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Abstract | EEG source imaging (ESI) is a model-based imaging technique that integrates temporal and spatial
components of EEG to identify the generating source of electrical potentials recorded on the scalp. Recent
advances in computer technologies have made the analysis of ESI data less time-consuming, and have
rekindled interest in this technique as a clinical diagnostic tool. On the basis of the available body of evidence,
ESI seems to be a promising tool for epilepsy evaluation; however, the precise clinical value of ESI in presurgical
evaluation of epilepsy and in localization of eloquent cortex remains to be investigated. In this Review, we
describe two fundamental issues in ESI; namely, the forward and inverse problems, and their solutions. The
clinical application of ESI in surgical planning for patients with medically refractory focal epilepsy, and its use in
source reconstruction together with invasive recordings, is also discussed. As ESI can be used to map evoked
responses, we discuss the clinical utility of this technique in cortical mapping—an essential process when
planning resective surgery for brain regions that are in close proximity to eloquent cortex.
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Introduction

In 1929, Hans Berger’s study describing the first human
EEG recording was published.! Since then, the adaptation
of EEG to clinical use and subsequent utility of this tech-
nique to measure neuronal activity in epilepsy has been
exponential. EEG is an important tool for precisely iden-
tifying the irritative zone, defined as the area of cortex
that generates interictal sharp waves or spikes, and the
ictal onset zone, the area of cortex that generates epileptic
seizures (Figure 1).

Traditionally, analysis of EEG recordings relies mainly
on visual inspection. Simple visual analysis of EEG trac-
ings is usually adequate for a clinician to identify the type
of epilepsy. For epilepsy surgery evaluation, however, con-
ventional EEG analysis often cannot be used to identify the
irritative zone and/or the ictal onset zone with the required
precision.? Consequently, computational techniques that
can depict the presumed source of EEG activity—a process
termed EEG source imaging (ESI)—have been developed.
Although studies on the relationship between the source
of neural activity and its potentials began long before the
first EEG was recorded,’ the application of ESI in a clinical
setting (Box 1) has only become practical in the past two
decades with the advent of digital EEG.*

In this Review, we discuss the current clinical utility
of EST in surgical planning for focal epilepsy, describing
the available computational models, and highlighting
the practicalities and pitfalls of this approach to epi-
leptic source localization. The role of ESI in identifying
the source of evoked potentials, which could potentially
aid in mapping of eloquent cortex, is also discussed. An
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improved understanding of the ESI process and advances
in computational technology will enhance the utility of
ESI in presurgical investigation of patients with refractory
focal epilepsy.

Principles of ESI

In theory, determining the exact location of an electrical
source in the brain from only scalp-recorded EEG data
—the so-called inverse problem—is impossible.> How-
ever, if the characteristics of the volume conductor
(in the case of EEG, the brain and head structures) and
the location of the source are known, the scalp voltage
field can be accurately predicted—the so-called forward
problem. Consequently, the only way to solve the inverse
problem is to solve the forward problem by postulat-
ing a priori models for both the source and the volume
conductor.” Solving the forward and inverse problems
is not straightforward and requires two independent
mathematical algorithms: a volume conductor model for
the forward problem and source model for the inverse
problem (Figure 2).%* The choice of model used to obtain
these solutions is extremely important as both solutions
crucially influence the results of ESL.**?

The forward problem

As previously mentioned, the forward problem of EEG
refers to the difficulty in predicting the surface field
potential (the EEG recording) for a given source within
the conductor (namely, the head and its internal struc-
tures). This problem can be solved by specifying a set of
known conditions for the head model and then calculating
the potential at the recording electrodes.® In general, for a
source of specified location, orientation and magnitude,
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only one field potential is possible on the surface of the
conductor. The forward solution, therefore, is unique.
However, solving the forward problem or estimating field
distribution on the scalp is extremely difficult owing to the
inhomogeneity of brain structures (such as the sulci and
gyri) and the anisotropic properties of the brain and sur-
rounding tissues (cerebrospinal fluid, meninges, skull and
scalp). Calculation of conductivities in each tissue along
the signal path in the brain is difficult and, currently, an
inexact science.”

Head models
Two broad categories of head or volume conduc-
tor models are used: the spherical shell model and the
realistic head model. The spherical shell model, which
assumes that conductive property throughout the head
is uniform, is the simplest. However, as the human head is
not spherical and its conductivity is not spatially uniform,
the accuracy of ESI based on this model is limited. The
incorporation of different conductivity parameters in
spherical multiple shell models (two-shell to four-shell)
and consideration of local anisotropies can improve the
accuracy of shell-model-based ESI to some extent.
Theoretically, more-sophisticated realistic head
models that are based on high-resolution MRI scans of
individual patients should offer better solutions than
are obtained with use of the spherical shell model. The
most popular techniques for realistic head models are
the boundary element method (BEM), the finite element
method (FEM), and the finite difference method (FDM).
BEM uses triangulations of the interfaces between brain
compartments of equal isotropic conductivities as a geo-
metric model.'*"> By contrast, FEM allows tessellation of
the brain and, therefore, the individual anisotropic con-
ductivity of each element (tissue or fluid) is taken into
account.'"'¢ In FDM, the conducting volume is divided
into cubic grids and each cubic element has a different
conductivity.'” Recently, a sensor-weighted overlapping
sphere head model,'® a spherical model with an anatomi-
cal constrains transformation method," and 3D forward-
field interpolation® have been developed in an attempt
to combine the computational efficiency of the spherical
model with a more accurate depiction of the head shape.

Issues with conductivity

Owing to the variability of brain-to-skull conductivity
values, several methods have been proposed to mini-
mize the uncertainty of conductivity. These include
the reduced conductivity dependence method,” which
reformulates the cost function (relating to differences
between the measured and calculated potentials), and
selects only the set of electrodes that are least affected
by the unknown conductivity; the conductivity tensor
map,? which infers the conductivity tensor from the dif-
fusion tensor; and electrical impedance tomography,*
which enables estimation of the electrical properties of
the brain. These methods can potentially be applied to
both spherical and realistic head models to enhance the
accuracy of source localization.?** However, they have
rarely been used in clinical practice, and no technique
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Key points

EEG source imaging (ESI) is a model-based imaging technique that integrates
temporal and spatial components of EEG to identify the source of scalp-
recorded potentials

The choice of forward and inverse solutions can crucially influence the outcome
of source localization using ESI

A realistic head model using an individual’s MRI offers the best forward solution
A high total number of electrodes or concentration of electrodes over the region
of interest can improve the accuracy of ESI

Attention to technical recording details, including co-registration of electrode
positions on MRI and modelling of the initial phase of epileptic spikes, is crucial
for accurate source localization using ESI

On the basis of current evidence, ESI is a promising tool for epilepsy evaluation,
but further studies in large epilepsy cohorts are needed to demonstrate its
clinical value
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Figure 1 | The irritative and ictal onset zones in relation to
the epileptogenic zone.

that can produce an accurate high-resolution image of
conductivity in vivo is currently available.

