis in 15 mesial temporal lobe epilepsy patients
and compared them with simultaneously recorded data
from foramen ovale electrodes. They showed that
14 of the 19 different local field patterns seen by the fora-
men ovale electrodes could be correctly identified with
ESI. These results indicate that even mesial temporal
sources can be recorded by scalp EEG and properly
localized by ESI, a conclusion that has also been made
by Lantz et al. (2001) in simultaneous EEG and
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intracranial EEG recordings. In addition, Brodbeck et al.
(2009) showed that ESI accuracy is not vulnerable to
eventual conductivity inhomogeneities due to lesions.
Despite large cerebral lesions, ESI correctly localized
spike activity within the resected zone in 12 of 14 patients
(Fig. 6.4).

Given all these promising studies, Plummer et al.
(2008) concluded in a comprehensive review that ESI
deserves a place in the routine workup of patients with
localization-related epilepsy, but that a prospective vali-
dation study conducted on larger clinical groups is still
required. In 2011, Brodbeck et al. (2011) presented such
a prospective study of 152 operated patients with>1 year
postoperative follow-up, allowing them to look at sensi-
tivity and specificity of ESI for epileptic focus localiza-
tion. The study demonstrated a sensitivity of 84% and a
specificity of 88% if the EEG was recorded with a large
number of electrodes (128–256 channels) and the indi-
vidual MRI was used as head model (SMAC head
model). These values compared favorably with those
of structural MRI, PET, and ictal/interictal SPECT
(Fig. 6.5). The sensitivity and specificity of ESI
decreased significantly with a low number of electrodes
(<32 channels) and a template head model. Using this
database as well as additional data, Lascano et al.
(2015) evaluated the predictive value of all conventional
imaging studies used (PET, SPECT, MRI) in the presur-
gical evaluation and included high-density ESI in this
study; 190 patients with focal epilepsy who underwent
surgery were included in the study, all recorded with
high-density EEG (128–256 channels). These results
showed that structuralMRI and high-density EEG source
imagingwere the only two favorable outcome predictors.

Patients who had concordant structuralMRI andHD-ESI
results had 92.3% probability of favorable outcome. An
independent study by Feng et al. (2015) on 43 temporal
lobe epilepsy patients recorded with 256-channel EEG
confirmed these results by showing a sensitivity of
91.4% and a specificity of 75% on a sublobar level.
While the precision of source imaging might be less rel-
evant in patients where large resections are made, the
question of how precisely ESI localizes the epileptic
focus becomes relevant in small resections or ablations.
Megevand et al. (2014) specifically evaluated the ques-
tion of localization precision with HD-ESI in 38 patients
who later underwent intracranial EEG monitoring. They
measured the distance between the ESI maximum and
the nearest intracranial electrodes in the irritative zone.
They reported a median distance from the ESI maximum
to the nearest intracranial electrode that showedmaximal
spike discharges of 15mm.

While there are now more and more convincing
results on the yield of the ESI for localizing the epileptic
spikes, there is constant criticism that the true identifica-
tion of the seizure onset zone requires the analysis of ictal
and not only interictal activity (Blume et al., 2001;
Janszky et al., 2001).

In their 38 patients with intracranial recordings,
Megevand et al. (2014) showed that the median distance
between the interictal zone and electrodes that were iden-
tified as belonging to the seizure onset zone was 0mm
with an interquartile range of 0–14mm. Consequently,
the localization of the spike with HD-ESI also correctly
identified the seizure onset zone in most of the patients
and the median distance between the ESI maximum
based on spikes and the seizure onset zone was 17mm.

Fig. 6.4. Localization of epileptic spikes with EEG source imaging. This example shows an averaged epileptic spike recordedwith

128-channel EEG. The scalp potential map at 50% of the rising phase of the spike is shown (A). The sources in the brain at this time

point are estimated with a distributed inverse solution (LORETA) and the patient’s MRI as head model. Maximal activity is found

in the vicinity of a right frontal lesion (B). The patient was subsequently operated on and the postoperative MRI is shown (C). The

