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METHOD AND SYSTEM FOR USE IN
MONITORING NEURAL ACTIVITY INA
SUBJECT’S BRAIN

FIELD OF THE INVENTION

[0001] This invention relates to medical techniques for
detecting neural activity in a living brain, and more specifi-
cally for analyzing neural activity.

BACKGROUND OF THE INVENTION

[0002] In neuroscience, different practices have been
developed for detecting neural activity in a living brain. One
such practice is electroencephalography (EEG), which mea-
sures electrical signals generated by the brain’s neurons, via
a multitude of electrodes placed on a subject’s scalp. The
neural signals are transmitted by wires to an EEG monitoring
system that records the neural signals, and generates data
about the signal variation in time which can be further ana-
lyzed and possibly also displayed. EEG enables high tempo-
ral resolution, in the order of milliseconds, and is therefore
useful for detecting quick changes in the electrical activity of
the brain. EEG, however, has undesirably low spatial resolu-
tion, 1.e. it lacks accuracy for determining with satisfactory
resolution the region from which the neural signals are gen-
erated.

[0003] Another practice relates to spatial scanning (such as
fMRI), i.e. scanning a living brain in order to obtain an image
of the brain, in which neurally active regions are differenti-
ated from neurally inactive regions. Spatial scanning is
known to provide high-resolution spatial data and is used to
pinpoint (within a few millimeters) the neurally active areas.
[0004] Thehigh spatial resolution (in the order of millime-
ters) of the fMRI allows delineating functional brain areas.
However, fMRI’s temporal resolution is too poor to track
neural dynamics. The EEG methodology, which has very
poor spatial resolution (in the order of centimeters at best),
has nonetheless optimal temporal resolution (in the order of
milliseconds) that allows the characterization of specific
dynamics of neural activity at millisecond time scales. Simul-
taneous EEG/fMRI recording has been successfully imple-
mented, to combine high spatial resolution of f{MRI and high
temporal resolution of EEG. The inventors have demon-
strated a good signal-to-noise ratio of EEG data co-recorded
with fMRI by high correlations (r>0.9) between EEG data
recorded within and without fMRI, as described for example
in Ben-Simon E, Podlipsky I, Arieli A, Zhdanov A, Hendler T,
Never resting brain: simultaneous representation of two alpha
related processes in humans. PLoS ONE, 2008; 3(12) or in
Sadeh B, Zhdanov A, Podlipsky I, Hendler T, Yovel G, The
validity of the face-selective ERP N170 component during
simultaneous recording with functional MRI, Neurolmage,
2008; 42(2):778-786.

[0005] The combined EEG/fMRI-Neuro Feedback (NF)
therefore may increase the efficiency of EEG-NF or fMRI-NF
with high spatial and temporal resolution that could not be
revealed otherwise. In this connection, it should be noted that
Neurofeedback is generally a type of biofeedback that uses
realtime displays of EEG to illustrate brain activity, often with
a goal of controlling central nervous system activity.

[0006] Therelation between EEG data and spatial scan data
(generated for e.g. by fMRI) typically relies on statistics
provided via simultaneous EEG and spatial scans (e.g. EEG/
fMRI) over multiple subjects and multiple trials on long
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periods of time, usually using different averaging methods
such as correlations, trial averaging etc. For example, the
inventors have developed machine learning classification
methodology on the interpretation of MEG and EEG activity
as described in Zhdanov A, Hendler T, Ungerleider L, Intrator
N, Inferring functional brain states using temporal evolution
of regularized classifiers, Computational Intelligence and
Neuroscience, 2007; 2007:52609. The use of summary sta-
tistics extracted from multiple subjects and trials allows for
improving the signal-to-noise ratio.

GENERAL DESCRIPTION OF THE INVENTION

[0007] There is therefore a need to provide a method and a
system for monitoring (e.g. inspection, diagnosing) the sub-
ject’s brain to create a certain brain activity signature that can
be used for various applications, for example for neural feed-
back.

[0008] Thetechnique of the invention is capable of analyz-
ing a relation between temporal and spatial measurements of
asubject’s brain (e.g. EEG data as temporal data and fMRI as
spatial scan data; or solely EEG or the like data obtained from
a matrix of electrodes), during the brain activity of the sub-
ject. As will be described further below, this is particularly
useful to create a neural feedback from the patient’s brain,
which may then be guided only by using EEG brain activity
measurements.

[0009] It should be understood that for the purposes of the
present invention, the subject can be either in an active state,
e.g. performing a certain action, e.g. in response to a certain
stimulus, or may be in a passive state, e.g. sleeping. Both such
active and passive states will be referred to hereinafter as the
“brain state”. According to the invention, the measured data is
analyzed to create a brain activity signature. The signature
may be formed by selected functionally-relevant EEG signals
and not by rather arbitrary EEG wave oscillations, such as
alpha or theta bands. The choice of relevant EEG signals may
be made according 1o a user’s specific correlation between
temporal and spatial signals (e.g. EEG signals and spatial
scan data). The brain activity signature may be user specific,
or may be specific for certain population.

[0010] In the description below, the temporal data indica-
tive of a neural signal is referred to as EEG data. However it
should be understood that the principles of the invention are
not limited to this specific type of data, as well as not limited
to electrical-type data, and the term EEG data should there-
fore be interpreted broadly referring to any suitable known
type of temporal data indicative of neural signals. Also, it
should be understood that such temporal data is actually
indicative of time and frequency parameters, and therefore
the term temporal data used hereinbefore should be inter-
preted as time-frequency data. Such time-frequency data is
indicative of the frequency of a signal measured at certain
measurement location (on certain electrode) and the time
pattern of measurements, e.g. at different measurement loca-
tions (on different electrodes) or signal measured at different
times on a single electrode.

[0011] Further, in the description below, the spatial data is
exemplified as measured data of a type different from the
temporal data (e.g. fMRI). However, it should be understood
that generally, the EEG data collected from a matrix of elec-
trodes may by itself present a certain type of spatial data.
Moreover, the time pattern of the collection of electrical sig-
nals from the electrodes (i.e. a so-called “dynamic data”) may
also be used for the analysis.
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[0012] Generally speaking, the present invention utilizes
multiple measurements on the subject’s brain to determine a
multi-parameter function of the measured signal variation,
i.e. a time-frequency function or preferably a spatial-time-
frequency function. Generally, such function may be deter-
mined from the electrical measurements themselves (using
multiple electrodes at different locations with respect to the
subject’s brain, i.e. different locations of the subject’s scalp),
or by one or more electrodes for electrical measurements and
additional special scan providing image data from different
locations in the brain, such as f{MRI. Generally, the measure-
ments that are to be performed for the purposes of creating the
subject-related brain activity signature may correspond to any
known or unknown brain state. In some embodiments, the
brain state is taken into consideration, namely the signature is
determined per the brain state. The latter may correspond to
the brain activity in response to certain one or more stimuli.
[0013] The method of analyzing the relation between EEG
data and spatial scan data is aimed at determining a relation
between the EEG and spatial scan data acquired continuously
(during a certain time period) and simultaneously. In this
manner, a region of neural activity (provided by the spatial
scan data) and an EEG signal originating therefrom can be
related to each other, and possibly also to the certain brain
condition (such as performance of a certain task; a response to
a certain stimulus; or “passive state” (sleeping)). The relation
between the EEG data and the spatial data (which may or may
notbe also related to the brain condition) is expressed in terms
of a calculated EEG signature (fingerprint) being a multi-
parameter function, i.e. time and frequency measurements
from multiple locations within the brain (measured from mul-
tiple electrodes). The EEG signature is indicative of neural
activity in a subject’s brain, which in some applications may
correspond to a certain known brain state, e.g. may corre-
spond to a brain response to a certain known stimulus.
[0014] According to one broad aspect of the present inven-
tion, there is thus provided a method for use in monitoring
neural activity of a subject’s brain. The method comprises:
[0015] providing measured data comprising data corre-
sponding to measured signals originated from locations in the
subject’s brain during a certain time period and being indica-
tive of a subject’s brain activity;

[0016] processing the measured data and generating data
indicative thereof in the form of a multi-parameter function
presenting a relation between frequency and time data of the
measured signals;

[0017] analyzing said relation and identifying a subject-
related signature corresponding to the subject’s brain neural
activity.

[0018] The signature related data can be appropriately
recorded to be further used for interpretation of a brain func-
tional state of the subject or for neural feedback. The signa-
ture related data includes the subject’s signature(s), and may
also include data indicative of the subject’s brain state(s)
corresponding to the signature(s).

[0019] In some embodiments, the measured data includes
measurement of one or more signals originated in multiple
locations in the subject’s brain. The multi-parameter function
thus corresponds to a relation between time and frequency of
the measured signals and multiple locations in the brain from
which the measured signals are originated (i.e. is a spatial-
time-frequency function). The signature is in the form of a
frequency and time function over selected set of locations
from the multiple measurement locations.
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[0020] In some embodiments, such a spatial-time-fre-
quency function can be obtained from the measured data
including only measurements of electrical activity along the
subject’s scalp obtained from a matrix of electrodes at mul-
tiple locations (typically, EEG measurements). In some other
embodiments, the measured data includes first measured data
including measurements of electrical activity obtained from
one or more electrodes, i.€. one or more locations on the
subject’s scalp, and also includes second measured datainthe
form of spatial scan data from multiple location in the brain
obtained for example by fMRI measurements, which associ-
ates the electrode location with a corresponding location in
the brain from which the signal measured by said electrode is
originated. In the latter case, the electrical activity measure-
ments and the spatial scan are carried out simultaneously in
order to identify one or more regions of neural activity in the
subject’s brain and an activity level of the one or more regions
corresponding to individual functions of the brain.

[0021] According to another broad aspect of the present
invention, there is thus provided a method for use in moni-
toring neural activity of a subject’s brain, the method com-
prising:

[0022] providing first measured data in the form of one or
more electrical signals measured during a certain time period
and being indicative of subject’s brain activity collected from
one or more measurement locations at the subject’s scalp, and
second measured data in the form of image data variation
within the subject’s brain during said certain time period;
[0023] processing the first and second measured data and
generating a corresponding multi-parameter function pre-
senting a relation between frequency and time data of the one
or more measured electrical signals and the multiple mea-
surement locations in the brain;

[0024] analyzing said relation and identifying a subject-
related signature corresponding to the subject’s brain neural
activity, the signature being in the form of a frequency and
time function over selected set of locations from said multiple
measurement locations.

