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(57) ABSTRACT

An example includes a method of imaging brain activity. The
method includes receiving signals corresponding to neuronal
activity of the brain. The signals are based on a plurality of
scalp sensors (110). The method also includes decomposing
the signals into spatial and temporal independent components
(140). In addition, the method includes localizing a plurality
of sources corresponding to the independent components.
The method includes generating a spatio-temporal represen-
tation of neural activity based on the plurality of sources.
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IMAGING EPILEPSY SOURCES FROM
ELECTROPHYSIOLOGICAL
MEASUREMENTS

CLAIM OF PRIORITY

[0001] This patent application claims the benefit of priority,
under 35 U.S.C. Section 119(e), to Bin He et al., U.S. Provi-
sional Patent Application Ser. No. 61/335,904, entitled
“METHOD AND APPARATUS FOR IMAGING EPI-
LEPSY SOURCES FROM ELECTROPHYSIOLOGICAL
MEASUREMENTS,” filed on Jan. 13, 2010 (Attorney
Docket No. 600.743PRV), which is incorporated by reference
herein in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This invention was made with government support
under award numbers NIH RO1 EB007920 and RO1 EB
006433 from National Institutes of Health. The government
has certain rights in this invention.

BACKGROUND

[0003] Epilepsy is a common neurological disorder affect-
ing millions of people worldwide. In many patients, the sei-
zures are not controlled by any available drug therapy. Partial
epilepsy (seizures that begin in a focal region of the brain)
represents one type of intractable epilepsy, and can be diffi-
cult to treat.

[0004] Epilepsy surgery may provide a cure, i.e. complete
seizure freedom, but it is a viable option only if the brain
region generating seizures can be accurately localized and
safely removed. Thus, accurate localization of epileptogenic
brain regions responsible for seizures is important for suc-
cessful epilepsy surgery.

[0005] Seizure activity has been diagnosed using scalp
electroencephalograms (EEG), using intracranial EEG
(iEEG), and other modalities. Scalp EEG provides good tem-
poral resolution but is imprecise as an imaging tool for iden-
tification of a seizure onset zone. Scalp EEG enjoys low risk
and low cost relative to iEEG. See for example, Hamer H M,
Morris H H, Mascha E, Bingaman W, Liiders H O. Compli-
cations of invasive video-EEG monitoring with subdural grid
electrodes. Epilepsia 1999c; 40 (Suppl 7): S154. See also
Rosenow F and Luders H. 2001. Presurgical Evaluation Of
Epilepsy. Brain 124(9):1683-1700.

[0006] Otherimaging techniques with low invasiveness are
described in Blumenfeld H, Varghese G, Purcaro M, Motelow
J, Enev M, McNally K, Levin A, Hirsch L, Tikofsky R, Zubal
I. 2009. Cortical And Subcortical Networks In Human Sec-
ondarily Generalized Tonic-Clonic Seizures. Brain 132(4):
999; Knowlton R C, Elgavish R A, Al Bartolucci B O, Limdi
N, Blount J, Burneo J G, Ver Hoef L, Paige L, Faught E,
Kankirawatana P. 2008. Functional Imaging: II. Prediction Of
Epilepsy Surgery Outcome. Annals of Neurology 64(1):35-
41; Laufs H and Duncan J S. 2007. Electroencephalography/
functional MRI In Human Epilepsy: What It Currently Can
And Cannot Do. Current Opinion in Neurology 20(4):417;
Tyvaert L, Hawco C, Kobayashi E, LeVan P, Dubeau F, Got-
man J. 2008. Different Structures Involved During Ictal And
Interictal Epileptic Activity In Malformations Of Cortical
Development: An EEG-fMRI study. Brain 131(8):2042-
2060; and Vitikainen A M, Lioumis P, Paetau R, Salli E,
Komssi S, Metsahonkala L, Paetau A, Kicic D, Blomstedt G,
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Valanne L, and others. 2009. Combined Use Of Non-Invasive
Techniques For Improved Functional Localization For A
Selected Group Of Epilepsy Surgery Candidates. Neurol-
mage 45(2):342-348.

[0007] Single photon emission computerized tomography
(SPECT) and functional magnetic resonance imaging (fMRI)
can assist in the delineation of epileptogenic brain but are also
noted for their lack of temporal resolution. In addition, fMRI
cannot be performed during seizure in most patients due to
safety and data quality reasons.

[0008] Using EEG and MEG data, dipole source localiza-
tion methods used for epilepsy source localization are limited
in several aspects. For example, the number of dipole sources
has to be decided a priori or some ad hoc source model has to
be assumed, such as a single dipole model. Thus errors in
model misspecifications may lead to errors in localization of
epileptiform activity. Furthermore, the nonconvexity of the
least-squares cost function normally employed using dipole
source localization becomes much more severe and nonlinear
multidimensional searching becomes unpractical as the num-
ber of dipoles increases. On the other hand, weighted mini-
mum norm estimations based on the distributed current
source model is underdetermined and thus necessitates the
introduction of priors in order to solve the inverse problem,
which typically smoothes the estimation. Many distributed
source imaging algorithms can only be used at a specific time
point or are limited to a short window of data. Thus, one
limitation in seizure source imaging is the lack of a principled
way to image epilepsy sources during seizure which can span
a time duration of several seconds to several minutes.
[0009] In summary, accurate localizing of a seizure onset
zone (SOZ) and dynamic imaging of epilepsy sources during
ictal period for surgical intervention remains elusive.

OVERVIEW

[0010] Anexample of the present subject matter includes a
high-resolution EEG monitoring and dynamic source imag-
ing approach for pre-surgical localization of SOZs and sei-
Zure propagation patterns in epilepsy patients. In addition to
pre-surgical planning, the imaging results may facilitate neu-
rosurgical treatment of medically intractable epilepsy, or
guide rationale neuromodulation strategies for reducing sei-
zures or preventing seizures from occurring. One example of
the present subject matter includes a dynamic source imaging
method that can be used to image other types of continuous
rhythmic activity during normal brain functions or brain dis-
orders.

[0011] In contrast with the present subject matter, some
electroencephalograms/magnetoencephalograms (EEG/
MEG) studies have focused on source imaging of interictal
spikes and short epileptiform discharges as opposed to ictal
periods. However, the precise correlation of the source of
these interictal events and the clinical SOZ remains unclear.
Interictal EEG spikes identify the region of electrographic
seizure onset in some, but not all, pediatric epilepsy patients.
Epilepsia 51(4):592-601.

[0012] Reliable recording of seizure data can entail pro-
longed monitoring of patients for multiple days in conjunc-
tion with suitable methods for imaging the dynamic ictal
process.