EEG sourcemaximumwas correctly localizedwithin the resected area in this postoperatively seizure-free patient. Such assessment

of correctness of the source estimation by comparing it with the area of surgical resection has been the basis of several studies that

evaluated the sensitivity of EEG source imaging (see, for example, Brodbeck et al., 2010).
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The problem with localizing the seizure onset zone
with ESI is that fast propagation of seizure activity can
lead to wrong identification of the seizure onset zone.
Early studies applied phase-corrected frequency source
analysis to determine which area started first with the
most prominent initial ictal frequency (Lantz et al.,
1999; Blanke et al., 2000). In Lantz et al., the source
reconstruction of the predominant frequency was con-
cordant with the intracranial findings in seven of nine
cases (Lantz et al., 1999). However, this type of simple
frequency analysis is not able to catch very fast pro-
pagation because the time resolution is lost. Time–
frequency analysis might be more promising in this
respect, as recently shown by Pellegrino et al. (2016).
Yang et al. (2011) used independent component analysis
in the time–frequency domain to determine maps that
represented the rhythmic discharges at seizure onset.
Localization of the sources of these maps closely corre-
sponded to the seizure onset zone determined with intra-
cranial recordings. Fig. 6.6 illustrates one example of
direct seizure imaging in two patients with temporal lobe
epilepsy and frontal lobe epilepsy. Nemtsas et al. (2017)
filtered the high-density EEG in the dominant frequency
of the rhythms at seizure onset and showed correct source
localization of this dominant frequency in the resected

zone in five of six postoperatively seizure-free patients.
They also showed a 93% concordance between ictal and
interictal source localization, again indicating that spike
focus localization corresponds to the seizure onset zone
in the majority of the cases. While these frequency-based
methods are very promising, they only work in patients
where the seizure onset is characterized by continuous
synchronized rhythmic discharges. The functional con-
nectivity imaging has also shownmerits in localizing sei-
zure sources. Ding et al. (2007) reported a study of
20 seizures in a group of patients. The application of
Granger causality analysis to sources estimated using a
scanning technique resulted in a concordant outcome
as compared with structure MRI and SPECT in the same
patients. Staljanssens et al. (2017) recently proposed an
alternative approach based on functional connectivity
analysis in the source space and identification of the
source with the highest number of outgoing connections
as the seizure onset zone. While this approach showed
promising results in high-density EEG (>200 elec-
trodes), it was remarkably less successful with lower
channel counts (<128 electrodes).

Another subject of high interest for the clinical
workup of patients concerns high-frequency oscillations
(HFOs), mostly in the range of 80–500Hz. There is now

Fig. 6.5. Sensitivity and specificity of EEG source imaging. This study by Brodbeck et al. (2011) evaluated the clinical yield of

different imaging modalities in the presurgical workup of patients with pharmaco-resistant epilepsy. A total of 152 patients with at

least 1 year of postsurgical follow-upwere included. Sensitivity of amethodwas determined by evaluatingwhether the localization

proposed by the method was within the resected zone in postoperatively seizure-free patients, while specificity was determined by

evaluating whether the localization was outside the resected area in patients in whom the surgery was not reducing the seizures.

High-resolution EEG (128–256 electrodes) source imaging (HR-ESI) showed highest sensitivity and specificity. EEG source

imaging based on standard clinical EEG (19–29 electrodes) (LR-ESI) showed much lower yield.
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a large body of research on HFOs, indicating that HFOs
are more frequently found in or close to the seizure onset
zone in the intracranial EEG and even correlate with sur-
gical outcome (Jacobs et al., 2010). HFOs are very focal
and of low amplitude and therefore difficult to detect
with scalp EEG, but recent reports indicate that this
might be possible (Wu et al., 2008; Andrade-Valenca
et al., 2011; Von Ellenrieder et al., 2016), particularly
when high-density EEG is used (Zelmann et al., 2014).
Lu et al. (2014), Kuhnke et al. (2018) confirmed the
detection of focal HFO events with high-density EEG
and showed that they can be correctly localized with
EEG source imaging. The importance of high-resolution
EEG recordings becomes evident in these studies, a point
that is discussed in detail in Chapter 14.

The increasing recognition of epilepsy as a network
disease (Richardson, 2012) has triggered studies that
look at functional connectivity between the different
nodes of these pathological networks (Hassan et al.,
2017). Wilke and colleagues showed that Granger cau-
sality or graph theory can substantially facilitate resolv-
ing the seizure onset zone from intracranial EEG during
interictal spikes and seizures (Wilke et al., 2009a,b,
2011). Ding et al. (2007) demonstrated that suchmethods
(in this case, direct transfer function) applied to the
source-space data can successfully localize the seizure
focus and distinguish it from propagated activities.
Coito et al. (2015) used another directed connectivity
measure in the source-space (partial directed coherence)
to study epileptic networks in left vs right temporal lobe

epilepsy. They showed clear differences between the two
patient groups, with more bilateral networks in right as
compared to left temporal epilepsy. Interestingly, the
same group (Coito et al., 2016) also showed that the same
pathological networks were active in the EEG at rest
without any visible EEG abnormalities and distinguished
them from a control group. This study indicates that epi-
leptic networks might be active even outside of epileptic
activity and might explain neuropsychological and cog-
nitive dysfunctions of epileptic patients even when sei-
zures are controlled.