Which volume conduction model provides the most
accurate source localization remains an open question.
Only a limited number of simulation studies have demon-
strated that more-complex realistic head models perform
better than less-complex realistic models or spherical
head models in ESI.***?” Whether the complex realistic
head models are cost-effective, and if they provide more-
accurate localization than the less-complex volume con-
duction models, remains to be determined with direct
clinical testing.

The inverse problem

The inverse problem—the problem of identifying the
source of a given surface field potential—is encountered
frequently by electroencephalographers in routine clinical
practice. In contradistinction to the forward problem, a
potentially infinite number of sources within the brain
can produce similar scalp-recorded field potentials. As
previously stated, a priori assumptions of the source and
the volume conductor are required to solve the inverse
problem.’ These assumptions are important because
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Box 1 | Utility of EEG source imaging in epilepsy

= |dentification of the irritative zone (spikes and/or sharp
waves)

= Presurgical assessment of patients with refractory
focal epilepsy

= Accurate definition of focal epilepsies

= |dentification of the ictal onset zone (EEG seizure onset)

= |dentification of seizure networks (seizure propagation)

= |dentification of eloquent cortex (visual, auditory and
somatosensory regions)

they determine whether the solution can only super-
ficially explain the data or whether it provides mean-
ingful neurophysiological information regarding the
probable source.

Single dipole model

The most commonly used source model in the clinical
setting is the single equivalent current dipole (ECD).
The basic assumption of this model is that at any given
instant, the detected potential represents activity from
a single, infinitely small area of active cortex.® Under
this assumption, the dipole model will essentially never
reflect biological fact, and will only approximate reality in
alimited number of conditions, such as epileptic spikes or
the early component of the auditory evoked potential 2
In the ECD model, the voltage field map at a given instant
is modelled by the best-fitting single dipole. The map is
then compared with the measured potential map to iden-
tify the best location of the source: the solution with the
least-square source estimation or the minimum squared
error is accepted as the best source-localization result.
Each subsequent field measurement can also be modelled
by another single dipole using the same method, which
results in data from a series of dipoles with different
locations and orientations—the so-called moving dipole
model.®* These sequentially modelled single dipoles are
assumed to approximate source propagation.*

Multiple dipole model

Adding complexity to source localization, one can
assume that a given scalp-recorded voltage field can
represent activities from more than one source. In this
case, a more advanced dipole model, such as the spatio-
temporal multiple source model, can be applied.*” This
technique involves fixation of the location and orienta-
tion of numerous dipoles over a given time interval, with
the entire block of data used to calculate the least-square
fit. One advantage over the moving single dipole is that
the multiple dipole model aims to identify the lowest
number of dipoles that can explain the measured scalp
voltage field over time.”® Nevertheless, the critical issue for
the spatiotemporal dipole model, as well as for the other
multiple dipole models, is the correct estimation of the
number of sources. Selection of the wrong number of
dipoles and the setting of inappropriate initial parameters
can lead to imprecise localization.?® Several techniques
with the capacity to scan brain sources without an a priori
knowledge of the optimal number of dipoles over a given
data period have been developed; these include multiple

signal classification,* recursively applied and projected
multiple signal classification (RAP-MUSIC),* common
spatial pattern decomposition,*® a combination of inde-
pendent component analysis and RAP-MUSIC,” and the
first principle vector (FINES) approach.®

Distributed source model

The distributed source model is another commonly used
approach to solve the inverse problem. This method does
not require an a priori assumption on the number of
dipoles. Instead, it is based on the assumption that multiple
sources can be simultaneously active across many locations
at any given time.* The distributed model reconstructs
cerebral activity at each point on a 3D grid. Conceptually,
each point in the solution space represents a mini dipole
and is considered as a possible location of a current source.
These mini dipoles have fixed positions; only their orienta-
tion and strength can vary. However, an infinite number
of mini-dipole combinations can lead to the generation of
a similar scalp potential map. The distributed models,
therefore, require further assumption in order to iden-
tify the optimal or most likely solution,'" with different
choice and implementation of these assumptions having
been made in the literature. For example, low-resolution
electromagnetic tomography (LORETA) is based on the
concept that neighbouring neuronal populations are more
likely to undergo synchronous depolarization during
spontaneous discharge or an evoked response than are
non-neighbouring neurons.* LORETA, therefore, tends
to generate a broad solution as neighbourhood sources are
assumed to have similar strength.

Several other solutions for the inverse problem have
been proposed, and are reviewed elsewhere.'' Each
method depends on certain and different sets of a priori
assumptions. The most important question is how trust-
worthy these solutions are, and which one should be
chosen. Research in the late 1990s demonstrated reason-
able and comparable results with the use of different
inverse solutions, including the spatiotemporal dipole
model and the linear and nonlinear distributed source
models.*~* A more recent study found no statistically sig-
nificant differences in source localization derived from dif-
ferent inverse models, and identified the optimal method
for single dipole modelling as a combined approach using
the moving and rotating algorithms.'? Nevertheless, it is
important to remember that dipole localization represents
the centre of gravity of the source and not the spatial distri-
bution of the irritative zone. For this reason, the location
identified using the dipole model is often deeper than the
actual source, whereas the dipole orientation represents
the net orientation of the source.* Consequently, the corti-
cal area that lies in the direction of the dipole’s orientation
is the probable source. As the distributed model displays
the area of activated cortex, it has been argued that a
combination of dipole and distributed models could help
elucidate the source better than either approach alone.”