[0025] According to yet another broad aspect of the present
invention, there is provided a method for use in monitoring
neural activity of a subject’s brain. The method comprises:
[0026] providing measured data comprising data corre-
sponding to signals collected from multiple measurement
locations during a certain time period and being indicative of
a certain known subject’s brain state;

[0027] processing the measured data and generating data
indicative thereof in the form of a multi-parameter function
presenting a relation between frequency and time data of the
measured signals and the multiple measurement locations for
said known subject’s brain state;

[0028] analyzing said relation and identifying a subject-
related signature corresponding to the subject’s brain neural
activity at said brain state, the signature being in the form of
a frequency and time function over selected set of locations
from said multiple measurement locations.

[0029] According to yet further broad aspect of the present
invention, there is thus provided a method for use in moni-
toring neural activity of a subject’s brain, the method com-
prising:

[0030] providing first measured data in the form of electri-
cal signals measured during a certain time period collected
from one or more measurement locations at the subject’s
scalp and corresponding to a certain known subject’s brain
state, and providing second measured data in the form of an
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imaging signal variation within the subject’s brain measured
during said certain time period;

[0031] processing the first and second measured data and
generating a corresponding multi-parameter function pre-
senting a relation between frequency and time data of the
measured electrical signals and multiple locations in the brain
corresponding to the multiple measurement locations;
[0032] analyzing said relation and identifying a subject-
related signature corresponding to the subject’s brain neural
activity at said certain brain state, the signature being in the
form of a frequency and time function over selected set of
locations from said multiple measurement locations, thereby
enabling use of the signature for further interpretation of a
brain functional state of the subject using the first measured
data.

[0033] As indicated above, in some embodiments, the first
measured data (i.e. time-frequency data) may be acquired by
EEG measurements. However, the present invention is not
limited to EEG measurements and other temporal measure-
ments such as MEG (Magnetic Encephalography) may be
used as well. In this connection, it should also be noted that
generally MEG can be used as a spatial scan measurement
technique. In this case EEG and MEG may be used for pro-
viding temporal data and spatial scan data respectively; or
MEG-based time-frequency measurement may be combined
with any other spatial scan technique. The EEG measure-
ments and the spatial scan are performed on one or more
predetermined regions of the subject’s brain. A stimulus (if
used) may be applied according to a predetermined procedure
operable to activate the one or more predetermined regions of
the brain. The spatial scan data can then be used to validate the
activation of the one or more regions by the stimulus.

[0034] Insomeembodiments, the method comprises apply-
ing different stimuli to the subject in order to stimulate one or
more different regions of the subject’s brain, performing the
EEG measurements and spatial scan for each of the stimuli;
and determining and recording, for each of the stimuli, the
corresponding one or more EEG signatures.

[0035] In some embodiments, the method comprises per-
forming the measurements and analysis on a plurality of
subjects and creating a database of EEG signatures, which
may or may not include data indicative of the corresponding
plurality of the brain state/conditions (e.g., tasks or stimuli).
[0036] In some embodiments, the method comprises per-
forming an independent spatial scan inspection of the one or
more regions of the subject’s brain while under certain brain
state, e.g. the application of the certain stimulus, in order to
validate a reliability of the EEG signature.

[0037] Insomeembodiments, the method comprises devel-
oping a feedback protocol for training a specific subject, e.g.
under certain brain activity of the subject, such as application
of the certain stimulus, by identifying a modulation of at least
one parameter of an EEG signature, while under the applica-
tion of the certain stimulus, corresponding to a functional
state of the subject’s brain at which the one or more regions
are at a desired activity level, and using the identified signa-
ture to select EEG signals indicative of the functional state.
[0038] In some embodiments, the method comprises per-
forming anindependent non-invasive measurement of at least
one physiological property of the subject. The at least one
physiological property is of a kind changing in response to
neural activity in the one or more regions of the brain.
[0039] Thespatial scan may be performed by using medical
imaging which comprises at least one of the following tech-
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niques: a functional magnetic resonance imaging (fMRI)
scan; a magnetic resonance imaging (MRI) scan; a magneto
encephalographic (MEG) scan; hemoencephalography
(HEG); magnetic resonance spectroscopic imaging (MRS);
positron emission tomography (PET); photoacoustic imag-
ing; X-ray computed tomography (CT); Single photon emis-
sion computed tomography (SPECT); and a scan based on
ultrasound tagging of light.

[0040] In some embodiments, analyzing the relation
between the EEG temporal data and the spatial scan data to
identify the EEG signature may comprise optimization of
some value of one or more parameters of at least one prede-
termined model. The optimization of the at least one model
may comprise determining a set of EEG measurement loca-
tions from which a part of the EEG data is measured corre-
sponding to the one or more regions under certain brain state,
e.g. responding to the stimulus by neural activity and deter-
mining time points of measurements corresponding to the
brain condition, e.g. response to the stimulus.

[0041] In some embodiments, the relation between the
EEG data and the spatial scan data is analyzed by processing
the spatial scan data to classify the corresponding EEG data in
accordance with different functional states categories accord-
ing to the level of neural activation, thereby enabling to dis-
tinguish between different functional brain states of the sub-
ject using the EEG data.

[0042] In some embodiments, the at least one model may
comprise a regularized logistic or ridge regression classifier
configured to identify frequency bands in the EEG data
related to neural activation of the one or more regions. In a
specific and non-limiting example, the EEG signature can be
developed as a regularized logistic (ridge) regression classi-
fier constructed from instantaneous signal values (i.e. signal
amplitude and/or instantaneous signal power) with a model
selection and validation to select optimal regularization
parameters and to obtain spatial-time-frequency features con-
tributing to the classification. An optimization of value of one
or more parameters of at least one predetermined model is
provided by analyzing the relation between the EEG data and
the spatial scan data. The identification of the EEG signature
enables to select and optimize at least one of the following
regularization parameters: a position of a least one pair of
relevant electrodes on the subject’s scalp; and for each pair of
electrodes, relevant frequency bands in the EEG data (e.g. for
a specific brain state, e.g. response to external stimulus); a
frequency of the neural signal (e.g. after the application of the
stimulus), a maximal amplitude of the neural signal (e.g. after
the application of the stimulus), at least one time point indica-
tive of the best predicted mental state of the brain at which a
change in frequency and/or in maximal amplitude is detected
(e.g. after the application of the stimulus). The optimization
of the model comprises determining a set of EEG measure-
ment locations from which a part of the EEG data is measured
corresponding to one or more regions of the brain, e.g.
responding to the stimulus by neural activity, and determining
selected time points of measurements, e.g. corresponding to
the response to the stimulus. The optimization of the at least
one model may therefore comprise providing a relation
between one or more frequency bands in EEG data taken from
one or more electrodes with the spatial scan data to provide
inference of the electrodes locations and frequency bands
related to neural activation of the one or more regions.
[0043] The selection of the above mentioned regularization
parameters improves the spatial resolution of EEG as well as
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the localization of neural activity of interest. By constructing
an individualized model analysis comprising model selection
and validation, the above mentioned optimal regularization
parameters are selected to obtain optimal spatial-time-fre-
quency features. A machine-learning classification method-
ology based on this model analysis/interpretation is thus pro-
vided using EEG data for functional state inference (i.e.
up-regulation/down-regulation of limbic regions) enabling
an accurate interpretation (brain state) of the EEG activity.
The functional state’s category is defined according to the
level of activation in the spatial scan images. Variations
between subjects in the EEG signature are expected and serve
as a basis for the modeling of a neural activation index.

[0044] In some embodiments, the method comprises pre-
dicting the functional state of the subject based on the EEG
data. Predicting the functional state of the subject may com-
prise selecting at least one machine learning/data mining
classifier corresponding to the functional state and analyzing
the EEG data for validating reliability of the classifier. Pre-
dicting the functional state of the subject may also comprise
comparing outcome of the classifier for different time points
and selecting a time point indicative of the optimal predicted
functional state.

[0045] Thevalidation of the signature may be performed by
analyzing estimated sources of activation using MR-based
head models and/or beamformer approach to projection
space. Structural or functional information of MRI signals
can be used to identify a signature comprising individual
volume conductor (head) models that include different con-
ductivities for the skin, skull, and brain compartments (i.e., a
so-called boundary-element model). The identification of
such type of signature allows then a spatial filtering of the
EEG signal for example by using beamformer approach.

[0046] According to yet another broad aspect of the present
invention, there is also provided a system for use in monitor-
ing brain activity of a subject. The system comprises:

[0047]

[0048] a data input utility for receiving measured data
comprising data corresponding to signals indicative of a
subject’s brain activity collected from one or more mea-
surement locations during a certain time period, and

[0049] a processor utility which is configured and opet-
able for processing the measured data and generating
data indicative thereof in the form of a multi-parameter
function presenting a relation between frequency and
time data of the measured signals and for analyzing said
relation and identifying a subject-related signature cor-
responding to the subject’s brain neural activity.

[0050] According to yet further aspect of the invention,
there is provided a system for use in monitoring brain activity
of a subject, the system comprising:

[0051] a measurement device configured and operable for
measuring signals originating from a subject’s brain during a
certain time period and generating measured data comprising
data corresponding to signals indicative of a subject’s brain
activity during said certain time period; and

[0052] a control unit connectable to the measurement
device for receiving the measured data and comprising a
processor utility which is configured and operable for pro-
cessing the measured data and generating data indicative
thereof in the form of a multi-parameter function presenting a
relation between frequency and time data of the measured

a control unit comprising:
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signals and for analyzing said relation and identifying a sub-
ject-related signature corresponding to the subject’s brain
neural activity.

[0053] According to yet further aspect of the invention,
there is provided a system for use in monitoring brain activity
of a subject, the system comprising:

[0054] a measurement device comprising:

[0055] an EEG electrode arrangement configured for
placing on a scalp of a subject and detecting electrical
signals originated by neural activity of a subject’s brain,
and for generating FEG data indicative thereof; and

[0056] aspatial scanner configured for scanning the sub-
ject’s brain and identifying one or more regions of neural
activity in the subject’s brain and an activity level of the
one or more regions corresponding to individual func-
tions of the brain, and generating a spatial scan data; and

[0057] a control unit configured for controlling simulta-
neous operation of the EEG electrode arrangement and the
spatial scanner, the control unit being configured and oper-
able for receiving the EEG data and the spatial scan data, and
for determining and analyzing a relation between the EEG
data and the spatial scan data to identify an EEG signature
indicative of a spatial neural activation of one or more regions
in the subject brain, thereby enabling use of the signature for
further interpretation of a brain functional state of the subject
by using the EEG data.