[0013] Anexample of the present subject matter provides a
dynamic process based on non-invasive EEG data (time-vari-
ant, spatial-variant, and frequency-variant); dense-array
EEG/MEG sensors (e.g., 76-electrode system) and multiple-
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day monitoring (5.5+3.2 days). In addition, the present sub-
ject matter includes a method for identifying ictal activity
with good correlation with iEEG and surgical outcomes.
[0014] One example entails using high-resolution video
EEG monitoring (5.5+£3.2 days) using 76 individual elec-
trodes glued over the scalp according to a modified 10-20
montage. The EEG recordings can be referenced to CPz,
passed through a 1-70 Hz bandpass filter, and sampled at 500
Hz.

[0015] An example includes a method of imaging brain
activity. The method includes receiving signals correspond-
ing to neuronal activity of the brain. The signals are based on
aplurality of scalp sensors. The method also includes decom-
posing the signals into spatial and temporal independent com-
ponents. In addition, the method includes localizing a plural-
ity of sources corresponding to the independent components.
The method includes generating a spatio-temporal represen-
tation of the whole brain neural activity based on the plurality
of sources. In one such example, the scalp sensor can include
EEG electrodes recording EEG. The sensors can also be
MEG sensors recording MEG.

[0016] Of clinical interest is to probe the sources underly-
ing the seizure activities, which are considered to be more
reliable than interictal spikes in localizing the epileptogenic
foci. The interictal activity is normally of spike shape in time
domain, which allows performing source analysis at each
instant during the spike. Reversely, the ictal activity is natu-
rally a time evolving process, which requires that source
analysis approaches must be able to handle spatial and tem-
poral information simultaneously and synthetically. For this
reason, few studies have addressed ictal source localization,
in comparison with the interictal source localization. In addi-
tionto the spatio-temporal dipole model for ictal source local-
ization, some other investigators combined the frequency
analysis and source localization analysis to reconstruct
sources from spatial pattern for certain frequency component
of the ictal rhythm. The temporal segmentation of ictal
rhythms, which divided activities in time domain into short
time windows or a series of “functional microstate”, was also
proposed in which each microstate was stable within its time
window. The source localization was then achieved using
mean potential map from a microstate. Due to the current lack
of understanding on seizure mechanisms, such “ad hoc”
selection of a certain frequency component or a “microstate”
from ictal data may not lead to accurate source localization
since only a portion of the information is extracted without
sound justification.

[0017] As seizure activities represent an evolution of ictal
rhythmic activity of the epileptic brain, an innovative way of
imaging the evolution of oscillatory brain activity is needed in
order to image seizure sources.

[0018] Similar to EEG source localization, MEG has been
used to localize and image epileptiform activity. Due to the
difficulty in seizure recordings, MEG has been used to image
epilepsy sources during interictal spikes or for absence sei-
zures (when there are no movements). Thus for the majority
of seizure patients, MEG currently does not offer direct capa-
bility of recording and imaging of seizures. Even assuming
successful recording ofictal MEG, the lack of rationale algo-
rithms to image seizure sources applies to MEG recordings as
well.

[0019] An example of the present subject matter includes a
technique for imaging epileptogenic brain activity during
seizures. One example of the present subject matter integrates
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the EEG inverse solution with the independent component
analysis (ICA). The EEG inverse solution can include a 3-di-
mensional linear inverse solution, a cortical source linear
inverse solution, a nonlinear inverse solution, a sub-space
scanning inverse solution, a dipole localization solution, or
any other inverse solution to image the sources from EEG (or
other) measurements. The source separation techmque may
include ICA, principal component analysis (PCA), or any
other blind source separation (BSS) method to separate a
mixed spatiotemporal signal into a series of components.
[0020] One example includes an ictal spatiotemporal
source imaging techmque which involves blind source sepa-
ration (BSS) in the sensor space followed by source analysis
of separated spatial features of each independent source and
source recombination in the source space. This example
allows analysis of the seizure activity in separated time and
space domains with minimal mutual interference from other
activated regions and provides a whole brain spatiotemporal
scan of seizure activities.

[0021] This overview is intended to provide an overview of
subject matter of the present patent application. It is not
intended to provide an exclusive or exhaustive explanation of
the invention. The detailed description is included to provide
further information about the present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] Inthe drawings, which are not necessarily drawn to
scale, like numerals may describe similar components in dif-
ferent views. Like numerals having different letter suffixes
may represent different instances of similar components. The
drawings illustrate generally, by way of example, but not by
way of limitation, various embodiments discussed in the
present document.

[0023] FIG. 1 illustrates a schematic diagram depicting
spatio-temporal seizure source imaging, according to one
example.

[0024] FIGS. 2A and 2B illustrate decomposed data in a
sensor domain corresponding to seizures for a representative
patient.

[0025] FIGS. 3A and 3B illustrate imaging in a source
domain corresponding to spatial localization of seizure onset
zones and seizure propagation, and temporal reconstruction
of source wave forms for selected patients.

[0026] FIG. 4 illustrates a system according to one
example.

DETAILED DESCRIPTION
[0027] Anexample of the present subject matter provides a

dynamic seizure imaging (DSI) approach based upon high-
density EEG recordings. An example can be used to image the
dynamic changes of ictal rhythmic activity or discharges that
evolve through time, space and frequency. In one example,
the data can be generated using non-invasive sensors or gen-
erated using one or more invasive sensors.

[0028] According to one example, the method provides
dynamic imaging of ictal rhythmic activity for a time before
seizure onset, during seizure onset, and after seizure onset.
For example, the time can be segmented to provide ictal
epochs of approximately 30 seconds before and following the
seizure onsets. The window length for each epoch can be
varied to avoid moving artifacts, and also to include a period
of background signal before seizure onset and a period of
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highly synchronous seizure activity following the onset. The
window length can also be tailored to any time period of
interest.

[0029] According to one example, the realistically shaped
multi-layer boundary element model (BEM) constructed
from pre-operative MRI images can be used in the seizure
source imaging. The head volume can be separated into mul-
tiple conductivity layers of the brain, the skull and the scalp,
and/or CSF. Other head conductor models may also be used
including the finite element model, finite difference model or
spherical models. To achieve accuracy to guide neurosurgical
planning, realistic geometry head models may be used.
[0030] A 3-dimensional (3D) distributed source model can
be used, where a number of current dipoles with uncon-
strained orientations can be positioned within the brain vol-
ume or occupy the gray matter or the brain volume. In one
example, a cortical current source model, where a number of
current dipoles with either unconstrained orientations or ori-
ented perpendicular to the cortical surface, is used. The num-
ber of dipoles may be in the range of 5000-10,000. Alterna-
tively, multiple dipoles source models may also be used with
each representing one focused area of brain activity.