ESI software
In the past few years, marked advances in analytical
approaches to ESI have been made, aiming to improve
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Figure 2 | The forward and inverse problems. a | The forward problem: a known epileptic source within the brain produces a
surface distribution of activity. Several properties of the human head and brain make prediction of this surface distribution
difficult, although models (known as volume conduction models or head models) have been used for this purpose with
varying degrees of success. b | The inverse problem: a surface distribution of EEG activity has infinite solutions for a source
of this activity, and several models can be used to predict the source location.

accuracy and performance of source localization. These
efforts led to the development of several robust analy-
tics software packages,* each with distinct features and
advantages (Supplementary Table 1 online). Integration
of these software packages (such as a combination of sta-
tistical parametric mapping and FieldTrip,* or mix and
match of toolboxes at different stages of processing) will
increase the flexibility and capability of EEG analysis.
Nonetheless, most, if not all, of the software packages are
complex, non-user-friendly programs that require some
basic knowledge of signal processing and, in some cases,
knowledge of MATLAB programming to fully understand
and use them. The need for powerful and flexible yet user-
friendly applications cannot be overstated. Without such
programs, ESI will remain as an interesting but esoteric
research tool.

Practicalities and pitfalls of ESI

Several important steps are inherent to the process of
obtaining accurate ESI results (Figure 3). For example,
errors of 1-2 cm can displace source localization from the
orbitofrontal lobe to the temporal lobe, the occipital lobe to
the parietal lobe or, indeed, the right mesial frontal region
to the left. Such an error margin is unacceptable when
epilepsy surgery is considered. In addition to choosing

appropriate forward and inverse solutions, meticulous
attention to technical recording detail is crucial.

Number and location of electrodes

Studies show that higher numbers of electrodes result in
smaller dipole-localization errors,”*! and a maximum
of 2-3 cm of interelectrode distance is required to avoid
distortion of potential distributions on the scalp.’>** The
relationship between the number of electrodes and
the precision of source localization is nonlinear, achiev-
ing a plateau at around 100 electrodes for distributed
inverse models."! Nonetheless, several clinical studies that
used both dipole and distributed inverse models on data
recorded from the most commonly used international
10-20 system set-up (corresponding to a 5.3-7.4cm
interelectrode distance®) showed good and reliable
results.'>*>** Moreover, nonuniform sampling—placing
more electrodes over the region of interest—can alleviate
issues with under-sampling and improve the accuracy of
ESI results.

Electrode and MRI co-registration

As the source location is calculated relative to the elec-
trode positions, co-registration of electrical source with
the anatomical space is an important step in ESI. Given
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Figure 3 | Flow diagram of the ESI process. Source imaging with realistic head models requires three inputs: EEG recording,
patient’s MRI, and digitized coordinates of EEG electrodes. Abbreviation: ESI, EEG source imaging.

that head shapes and sizes vary among individuals, know-
ing where the recording electrodes are located in the
individual’s head is important, as incorrect assumption
about the electrode positions can lead to an inaccurate ESI
result. Several methods of electrode localization, such as
electromagnetic digitization, ultrasound digitization, MRI
localization of electrodes, and the geodesic photogram-
metry system, have been introduced.®! Electromagnetic
digitizers, such as FASTRAK® (Polhemus, Colchester,
USA), are the most commonly used methods to localize
electrode positions in clinical practice.®*¢? These systems
are, however, sensitive to error and therefore require
repeated measurement.

MRI segmentation and tessellation

Solving the EEG inverse problem using realistic head
models relies on accurate computation of the head
model (or forward solution). As electrical conductivi-
ties of tissues are inhomogeneous, reconstructed sur-
faces of different head regions are necessary.®> Moreover,
the influence of skull defects and brain lesions on sur-
face electrical potential has been demonstrated.®* The

individual’s own MRI rather than the template MRI of the
software program should, therefore, be used to calculate
the forward solution.

Preprocessing of EEG

Noisy EEG data can lead to unreliable ESI results, so
careful attention to minimize artefact contamination is
essential. Noise reduction techniques should be applied
once the EEG has been recorded. In principle, a few noisy
EEG channels can be omitted from the calculation. The
application of filters and/or averaging of the activity of
interest can also improve signal-to-noise ratio (SNR).*
Averaging of non-monomorphic spikes, however, could
lead to inaccuracies in the ESI result.®® More-sophisticated
techniques, such as principal component analysis and
independent component analysis, can be helpful in identi-
fying the number and relative contribution of components
in the EEG signal separate from noise in the data.'?

Modelling the initial phase of a spike
Some reports suggest that the early component of an epi-
leptic spike is likely to represent the location and field
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of the source.’** The authors of these studies concluded
that the peak of the epileptiform discharge actually reflec-
ted a propagated activity. Modelling of the spike peak,
therefore, could be misleading (Figure 4). However, the
early component of the spike is, by definition, of much
smaller amplitude than the peak, and accurate model-
ling is further complicated by high noise contamination
at this stage.”

Statistical analysis of ESI

The adequacy of a given ESI result can be determined
by goodness of fit (GOF) and the confidence ellipsoid
volume. GOF is a measure of how well the electrical poten-
tial of the calculated source matches the actual potential,
with 100% being a perfect fit. In general, a maximum vari-
ance of 10% or a minimum GOF of 90% is acceptable for
clinical purposes.* As EEG data inherently include noise,
a perfect fit does not guarantee accurate source localiza-
tion. The confidence ellipsoid volume helps in defining a
region that, with a certain probability, contains the sources
(alarge volume indicates low SNR),% and is, consequently,
a good indicator of the noise level.

Clinical studies

ESI of the interictal spike

Interictal epileptiform activity is a complex phenomenon,
and propagation of activity from the source to remote
cortical regions can occur within milliseconds.*”*® The
information provided by EEG-spike source localization,
even if technically accurate, may not reflect the actual
source of the observed spikes. Moreover, the irrita-
tive zone (where interictal spikes are generated) could
be distant and/or completely separate from the seizure
onset zone and the epileptogenic zone (Figure 1).%
These inherent limitations make clinical validation of
ESI in spike localization challenging. In our opinion, the
best and probably the only—although imperfect—way
to assess the accuracy of ESI in localization of epileptic
spikes is to compare the result of EEG source modelling
to that of simultaneous spikes recorded from intracranial
EEG (Figure 5). However, one must keep in mind that
intracranial EEG recording might not offer complete
source characterization owing to the limited number of
intracranial electrodes used.