Fig. 6.7 shows an example of localizing the primary
epileptic sources using EEG and MEG source imaging
and directional functional connectivity in a patient with
temporal lobe epilepsy (Sohrabpour et al., 2016). Two
types of interictal spikes (both observed in EEG and
MEG) were observed in this patient. One type of the
extracted spikes localized to the temporal region (21
spikes in EEG and 23 spikes in MEG), and the other
type to the left parietal-occipital region (8 spikes in
EEG and 8 spikes in MEG) when the inverse problem
was solved for the peak of the averaged spike. The
regions of interest (ROIs) found using both EEG spikes
andMEG spikes overlap well with each other. The arrow
between the two panels of Fig. 6.7A indicates the infor-
mation flow derived from connectivity analysis, directing
from the primary source to the secondary source where the
epileptic activity propagates after being generated by the
primary source. This can also be seen from the information
flow direction and comparison of total outflow volume

Fig. 6.6. EEG source imaging of seizures: Examples of electric source imaging (ESI) of the seizure onset zone from high-density

EEGwith the aid of independent component analysis. The yellow color refers to noninvasive ESI results from seizure components

identified by time–frequency analysis. The green color illustrates surgical resected areas quantified by postoperative MRI in the

patients. (A) and (B) refer to results in two patients. The patients were seizure free at 1-year follow-up postsurgery. Modified from

Yang L,Wilke C, Brinkmann B et al. (2011). Dynamic imaging of ictal oscillations using non-invasive high-resolution EEG. Neu-

roimage 56: 1908–1917.
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(between the two nodes) in Fig. 6.7B. In this patient, ROI 1
shows significant information flow toROI 2,while no such
significance can be observed from ROI 2 to ROI 1. Thus,
ROI 1, which is located in the left temporal lobe, was iden-
tified as the primary source. Fig. 6.7D shows the postop-
erative MR image with the red line marking out the
surgically resected area. The results indicate that source
imaging results and connectivity analysis results from
E/MEG coincide well with the clinical findings and can
be used to localize primary epilepsy source responsible
for seizure generation.

Surgical planning

Another important potential clinical use of EEG/MEG
source imaging is the localization of eloquent cortex in
the planning of brain surgery, whether for resection of

brain tumors or epileptic foci. While maximization of
resection is key to the success of surgery, the extent of
resection should not threaten neurological functions or
quality of life. Therefore, resections in the vicinity of elo-
quent zones require the precise localization of both the
lesion and the eloquent areas (i.e., sensorimotor cortex,
language areas) during presurgical planning, in order
to make the surgery both as radical and as precise as pos-
sible. Various efforts have beenmade to expand the limits
of resective brain surgery with intraoperative mapping of
functions such as motor or language through direct cor-
tical stimulation (DCS) (Ojemann et al., 1989; Duffau
et al., 2003), or intraoperative imaging with low field
MRI and tractography (Prabhu et al., 2011; Seifert
et al., 2011). The most established noninvasive method
for presurgical mapping of eloquent cortex is fMRI,
particularly for the localization of sensorimotor areas

Fig. 6.7. Identifying epileptic networks from interictal spikes in a patient with temporal lobe epilepsy. (A) Spikes (blue fromEEG,

green fromMEG), estimated sources, and directional causality of two regions of interest. (B) Information flow direction and com-

parison of total outflow volumes between the two ROIs depicted on cortex model. (C) Statistical testing results of DTF values

between the two ROIs. DTF values above the red line are significant with a corresponding P value <0.05. (D) Surgical resection

marked by red dotted line on postoperative MR image and red oval on the cortex model. This patient suffered from left temporal

lobe epilepsy and is seizure-free after the resection. From Sohrabpour A, Ye S, Worrell GA et al. (2016). Noninvasive electro-

magnetic source imaging and granger causality analysis: an electrophysiological connectome (eConnectome) approach. IEEE