[0031] FIG. 1 illustrates a schematic for implementing an
example method. The figure illustrates system 100 configured
to disentangle seizure components from ictal EEG data, local-
ization and imaging of neural generators of seizure compo-
nents, and recombination of all the seizure generators in 3D
brain source space to form spatiotemporal imaging of the
seizure activity. The example shown is suitable for imaging
continuous rhythmic activity.

[0032] The example shown can be used with data provided
by prolonged multiple electrodes video EEG monitoring. The
spatiotemporal seizure imaging technique illustrated is based
on BSS in the sensor space, as shown at in the figure. In
addition the method includes source analysis performed sepa-
rately in the time domain and the space domain. Furthermore,
the method shown includes source recombination and time-
space re-combination in the source domain. The recon-
structed seizure activities compares favorably with other
clinical evidence, including surgically resected regions, iEEG
recording, SPECT, and successful surgical outcome.

[0033] System 100 can include a processor, circuitry, and
other systems to implement the methods described herein.
Sensor array or data source 110 can include multiple sensors
or, in one example, can include stored data corresponding to
electrical activity of a biological system (such as a brain).
Input module 130 can include an interface is configured to
receive data or signals from sensor array or data source 110.
Input module 130 provides data to decomposer 140. Decom-
poser 140 performs a separation algorithm and in one
example, this includes source separation and time-space
separation. Cluster module 150 is configured to select par-
ticular components (provided by decomposer 140) of interest
for further analysis. Imager 160 is configured to identify a
location of a component in the source space. Reconstructor
170 is configured to reconstruct a dynamic source model
based on the data provided by imager 170. Reconstructor 170
provides an output to output module 180 which is configured
to render an spatio-temporal representation of the electrical
activity. In one example, output module 180 includes a dis-
play.

[0034] Inthe EEG forward model, the spatiotemporal EEG
scalp recording Y can be related with underlying brain activ-
ity S through a linear system:
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Y=LS+B (Equation 1)
[0035] Where Y(r,t) is a n*t signal matrix (n is the number
ofelectrodes and tis the number of time points), S(r,t) isa m*t
source matrix (m is the dimension of source space) and B is a
n*t noise matrix. L is a n*m lead field matrix that can be
calculated based on the boundary element method (BEM)
(Fuchs et al., 1998; Hamalainen and Sarvas 1989; He et al.,
1987) or based on a finite element method, a finite difference
method, or another numerical method. In the BEM model, the
head volume conductor can be separated into three conduc-
tive layers, the brain, the skull and the skin with conductivity
0f0.33 S/m, 0.0165 S/m and 0.33 S/m, respectively (Laietal.,
2005; Oostendorp et al., 2002; Zhang et al., 2006). In one
example, the BEM model can be separated into four conduc-
tive layers, the brain, the skull, the skin and the CSF. A 3D
distributed source model can be used to model the brain
source distribution that includes around ten thousand equiva-
lent current dipoles with unconstrained orientations evenly
positioned within the 3D brain volume. In one example, a
cortical current model (CCD) that constraints the dipoles
within the cortical sheet of gray matter and multiple dipoles
source models can be used.

[0036] Electrode positions in a modified 10-20 system can
be used for the calculation.

[0037] Ictal EEG measures seizure rhythmic discharges
that evolve through time, space, and frequency, superposed
with measurement noise, moving artifacts and other back-
ground brain oscillations. To analyze such complicated sig-
nal, independent component analysis (ICA) can be used to
decompose each ictal EEG into a series of temporally inde-
pendent and spatially fixed components:

Ne (Equation 2)
Y=WOT =) woil;
=1

[0038] where N is the number of ICs, Q, (i column of the
matrix Q,N_ is the spatial map of the i” IC, T, (i” row of
matrix Ty,.,) is the temporal dynamics of the i IC, and W is
a diagonal weighting matrix. ICl is but one example and other
BSS techniques can be used for the decomposition of the
signals (EEG, MEG, or other) Assuming N out of the Nc ICs
are associated with seizure activities (component selection
presented later), the scalp measurement generated by ictal
conditions becomes

Ns
Y =WQT = Y woiT:.

i=1

[0039] Given the forward modeling of lead field matrix,
spatiotemporal brain sources can be estimated from the EEG
measurements by solving an inverse problem as follows (Pas-
cual-Marqui et al., 1994):

S=L-'y (Equation 3)
[0040] where L~ is the inverse of lead field matrix. Substi-
tuting equation 2 into equation 3, the spatiotemporal estima-
tion can be rewritten as:
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Ns Ns Ns
S=LY wOT =) [L'QIwT = ) SiwT,
i=1 i=1

i=1

(Equation 4)

[0041] where S,=1.7'Q, is the IC source distribution of the
i 1C, and

Ns
ZSIWITI
=)

is the linear combination of seizure components in the source
space, which can be seen as an inverse process of ICA. Here,
an algorithm known as Low Resolution Electromagnetic
Tomography (LORETA) (Pascual-Marqui et al., 1994) can be
used to estimate S, of each seizure component. Other EEG/
MEG distributed imaging algorithms, such as minimum norm
estimate (MNE), variants of MNE (e.g., weighted MNE), L-p
norm algorithms (e.g., L-1 norm), sub-space scanning algo-
rithms such as MUSIC, RAP-MUSIC, FINE algorithms, or
dipole source localization algorithms can be incorporated
into this method to estimate S, of each seizure component.
Given the reconstructed dynamic source signal S, the SOZ
can be identified as the source distribution at the seizure onset
time instant. Similarly, the time-variant propagation of sei-
zure activity over the prolonged ictal period can also be esti-
mated and visualized during a time window after the seizure
onset.

EXAMPLES OF A COMPONENT SELECTION
METHOD

[0042] Seizure activities are characterized by abnormal
synchrony of neuronal rhythmic discharges. Time-frequency
evolution patterns of ictal rhythmic discharges are observable
in raw EEG recordings and also in ICs related with ictal
conditions. As such, the time-frequency similarity between
the two signals can be used for the selection of seizure com-
ponents.

[0043] In each seizure recording, visual inspection can be
used to remove those ICs showing continuous activity or
transit spikes (e.g., in IC time courses or spectrograms) not
correlated with seizure conditions, such as the eye movement
components (which may show IC spatial maps with frontal
eye activity) and moving artifactual components (which may
show strong power invariant across all the frequency bands,
and/or with spatial maps dominated by noise. The noise-
deducted EEG can then be reconstructed. Electrodes can be
identified by epileptologists that show ictal rhythmic dis-
charges and calculate the mean time frequency representation
(TFR) of EEG recorded by these electrodes (EEG-TFR)
using short time Fourier transformation (sliding window size
500 time points, 50% overlapping). In one example, the spec-
trogram TFR can be calculated using other techniques, such
as a wavelet-based algorithm.