To date, several studies attempting to determine
the accuracy of ESI for source localization of inter-
ictal spikes have been reported (Supplementary Table 2
online),!2°1:56:57:59.70-82 However, data from intracranial
and scalp EEG recordings, where available, were not
obtained simultaneously.**”*”* Small sample size, lack of
blinding with regard to the patient’s clinical data during
the fitting process, and a lack of standardized method-
ology, are all major limitations in most of this research,
and prevent comparisons between the studies. Overall,
the studies consistently showed ESI had a high positive
predictive value.”””*7 In the largest study, the accuracy
and contribution of ESI was compared with other, more-
established, noninvasive presurgical work-up methods
in 152 patients with intractable epilepsy.”” Sensitivity
and specificity of ESI was comparable to that of PET,
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Figure 4 | Source localization of the initial phase of
epileptic spikes. Modelling of the spike peak could be
misleading due to propagation of the discharges
(arrowhead). A rising phase of the spike (arrow) is more
likely to represent the initial spike source.

ictal and interictal single-photon emission CT, and MRL
In addition, no significant differences were observed in
sensitivity and specificity between ESI techniques for
temporal and extratemporal lobe epilepsy.”” Whether
ESI adds any information to visual EEG analysis that
ultimately influences surgical decision-making remains
to be investigated; notably, the clinical value of ESI for
epilepsy surgery evaluation is much more difficult to
determine than its accuracy. More-thorough analyses in
large cohorts are needed to examine the clinical validity
and value of ESI. At present, ESI seems to be a promis-
ing technique that can positively contribute to visual EEG
analysis in localization of epileptic spikes, and deserves a
role in epilepsy surgery evaluation.

ESI of the ictal onset

One advantage of EEG over magnetoencephalography is
the fact that prolonged EEG can be routinely performed
to record seizures and identify the seizure onset focus.
However, analysis of ictal data using source modelling
techniques is complex, time-consuming and labour-
intensive. In some studies, successful source modelling
was reported in only 30-40% of patients.®* Ictal source
modelling is difficult for several reasons. First, certain
types of seizures generate substantial muscle and move-
ment artefacts, which results in low SNR. Second, ictal
rhythm can only be recorded at the scalp when there is
sufficient synchronization of cerebral activity; by that
point, the cortex adjacent to or distant from the seizure
onset zone is already involved.®** In addition, some sei-
zures might show detectable scalp EEG changes very late
into the seizure, as observed in intracranial EEG studies.
Ictal ESI, therefore, identifies not only the ictal onset zone
but also the cortex to which seizure discharges spread
during an early ictal event.
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Figure 5 | Validation of EEG source imaging with simultaneous scalp and
intracranial EEG. a,b | Stereotactic depth recordings in the temporal pole and
mesial temporal structures of the brain (a) can be used to confirm ESl-based
localization of the source to the temporal pole (b). ¢,d | Temporal spikes on
surface EEG (c) are observed simultaneously with hippocampal and temporal pole
spikes in intracranial EEG (d). Abbreviation: ESI, EEG source imaging.

Few studies have evaluated the accuracy of ictal ESI
(Supplementary Table 3 online).**#*! Early studies in
which single or multiple dipoles were fitted in the time
or frequency domain showed a high correlation between
the dominant source component and the location of
seizure onset.?*#5692 Given that ictal activity evolves
spatiotemporally over time, some investigators have
suggested that dynamic analysis of ictal discharges in a
given time window should be performed to accurately
determine the origin and propagation of ictal activi-
ties.’3-% For distributed source models, it is recom-
mended that the window of analysis should be at least
100 ms.*” Interestingly, the duration of the time window
does not seem to affect the result in dipole models.’” As
the seizure progresses from seconds to minutes, localiza-
tion of the source would require a substantial number of
inverse problems to be solved. More recently, a dynamic
spatiotemporal approach—decomposing the seizure into
several components and then localizing and recombining
the source of each of these components—was found to
effectively decrease the complexity of ictal source analy-
sis.”> This approach is, therefore, well-suited for imaging
of continuous oscillatory activities. Notably, analysis of
ictal ESI has been limited to continuous rhythmic activity.
Whether source modelling of more-obscure ictal patterns
can provide precise ictal source localization remains to
be investigated, and prospective studies to evaluate the
reliability and specificity of ictal ESI in large numbers of
patients are needed.

ESI of nonepileptiform abnormalities

In addition to ictal and interictal epileptiform activi-
ties, analysis of nonepileptiform activity in an attempt
to identify regions of cortical dysfunction has been
explored. Two studies using dipole models showed that
source analysis of focal slow activity corresponded well
to anatomical lesions®” and to the location of epilepti-
form abnormalities.”® A study evaluating interictal EEG
background using frequency-domain distributed source
analysis showed good spatial concordance of ESI and
intracranial EEG recordings.”” However, one should note
that nonepileptiform abnormalities, even in patients with
epilepsy, are not necessarily related to the underlying epi-
leptic condition. ESI of background activity, therefore, is
nonspecific and may not provide useful information for
epilepsy surgery evaluation.

Source reconstruction of electrocorticography

Source imaging techniques have also been applied to
electrocorticography (ECoG).!* Despite the complex-
ity of potential distributions and the concerns of cortical
sampling associated with ECoG, studies using this tech-
nique for source reconstruction obtained reliable results
with the most commonly used forward and inverse solu-
tions.'"1%2 However, accurate source reconstruction can
only be obtained from ECoG recording when the sources
are well-covered by subdural electrode arrays.'”"'2 Over
the past few years, a combination of ECoG source recon-
struction and causal or connectivity analysis has pro-
vided valuable information in defining the epileptogenic
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zone.!1% Whether these techniques can add clinically
relevant information to traditional analysis of ECoG
recordings—and to what extent—remains to be explored.

ESI of eloquent cortex

A variety of evoked potentials have been subjected to
ESI with varying degrees of success. The clinical focus
has mainly been on the identification of eloquent cortex,
namely the primary somatosensory, visual and auditory
cortices, using the somatosensory evoked potential, the
visual evoked potential, and the auditory evoked poten-
tial, respectively. Accurate localization of the primary
somatosensory cortex has substantial value in presurgical
work-up and surgery in patients with medically intract-
able epilepsy when the epileptogenic zone is close to the
primary somatosensory cortex.'”!' Localization of this
region can aid surgical planning for resection or the
placement of intracranial EEG electrodes, particularly
where the pericentral cortex may be distorted owing to
space-occupying lesions or malformations of cortical
development. Additionally, the capacity of a given source
imaging program to accurately source image-evoked
potential components (of which the cortical generators
are well known) engenders greater faith in the program’s
accuracy in source imaging of epileptic spikes or seizures.
Surprisingly, both the literature and study designs have
paid relatively scant attention to this aspect of ESL.'"!