[0058] Insome embodiments, the control unitis configured
and operable to identify the EEG signature by optimization of
value of one or more parameters of at least one predetermined
model; the parameters being selected from at least one of:
providing a set of EEG measurement locations from which a
part of the EEG data is measured corresponding to the one or
more regions responding to the stimulus by neural activity;
determining time points of measurements corresponding to
the response to the stimulus and providing a relation between
one or more frequency bands in EEG data with the spatial
scan data to obtain inference of the frequency bands related to
neural activation of the one or more regions.

[0059] Insomeembodiments, the control unitis configured
and operable to identify the signature by determining a clas-
sifier corresponding to a functional state and validating the
reliability of the logistic regression classifier.

[0060] Insomeembodiments, the system comprises a non-
invasive physiological measuring device, for independently
measuring at least one physiological property of the subject
being of a kind changing in response to neural activity in the
one or more regions of the brain. The control unit is further
configured for receiving the measured physiological response
and ensuring that the signature found reliably indicates neural
activity at the corresponding region, via comparison of the
measured physiological response to a previously determined
physiological response associated with neural activity of the
corresponding region. The control unit may also be further
configured for receiving the measured physiological response
and processing said measured physiological response to
improve the identification of the EEG signature.

[0061] According to another broad aspect of the present
invention, there is also provided a system for creating a data-
base for use in monitoring brain activity of a subject. The
system comprises a data input utility for receiving measured
data comprising data corresponding to signals indicative of a
subject’s brain activity collected from multiple measurement
locations during a certain time period (e.g. EEG data and
spatial scan data simultaneously measured on brain of a spe-
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cific subject), and a data processor utility configured for pro-
cessing the measured data and generating data indicative
thereof in the form of a multi-parameter function presenting a
relation between frequency and time data of the measured
signals and the multiple measurement locations (e.g. a rela-
tion between the EEG data and the spatial scan data), and for
analyzing said relation and identifying a subject-related sig-
nature corresponding to the subject’s brain neural activity, the
signature being in the form of a frequency and time function
over selected set of locations from said multiple measurement
locations (e.g. one or more EEG signatures indicative of a
certain spatial neural activation as corresponding to one or
more regions in the subject brain), thereby enabling use of the
signature for further interpretation of a brain functional state
of subjects by using the measured data (e.g. EEG data).
[0062] Once the EEG signature is recorded, itis possible to
identify one or more regions of neural activity and/or the level
of the neural activity caused by a specific stimulus and there-
fore to interpret a brain functional state via an EEG measure-
ment and a processing of the EEG data. In this manner, the
recording of the signature enables some diagnostic practices
which rely on spatial scans, to be performed via EEG alone
based on predetermined EEG signature. The EEG signature
may be derived from previous simultaneous spatial and EEG
scan of the subject or from a database of signatures. By
greatly reducing a need for bulky and expensive spatial scan-
ners (such as scanners based on fMRI, Hemoencephalogra-
phy (HEG), magneto encephalography (MEG), Magnetic
resonance spectroscopic imaging (MRS), positron emission
tomography (PET), X-ray computed tomography (CT),
Single photon emission computed tomography (SPECT), or
ultrasound tagging of light), the cost and space required for
performing many medical practices is reduced. Furthermore,
because an EEG signature of the spatial brain activity is
developed, practices aimed at analyzing subject-dependent
spatial brain patterns may also be performed with a greatly
reduced use of spatial scanners.

[0063] Forexample, EEG-based neurofeedback (EEG-NF)
1s a practice that may be improved by the determination of the
signature. This is because, typically, protocols used in EEG-
NF are not specific enough to target a certain brain area and
consequently a certain brain function. The signature deter-
mined in the present invention allows identification of neu-
rally active regions in the brain and/or identification of stimuli
received by the brain, via an analysis of EEG data alone.
Therefore, the present invention provides, inter alia, a tech-
nique (and a related system ) for performing EEG-NF targeted
at improving a subject’s modulation of one or more deter-
mined regions relating to individual functions of the brain.
Moreover, by performing EEG-NF using the technique of the
present invention, relevant neural network as indicated by the
spatial scan may be targeted. The targeting network is
expected to vary from subject to subject.

[0064] When the technique of the present invention is used
with NF applications, an EEG limbic modulation index is
developed to correlate between spatial scan-based NF with
EEG signal changes. The characteristic EEG index is
deduced from the {MRI activation. The index is composed of
EEG features characterizing the spatial scan-targeted brain
activity during NF.

[0065] According to another broad aspect of the present
invention, there is also provided a method for use in perform-
ing neurofeedback. The method comprises providing a pre-
determined signature related data (EEG signature related
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data) comprising a frequency and time function of electrical
signal measured from a set of locations in the subject’s brain
corresponding to a certain brain condition (e.g. in response to
stimulus), the predetermined signature being indicative of a
spatial neural activation of one or more regions in a subject
brain corresponding to individual functions of the brain while
under the certain brain condition and thus corresponding to a
predicted certain activity state related to a certain brain con-
dition; subjecting the brain to said condition (e.g. by applying
the stimulus) to activate the one or more brain regions; pet-
forming the electrical measurements on the subject’s brain
while under the certain brain condition, and generating mea-
sured data indicative thereof (e.g. EEG data); processing the
measured data using the predetermined signature to identify
one or more parameters indicative of neural activation of the
one or more regions while under the given brain condition,
and selecting from the measured data signals related to the
neural activation.

[0066] In some embodiments, the method comprises
extracting a modulation of limbic activity from the EEG
signals, comparing the extracted modulation of limbic activ-
ity to a desired modulation of limbic activity corresponding to
the predicted certain activity state; and determining a degree
of correlation between the modulation of limbic activity and
the desired modulation of limbic activity, enabling to deter-
mine a psychological evaluation of the subject.

[0067] Insome embodiments, the method comprises upon
identifying that the extracted modulation and the desired
modulation have a high degree of correlation, conveying a
message indicating success to the subject; and upon identify-
ing that the extracted modulation and the desired modulation
have a low degree of correlation, conveying a message indi-
cating failure to the subject, such that the subject is trained to
monitor limbic activity modulation of the one or more region.
[0068] In some embodiments, the method comprises after
conveying a message indicating failure to the subject, repeat-
ing the EEG measurement on the subject while under certain
brain condition (e.g. the application of the stimulus) and
processing the EEG data. Conveying the message may com-
prise at least one of: conveying a sound to the subject; dis-
playing an image to the subject; and displaying a video to the
subject.

[0069] Insome embodiments, providing the predetermined
BEG signature comprises providing an EEG limbic modula-
tion index indicative of the modulation of the limbic activity.
[0070] In some embodiments, the method comprises con-
trolling a timing of the EEG measurement period, and a
timing of the application of the stimulus to a subject.

[0071] Insomeembodiments, the method comprises simul-
taneously with performing the EEG scan: measuring a physi-
ological property of the subject; and after extracting the
modulation: using a predetermined signature-to-region map
to identify the active region in the subject’s brain; and vali-
dating the determined regions, by comparing the measured
physiological property with a predetermined physiological
property associated with neural activity in the identified
region.

[0072] According to another broad aspect of the present
invention, there is also provided a system for use in perform-
ing neurofeedback. The system comprises a measurement
unit (e.g. an EEG measurement unit) configured for detecting
electrical signals originated by neural activity of a subject’s
brain, and generating measured data (e.g. EEG data) indica-
tive thereof; and a control unit comprising: (i) a memory
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utility for storage of a predetermined signature (e.g. EEG
signals) indicative of spatial neural activation of one or more
regions in a subject brain corresponding to individual func-
tions of the brain, the signature corresponding to a predicted
subject’s brain activity while under certain brain condition
(e.g. application of a stimulus); and (ii) a data processor
configured and operable for receiving the measured data and
for processing the measured data utilizing stored data about
the predetermined signature to identify one or more param-
eters corresponding to neural activation of one or more
regions under the certain brain condition of a specific subject
during the measurements.

[0073] Insomeembodiments, the system comprises an out-
put interface, configured for conveying a subject a feedback
message in real time indicating success or failure of the sub-
jectto provide a desired response to a given stimulus, accord-
ing to a signal generated by the control unit such that the
subject s trained to regulate the neural activity of the region
via the feedback message.

[0074] Insome embodiments, the control unitis configured
and operable for determining modulation indicative of an
activity of a region of the subject’s brain, selecting from the
EEG data spectrum by using the parameters, EEG signals
related to the neural activation and extracting a modulation of
limbic activity from the EEG data; for comparing the
extracted modulation to a desired modulation indicative of a
desired activity state of the subject’s brain, for determining a
psychological evaluation of the subject and generating a feed-
back signal thereof. The control unit may be configured and
operable to identify the predetermined signature by analyzing
a relation between the EEG data with the spatial scan data
associated with the activation level of localized brain regions.
The control unit may be configured for controlling a timing of
the EEG measurement period and a timing of the instruction
to the subject within the EEG measurement period by using
the parameters, the timing being related to the neural activa-
tion.

[0075] In some embodiments, the output interface com-
prises at least one of a display and a speaker, and earphones.
[0076] Insomeembodiments, the control unitis configured
and operable to select the EEG data generated by the EEG
electrode arrangement, EEG data generated by electrodes
generating data indicative of neural activation of the one or
more regions. The control unit may be configured and oper-
able to process the EEG data and transform the EEG datato an
EEG spectral data and to select the EEG spectral data fre-
quency bands indicative of neural activation of one or more
regions.

[0077] Insome embodiments, the system comprises a non-
invasive physiological measuring device configured for inde-
pendently measuring at least one physiological property of
the subject being of a kind changing in response to neural
activity in the one or more regions of the brain. The control
unit is further configured for using the signature to identify
the active region or network in the subject’s brain, and vali-
dating neural activity in the determined regions by comparing
the measured physiological property with a predetermined
physiological property associated with neural activity in the
identified region. The physiological measuring device may
comprise at least one of an electrocardiography device and a
skin conductance measurement device.