[0044] A TFR can be computed for each IC (including all
the ICs derived from ICA). Correlations between each IC-
TFR and EEG-TFR can be calculated. Statistical significance
ofthe correlation between EEG-TFR and each IC-TFR can be
quantified by a nonparametric statistical test techmque using
a surrogate method. In one example, surrogate datasets can be
created from EEG signal and each IC time course so that their
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mutual correlations are not preserved. For each IC, new cor-
relations between EEG-TFRs and IC-TFRs can be computed
from surrogated datasets and a distribution of correlation
values can be obtained. From the distribution, statistical sig-
nificance of an IC-EEG-correlation can be decided and those
components exceeding a threshold of p=0.1 can be selected as
seizure components for further source analysis. Visual
inspections can also be used to assist the selection of seizure
components.

[0045] In one example, component selection includes the
implementation of a clustering technique. For each seizure,
the independent component—time frequency representation
(IC-TFR) and the EEG-TFR can be analyzed by K-means
clustering. Each of these can be treated as a point in the space
and the distance function is defined by:

d=1-r

corr

[0046] where r_ ., is the correlation between the points.
These TFR points can be partitioned into groups by minimiz-
ing the within-group sums of the point-to-cluster-centroid
distances. Those ICs in the same group of EEG-TFR repre-
sented time-frequency features closely relate to the ictal
rhythms and therefore can be selected as the seizure compo-
nents for the subsequent source analysis. In one example,
other clustering algorithms are used to select components of
interest for further analysis. Clustering is performed, in one
example, by cluster module 150 shown in FIG. 1.

[0047] According to one example, a time frequency repre-
sentation (TFR) can be calculated from the raw EEG data by
convolving the signal with complex Morlet’s wavelets. The
time-frequency evolution of the ictal rhythm can be tracked
by EEG-TFR. Similarly, TFR can also be calculated from the
time courses of each IC to examine the time-frequency fea-
tures of each component. Those ICs related with eye, severe
muscle and electrode artifacts can be removed by examining
their spatial and time-frequency features.

EXAMPLE OF METHOD TO IMAGE THE
SEIZURE ONSET ZONE AND PROPAGATION

[0048] The spatiotemporal imaging output has whole-brain
coverage, high temporal resolution (millisecond for EEG and
MEG) and high spatial resolution (depending on the resolu-
tion of the head model). Source waveforms can be recon-
structed from any regions of interest of the brain. Further
analysis, such as time-frequency analysis, coherent and con-
nectivity analysis based on the waveforms at individual
source locations or regions of interest can be conducted.

[0049] The determination of the SOZ is used in epilepsy
surgery. An example of the present subject matter can first
define the SOZ as the source distribution at onset time instant.
Intracranial EEG directly recorded from the cortex and brain
surgery outcomes can be used to quantitatively evaluate the
performance ofthe SOZ localization. In addition to determin-
ing the SOZ, an example of the present subject matter can be
used to reconstruct continuous propagation patterns of ictal
rhythmic activity as source distributions at instants after the
seizure onset. Continbous source wave form can be achieved
in a voxel of interest or a region of interest. Source time-
frequency features can be reconstructed in the 3D source
space. The time-varying source power in each brain voxel can
be calculated as the spectral power within the predominant
frequency band of ictal rhythm during short time intervals.
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The source power distribution over the ictal period can indi-
cate the propagation of ictal rhythmic discharges from a focal
location to extended regions.

EXAMPLES OF IDENTIFICATION OF ICTAL
COMPONENTS

[0050] Using ICA and component selection, multiple ICs
can be identified from each seizure to represent ictal activity,
as shown for example, with regard to the sample patient
depicted in FIGS. 2A and 2B. In the figures, the patient data
illustrate frontal lobe epilepsy. Using ICA, two components
can be identified from one seizure (FIG. 2A). The IC time
courses show ictal rhythms having increased frequency at
seizure onset (near the vertical arrows) and decreased fre-
quency in the alpha band at a later time. A is time bar is
illustrated in the figure. The IC-TFRs also show increased
neural synchrony initiated with fast rhythmic activity >12 Hz
at the seizure onset that later progress to an alpha frequency
discharge. In the IC-TFR representations, the vertical scale is
in Hz with legends depicting 0, 10, 15, 20, and 25 Hz and the
horizontal scale depicts time with legends at 0, 10, and 20
seconds. This time-frequency evolution pattern of the ictal
rhythmic discharges is consistent with independent observa-
tion reported by clinical epileptologists. The corresponding
scalp map shows left frontal focus of the seizure components
with some spread to the temporal lobe in the second seizure
illustrated. The two seizures recorded in this patient (and
shown in the figure) illustrate similar EEG rhythmic dis-
charges. One component identified from another seizure of
the patient (shown in FIG. 2B) shows similar rhythmic dis-
charges at the seizure onset. The corresponding scalp map
further localized this seizure component to the left frontal
electrodes.

[0051] In addition to determining the SOZ, an example of
the present subject matter can be used to reconstruct propa-
gated activity after seizure onset. Time-varying source power
in each brain voxel can be calculated as the spectral power
within the predominant frequency band of ictal rhythm dur-
ing short time intervals. The source power distribution over
the ictal period can indicate the propagation of seizure activ-
ity from a focal location to extended regions ipsilaterally or
contralaterally. The source power can be calculated based on
a short time window and some spread of the source distribu-
tion to adjacent cortex, such as the area of activation in frontal
cortex of a patient may be observed in some instances. Also,
source time-frequency features can be reconstructed in the
3D source space and used to display TFRs of the SOZ tissue
and show the time-frequency features of each seizure.
[0052] ThelCA canbe usedto provide a method to separate
seizure components from continuous EEG recordings. To
further determine the spatiotemporal activation patterns of
ictal activities within the whole brain, the ICs’ source map
and time courses can be combined into the 3D brain source
space as an inverse process of ICA. The estimated SOZ is
defined as the source distribution at the seizure onset time.
[0053] Recordings from numerous scalp sites can provide a
good spatial sampling rate and a stable spatial representation.
[0054] EEG monitoring can entail a 19-to-32-electrode
montage or can include a high-resolution EEG. Increasing the
channel number to 76 provides more spatial detail for the
localization of epileptic sources. In various examples, the
number of electrodes (channels) can be 19,31,32, 63,123, or
greater, or can be in any range between these numbers.
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[0055] Most clinical applications of high-resolution EEG
and MEG have been restricted to the imaging of interictal
spikes, despite the fact that the irritative zone defined by
interictal spikes do not reliably determine the minimum
region of brain tissue to be resected in order to render the
patient seizure free. A technical limitation lies in the record-
ing environment where the patients are to stay motionless in
order to obtain high-quality signals. This is especially true for
MEG recordings.