Conclusions

Tremendous progress has been made in the technique of
ESIin recent years, and more than 10 software programs
to aid in this process have been introduced. This software
is, however, mathematically complex and non-intuitive.
Consequently, only a handful of clinical studies—most
of which involved fewer than 30 patients—have been
published. More user-friendly and easy-to-use ESI soft-
ware is needed before this technique can be translated to
routine clinical practice. As computer technology pro-
gresses, we believe that such ESI software will be avail-
able in the next few years. At present, more-advanced ESI
methods show promise, and the development of user-
friendly programs should open the path for extensive
clinical studies in large cohorts to demonstrate the value
of EST in presurgical evaluation of patients with epilepsy
and in precise localization of eloquent cortex.

Review criteria

We searched PubMed and MEDLINE for articles using
the terms “electroencephalography” and “source
localization”, as well as “source modelling”, “source
imaging” or “ESI”. Only papers and abstracts published
in English were reviewed initially. Further references were
found manually from reference lists of pertinent original

articles or the authors’ personal databases.

REVIEWS

1. Berger, H. On the human electroencephalogram
[German]. Arch. Psychiat. Nervenkr. 87, 527-570
(1929).

2. Jayakar, P, Duchowny, M., Resnick, T. J. &
Alvarez, L. A. Localization of seizure foci: pitfalls
and caveats. J. Clin. Neurophysiol. 8, 414-431
(1991).

3. Helmbholtz, H. Ueber einige Gesetze der
Vertheilung elektrischer Strome in kérperlichen
Leitern mit Anwendung auf die thierisch-
elektrischen Versuche [German]. Annalen der
Physik und Chemie 165, 211-233 (1853).

4.  Michel, C. M. & Murray, M. M. Towards the
utilization of EEG as a brain imaging tool.
Neuroimage 61, 371-385 (2012).

5. van Oosterom, A. History and evolution of
methods for solving the inverse problem. J. Clin.
Neurophysiol. 8, 371-380 (1991).

6. Hallez, H. et al. Review on solving the forward
problem in EEG source analysis. J. Neuroeng.
Rehabil. 4, 46 (2007).

7. Grech, R. et al. Review on solving the inverse
problem in EEG source analysis. J. Neuroeng.
Rehabil. 5, 25 (2008).

8. Pascual-Marqui, R. D., Sekihara, K., Brandeis, D.
& Michel, C. M. in Electrical Neuroimaging (eds
Michel, C. M. et al.) 49-77 (Cambridge
University Press, New York, 2009).

9. Fuchs, M., Kastner, J., Wagner, M., Hawes, S. &
Ebersole, J. S. A standardized boundary element
method volume conductor model. Clin.
Neurophysiol. 113, 702-712 (2002).

10. Whittingstall, K., Stroink, G., Gates, L.,

Connolly, J. F. & Finley, A. Effects of dipole
position, orientation and noise on the accuracy
of EEG source localization. Biomed. Eng. Online
2,14 (2003).

11. Michel, C. M. et al. EEG source imaging. Clin.
Neurophysiol. 115, 2195-2222 (2004).

12. Plummer, C., Litewka, L., Farish, S., Harvey, A. S.
& Cook, M. J. Clinical utility of current-generation

dipole modelling of scalp EEG. Clin.
Neurophysiol. 118, 2344-2361 (2007).

13. Barkley, G. L. & Baumgartner, C. MEG and EEG in
epilepsy. J. Clin. Neurophysiol. 20, 163-178
(2003).

14. He, B. et al. Electric dipole tracing in the brain by
means of the boundary element method and its
accuracy. IEEE Trans. Biomed. Eng. 34, 406-414
(1987).

15. Hamalainen, M. S. & Sarvas, J. Realistic
conductivity geometry model of the human head
for interpretation of neuromagnetic data. IEEE
Trans. Biomed. Eng. 36, 165-171 (1989).

16. Miller, C. E. & Henriquez, C. S. Finite element
analysis of bioelectric phenomena. Crit. Rev.
Biomed. Eng. 18, 207-233 (1990).

17. Lemieux, L., McBride, A. & Hand, J. W.
Calculation of electrical potentials on the
surface of a realistic head model by finite
differences. Phys. Med. Biol. 41, 1079-1091
(1996).

18. Huang, M. X., Mosher, J. C. & Leahy, R. M. A
sensor-weighted overlapping-sphere head model
and exhaustive head model comparison for
MEG. Phys. Med. Biol. 44, 423-440 (1999).

19. Spinelli, L., Andino, S. G., Lantz, G., Seeck, M.

& Michel, C. M. Electromagnetic inverse
solutions in anatomically constrained spherical
head models. Brain Topogr. 13, 115-125
(2000).

20. Ermer, J. J., Mosher, J. C., Baillet, S. &

Leah, R. M. Rapidly recomputable EEG forward
models for realistic head shapes. Phys. Med.
Biol. 46, 1265-1281 (2001).

21. Yitembe, B., Crevecoeur, G., Van Keer, R. &
Dupre, L. Reduced conductivity dependence
method for increase of dipole localization
accuracy in the EEG inverse problem. IEEE Trans.
Biomed. Eng. 58, 1430-1440 (2011).

22. Tuch, D. S., Wedeen, V. J., Dale, A. M.,

George, J. S. & Belliveau, J. W. Conductivity

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

mapping of biological tissue using diffusion MRI.
Ann. NY Acad. Sci. 888, 314-316 (1999).

Jain, H., Isaacson, D., Edic, P. M. & Newell, J. C.
Electrical impedance tomography of complex
conductivity distributions with noncircular
boundary. IEEE Trans. Biomed. Eng. 44,
1051-1060 (1997).

Oostendorp, T. F., Delbeke, J. & Stegeman, D. F.
The conductivity of the human skull: results of
in vivo and in vitro measurements. IEEE Trans.
Biomed. Eng. 47, 1487-1492 (2000).

Lai, Y. et al. Estimation of in vivo human brain-to-
skull conductivity ratio from simultaneous extra-
and intra-cranial electrical potential recordings.
Clin. Neurophysiol. 116, 456-465 (2005).
Haueisen, J. et al. The influence of brain tissue
anisotropy on human EEG and MEG. Neuroimage
15, 159-166 (2002).

Vatta, F., Meneghini, F., Esposito, F., Mininel, S. &
Di Salle, F. Realistic and spherical head
modeling for EEG forward problem solution:

a comparative cortex-based analysis. Comput.
Intell. Neurosci. 972060 (2010).