[0078] An aspect of some embodiments of the present
invention relates to a method and system for identifying a
signature in EEG data, the signature being indicative of neural
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activity including a specific neural active region or network of
regions of the brain, and of a brain state/condition causing
such neural activity. The determination of the signature
enables a construction of a brain map relating at least one
specific signature to at least one specific brain condition pro-
ducing neural activity in at least one specific region/network
of the brain. This map may be used for converting data
obtained during an EEG-based measurement to spatial and/or
functional data, i.e. to accurately pinpoint a region/network
from which neural signals detected by means of EEG origi-
nate, and a brain condition causing these neural signals. The
above-mentioned map may therefore lead to a reduction in the
use of typical spatial scans and an increase in the use of EEG
scans alone in some applications that require high spatial
resolution.

[0079] Another aspect of some embodiments of the present
invention relates to a technique aimed at greatly reducing the
use of spatial scanner such as fMRI scanner in NF practice,
and obtaining reliable data indicative of the neural activity of
one or more regions/networks in a subject’s brain by extract-
ing a signature from EEG data, by reliance on a suitable
signature-to-region and/or signature-to-brain state conver-
sion map. This is achieved by extracting from the images of
the regional spatial scanning activation, measured in a pre-
liminary EEG/spatial scanner scan, EEG parameters charac-
terizing the spatial scanner-targeted brain activity during NF.
As mentioned above, the EEG parameters may include rel-
evant electrodes, time points indicative of the best predicted
mental state of the brain and relevant frequency bands in the
EEG spectral data for a specific brain state/condition.

BRIEF DESCRIPTION OF THE DRAWINGS

[0080] In order to understand the invention and to see how
it may be carried out in practice, embodiments will now be
described, by way of non-limiting example only, with refer-
ence to the accompanying drawings, in which:

[0081] FIG. 1A is a flowchart of a method of the present
invention for use in monitoring a subject’s brain activity for
the purposes of creation a brain activity signature;

[0082] FIG. 1B illustrates a flowchart of a specific example
of a method of the present invention for the brain activity
signature creation,

[0083] FIGS. 2A-2F illustrate results of an experiment pet-
formed by the inventors;

[0084] FIG. 3 is a schematic drawing illustrating a possible
configuration of the system of the present invention for use in
the determination of the signature in the EEG data;

[0085] FIG. 4 is a flowchart illustrating an example of a
method of the present invention used in a NF session; and
[0086] FIG. 5 is a schematic drawing illustrating an EEG-
based system of the present invention for performing a NF
session.

DETAILED DESCRIPTION OF EMBODIMENTS

[0087] Referring to FIG. 1A, there is illustrated a flowchart
10 of a method of'the present invention for use in monitoring
a subject’s brain activity for the purposes of creation a brain
activity signature. Measured data is provided (step 11), where
the measured data includes data corresponding to signals
indicative of a subject’s brain activity originated from one or
multiple measurement locations in the subject’s brain during
a certain time period. Such measure data may be provided
off-line, 1.e. received from a storage device, or may be pro-



US 2014/0148657 Al

vided on-line, i.e. directly from and during the actual mea-
surements on a subject. The measured data is processed (step
12) and data indicative thereof is generated in the form of a
multi-parameter function presenting a relation between fre-
quency and time data ofthe measured signals and the multiple
measurement locations. The so-obtained relation is analyzed
(step 13) analyzed and a subject-related signature corre-
sponding to the subject’s brain neural activity is identified,
being in the form of a frequency and time function over
selected set of locations from said multiple measurement
locations.

[0088] FIG. 1B is a flowchart 100 illustrating a specific
example of the above-described method for identifying a
subject’s related signature. In this example, measured data
includes electrical measured data such as EEG data. Thus,
electrical measured data is provided in the form of electrical
signals measured from multiple locations along the subject’s
scalp (step 102). In this specific not limiting example, the
measured data is provided in an on-line mode, namely while
performing actual measurements. It should, however, be
understood that the present invention of monitoring the sub-
ject’s brain is not limited to such on-line mode, and can
actually be carried out off-line by appropriately processing
and analyzing measured data previously collected and stored.
[0089] Also, in this specific not-limiting example, the
method utilizes measured data corresponding to a given brain
condition caused by applying a certain stimulus to a subject at
105. As indicated above, the invention does not necessarily
utilize such known brain condition, and not necessarily
caused by application of an external stimulus, in order to
create the brain activity signature. In this example, EEG mea-
surements of a subject’s brain are performed at 108 during a
certain time period while under the application of the certain
stimulus, and EEG data is generated. Also, in this specific
not-limiting example, a separate spatial scan is of the sub-
ject’s brain is performed at 106 simultaneously with the EEG
measurements and second measured data is provided. The
measured data (first and second measured data in this specific
example) is processed to generate corresponding data in the
form of a multi-parameter function presenting a relation
between frequency and time data of the measured EEG sig-
nals and the multiple measurement locations. Then this func-
tion is analyzed to identify a subject-related signature corre-
sponding to the subject’s brain neural activity. The signature
is in the form of a frequency and time function over selected
set of locations from the multiple measurement locations.
[0090] More specifically, the measured data is processed
and analyzed in order to identify one or more regions of
neural activity in the subject’s brain and an activity level of
the one or more regions corresponding to individual functions
of the brain, and generate a spatial scan data corresponding to
the EEG data; and analyzing a relation between the EEG data
and the spatial scan data, identifying an EEG signature at 110
for the certain brain condition (corresponding to a response of
the subject’s brain activity to the certain stimulus). The sig-
nature can be recorded as being indicative of a spatial neural
activation of the one or more regions in the subject brain while
under certain brain state/condition, e.g. caused by the certain
stimulus, thereby enabling use of the recorded signature for
further interpretation of a brain functional state of the subject
using EEG data.

[0091] Insome embodiments of the present invention, one
or more regions or a network in the brain is chosen for stimu-
lation at 102, by relying on previous knowledge about the
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region/network. The region/network may be a location in the
brain or a functional organ of the brain. The knowledge may
include a function ofthe region/network, a perceived need for
controlling or modulating neural activity in the region/net-
work, and/or an independent validation method for confirm-
ing neural activity in the region/network. For example’s sake,
if the method 100 is performed in order to improve NF, the
selected region/network includes a region/network that is
associated with a function the modulation of which is desir-
able. The modulation of limbic activity is known or believed
to be controllable via NF. A typical region the modulation of
whichisimproved via NF is the amygdala—aregion involved
in post-traumatic stress disorder (PTSD). A typical network
the modulation of which is improved via NF is, for example,
the dorsal anterior cingulated cortex (AACC), which is impli-
cated with enhanced or reduced perception of pain.

[0092] Itis known that activity of some regions or networks
in the brain is associated with measurable physiological
effects, such as sweat production or change of heart rate.
Detection of such effects provides an independent verifica-
tion of neural activity of the region/network. Optionally, the
region/network chosen for stimulation is selected according
to a known physiological effect associated with the region/
network activation, in order to increase the reliability of data
indicative of neural activity via independent verification.

[0093] At 104, a predetermined procedure for stimulating/
activating the selected region/network is developed. Such
predetermined procedure may include solving a puzzle,
watching a movie, hearing a sound. For example, when the
method 100 is performed in order to improve an anxiety-
decreasing NF technique, the predetermined procedure is
aimed at challenging and/or stressing the subject, in order to
stimulate a region/network that is particularly active in stress
or trauma situations. In such a case, the predetermined pro-
cedure may include exposing the subject stress-inducing
movies and/or images, or asking the subject to solve unsolv-
able puzzles, for example.

[0094] At 105, one or more external stimuli are applied to
the test subject. The stimuli may be applied blindly (i.e.
without knowledge of what regions or networks will be acti-
vated by the stimuli), or according to the selection of region/
network of step 102 and to the predetermined procedure
developed at 104.

[0095] At 106, a spatial brain scan is made, in order to
locate activity in subject’s brain before and after the stimula-
tion, to identify which region/network is activated by the
stimulation. The spatial scan is performed via one or more
medical imaging techniques capable of providing imaging
characterized by high spatial resolution, in order to accurately
identify the regions where neural activity is increased or
decreased as a result of the stimulation.

[0096] These techniques may include, for example, mag-
netic resonance imaging (MRI), functional magnetic reso-
nance imaging (fMRI), Hemoencephalography (HEG), mag-
neto encephalography (MEG), Magnetic resonance
spectroscopic imaging (MRS), positron emission tomogra-
phy (PET), photoacoustic imaging, X-ray computed tomog-
raphy (CT), Single photon emission computed tomography
(SPECT), or ultrasound tagging of light. These techniques
may be performed by placing at least one magnetic source
and/or electromagnetic source and/or a sensor (infrared) in
the vicinity of the scalp to measure the level of neuronal
activity in the brain.
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[0097] Simultaneously with the spatial scan, an EEG
recording/measurement is performed at 108, in order to
record electrical activity of the brain corresponding to stimu-
lation of the region/network ROI/NOI and to provide an EEG
data. This first simultaneous recording of EEG and of a spatial
scan determines the first neuroimaging time point. The EEG
recording may include bipolar and/or referential measure-
ments, according to the needs/limitations of the user. At this
stage, the EEG measurements are taken over a plurality of
channels, each channel measuring signals between two elec-
trodes located at different locations on the subject’s scalp, on
bipolar measurements, or between each channel and a refer-
ence channel, in referential measurement. The effect of the
stimulus on the measured EEG signal will be stronger in
electrodes closer to the activated regions or networks. The
spatial scan and EEG recording begin at a predetermined time
before the stimulus and end at a predetermined time after the
stimulus. In this manner, the change in neural activity in due
to the stimulus is detected.

[0098] Optionally, an independent non-invasive measure-
ment of a physiological property of the subject being of a type
changing in response to neural activity in the desired region/
network is performed simultaneously with the spatial brain
scan of step 106 and EEG recording of step 108. The mea-
surement of the physiological response is used as a tool to
provide an independent verification of the neural activity
change in the desired region/network as well as additional
data and parameters that may be used for the identification of
the EEG signature. For example, if variation of the activity of
the desired region/network is known to be associated with a
change in sweat production, a measurement of skin conduc-
tance (which is indicative of sweat production) may be used
in order to verify the neural activity change. If, on the other
hand, variation of the activity of the desired region/network is
known to be associated with a change in the subject’s heart
rate, then heart rate is measured (for example by electrocar-
diography) in order to verify the neural activity change. This
verification step may increase accuracy in the interpretation
(brain state) of the data acquired in the spatial brain scan of
step 106.