[0056] An example of the present subject matter provides a
method of seizure imaging to reconstruct dynamic ictal rhyth-
mic discharges from continuous EEG data. Fitting single or
multiple dipoles to the early activation of ictal rhythms has
been demonstrated as useful in providing sublobar prediction
of'seizure origin in temporal lobe seizures and extra-temporal
lobe seizures. However, such methods rely on prior informa-
tion such as the number of dipoles or the positions of dipoles
which cannot be easily gained from EEG signal alone. Sub-
space scanning methods also provide the ability to recon-
struct temporal dynamics of seizure sources, and, in conjunc-
tion with connectivity analysis, may be able to discriminate
the seizure onset and propagation. In these situations, how-
ever, the limited number of equivalent dipoles (as discrete
sources) may not be an appropriate representation of the
distributed brain activity involved in seizures. Assuming a
distributed nature of seizure activity, one method entails judg-
ing the seizure onset by visual inspection of EEG waveforms
and then conducting source imaging instant by instant to find
neural generators responsible for each millisecond or for each
short time window. Such a process may require solving thou-
sands of inverse problems in order to achieve several-second-
long source imaging.

[0057] Also, low SNR at the time of seizure onset adds a
level of complexity for the disentanglement of seizure source,
physiological noise and artifactual noise.

[0058] An example of the present subject matter entails a
dynamic source imaging technique that is particularly suited
for continuous imaging of seizure activity expanding from
several seconds to several minutes. This dynamic spatiotem-
poral imaging approach entails a decomposition-recombina-
tion process, where the decomposition is taken in the sensor
space and the recombination is taken in the source space.
Such a process, regardless of the length of continuous seizure
data, limits the number (equal to the number of selected
seizure components) of inverse problems to be solved. Addi-
tionally, the separation of ictal components from artifacts,
noises and other background brain oscillations largely
enhances the SNR for the source analysis. This approach can
be also seen as a time-space-separated process.

[0059] The data-driven ICA analysis decomposes the sig-
nal into several spatially fixed but temporally dynamic com-
ponents. In the time domain, the time-frequency evolution
represented in the time course assists in the selection of the
seizure components. This approach to component selection
allows for the extraction and imaging of certain rhythmic
modulation (e.g., delta rhythm that may later progress to theta
rhythm), and thus is well suited for analysis of time-varying
ictal rhythmic activity.

EXAMPLES OF LOCALIZATION OF SEIZURE
ONSET ZONES AND PROPAGATION

[0060] According to experimental results, the locations and
extensions of the estimated SOZs shows good agreement with
the epileptogenic zone resected in surgery or defined by iEEG
invasive measurements.
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[0061] FIGS. 3A and 3B each illustrates the estimated
SOZs and the source TFRs estimated from typical seizures in
each of two patients. The estimated SOZs are shown as darker
regions in the left and middle panels. The two patients were
both rendered seizure-free after surgery and one-year follow-
up. The surgically resected regions are depicted. Intracranial
electrodes were implanted in patient 2 (FIG. 3B; shown at a
location using spherical dots) and the anterior electrodes
(marked) were defined by clinical epileptologists as the sei-
zure onset zone. As illustrated in FIGS. 3A and 3B, the
estimated SOZ in each of the patients is co-localized with the
surgically resected region and also the direct measurement
from intracranial electrodes. The figures also illustrate the
continuous imaging of the two seizures, which start from
epileptogenic cortex and later propagate to adjacent lobes.
The time-frequency analysis of the estimated source wave-
forms at the seizure onset zone depicts the dynamic evolution
ofictal rhythmic activity that changes in time and frequency.

EXAMPLE SYSTEM

[0062] FIG. 4 illustrates system 400 according to one
example. As shown in the figure, system 400 includes sensor
array or data source 410. In the form of a sensor array, this can
include a grid or electrode assembly having any number of
discrete sensors. For example, this can include scalp EEG
sensor, intracranial EEG sensors, MEG sensors, or other type
of sensors configured to detect neuronal activity. In one
example, neuronal data is stored in a memory device and as
such, the memory device serves as data source 410.

[0063] Sensor array or data source 410 is coupled to appa-
ratus 420. Apparatus 420 can include one or more processors
(digital or analog) configured to implement an algorithm or
otherwise perform a function as shown or described herein.
[0064] Input module 430, of apparatus 420 can include an
interface to receive a signal or data from sensor array or data
source 410. Input module 430 can be configured to receive an
analog signal or digitally encoded data. Input module 430 is
coupled to sensor array or data source 410.

[0065] Decomposer module 440 can be viewed as a second
module and, in one example, is configured to decompose a
signal (or a plurality of signals) into individual components.
In one example, decomposer module 440 implements an
algorithm known as Independent Component Analysis (ICA)
based on the signals from the sensor array 410. Other signal
separation techniques that realize the separation of spatiotem-
poral signals into components each of which is represented by
a time course and a spatial map can be readily incorporated in
decomposer module 440 to replace ICA. Examples of the
signal separation techniques include principal component
analysis (PCA), other forms of ICA, or any of which belong
to a class of techniques more generally described as blind
source separation (BSS). Decomposer module 440 is coupled
to input module 430.

[0066] Cluster module 450 can be viewed as the third mod-
ule, and in one example, is configured to select components of
interest for further analysis. In one example, the selection of
seizure components in decomposer module 440 is imple-
mented by calculating the correlation between the spectro-
grams of independent components and spectrograms of origi-
nal EEG signals. The statistical significance of the correlation
is tested using surrogate data. In another example, the selec-
tion of seizure components is implemented by k-means clus-
tering that cluster the spectrograms of components into sev-
eral subsets. Other methods that select the components with
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temporal features of interest, frequency features of interest, or
spatial patterns of interest can be readily incorporated to
choose components for the input of the next module.
Examples include visual inspection of the waveforms and the
spatial maps, and various types of clustering techniques. If
PCA is used for decomposition, the rejection of components
of'small eigenvalues also serves this purpose. If the system is
applied to image brain activity in well-designed experiments,
components can be also selected based on prior knowledge,
and certain modulation patterns corresponding to the behav-
ior in neuroscience studies. Cluster module 450 is coupled to
decomposer module 440.

[0067] Imager module 460 can be viewed as a fourth mod-
ule and, in one example, is configured to determine the loca-
tion of a component within a source space. Imager module
460, in one example, implements a BEM head model, a 3D
distributed source model and a source estimation algorithm.
Other head models can also be implemented, including a
spherical head model, a finite element model (FEM), and a
finite difference model. Other source models including cor-
tical current density (CCD) model, and equivalent dipole
models can also be implemented. Other algorithms solving
inverse problems can also be implemented, including mini-
mum norm estimate (MNE), variants of MNE (e.g. weighted
MNE), non-linear techniques based on L-p norm (p<2) (e.g.,
L-1 norm), any of which belong to a class of techniques more
generally described as distributed source imaging. The
method can be also generalized to include sub-space scanning
algorithms such as MUSIC, RAP-MUSIC, FINE, and non-
linear source estimation algorithms such as equivalent
dipoles or more complicated source models based on brain
networks. Imager module 460 is coupled to cluster module
450.