Ebersole, J. S. & Hawes-Ebersole, S. Clinical
application of dipole models in the localization
of epileptiform activity. J. Clin. Neurophysiol. 24,
120-129 (2007).

Schneider, M. R. A multistage process for
computing virtual dipolar sources of EEG
discharges from surface information. IEEE Trans.
Biomed. Eng. 19, 1-12 (1972).

Darcey, T. M., Ary, J. P. & Fender, D. H. Spatio-
temporal visually evoked scalp potentials in
response to partial-field patterned stimulation.
Electroencephalogr. Clin. Neurophysiol. 50,
348-355 (1980).

Rose, S. & Ebersole, J. S. Advances in spike
localization with EEG dipole modeling. Clin. EEG
Neurosci. 40, 281-287 (2009).

Scherg, M. & von Cramon, D. A new interpretation
of the generators of BAEP waves |-V: results of a

NATURE REVIEWS ‘ NEUROLOGY

© 2012 Macmillan Publishers Limited. All rights reserved

VOLUME 8 | SEPTEMBER 2012 | 505



REVIEWS

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

spatio-temporal dipole model. Electroencephalogr.
Clin. Neurophysiol. 62, 290-299 (1985).

Achim, A., Richer, F. & Saint-Hilaire, J. M.
Methodological considerations for the evaluation
of spatio-temporal source models.
Electroencephalogr. Clin. Neurophysiol. 79,
227-240 (1991).

Mosher, J. C., Lewis, P. S. & Leahy, R. M. Multiple
dipole modeling and localization from spatio-
temporal MEG data. IEEE Trans. Biomed. Eng. 39,
541-557 (1992).

Mosher, J. C. & Leahy, R. M. Recursive MUSIC:
a framework for EEG and MEG source
localization. IEEE Trans. Biomed. Eng. 45,
1342-1354 (1998).

Koles, Z. J., Lind, J. C. & Soong, A. C. Spatio-
temporal decomposition of the EEG: a general
approach to the isolation and localization of
sources. Electroencephalogr. Clin. Neurophysiol.
95, 219-230 (1995).

Kobayashi, K., Akiyama, T., Nakahori, T.,
Yoshinaga, H. & Gotman, J. Systematic source
estimation of spikes by a combination of
independent component analysis and RAP-
MUSIC. I: principles and simulation study. Clin.
Neurophysiol. 113, 713-724 (2002).

Xu, X. L., Xu, B. & He, B. An alternative
subspace approach to EEG dipole source
localization. Phys. Med. Biol. 49, 327-343
(2004).

Plummer, C., Harvey, A. S. & Cook, M. EEG
source localization in focal epilepsy: where are
we now? Epilepsia 49, 201-218 (2008).
Pascual-Marqui, R. D., Michel, C. M. &
Lehmann, D. Low resolution electromagnetic
tomography: a new method for localizing
electrical activity in the brain. Int. J.
Psychophysiol. 18, 49-65 (1994).

Ebersole, J. S. EEG source modeling. The first
word. J. Clin. Neurophysiol. 16, 201-203
(1999).

Scherg, M., Bast, T. & Berg, P. Multiple source
analysis of interictal spikes: goals,
requirements, and clinical value. J. Clin.
Neurophysiol. 16, 214-224 (1999).

Mosher, J. C., Baillet, S. & Leahy, R. M. EEG
source localization and imaging using multiple
signal classification approaches. J. Clin.
Neurophysiol. 16, 225-238 (1999).

Fuchs, M., Wagner, M., Kohler, T. &

Wischmann, H. A. Linear and nonlinear current
density reconstructions. J. Clin. Neurophysiol. 16,
267-295 (1999).

Michel, C. M. et al. Spatiotemporal EEG analysis
and distributed source estimation in presurgical
epilepsy evaluation. J. Clin. Neurophysiol. 16,
239-266 (1999).

Ebersole, J. S. EEG source modeling. The last
word. J. Clin. Neurophysiol. 16, 297-302
(1999).

Plummer, C., Wagner, M., Fuchs, M., Harvey, A. S.
& Cook, M. J. Dipole versus distributed EEG
source localization for single versus averaged
spikes in focal epilepsy. J. Clin. Neurophysiol. 27,
141-162 (2010).

Baillet, S., Friston, K. & Oostenveld, R. Academic
software applications for electromagnetic brain
mapping using MEG and EEG. Comput. Intell.
Neurosci. 2011, 972050 (2011).

Litvak, V. et al. EEG and MEG data analysis in
SPM8. Comput. Intell. Neurosci. 852961 (2011).
Vanrumste, B. et al. Dipole location errors in
electroencephalogram source analysis due to
volume conductor model errors. Med. Biol. Eng.
Comput. 38, 528-534 (2000).

Lantz, G., Grave de Peralta, R., Spinelli, L.,
Seeck, M. & Michel, C. M. Epileptic source
localization with high density EEG: how many

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

electrodes are needed? Clin. Neurophysiol. 114,
63-69 (2003).

Spitzer, A. R., Cohen, L. G., Fabrikant, J. &
Hallett, M. A method for determining optimal
interelectrode spacing for cerebral topographic
mapping. Electroencephalogr. Clin. Neurophysiol.
72,355-361 (1989).

Srinivasan, R., Nunez, P. L., Tucker, D. M.,
Silberstein, R. B. & Cadusch, P. J. Spatial
sampling and filtering of EEG with spline
laplacians to estimate cortical potentials. Brain
Topogr. 8, 355-366 (1996).

Tong, S. & Thakor, N. V. Quantitative EEG Analysis
Methods and Clinical Applications (Artech House,
Boston, 2009).

Ding, L. et al. EEG source imaging: correlating
source locations and extents with
electrocorticography and surgical resections in
epilepsy patients. J. Clin. Neurophysiol. 24,
130-136 (2007).

Oliva, M. et al. EEG dipole source localization of
interictal spikes in non-lesional TLE with and
without hippocampal sclerosis. Epilepsy Res. 92,
183-190 (2010).

Brodbeck, V. et al. Electrical source imaging

for presurgical focus localization in epilepsy
patients with normal MRI. Epilepsia 51,
583-591 (2010).

Plummer, C. et al. Clinical utility of distributed
source modelling of interictal scalp EEG in focal
epilepsy. Clin. Neurophysiol. 124, 1726-1739
(2010).