[0099] Optionally, the measuring/scanning steps 106, 108
are repeated for different stimuli, in order to obtain different
pieces of data. Each piece of data pertains to the activation of
one of a plurality of regions/networks in the subject’s brain.
The measurements and analysis may be performed on a plu-
rality of subjects and creating a database of EEG signatures
per a plurality of stimuli.

[0100] At 110, EEG dataobtained as a function of time and
of a specific stimulus at 108 is analyzed, in order to identify a
signature indicative of neural activity at the region/network as
aresponse to the given stimulus. The signature characterizes
a correlation between the EEG signal and the spatial brain
activity in response to the stimuli. The signature depends on
the region/network of the neural activity and enables to deter-
mine a fingerprint of a specific subject for a specific stimulus.
[0101] Optionally, in order to extract a reliable signature
from the analysis 0f 110, the analysis is to be based either on
repeated measurements (106, 108) performed on a single
subject, or on measurements (single or repeated) performed
on a plurality of subjects. The choice of whether to use one
subject or a plurality of subjects in the method 100 is made
according to a user’s necessity (such as time constraint, or
availability of equipment), and according to a degree of vari-
ance in the signature among a plurality of subjects. More
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specifically, if a signature is observed to reliably indicate
neural activity at a specific region/network for one subject but
not for other subjects, it may be the case that such signature is
an individualized signature for the single subject, and mea-
surements on other subjects may be superfluous. On the other
hand, another signature may be observed to vary within an
acceptable range for a plurality of subjects, and to be associ-
ated with a neural activity of a specific region/network com-
mon to the plurality of subjects. In such a case, it may be
inferred that this signature is common to many, and measure-
ments performed on a plurality of subjects may increase the
reliability of the signature calculation.

[0102] Themeasurements (106, 108) may be performed for
a single region/network, or for a plurality of region/network,
according to a user’s need. If measurements are made relating
to activation of different regions/networks for different
stimuli, a database may be created, which will enable a com-
parison between EEG data associated with neural activity in
each of a plurality of regions/networks for each stimulus, and
the recognition of a plurality of suitable signatures, each
signature corresponding to neural activity in a specific region/
network for a specific stimulus. When multiple signatures are
determined, such that each signature corresponds to neural
activity at a specific region/network for a specific stimulus, a
three-dimensional brain map may be constructed to relate
EEG scan data to spatial and/or functional scan data and
stimulus type. The map may be an individual map relating to
asingle test subject or acommon map relating to a plurality of
test subjects (and optionally extrapolated to relate the entire
species of the test subjects). This map may be useful for
performing practices in which the knowledge of the neurally
active regions and/or knowledge of the stimuli inducing acti-
vation of such regions in the brain is necessary or desirable,
while reducing the need for cumbersome and costly spatial
scanners. Such a practice is, for example, NF, which is gen-
erally performed via EEG measurements or spatial scans. The
map may be useful for decreasing of the need for the spatial
scan technique, and may enable a user to perform NF with
EEG measurements alone (after a preliminary fIMRI/EEG
session for determining the signatures), using signatures in
EEG data to determine which regions or networks are neu-
rally active during the measurement. Alternatively, the map
may be used for performing an indirect spatial brain scan via
EEG measurements, and replace expensive and cumbersome
spatial scanners, at least for some diagnostic techniques.

[0103] Optionally, after the signature has been obtained, a
validation of the signature is carried out at 112 defining a
second neuroimaging time point. The validation includes
applying the stimulus of step 105, and repeating an indepen-
dent spatial scan of 106 simultaneously with the EEG mea-
surement of 108 (and optionally the independent verifica-
tion), in order to ensure that the signature determined at 110
reliably corresponds to the stimulus and to neural activity at
the region/network activated. If the signature extracted from
results of the validation measurements is similar to the sig-
nature extracted at 110, and corresponds to an activation of
the same region or network in the brain, then the signature is
deemed reliable.

[0104] In the event that the signature is determined for the
purpose of performing NF via EEG measurements alone,
where each signature in EEG data is used to determine the
region/network of neural activity and/or a stimulus causing
such activity during the measurement, a protocol for improv-
ing brain modulation in NF is developed at 114. The NF
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procedure is guided by the EEG and is tested against the
limbic activation visualized via the spatial scan images. In
suich a protocol, a set of training repeated sessions is included
in a third neuroimaging time point, in order to teach a subject
to modulate one or more specific regions/networks of the
brain. A modulation of at least one parameter of an EEG
signature is identified under the application of the certain
stimulus, corresponding to a functional state of the subject’s
brain at which one or more regions are at a desired activity
level. The subjects are trained to regulate the activity of target
brain areas via feedback. The modulation is detected by
extracting the signatures corresponding to a stimulus and a
subsequent activation of the regions/networks, and compar-
ing the extracted signatures to signatures corresponding to a
desired modulation (different degree of activity) of the spe-
cific regions/networks achieved by a given stimulus. The
development ofthis modulation optimizing protocol includes
determining the signatures corresponding to states at which
specific regions/networks are at a desired activity state. The
identification of the signature enables to select EEG signals
indicative of a specific brain functional state. In this manner,
a comparison between one or more signatures extracted from
the EEG data measured during an NF session and the corre-
sponding signature or signatures corresponding to the desired
state of specific region(s)/network(s) will indicate whether
the desired modulation has been achieved by the subject,
enabling to determine a psychological evaluation.

[0105] In a specific and non-limiting example, the experi-
mental data may be acquired as follows: the brain scanning is
performed ona 3T (GE, HDXt) MRI scanner with 8-channel
head coil. The structural imaging is acquired by a 3D spoiled
gradient (SPGR) echo sequence with high-resolution 1-mm
slice thickness (FOV: 25%18; matrix: 256%*256; TR/TE: 7.3/
3.3 ms). Functional imaging (fMRI) is acquired with gradient
echo-planar imaging (EPI) sequence of T2*-weighted images
(TR/TEAlip angle: 3,000/35/90; FOV: 20*20 cml; matrix
size: 64%64) divided to 44 axial slices (thickness: 3 mm; gap:
0 mm) covering the whole cerebrum. fMRI data preprocess-
ing includes correction for head movement, realignment, nor-
malizing the images to Montreal Neurological Institute
(MNI) space, and spatially smoothing the data (FWHM: 6
mm). In addition, a set of harmonics is used to account for
low-frequency noise in the data (Yi2s Hz), and the first six
images of each functional scan are rejected to allow for
T2%equilibration effects. fMRI data analysis is done by
SPMS or Brain Voyager 1.10 following General linear model
or data driven approach. The continuous EEG data is recorded
simultaneously with fMRI acquisition throughout the experi-
mental sessions. EEG is collected using an MR-compatible
system including a 32-channel BrainCap electrode cap with
sintered Ag/AgCl ring electrodes (30 EEG channels, 1 ECG
channel, and 1 EOG channel; Falk Minow Services, Herrsch-
ing-Breitbrunn, Germany), and BrainAmp-MR EEG ampli-
fier (Brain Products, Munich, Germany). Raw EEG is
sampled at 5 kHz and recorded using Brain Vision Recorder
software (Brain Products). EEG analyses are with EEGLAB
6.01 software package (Schwartz Center for Computational
Neuroscience, University of California, San Diego), MAT-
LAB software and FMRIB plug-in for EEGLAB. Pre-pro-
cessing of the EEG data consists of MR gradient artifacts
removal using a FASTR algorithm and Cardio-ballistic arti-
facts removal.

[0106] An optimized rt-fMRI (real-time fMRI) system
includes state-of-the-art acquisition and analysis methods
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aimed at improving the accuracy of rt-fMRI signal measure-
ment for learned regulation of brain activation. In fMRI,
accurate signal measurement is compromised by low SNR,
motion, and EPI artifacts. These concerns are more acute for
rt-fMRIbecause analyses must be performed continuously on
small increments of data (as opposed to an average over an
entire experiment) and must be computed rapidly. rt-fMRI
analysis is improved by online artifact rejection in the GLM
and a newly developed method for estimating rt neural acti-
vations in asingle volume. The following processing will take
place online:

[0107] Artifact Detection and Rejection—Detecting and
accounting for time-series artifacts during self-regulation
experiments is significant to avoid providing the subject with
inaccurate feedback. Ideally, volume to volume changes in
fMRI data intensity would only be observed in the presence of
changing neural activity. Subject motion is a prominent
source of artifact in fMRI time series that can substantially
degrade signal quality. Even small head motion can cause
artifacts in activation estimates, particularly when the motion
is correlated with the experimental paradigm73 74. The rt-
fMRI activation analysis is based on a novel GLM-based rt
analysis method that is based on a single volume estimation.
[0108] In some embodiments, the signature comprises a
regularized logistic classifier enabling to select and optimize
regularization parameters improving spatial/temporal fea-
tures for a given stimulus. As described above, the regular-
ization parameters may be selected from a position of a least
one pair of relevant electrodes on the subject’s scalp; and for
each pair of electrodes, relevant frequency bands in the EEG
spectral data for a specific external stimulus; a frequency of
the neural signal after the application of the stimulus, a maxi-
mal amplitude of the neural signal after the application of the
stimulus, and at least one time point indicative of the best
predicted mental state of the brain at which a change in
frequency and/or in maximal amplitude is detected after the
application of the stimulus.

[0109] Inaspecific and non-limiting example, the determi-
nation of the signature in step 110 is performed via machine
learning-based model interpretation, which includes two
models: (i) a localization model in which localization of
relevant electrodes and time points is provided; and (ii) a
frequency identification model in which inference of most
relevant frequency bands for a specific stimulus is provided.
The optimization of the model comprises determining a set of
BEG measurement locations from which a part of the EEG
data is measured corresponding to one or more regions
responding to the stimulus by neural activity and determining
time points of measurements corresponding to the response to
the stimulus. The validation of the signature in step 112 is
performed by: (iii) using the EEG limbic modulation index to
monitor limbic activity modulation; and (iv) performing
beam forming analysis to the EEG data.

[0110] The localization of relevant electrodes and time
points may be based on a machine-learning-based method
able to distinguish between brain states using EEG data from
single trials. The brain functional state’s category is defined
according to the level of the activation in the fMRI images.
This task is complicated by the different time-frequency reso-
lution of EEG and fMRI.

[0111] The localization of relevant electrodes and time
points may be performed using any suitable known tech-
nique. The following are two specific but not limiting
examples of such techniques:
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[0112] T1.A logistic regression classifier is trained to predict
the state of the subject. This technique describes the relation-
ship between response variables Y to some explanatory vari-
ables X. The response variable has only two possible out-
comes: event, denoted by 1 and non-event, denoted by 0.