[0068] Reconstructor module 470 can be viewed as a fifth
module and, in one example, is configured to reconstruct a
dynamic source signal (or a plurality of signals) based on the
estimation of source components from imager module 460
and time courses of components from decomposer model
440. This module combines the signal in the source space,
which can be seen as an inverse process of the decomposer
module. In one example, reconstructor module 470 imple-
ments a linear combination which sums the components’ time
courses weighted by the components source distribution.
Variants of the components’ time courses can also be input
into the reconstructor module, such as certain frequency
bands of the time courses and the temporal modulation of the
spectral power. Reconstructor module 470 provides the spa-
tiotemporal imaging involving all the components of interest.
It results in a continuous imaging of the whole brain with high
spatial resolution and high temporal resolution. Reconstruc-
tor module 470 is coupled to imager module 460.

[0069] Reconstructor module 470 is coupled to output
module 480. Output module 480 can include a display, a
memory device, or a network interface device. In one
example, output module 480 implements the visualization of
the seizure onset zone (SOZ) at the onset of the seizure, and
the seizure propagation pattern after the onset of the seizure.
In one example, output module 480 implements the visual-
ization of the temporal dynamics and time-frequency spec-
trogram from a voxel in the source space. Output module 480
provides the spatiotemporal brain imaging of a continuous
period with high temporal resolution (e.g., millisecond for
EEG,iEEG and MEG). Various types of analysis based on the
source spatial information or temporal information can be
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incorporated into the output module 480. Examples include
the display of movie of source activity over any period of
time, the visualization of source distribution of different fre-
quency bands, the localization of source activity at any time
instants or any time intervals, connectivity or coherent analy-
sis across various regions of the brain. In various examples,
system 400 provides a user-perceivable output corresponding
to the neuronal activity of the brain.

[0070] Other modules and components can also be
included in system 400. For example, apparatus 420 can
include an additional memory device (such as a user-replace-
able storage device), or a telemetry device configured to
wirelessly communicate data, results, or instructions.

[0071] A functional MRI (fMRI) module can also be imple-
mented by apparatus 420 and, in one example, is located
between module 440 and module 460. A {MRI module uses
the components’ time courses’ to image fMRI map through
EEG-informed fMRI analysis and use the fMRI maps to
constrain the source localization in imager module 460
through fMRI-weighted EEG source imaging analysis. Also,
the component selection method disclosed here (correlation
of spectrograms of IC and EEG and subsequent statistical
analysis), although shown to be part of the system 400, can be
readily applied in other methods to identify ictal rhythmic
discharges. The present subject matter can be applied to imag-
ing of seizure activity as well as for the imaging of any type of
continuous brain activity in any experimental settings, for
example, interictal activity and background oscillation of
patients during resting state, modulation of continuous rhyth-
mic activity in healthy subjects, or any other oscillatory brain
activity in healthy subjects or patients with any other neuro-
logical disorders or psychiatric diseases.

EXAMPLE FOR IMAGING CARDIAC
ELECTRICAL ACTIVITY

[0072] An example of the present subject matter can be
applied to image cardiac electrical activity from electrocar-
diogram (ECG), magnetocardiogram (MECG), or intracavi-
tory electrophysiological recordings. In such an example,
multiple channels of ECG/MCG or intracavitory recordings
are decomposed into temporal and spatial components.
Inverse solutions are then solved to estimate the cardiac elec-
trical sources corresponding to the independent components
using a linear or nonlinear inverse solution. The inverse solu-
tions of independent components are then recombined in the
source domain to form the spatio-temporal representation of
source distribution of a heart.

[0073] An example can also be used to localize and image
origins and propagation of cardiac arrhythmias from body
surface ECG signals or from intracavitory recordings such as
using a catheter.

ADDITIONAL NOTES AND EXAMPLES

[0074] Examples of the present subject matter can be used
for long-term monitoring (using dense-array EEG sensors),
used to localize a SOZ or image functional networks involved
in seizure initiation and propagation for pre-surgical and sur-
gical planning. One example enables dynamic imaging to
trace propagation of seizure activity. For example, one
embodiment allows spatio-temporal source imaging of brain
activity including continuous ictal rhythmic discharges.

[0075] The present subject matter can be applied to imag-
ing and localizing epileptogenic brain and epileptic propaga-
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tion to aid presurgical and surgical planning for treatment of
epilepsy patients. An example of the present subject matter
can be used to estimate seizure sources from either EEG or
MEG recordings or iEEG.

[0076] Seizure activity can be an oscillatory activity evolv-
ing over time. Conventional techniques can only be applied to
atime point or a small segment in time, ignoring the temporal
evolving nature of seizure. The present subject matter pro-
vides a rigorous means to extract the spatio-temporal source
distribution of ictal rhythm.

[0077] High-resolution EEG can be used as a pre-surgical
imaging tool which provides additional information about the
precise location and extent of the SOZ and without the addi-
tional costs and risks associated with iIEEG. In one example,
iEEG grids or electrodes are positioned at the most suspicious
regions, which are decided by prior knowledge gained from
scalp EEG.

[0078] Various examples and implementations can be pro-
vided based on the present subject matter. For example, the
present subject matter can be used for spatiotemporal imag-
ing of continuous ictal rhythmic discharges with high resolu-
tion. In addition, the present subject matter can be used for
long-term monitoring of seizure using dense-array EEG
recording in epilepsy patients. One example can be config-
ured to provide localization of a SOZ for presurgical planning
of epilepsy treatment. In addition, one example provides
dynamic imaging tracing of the propagation of seizure activ-
ity. Furthermore, one example provides spatio-temporal
source imaging of rhythmic brain activity.

[0079] An example of the present subject matter may be
useful in managing epilepsy by means of neuromodulation.
Knowledge of epileptogenic brain can provide useful infor-
mation to optimize the neuromodulation strategies for reduc-
ing or preventing seizures from occurring.

[0080] One example provides epilepsy source information
to aid neuromodulation to reduce or prevent seizures from
occurring.

[0081] Example 1 includes a method of imaging brain elec-
trical activity and includes collecting signals over a part of the
head orover a part of a surface out of the head using a plurality
of sensors and a data acquisition unit. The method also
includes decomposing the collected multi-channel signals
onto a series of spatial and temporal independent components
using Independent Component Analysis. In addition, the
method includes constructing a source distribution corre-
sponding to the electrical activities of the brain and estimating
the individual source distribution for the selected spatial inde-
pendent components. Total brain source distribution can be
reconstructed by integrating the estimated sources for the
selected spatial independent components with the temporal
independent components and displaying the estimated brain
electrical source distributions within the three dimension
space of the brain.