Trans Biomed Eng 63: 2474–2487.
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(Krings et al., 2001; Majos et al., 2005) where the spatial
precision is in the range of 2–5mm (Roessler et al.,
2005). However, some drawbacks are reported
(Sunaert, 2006). Besides a relatively high drop-out rate
for technical reasons (movement artifacts, distortions,
system instabilities, etc.) the most important problem
in the context of brain lesions is the possibility that
altered vasoactivity can lead to neurovascular uncou-
pling and missing the blood-oxygenation level depen-
dent activation (Holodny et al., 2000; Schreiber et al.,
2000). Consequently, absence of an fMRI activity in a
given area does not necessarily indicate that this region
is not implied in the function (Sunaert, 2006). EEG/MEG
source imaging might be more promising in this respect.
However, the use of MEG and EEG source imaging in
localization of eloquent cortex in presurgical planning
is less common. High-resolution MEG systems have
been on the market somewhat longer and have therefore
been used for this purpose in some studies, particularly
for localization of sensory and motor cortex. These
studies, using single dipole localization approaches,
showed generally good localization results (Gallen
et al., 1995; Rezai et al., 1996; Ganslandt et al., 1999;
Makela et al., 2006; Willemse et al., 2016). Recently,
precise localization of somatosensory cortex has been
demonstrated with HD-EEG and source imaging in
individual realistic head models (Lascano et al.,
2014). Subjects were stimulated with pneumatic stimu-
lation of the thumb and somatosensory evoked poten-
tials (SEPs) were calculated and localized using a

distributed inverse solution. The results were compared
with fMRI and (in a subset of epilepsy patients) with
intracranial SEP and DCS (Fig. 6.8). The study showed
that ESI of the SEP precisely localizes primary somato-
sensory cortex with very small interindividual variabil-
ity. Comparison of ESI and fMRI showed small
differences of 3–7mm except in the medial-lateral
direction, because the SEP maximum at 40-ms latency
was systematically localized deeper in the cortex than
the fMRI maximum. This is explained by the fact that
the early peak of the SEP results from the activation
of Area 3b, comprising the anterior wall of the postcen-
tral gyrus, while fMRI, lacking the temporal resolution,
was dominated by activation of areas 1 and 2 and there-
fore obtained a more lateral and more posterior activa-
tion than the SEP. Comparison of the noninvasive with
the invasive methods revealed that fMRI was slightly
closer to the intracranial SEP, while ESI was closer to
the DCS location. An independent study by Klamer
et al. (2015) confirmed the excellent localization preci-
sion of the somatosensory cortex with high-density
EEG when compared to fMRI as gold standard and
again showed a more medial localization of EEG. Inter-
estingly, these authors compared high-density EEG
source imaging (256 channel) withMEGusing the same
stimulation protocol. They found that EEG localized
significantly closer to the fMRI than MEG, but only
if individual realistic head models were used, confirm-
ing again the importance of realistic head models for
EEG source imaging, as discussed previously.

Fig. 6.8. Localization of eloquent cortex with EEG source imaging. The localization of the somatosensory cortex in an individual

patient was compared between source imaging of the somatosensory evoked potential (SEP), corticography based on direct elec-

trical stimulations of the contacts on a subdural grid, and intracranial recordings of SEPs (determining phase reversal). High cor-

respondence between these threemethodswas found. Formore details and comparisonwith fMRI, see the study on a large group of

patients by Lascano et al. (2014).
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Source localization of sensory evoked potentials
(EPs) has a high potential to not only localize eloquent
cortex, but also to identify and localize brain lesions in
various neurological diseases. In a recent review on the
clinical use of EPs Lascano et al. (2017) concluded that
“EPs based on multichannel electroencephalography
recordings, known as high-density EPs, help to better dif-
ferentiate between healthy subjects and patients and,
moreover, they provide valuable spatial information
regarding the site of the lesion.”

CONCLUSIONS

This chapter describes the fundamental principles and
the development of EEG source localization. It shows
that the localization of brain neuronal activity based on
scalp EEG has matured from a rough estimation of an
equivalent dipole in a sphere to an anatomically precise
localization of the current density distribution. Several
important developments led to this maturation: high-
density electrode arrays, MRI-based individual head
models, and distributed inverse solution methods are
among the most important. EEG source imaging allows
not only precise localizing of sources at given time
instances, but the high time resolution of EEG also per-
mits looking at information flow within large-scale brain
networks and gaining new insights in the way the areas of
such networks communicate with each other.

The use of EEG source imaging based on high-
density EEG is a current standard in many experimental
laboratories that study normal brain function. But the
method has also found its way into several clinical lab-
oratories where it is used to localize abnormal brain
functions and networks. Most important is the use of
EEG source imaging in presurgical epilepsy evaluation.
While EEG remains the cornerstone of epilepsy diagno-
sis, the advanced analysis of these signals using the
methods described in this chapter places the EEG on
the same level as other brain imaging methods used
in the evaluation of this disease. Applications of these
methods in other pathologies as well as in presurgical
functional mapping of eloquent cortex are now
within reach.
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