[0113] The logit (log odds) of the logistic regressions’
model is given by

ZX)=Wortw (X FWaTot . L AW, (eq. 1)
[0114] where Wy, W, . . . W, are the parameters of the
model.
[0115] The odd of an event is defined as the ratio of the

probability that an event occurs to the probability that it fails
to occur:

ofW 1 (eq- 2

PY=1|x)=ax = o " 13 P
PY=1 .3
odds(Y = 1) ( ) aw) £ (eq. 3)

TPr=0) I-zwm

[0116] An alternative form to write the model is as the
function of the logit transformation:

log odds = log'/ n(x,? ' =g(x) (ed. 4)
V1 —m(x)/
[0117] Estimation of the coeflicients w=(wg, w,....,w,)is

often done using Maximum Likelihood Estimation (MLE),
which seeks to maximize the log likelihood over the entire
observed data:

" (eq. 5)
1om = )" log PY = yi | x)

i=1

== ) log(L+ exp(—yw' x)
i=1

[0118] For proper estimation and comparison between
models of different complexity, an additional regularization
(penalty) function is used. A Matlab-based MVPA toolbox
may be used to implement regularized logistic regression.
The regularized version of the logistic regression algorithm
seeks to find w which maximizes the equation:

A .6
Mw) = Lw) - EWTW (g ©)

[0119] The regularization also comes to solve a potential
ill-posed problem due to a small amount of training data, and
preventing over fitting. The accuracy of the classifier will be
tested using m-k-fold cross validation. The original data is
partitioned into k disjoint sets, where a single dataset is
retained for test, and the remaining k-1 disjoint datasets are
used for training the model. The cross-validation process is
then repeated k times, with each of the k sets used exactly
once as the test data. The whole process is repeated m times.
In each training stage, the data is randomly split into n train-
ing and validation sets. For each such split, the training set to

May 29, 2014

find the best model was used and its optimal regularization
parameter A (within the range of interest), which bring the
prediction error to minimum. The predictive accuracy of the
model is assessed using the validation set. The results are then
averaged over the splits.

[0120] After a model is chosen from a family of models, an
error of the model is calculated using the test set as the
number of wrongly predicted samples divided by overall
number of samples.

[0121] This technique was applied on EEG signal using
fMRI labels acquired simultaneously. A healthy subject was
presented with pictures of faces in either the right or the left
visual fields. The fMRI1abels were taken from the right visual
cortex then a threshold was applied on it. The 50% higher
labels were considered as left faces (1) and the other were
considered right faces (0). A set of N trials labeled data
samples was obtained, each trial was represented by N_,-by-
N, signal matrix, where N, is the number of channels and
N, is the number of time sampling points in the segmented
interval. The outcome of the classifier was compared for
different time points and the time point which best predicted
the mental state of the brain (i.e. left or right face) was
selected.

[0122] II. A ridge regression classifier is trained to predict
the state of the subject. This technique also describes the
relationship between response variables Y to some explana-
tory variables X.

[0123] Ridge regression is appropriate for a linear relation-
ship and it seeks w which minimizes the following expres-
sion:

=20l (eq- 7)

[0124] Regularized ridge regression adds a regularization
term 2 to eq. 7 to determine the bias/variance trade-off.

=i+l (eq.8)

[0125] A family of models is constructed, with different
combinations of electrodes, frequency bands, time delays and
model constraints. Then, a smaller collection of optimal mod-
els is selected using classical robust statistics methods for
model selection and validation. These include cross valida-
tion and regularization at several levels of the feature extrac-
tion.

[0126] Two model evaluation strategies are applied:
[0127] The first uses normalized mean squared error
(NMSE) to measure the similarity between the target signal
and the predictor. If the NMSE is less than 1, then the predic-
tion is doing better than the series mean.

7 R (eq. 9
(xi = i)
vusE = MSEW =
VARD 5 -
i=1
[0128] The second evaluation strategy uses Pearson’s cor-

relation to measure similar behavior instead of similarity.

H(x =X =7) 5 10

Pay = com(X, V) =
Ty
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[0129] This technique was applied by the inventors to pre-
dict the amygdale activity from EEG measurements. The
activity of the amygdale was altered by requesting subjects to
become relaxed. They received a sound feedback indicating
their relaxation state as measured by their theta/alpha activity.
[0130] Itis generally believed according to previous studies
published that relaxation causes a decrease in the Alpha
waves and an increase in the Theta waves. As a result the
Theta-Alpha ratio should increase as the person relaxes.
[0131] Since the EEG and the fMRI have different resolu-
tions and shift in time due to the hemodynamic response,
usually the EEG is convolved with the canonical HRF func-
tion and down-sampled to the fMRI resolution.

[0132] Following preprocessing, which removes artifacts
that are acquired during data acquisition, the higher temporal
resolution data was down-sampled, while the lower temporal
resolution data was up-sampled. The EEG data was then
transformed into a detailed time-frequency representation
using the Stockwell transformation.

[0133] The inventors demonstrated that a time-frequency
representation of EEG data can predict the amygdale activity
better than the traditional theta/alpha measurement that is
convolved with the canonical HRF.

[0134] The results are shown in FIGS. 2A-2F. FIG. 2A
shows the theta-alpha ratio variability. In the figure, Y-axis
corresponds to the BEG power in uV?, and X-axis corre-
sponds to the time in samples, each sample being of 0.25
seconds. To get this ratio, the time-frequency EEG data was
convolved with the canonical HRF and down-sampled to 4
Hz. The theta range taken was [4:7 Hz] and the alpha range
taken was [8:13 Hz]. The frequency bands were averaged
over three selected electrodes which achieved the highest
ratio (i.c. averaged theta power over averaged alpha power).
As can be seen, FIG. 2A depicts an increase in Theta/Alpha
EEG power ratio.

[0135] FIG. 2B shows the fMRI signal taken from the right
amygdale (graph G,), compared to the Theta/Alpha EEG
signal (graph G,). Both signals were normalized to arbitrary
units for the purpose of demonstration. The fMRI signal was
up-sampled also to 4 Hz. As said above, the inventors used
EEG to predict the Amygdale signal seen in the fMRI. Activ-
ity which can be seen in the fMRI signal in time T, can be
predicted using the intensity of frequency F of electrode C in
delay D from T. This figure shows a high correspondence
between the fMRI signal and the EEG signal, indicating that
the task of increasing alpha/theta ratio as performed by the
subject activated the amygdala as seen by fMRI.

[0136] FIG. 2C shows the prediction results in different
electrodes. EEG was recorded using a 32 electrode array. The
prediction model was fitted to each electrode separately,
vielding a prediction error for each electrode, measured in
terms of NMSE (normalized mean squared error), the values
in the lower region R of the ruler indicate good prediction
strength. This map may indicate the activated areas during the
relaxation process. As it can be seen, Electrode CP2 achieved
the lowest error across validation sets. From this it may be
concluded that this electrode contains much of the relevant
information needed to make a good prediction of the relevant
fMRI signal.

[0137] FIG. 2D shows prediction results (NMSE) on test
sets (real labels L) for best 5 electrodes found on the valida-
tion sets. The results were compared to results using the same
algorithm on randomly scrambled labels L,, i.e. the target
function for prediction was a randomly scrambled version of
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the true fMRI signal. This figure demonstrates that prediction
error with random data is maximal, indicating that the clas-
sifier is not biased and does not over-fit the data. The results
suggest that a ridge regression model which is based on
time/frequency representation of EEG can predict the
amygdale activity significantly better than chance.

[0138] FIG. 2E shows prediction results (correlation) of the
predictor found using ridge regression compared to the stan-
dard Theta/Alpha predictor (bar B,) (on test sets). It can be
seen that the prediction results were improved related to
Theta/Alpha. Specifically, the graph shows the correlation
coeflicient between the signature as derived from various
EEG electrodes (bars B, ) using a ridge regression model and
the fMRI activity, and correlation between theta/alpha power
and fMRI activity (bar B,). This graph suggests that the
derived signature has higher correlation to the fMRI data than
the standard theta/alpha signature.

[0139] FIG. 2F shows ridge coefficients for each frequency
band and shift of the best electrode (the one that achieved the
minimal NMSE on the validation sets). This map may indi-
cate relevant frequencies and specific time delays of the activ-
ity which constitute a model for a signature. Specifically, each
value in the matrix plot represents a value of the weight
(coefficient) vector w from eq. 8. Each row of the matrix plot
represents a frequency band used in the time-frequency rep-
resentation (X from eq. 8) of the data. Each column in the
matrix plot represents a specific time shift of the time-fre-
quency representation of the data. This figure can be consid-
ered as an example of graphical representation of the derived
model for the EEG signature of the amygdala fMRI.

[0140] The results showed that the obtained prediction is
significantly better than chance and prediction improvement
that can be achieved with the traditional theta/alpha measure-
ment. In addition, map of the prediction results in different
electrodes may indicate the activated areas during the relax-
ation process and ridge coefficients for the best electrode may
indicate relevant frequencies and specific time delay of the
activity.

[0141] This experiment demonstrated that it is possible to
improve the spatial resolution of EEG and consequently, to
improve the temporal resolution of concurrent EEG/fMRI.
The spatial resolution improvement does not require many
electrodes, and may be adapted to individual subjects.
[0142] The frequency identification model determining the
inference of most relevant frequency bands for a certain brain
condition (e.g. in response to a specific stimulus) may be
performed as follows:

[0143] The EEG temporal data is first processed by, for
example, applying a Fourier transform to provide an EEG
spectral data. The frequency identification model includes the
development of a regularized logistic regression classifier to
identify frequencies in the EEG spectral data in which most of
the EEG signal’s variance occurs during a given stimulus.
This classifier determines the linear combination of frequen-
cies, which contribute most to the EEG signal during each of
the states, according to eq. (1), where x is a matrix of time
frequency transform of the signal from one EEG electrode.
[0144] The frequency identification model parameters are
the weights of the frequency contribution to the prediction.
The response variables (i.e. the predicted labels) are the fMRI
activity of one or more regions. The relevant electrode for this
regression is selected according to the electrode coefficients
resulting from the localization model described above. Pre-
liminary results have shown unique features in the EEG fre-
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quencies to a stimulus being in the present example an experi-
mental task of eyes open or close under light and dark
conditions.