[0082] Example 2 includes the method of Example 1
optionally including wherein the signals are collected during
an epilepsy seizure.

[0083] Example 3 includes the method of one or any com-
bination of Examples 1-2 and optionally including wherein
the signals are collected during interictal periods, including
spikes or non-spike interictal periods.

[0084] Example 4 includes the method of one or any com-
bination of Examples 1-3 and optionally including wherein
the signals are collected using an array of scalp EEG elec-
trodes.
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[0085] Example 5 includes the method of one or any com-
bination of Examples 1-4 and optionally including wherein
the signals are collected using an array of MEG sensors.
[0086] Example 6 includes the method of one or any com-
bination of Examples 1- 5 and optionally including wherein
the signals are collected using an array of

[0087] EEG electrodes and MEG sensors.

[0088] Example 7 includes the method of one or any com-
bination of Examples 1-6 and optionally further including
using the estimated brain electrical sources are used to aid
presurgical or surgical planning in an epilepsy patient.
Example 8 includes the method of one or any combination of
Examples 1-7 and optionally further including using the esti-
mated brain electrical sources to aid neuromodulation treat-
ment in an epilepsy patient.

[0089] Example 9 includes the method of one or any com-
bination of Examples 1-8 and optionally wherein the inde-
pendent components are selected by comparing the time-
frequency representation of the temporal independent
components with the time-frequency representation of the
raw signals.

[0090] Example 10 includes the method of one or any com-
bination of Examples 1-9 and optionally wherein the signals
are collected using an array of intracranial electrodes.
[0091] Example 11 includes an apparatus for imaging brain
electrical activity, the apparatus comprising a plurality of
sensors for decomposing collected multi-channel signals
onto a series of spatial and temporal independent components
using ICA, a first module configured to construct a source
distribution representing the electrical activities of the brain,
a second module configured to estimate the individual source
distribution for the selected spatial independent components,
a third module configured to reconstruct the total brain source
distribution by integrating the estimated sources for the
selected spatial independent components with the temporal
independent components, and an output module configured
to display the estimated brain electrical source distributions
within a three dimension space of the brain.

[0092] In one example, a system includes a plurality of
sensors for collecting multi-channel signals, a first module
configured to decompose multi-channel signal onto a series
of spatial and temporal independent components using ICA,
a second module configured to select components of interest,
a third module configured to estimate the individual source
distribution for the spatial maps of selected independent com-
ponents, a fourth module configured to reconstruct the total
brain source distribution by integrating the estimated sources
with the time course of independent components, and an
output module configured to display the estimated brain elec-
trical source distributions within a three dimension space of
the brain.

[0093] Example 12 includes the apparatus of Example 11
wherein the signals are collected during epilepsy seizure.
[0094] Example 13 includes the apparatus of one or any
combination of Examples 11-12 and optionally wherein the
signals are collected during interictal periods, including
spikes or non-spike interictal periods.

[0095] Example 14 includes the apparatus of one or any
combination of Examples 11-13 and optionally wherein the
signals are collected using an array of scalp EEG electrodes.
[0096] Example 15 includes the apparatus of one or any
combination of Examples 11-14 and optionally wherein the
signals are collected using an array of MEG sensors.
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[0097] Example 16 includes the apparatus of one or any
combination of Examples 11-15 and optionally wherein the
signals are collected using an array of EEG electrodes and
MEG sensors.

[0098] Example 17 includes the apparatus of one or any
combination of Examples 11-16 and optionally wherein the
estimated brain electrical sources are used to aid presurgical
or surgical planning in epilepsy patients.

[0099] Example 18 includes the apparatus of one or any
combination of Examples 11-17 and optionally wherein the
estimated brain electrical sources are used to aid neuromodu-
lation treatment in epilepsy patients.

[0100] Example 19 includes the apparatus of one or any
combination of Examples 11-18 and optionally wherein the
independent components are selected by comparing the time-
frequency representation of the temporal independent com-
ponents with the time-frequency representation of the raw
signals.

[0101] Example 20 includes the apparatus of one or any
combination of Examples 11-19 and optionally wherein the
signals are collected using an array of intracranial electrodes.
[0102] Example 21 includes a method of imaging brain
activity. The method includes receiving signals correspond-
ing to neuronal activity of a brain. The signals are based on a
plurality of scalp sensors. The method includes decomposing
the signals into spatial and temporal independent compo-
nents. The method includes localizing a plurality of sources
corresponding to the independent components. The method
includes generating a spatio-temporal representation of neu-
ral activity based on the plurality of sources.

[0103] Example 22 includes the method of Example 21
wherein receiving signals includes at least one of receiving
MEG data or receiving EEG data.

[0104] Example 23 includes the method of any of
Examples 21-22 wherein decomposing the signals includes
executing an independent component analysis.

[0105] Example 24 includes the method of any of
Examples 21-23 wherein localizing the plurality of sources
includes estimating a source distribution using the indepen-
dent components.

[0106] Example 25 includes the method of any of
Examples 21-24 wherein localizing the plurality of sources
includes generating a time-frequency representation of EEG
data or generating a time-frequency representation of data
corresponding to an independent component.

[0107] Example 26 includes the method of any of
Examples 21-25 wherein generating the spatio-temporal rep-
resentation includes displaying source distribution within a
three dimensional space of the brain.

[0108] Example 27 includes the method of any of
Examples 21-26 further including selecting a surgical inter-
vention site based on the spatio-temporal representation.
[0109] Example 28 includes a system for analyzing neural
activity of a brain. The system includes an input module
configured to receive data corresponding to a plurality of
signals based on the neural activity. The system includes a
first module configured to decompose the data into indepen-
dent components. The system includes a second module con-
figured to localize a plurality of sources corresponding to the
independent components. The system includes a third module
configured to generate a spatio-temporal representation of
neural activity based on the plurality of sources. In one
example, the system includes a second module configured to
select seizure components and includes a third module con-
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figured to localize a plurality of source and a fourth module
configured to generate a spatio-temporal representation.
[0110] Example 29 includes a system of Example 28
wherein the input module is configured to couple with a high
density array of scalp sensors.

[0111] Example 30 includes the system of Example 29
wherein the scalp sensors include at least one of an EEG
sensor or a MEG sensor.

[0112] Example 31 includes the system of any of Examples
28-30 wherein the input module is configured to couple with
an intracranial electrode.

[0113] Example 32 includes the system of any of Examples
28-31 wherein the first module includes a processor config-
ured to implement an independent component analysis algo-
rithm.