Coutin-Churchman, P. E. et al. Quantification and
localization of EEG interictal spike activity in
patients with surgically removed epileptogenic
foci. Clin. Neurophysiol. 123, 471-485 (2012).
Benar, C. G. & Gotman, J. Non-uniform spatial
sampling in EEG source analysis. In Proc. 23
Annual International Conference of the IEEE 1,
903-905 (2001).

Koessler, L. et al. Spatial localization of EEG
electrodes. Neurophysiol. Clin. 37, 97-102
(2007).

Engels, L., De Tiege, X., Op de Beeck, M. &
Warzee, N. Factors influencing the spatial
precision of electromagnetic tracking systems
used for MEG/EEG source imaging.
Neurophysiol. Clin. 40, 19-25 (2010).

Gencer, N. G. & Acar, C. E. Sensitivity of EEG and
MEG measurements to tissue conductivity. Phys.
Med. Biol. 49, 701-717 (2004).

van den Broek, S. P, Reinders, F.,

Donderwinkel, M. & Peters, M. J. Volume
conduction effects in EEG and MEG.
Electroencephalogr. Clin. Neurophysiol. 106,
522-534 (1998).

Chitoku, S. et al. Characteristics of dipoles in
clustered individual spikes and averaged spikes.
Brain Dev. 25, 14-21 (2003).

Fuchs, M., Wagner, M. & Kastner, J. Confidence
limits of dipole source reconstruction results.
Clin. Neurophysiol. 115, 1442-1451 (2004).
Alarcon, G. et al. Intracerebral propagation of
interictal activity in partial epilepsy: implications
for source localisation. J. Neurol. Neurosurg.
Psychiatry 57, 435-449 (1994).

Wennberg, R., Valiante, T. & Cheyne, D. EEG and
MEG in mesial temporal lobe epilepsy: where do
the spikes really come from? Clin. Neurophysiol.
122,1295-1313 (2011).

Rosenow, F. & Liiders, H. Presurgical evaluation
of epilepsy. Brain 124, 1683-1700 (2001).
Huppertz, H. J. et al. Cortical current density
reconstruction of interictal epileptiform activity
in temporal lobe epilepsy. Clin. Neurophysiol.
112,1761-1772 (2001).

Gavaret, M., Badier, J. M., Marquis, P,
Bartolomei, F. & Chauvel, P. Electric source

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

imaging in temporal lobe epilepsy. J. Clin.
Neurophysiol. 21, 267-282 (2004).

Gavaret, M. et al. Electric source imaging in
frontal lobe epilepsy. J. Clin. Neurophysiol. 23,
358-370 (2006).

Gavaret, M. et al. Source localization of scalp-
EEG interictal spikes in posterior cortex
epilepsies investigated by HR-EEG and SEEG.
Epilepsia 50, 276-289 (2009).

Lantz, G. et al. Propagation of interictal
epileptiform activity can lead to erroneous
source localizations: a 128-channel EEG
mapping study. J. Clin. Neurophysiol. 20,
311-319 (2003).

Michel, C. M. et al. 128-channel EEG source
imaging in epilepsy: clinical yield and localization
precision. J. Clin. Neurophysiol. 21, 71-83
(2004).

Sperli, F. et al. EEG source imaging in pediatric
epilepsy surgery: a new perspective in presurgical
workup. Epilepsia 47, 981-990 (2006).
Brodbeck, V. et al. Electroencephalographic
source imaging: a prospective study of 152
operated epileptic patients. Brain 134,
2887-2897 (2011).

Mirkovic, N., Adjouadi, M., Yaylali, I. & Jayakar, P.
3-d source localization of epileptic foci
integrating EEG and MRI data. Brain Topogr. 16,
111-119 (2003).

Nayak, D. et al. Characteristics of scalp electrical
fields associated with deep medial temporal
epileptiform discharges. Clin. Neurophysiol. 115,
1423-1435 (2004).

Meckes-Ferber, S., Roten, A., Kilpatrick, C. &
O’Brien, T. J. EEG dipole source localisation of
interictal spikes acquired during routine clinical
video-EEG monitoring. Clin. Neurophysiol. 115,
2738-2743 (2004).

Zumsteg, D., Friedman, A., Wennberg, R. A. &
Wieser, H. G. Source localization of mesial
temporal interictal epileptiform discharges:
correlation with intracranial foramen ovale
electrode recordings. Clin. Neurophysiol. 116,
2810-2818 (2005).

Zumsteg, D., Friedman, A., Wieser, H. G. &
Wennberg, R. A. Propagation of interictal
discharges in temporal lobe epilepsy:
correlation of spatiotemporal mapping with
intracranial foramen ovale electrode recordings.
Clin. Neurophysiol. 117, 2615-2626 (2006).
Merlet, I. & Gotman, J. Dipole modeling of scalp
electroencephalogram epileptic discharges:
correlation with intracerebral fields. Clin.
Neurophysiol. 112, 414-430 (2001).

Boon, P. et al. Ictal source localization in
presurgical patients with refractory epilepsy.

J. Clin. Neurophysiol. 19, 461-468 (2002).

Tao, J. X., Baldwin, M., Ray, A., Hawes-
Ebersole, S. & Ebersole, J. S. The impact of
cerebral source area and synchrony on
recording scalp electroencephalography ictal
patterns. Epilepsia 48,2167-2176 (2007).
Assaf, B. A. & Ebersole, J. S. Continuous source
imaging of scalp ictal rhythms in temporal lobe
epilepsy. Epilepsia 38,1114-1123 (1997).
Koessler, L. et al. Source localization of ictal
epileptic activity investigated by high resolution
EEG and validated by SEEG. Neuroimage 51,
642-653 (2010).

Assaf, B. A. & Ebersole, J. S. Visual and
quantitative ictal EEG predictors of outcome
after temporal lobectomy. Epilepsia 40, 52—-61
(1999).

Beniczky, S. et al. Source analysis of epileptic
discharges using multiple signal classification
analysis. Neuroreport 17, 1283-1287 (2006).
Jung, K. Y. et al. Spatiotemporospectral
characteristics of scalp ictal EEG in mesial

506 | SEPTEMBER 2012 | VOLUME 8

© 2012 Macmillan Publishers Limited. All rights reserved

www.nature.com/nrneurol



91.

92.

93.

94.

95.

96.

97.