[0145] In an experiment performed by the inventors, 10
subjects performed a simple eyes opening and closing task in
blocks of 30 sec for 3 minutes, designed to trigger alpha
waves i1 the EEG (Berger effect). This experiment was per-
formed under room light and dark conditions. Time-fre-
quency decomposition of the EEG signal from one electrode,
calculated by using Stockwell transform was used as input to
the classifier. A logistic regression classifier was trained to
predict the state of the subject (opened or closed eyes) and its
optimal frequency features where estimated by using cross
validation. Performance of the classifier was estimated again
with cross validation procedure.

[0146] In this example, the frequency identification model
includes the classifier’s performance at each electrode serv-
ing as a spatial localizer of information relevant to the stimu-
lus/task. Frequency weights of the prediction under light con-
ditions show a large contribution of the alpha band (8-14 Hz)
to the prediction, as expected from the Berger Effect, but
additional frequencies other than alpha contribute signifi-
cantly to the prediction. Frequency weights of prediction
under darkness condition show contribution of the alpha band
to the prediction. The location of electrodes with lowest pre-
diction error was proved to be different from the one under
light conditions, and it was mostly frontal. This diverse local-
ization and distribution of frequencies may suggest two dis-
tinct brain mechanisms operating under the different light
conditions.

[0147] Thevalidation ofthe signature may be performed by
using the FEG limbic modulation index to monitor limbic
activity modulation as follows:

[0148] The localization and frequency of model’s param-
eters, which have been obtained with the techniques
described above, may be used to determine the functional
brain level in real time, from an EEG recording and return a
feedback to the subject. Specifically, a combination of elec-
trodes determined by the localization model is used as an
input to the frequency identification model. This frequency
identification model is trained to predict limbic system activ-
ity. The output of this model is a model of frequency weights,
and these weights are applied to EEG frequencies estimated
in real time during the NF experiment. This can give an EEG
index of limbic activity (signature) in real time, and may be
used for feedback to the subject during the NF. The inventors
have demonstrated a set of numerical models, which enable a
robust model interpretation (brain state) from single trials,
finding relevant EEG electrodes, temporal location and spec-
tral band of the response, enabling to obtain an accurate
(individually based) brain functional index of a subject.

[0149] Thevalidation of the signature may be performed by
performing beamforming analysis of the EEG data as fol-
lows:

[0150] The source estimation is done by the Fieldtrip soft-
ware package. This approach is best applied in the frequency
domain, but time domain applications also exist. Coherence
information and connectivity data are readily available for
any EEG time series that is statistically stationary (ongoing
and with a stable covariance matrix over time). Generally,
these analyses are clearly superior—both in terms of reliabil-
ity and spatial specificity, to other more commonly used
methods.
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[0151] Reference is made to FIG. 3 showing schematically
asystem 200 ofthe invention for use in monitoring a subject’s
brain activity to determine the brain activity signature.
[0152] Thesystem 200 includes a control unit 208 which is
typically a computer system utilizing inter alia a memory
module 208a and a processor utility 2085, and also including
data input and output utilities (not shown). The control unit
208 is connectable (via wires or wireless signal transmission)
to a measured data collecting device 201, which may be a
measurement device itself or a separate storage device. In the
present not limiting example, the measured data collecting
device 201 is constituted by the measurement device, which
in this example includes an EEG electrodes’ arrangement 202
in communication with an EEG recording device 204, and a
spatial scanner 206.

[0153] Itshould be noted that the control unit of the present
invention provides a novel configuration. Such control unit
may be a stand-alone device or may be mounted with any
system of any type if needed including the configuration of
the present invention.

[0154] In some embodiments, the control unit 208 is con-
figured and operable for creating a database for use in ana-
lyzing brain activity of a subject. The control unit 208 com-
prises a data input utility (not shown) and a processor utility.
The data input utility is configured for receiving measured
data comprising data corresponding to signals indicative of a
subject’s brain activity originated from multiple measure-
ment locations during a certain time period. The processor
utility is preprogrammed for processing the measured data
and generating data indicative thereof in the form of a multi-
parameter function presenting a relation between frequency
and time data of the measured signals and the multiple mea-
surement locations. The processor utility is further adapted
for analyzing this relation and identifying a subject-related
signature corresponding to the subject’s brain neural activity,
where the signature is in the form of a frequency and time
function over selected set of locations from the multiple mea-
surement locations.

[0155] In the specific but not limiting example, the mea-
sured comprises EEG data (first measured data) and spatial
scan data (second measured data) simultaneously measured
on brain of a specific subject. The data processor utility 208
is configured for processing the measured data, determining a
relation between the EEG data and the spatial scan data, and
determining one or more EEG signatures indicative of a cer-
tain spatial neural activation as corresponding to one or more
regions in the subject brain, thereby enabling use of the one or
more signatures for further interpretation of a brain functional
state of subjects by using EEG data.

[0156] Optionally the system 200 further includes a physi-
ological measurement device 212. The control unit 208 is also
configured to control and optionally synchronize an operation
of each of the above elements of the system 200. As indicated
above, the control unit 208 may also include a memory unit
208a for storing data.

[0157] The EEG electrodes’ arrangement 202 is configured
and operable for being disposed on the scalp of a subject 214,
detect electrical signals emitted by neural activity of the sub-
ject’s brain, and convey the measured signals to the EEG
recording device, where the signals are stored, and processed
into EEG data. Generally the processing includes matching
the signal amplitude with the time of detection, in order to
obtain a waveform of the signal amplitude as a function of
time. The EEG data is sent to the control unit 208.
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[0158] The spatial scanner 206 is configured and operable
to generate at least one image of the subject’s brain, where
regions of neural activity are differentiated from regions
where no neural activity is present. Spatial scanners suitable
for this may include fMRI scanners, MEG scanners, HEG
scanner, PET scanners, CT imaging devices, SPECT imaging
devices, or imaging devices based on ultrasound tagging of
light, for example. Images generated by the spatial scanner
206 are also sent simultaneously to the control unit 208.
[0159] The control unit 208 is configured and operable for
receiving EEG data from the EEG recorder 204, and an image
indicative of the region or network of neural activity of the
subject’s brain from the spatial scanner 206. All the received
information is processed by the processor 2085 of the control
unit 208 in order to analyze the EEG data and find therein a
signature that corresponds to the active neural region/network
of the subject’s brain. The processing may be performed in
real time, i.e. shortly after the information has been received,
or the information may be stored in the memory module 2084,
for later processing.

[0160] Optionally, a physiological measurement device
212 is present for detecting a physiological response associ-
ated with a change of neural activity at a specific region or
network in the subject’s brain. The physiological measure-
ment device 212 isused as an additional tool, in order to verify
neural activity in a region or network of the subject’s brain or
to improve the identification of the EEG signature. The detec-
tor 212 may include, for example, an electrocardiography
(ECG) device designed for measuring the heartbeat of the
subject 214, and/or a skin conductance measurement device
designed for measuring moisture in the subject’s skin (and
therefore the production of sweat by the subject 214). The
measurements taken by the detector 212 are sent to the control
unit 208.

[0161] An output interface may be used in order to apply a
stimulus to the subject 214. The output interface may include
a screen for displaying text, an image, or a movie to the
subject 214. Optionally or alternatively, the output interface
may include a speaker or earphones for conveying a sound to
the subject 214. The subject’s reaction to the stimulus is
recorded in the EEG recorder 204, the spatial scanner 206,
and the physiological measurement device 212, if present. It
should be noted that a stimulus may be applied to the subject
214 in other manners, which do not necessitate the output
interface. These manners may include, for example, asking
the subject to solve a complex or unsolvable mathematical/
logical problem within a given time. As explained above, in
reference to FIG. 1B, the stimulus is aimed at triggering
neural activity in a predetermined region/network of the sub-
ject’s brain.

[0162] Insome embodiments of the present invention, the
system 200 is programmed to apply different stimuli at dif-
ferent times, according to a predetermined procedure (as
mentioned above, in reference to FIG. 1B). This enables a
generation and analysis of data corresponding to the activa-
tion of different regions/networks in the subject’s brain, and
therefore enables an increase in the amount of data generated
within a session with the subject 214. In these embodiments,
the output interface may be controlled by the control unit 208
to convey to the subject 214 different stimuli at different
times, according to the procedure.

[0163] FIG.4is a flowchart exemplifying a method 300 for
use in performing an exercise of a NF session, in which a
region of neural activity is indicated by a signature extracted
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from EEG data. Feedback of a change in the activity of the
region is given to the subject in real time. The method 300
comprises providing a predetermined EEG signature corre-
sponding to a certain stimulus at 301; applying the stimulus to
a subject to activate the one or more brain regions at 303;
performing an EEG measurement on the subject’s brain at
304 while under the application of the certain stimulus, and
generating BEG data thereof; processing the EEG data using
the predetermined EEG signature at 306 to identify one or
more parameters indicative of neural activation of the one or
more regions by the given stimulus, and selecting from the
EEG data EEG signals related to the neural activation.
[0164] To identify the EEG signature, the above described
method and system (FIGS. 1A-1B and 3) may be used. The
signature identification/creation method may thus be a pre-
liminary session performed for each subject before step 303,
for the purpose of determining one or more signatures. In
another variant, in the event that the signatures are common to
a plurality of subjects, the comparison relies on a database of
signatures previously extracted from a plurality of subjects.
As described above, the predetermined EEG signature is
indicative of a spatial neural activation of one or more regions
in a subject’s brain corresponding to individual functions of
the brain while under the certain stimulus and thus corre-
sponds to a predicted certain activity state related to a given
stimulus.

[0165] At304, an EEG measurement of the subject’s neural
activity is taken via an EEG electrodes’ arrangement, and
may be recorded in an EEG recorder. The EEG measurement
is made continuously starting before the instruction to the
subject and ending at a predetermined time after the instruc-
tion has been made, in order to detect a change (if any) in the
neural signals brought about by the subject’s attempt at
modulation, and in order to collect enough EEG data for
enabling a processing thereof.