[0114] Example 33 includes the system of any of Examples
28-32 wherein the second module includes a processor con-
figured to evaluate an inverse problem based on the indepen-
dent components.

[0115] Example 34 includes the system of any of Examples
28-33 wherein the second module includes a processor con-
figured to implement a tomography algorithm.

[0116] Example 35 includes the system of any of Examples
28-34 wherein the third module is configured to identify a
time of onset of seizure based on the spatio-temporal repre-
sentation.

[0117] Example 36 includes the system of any of Examples
28-35 wherein the third module includes a display.

[0118] These examples can be combined in any permuta-
tion or combination. This overview is intended to provide an
overview of subject matter of the present patent application. It
is not intended to provide an exclusive or exhaustive expla-
nation of the invention. The detailed description is included to
provide further information about the present patent applica-
tion.

[0119] The above detailed description includes references
to the accompanying drawings, which form a part of the
detailed description. The drawings show, by way of illustra-
tion, specific embodiments in which the invention can be
practiced. These embodiments are also referred to herein as
“examples.” Such examples can include elements in addition
to those shown or described. However, the present inventors
also contemplate examples in which only those elements
shown or described are provided. Moreover, the present
inventors also contemplate examples using any combination
or permutation of those elements shown or described (or one
or more aspects thereof), either with respect to a particular
example (or one or more aspects thereof), or with respect to
other examples (or one or more aspects thereof) shown or
described herein.

[0120] AIll publications, patents, and patent documents
referred to in this document are incorporated by reference
herein in their entirety, as though individually incorporated
by reference. In the event of inconsistent usages between this
document and those documents so incorporated by reference,
the usage in the incorporated reference(s) should be consid-
ered supplementary to that of this document; for irreconcil-
able inconsistencies, the usage in this document controls.
[0121] In this document, the terms “a” or “an” are used, as
is common in patent documents, to include one or more than
one, independent of any other instances or usages of ““at least
one” or “one or more.” In this document, the term “or” is used
to refer to a nonexclusive or, such that “A or B” includes “A
but not B,” “B but not A,” and “A and B,” unless otherwise
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indicated. In this document, the terms “including” and “in
which” are used as the plain-English equivalents of the
respective terms “comprising” and “wherein.” Also, in the
following claims, the terms “including” and “comprising” are
open-ended, that is, a system, device, article, or process that
includes elements in addition to those listed after such a term
in a claim are still deemed to fall within the scope of that
claim. Moreover, in the following claims, the terms “first,”
“second,” and “third,” etc. are used merely as labels, and are
not intended to impose numerical requirements on their
objects.

[0122] Method examples described herein can be machine
or computer-implemented at least in part. Some examples can
include a computer-readable medium or machine-readable
medium encoded with instructions operable to configure an
electronic device to perform methods as described in the
above examples. An implementation of such methods can
include code, such as microcode, assembly language code, a
higher-level language code, or the like. Such code can include
computer readable instructions for performing various meth-
ods. The code may form portions of computer program prod-
ucts. Further, in an example, the code can be tangibly stored
on one or more volatile, non-transitory, or non-volatile tan-
gible computer-readable media, such as during execution or
at other times. Examples of these tangible computer-readable
media can include, but are not limited to, hard disks, remov-
able magnetic disks, removable optical disks (e.g., compact
disks and digital video disks), magnetic cassettes, memory
cards or sticks, random access memories (RAMs), read only
memories (ROMs), and the like.

[0123] The above description is intended to be illustrative,
and not restrictive. For example, the above-described
examples (or one or more aspects thereof) may be used in
combination with each other. Other embodiments can be
used, such as by one of ordinary skill in the art upon reviewing
the above description. The Abstract is provided to comply
with 37 C.F.R. §1.72(b), to allow the reader to quickly ascer-
tain the nature of the technical disclosure. It is submitted with
the understanding that it will not be used to interpret or limit
the scope or meaning of the claims. Also, in the above
Detailed Description, various features may be grouped
together to streamline the disclosure. This should not be inter-
preted as intending that an unclaimed disclosed feature is
essential to any claim. Rather, inventive subject matter may
lie in less than all features of a particular disclosed embodi-
ment. Thus, the following claims are hereby incorporated into
the Detailed Description, with each claim standing on its own
as a separate embodiment, and it is contemplated that such
embodiments can be combined with each other in various
combinations or permutations. The scope of the invention
should be determined with reference to the appended claims,
along with the full scope of equivalents to which such claims
are entitled.

1. A method of imaging brain activity comprising:

receiving signals corresponding to electrical activity of a
brain, the signals based on a plurality of scalp sensors;

decomposing the signals into spatial and temporal inde-
pendent components;

localizing a plurality of sources corresponding to indepen-
dent components selected based on spatial, temporal or
spectral features of interest; and

generating a spatio-temporal representation of electrical
activity based on the plurality of sources.
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2. The method of claim 1 wherein receiving signals
includes at least one of receiving MEG data or receiving EEG
data.

3. The method of claim 1 wherein decomposing the signals
includes executing an independent component analysis.

4. The method of claim 1 wherein localizing the plurality of
sources includes estimating a source distribution using the
independent components.

5. The method of claim 1 wherein localizing the plurality of
sources includes generating a time-frequency representation
of EEG data or generating a time-frequency representation of
data corresponding to an independent component.

6. The method of claim 1 wherein generating the spatio-
temporal representation includes displaying source distribu-
tion within a three dimensional space of the brain.

7. The method of claim 1 further including selecting a
surgical intervention site based on the spatio-temporal repre-
sentation.

8. A system for analyzing electrical activity of an organ, the
system comprising:

an input module configured to receive data corresponding

to a plurality of signals based on the electrical activity;

a first module configured to decompose the data into inde-

pendent components;

a second module configured to image a plurality of sources

corresponding to the independent components; and
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a third module configured to generate a spatio-temporal
representation of electrical activity of the organ based on
the plurality of sources.

9. The system of claim 8 wherein the input module is
configured to couple with a high density array of scalp sen-
sors.

10. The system of claim 9 wherein the scalp sensors include
at least one of an EEG sensor or a MEG sensor.

11. The system of claim 8 wherein the input module is
configured to couple with at least one intracranial electrode.

12. The system of claim 8 wherein the first module includes
a processor configured to implement an independent compo-
nent analysis algorithm.

13. The system of claim 8 wherein the second module
includes a processor configured to estimate a source location
corresponding to the independent components.

14. The system of claim 8 wherein the second module
includes a processor configured to implement a tomography
imaging algorithm.

15. The system of claim 8 wherein the third module is
configured to identify a time of onset of seizure based on the
spatio-temporal representation.

16. The system of claim 8 further including a display
coupled to the third module.
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