98.

temporal lobe epilepsy with hippocampal
sclerosis. Brain Res. 1287, 206-219 (2009).
Holmes, M. D. et al. Comparing noninvasive
dense array and intracranial
electroencephalography for localization of
seizures. Neurosurgery 66, 354-362 (2010).
Lantz, G. et al. Frequency domain EEG source
localization of ictal epileptiform activity in patients
with partial complex epilepsy of temporal lobe
origin. Clin. Neurophysiol. 110, 176-184 (1999).
Worrell, G. A. et al. Localization of the epileptic
focus by low-resolution electromagnetic
tomography in patients with a lesion
demonstrated by MRI. Brain Topogr. 12,
273-282 (2000).

Lantz, G. et al. Space-oriented segmentation and
3-dimensional source reconstruction of ictal EEG
patterns. Clin. Neurophysiol. 112, 688-697
(2001).

Yang, L., Wilke, C., Brinkmann, B., Worrell, G. A.
& He, B. Dynamic imaging of ictal oscillations
using non-invasive high-resolution EEG.
Neuroimage 56, 1908-1917 (2011).

Lu, Y., Yang, L., Worrell, G. A. & He, B. Seizure
source imaging by means of FINE spatio-
temporal dipole localization and directed
transfer function in partial epilepsy patients.
Clin. Neurophysiol. 123, 1275-1283 (2012).
Huppertz, H. J. et al. Localization of interictal
delta and epileptiform EEG activity associated
with focal epileptogenic brain lesions.
Neuroimage 13, 15-28 (2001).

Vanrumste, B., Jones, R. D., Bones, P. J. &
Carroll, G. J. Slow-wave activity arising from the
same area as epileptiform activity in the EEG of
paediatric patients with focal epilepsy. Clin.
Neurophysiol. 116, 9-17 (2005).

99. Alper, K. et al. Localizing epileptogenic regions in
partial epilepsy using three-dimensional
statistical parametric maps of background EEG
source spectra. Neuroimage 39, 1257-1265
(2008).

100.Fuchs, M., Wagner, M. & Kastner, J. Development
of volume conductor and source models to
localize epileptic foci. J. Clin. Neurophysiol. 24,
101-119 (2007).

101.Zhang, Y., van Drongelen, W., Kohrman, M. &
He, B. Three-dimensional brain current source
reconstruction from intra-cranial ECoG
recordings. Neuroimage 42, 683-695 (2008).

102.Dumpelmann, M., Fell, J., Wellmer, J., Urbach, H.
& Elger, C. E. 3D source localization derived from
subdural strip and grid electrodes: a simulation
study. Clin. Neurophysiol. 120, 1061-1069
(2009).

103. Wilke, C., van Drongelen, W., Kohrman, M. &
He, B. Identification of epileptogenic foci from
causal analysis of ECoG interictal spike activity.
Clin. Neurophysiol. 120, 1449-1456 (2009).

104.Kim, J. S. et al. Localization and propagation
analysis of ictal source rhythm by
electrocorticography. Neuroimage 52,
1279-1288 (2010).

105. Wilke, C., van Drongelen, W., Kohrman, M. &

He, B. Neocortical seizure foci localization by
means of a directed transfer function method.
Epilepsia 51, 564-572 (2010).

106.van Mierlo, P. et al. Accurate epileptogenic focus
localization through time-variant functional
connectivity analysis of intracranial
electroencephalographic signals. Neuroimage
56,1122-1133 (2011).

107. Sutherling, W. W. et al. The magnetic and electric
fields agree with intracranial localizations of

REVIEWS

somatosensory cortex. Neurology 38,
1705-1714 (1988).

108. Buchner, H. et al. Source analysis of median
nerve and finger stimulated somatosensory
evoked potentials: multichannel simultaneous
recording of electric and magnetic fields
combined with 3D-MR tomography. Brain Topogr.
6,299-310 (1994).

109.Bast, T. et al. Combined EEG and MEG analysis
of early somatosensory evoked activity in
children and adolescents with focal epilepsies.
Clin. Neurophysiol. 118, 1721-1735 (2007).

110.Bai, X., Towle, V. L., van Drongelen, W. & He, B.
Cortical potential imaging of somatosensory
evoked potentials by means of the boundary
element method in pediatric epilepsy patients.
Brain Topogr. 23, 333-343 (2011).

111.Rampp, S. & Stefan, H. On the opposition of EEG
and MEG. Clin. Neurophysiol. 118, 1658-1659
(2007).

Acknowledgements

K. Kaiboriboon and M. Hamaneh are supported by the
Epilepsy Foundation. M. Hamaneh is also supported
by the Coulter Foundation.

Author contributions

K. Kaiboriboon researched data for the article.

K. Kaiboriboon and S. D. Lhatoo provided
substantial contributions to discussion of content
and wrote the article. K. Kaiboriboon, H. O. Luders,
M. Hamaneh, J. Turnbull and S. D. Lhatoo
contributed equally to review and editing of the
manuscript before submission.

Supplementary information
Supplementary information is linked to the online
version of the paper at www.nature.com/nrneurol

NATURE REVIEWS ‘ NEUROLOGY

© 2012 Macmillan Publishers Limited. All rights reserved

VOLUME 8 | SEPTEMBER 2012 | 507


http://www.nature.com/nrneurol

	EEG source imaging in epilepsy—practicalities and pitfalls
	Kitti Kaiboriboon, Hans O. Lüders, Mehdi Hamaneh, John Turnbull and Samden D. Lhatoo
	Introduction
	Principles of ESI
	Key points
	Figure 1 | The irritative and ictal onset zones in relation to the epileptogenic zone.
	ESI software
	Box 1 | Utility of EEG source imaging in epilepsy
	Practicalities and pitfalls of ESI
	Figure 2 | The forward and inverse problems. a | The forward problem: a known epileptic source within the brain produces a surface distribution of activity. Several properties of the human head and brain make prediction of this surface distribution diffic
	Figure 3 | Flow diagram of the ESI process. Source imaging with realistic head models requires three inputs: EEG recording, patient’s MRI, and digitized coordinates of EEG electrodes. Abbreviation: ESI, EEG source imaging.
	Clinical studies
	Figure 4 | Source localization of the initial phase of epileptic spikes. Modelling of the spike peak could be misleading due to propagation of the discharges (arrowhead). A rising phase of the spike (arrow) is more likely to represent the initial spike so
	Figure 5 | Validation of EEG source imaging with simultaneous scalp and intracranial EEG. a,b | Stereotactic depth recordings in the temporal pole and mesial temporal structures of the brain (a) can be used to confirm ESI-based localization of the source 
	Conclusions
	Review criteria
	Acknowledgements
	Author contributions
	Supplementary information 