[0166] At 308, amodulation of limbic activity indicative of
the region or network in the brain at which neural activity is
present is extracted from the processed EEG signals. At 310,
the modulation extracted at 308 is compared to a desired
modulation of the subject’s brain corresponding to the pre-
dicted certain activity state. The desired modulation may
correspond, for example, to a relaxed state of the subject. At
312, adegree of correlation between the modulation of limbic
activity and the desired modulation of limbic activity is then
obtained to enable to determine a psychological evaluation of
the subject. Ifthe degree of correlationishigh, such as, butnot
limited to, significant person correlation coefficient, then a
success message is conveyed to the subject at 314. If the
degree of correlation is low such as insignificant person cor-
relation coefficient, then a failure message is conveyed to the
subject at 316, and optionally, the stimulus is applied again on
the subject at 303. The success and failure messages may be
conveyed to the subject via an image, a video, or an audio
signal.

[0167] As mentioned above, the signature in the EEG data
corresponds not only to a region or network of activity in the
subject’s brain, but also to a stimulus causing such an activity.
In some embodiments of the present invention, it is possible
to identify a cognitive state of the subject’s brain correspond-
ing to either a desired or an undesired functional state. In such
an event, NF may be used to help the subject to either
strengthen a desirable self-applied impulse, or to weaken an
undesirable self-applied impulse, in order to reach a desired
modulation of the subject’s brain.
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[0168] Optionally, an internal check subprocess is included
in method 300. Simultaneously with the EEG measurement,
a physiological property of the subject is also measured, to
verify a change of neural activity at predetermined regions or
networks in the subject’s brain. As mentioned above, the
physiological property may include, for example the sub-
ject’s heartbeat (measured, for example, via ECG), and/or the
subject’s sweat production (detected, for example, via a mea-
surement of the subject’s skin conductivity).

[0169] Optionally, the region(s) or network(s) of neural
activity in the subject’s brain is identified, by referring to the
map created via the above-described method of signature
creation. A predetermined physiological property corre-
sponding to neural activity in the identified region is com-
pared to the physiological property measured, in order to
ensure that the method 300 is working as planned. If the
measured physiological property behaves according to a cor-
rect physiological response (i.e. the physiological response
known to occur for a state of activity/inactivity of the identi-
fied region/network), the method 300 is being properly
applied. If the measured physiological property does not
behave according to the correct physiological response for the
identified region/network, chances are that the method 300 is
not being properly applied, and the method is interrupted, in
order to find out why. Such physiological measurements can
therefore be used as additional data and parameters that may
be used for the improvement of the prediction of the state of
activity of identified region.

[0170] FIG. 5 is a schematic drawing illustrating an EEG-
based system 400 for use in performing a NF session. The
system 400 may be configured for being used after a signature
has been determined, according to the above-described
method of FIGS. 1A and 1B and/or viathe system 200 of FIG.
3

[0171] The system 400 includes an EEG measurement unit
402, a control unit 406 comprising a memory utility 406a for
storing data and data processor 4065 for processing data. The
EEG measurement unit 402 is configured for placing on a
scalp of a subject and for detecting electrical signals origi-
nated by neural activity of a subject’s brain, and generating
EEG data thereof. To this end, the EEG measurementunit 402
is associated with an EEG recorder 404. The memory utility
406a is configured for storage of a predetermined FEG sig-
nature indicative of spatial neural activation of one or more
regions in a subject brain corresponding to individual func-
tions of the brain. As indicated above, the EEG signature
corresponds to a predicted response of subject’s brain activity
to at least one certain stimulus. The data processor 4065 is
configured and operable for receiving the EEG data and for
processing the EEG data utilizing stored data about the pre-
determined EEG signature to identify one or more parameters
corresponding to neural activation of one or more region for
a given stimulus applied to a specific subject during the EEG
measurements. The control unit 406 controls and optionally
synchronizes an operation of each of the above elements of
the system 400, according to predetermined commands. Such
commands may be fixed, or the control unit 406 may be
programmable, so that the commands are changeable by a
user, according to the user’s need.

[0172] Insomeembodiments, the system 400 comprises an
output interface 408 configured for conveying a feedback
message to a subject in real time indicating success or failure
of the subject to provide a desired response to a given stimu-
lus, according to a signal generated by the control unit such
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that the subject is trained to regulate the neural activity of the
region via the feedback message. The subject 412 is asked to
achieve a desired modulation of the subject’s brain. The EEG
data is sent to the control unit 406. The EEG measurement
may be made continuously starting before the instruction to
the subject and ending at a predetermined time after the
instruction has been made to the subject 412, as explained
before, with reference to step 304 of F1G. 4. Inone variant, the
beginning and end of the measurement period are selected by
auser (e.g. medical personnel) via an input interface (such as
akeyboard or abutton, or a voice activated device). In another
variant, the instruction is given to the subject 412 via the
output interface 408, and the control unit 406 controls the
timing of the EEG measurement period, as well as the timing
of the instruction within the EEG measurement period.
Optionally, the control unit 406 is programmable by a user,
enabling the user to determine the EEG measurement period
and the timing of the instructions to the subject 412.

[0173] Optionally, the system 400 comprises a physiologi-
cal property detector 410 for detecting a physiological
response (i.e., property change) associated with a change of
neural activity at a specific region or network in the subject’s
brain. Measurements effected by the physiological property
detector 410 are also sent to the control unit 406.

[0174] Insome embodiments of the present invention, the
control unit 406 is configured and operable for performing the
internal check subprocess. In such embodiments, the map
constructed via the method 100 (relating EEG signatures to
neural activity in regions/networks in the brain) and a map
relating physiological reactions to neural activity in regions/
networks in the brain is stored in the memory module of the
control unit 406.

[0175] The system 400 is able to indicate the region or
network in the subject’s brain in which neural activity is
found, via an analysis of the EEG data. The system 400,
therefore, includes the benefits of spatial scanners (fMRI,
MEG scanners, for example) without a need thereof. The lack
of expensive and bulky spatial scanners enables the system
400 to be smaller in size than the current NF systems, and
therefore to be located in small clinics or even be portable for
use on the field. The system 400 provides a novel EEG-based
clinical tool being portable, easy to use and low cost. NF
sessions are therefore no longer limited to hospitals or
research centers. Furthermore, because of the lack of high
magnetic fields typically generated by spatial scanners, a
need for removing and/or reducing induction artifacts from
EEG measurements is reduced. The system 400 is based on
(portable) EEG only, and has both diagnostic and therapeutic
capabilities. The system 400 may be used for early diagnosis
of vulnerability to psychopathology as well as for individu-
ally-tailored intervention and prevention protocols aimed at
improving brain cognitive regulation abilities. The system
400 used with NF procedures targeted at deep brain areas and
guided by the neural activation index generated by the control
unit 406 improves the individual’s ability to regulate specific
brain functions.

1. A system for use in monitoring brain activity of a subject,

the system comprising a control unit comprising:

a data input utility for receiving measured data comprising
data corresponding to signals measured during a certain
time period and being indicative of a subject’s brain
activity originated from the subject’s brain during said
certain time period, wherein said measured data is tem-
poral and spatial data having one of the following con-
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figurations: (a) comprising first temporal data being time
and frequency function of said signals measured by a
first measurement unit, and second spatial data for mul-
tiple locations within the brain provided by a second
measurement unit with respect to the signals measured
by the first measurement unit and (b) comprising first
temporal data and second spatial data of said signals
measured by the first measurement unit from multiple
locations within the brain; and

a processor utility which is configured and operable for

processing the measured data and generating data
indicative thereof'in the form of a multi-parameter func-
tion presenting a relation between frequency and time
data of said signals measured by the first measurement
unit for at least a selected set of locations from the
multiple locations within the brain, and for analyzing
said relation and identifying a subject-related signature
corresponding to the subject’s brain neural activity, said
signature therefore corresponding to high spatial reso-
lution of the signals measured by the first measurement
unit, enabling use of said signature for further interpre-
tation of a brain functional state of said subject by using
the first measured data.

2. (canceled)

3. The system of claim 1, wherein the measured data com-
prises electrical data measured on multiple electrodes at the
multiple locations of a subject’s scalp.

4. The system of claim 1, wherein the first measured data
comprises electrical data measured on one or more electrodes
at one or more locations of a subject’s scalp, and the second
measured data being image data indicative of spatial scan of
the multiple locations in a subject’s brain; the processor util-
ity being configured and operable for using said image data
for improving spatial resolution of the first measured data and
generate said signature.

5. The system of claim 3, wherein the electrical data is EEG
data.

6. The system of claim 1, wherein said data input utility is
connectable to at least one of the following: an output of a
storage device where said measured data is stored; and an
output of a measurement device for collecting said measured
data.

7. (canceled)

8. The system of claim 7, wherein said data input utility is
connectable to ameasurement device for collecting said mea-
sured data, wherein the measurement device comprises:

the first measurement unit comprising an EEG electrodes’

arrangement configured for placing on a scalp of a sub-
ject and detecting said signals being electrical signals
originated by neural activity of a subject’s brain, and for
generating the first measured data including EEG data
indicative thereof; the second measurement unit com-
prising a spatial scanner configured for scanning the
subject’s brain and identifying one or more regions of
neural activity in the subject’s brain and an activity level
of said one or more regions corresponding to individual
functions of the brain, and generating the second mea-
sured data being a spatial scan data;

the control unit is configured for controlling simultaneous

operation of the EEG electrodes’ arrangement and the
spatial scanner, and for receiving and analyzing the EEG
data and the spatial scan data, to generate an EEG sig-
nature indicative of a spatial neural activation of one or
more regions in the subject brain, thereby enabling use
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of said signature for further interpretation of a brain
functional state of said subject by using the EEG data.

9. The system of claim 1, wherein the control unit is con-
figured for controlling simultaneous operation of the first and
second measurement units and for receiving and analyzing
the first and second measured data to identify the signature
indicative of a spatial neural activation of one or more regions
in the subject brain, thereby enabling use of said signature for
further interpretation of a brain functional state of said subject
by using measured data provided by the first measurement
unit.

10. The system of claim 8, wherein the spatial scanner
comprises at least one of: a magnetic resonance imaging
(MRI) scanner; a functional magnetic resonance imaging
(fMRI) scanner; a magneto encephalographic (MEG) scan-
ner; hemoencephalography (HEG) scanner; magnetic reso-
nance spectroscopic imaging (MRS); positron emission
tomography (PET); X-ray computed tomography (CT) imag-
ing device; single photon emission computed tomography
(SPECT) imaging device; and a scanner based on ultrasound
tagging of light or photoacoustic imaging.

11. The system of claim 1, wherein said control unit is
configured and operable to identify said signature by optimi-
zation of value of one or more parameters of at least one
predetermined model; said parameters being selected from at
least one of: providing a set of measurement locations from
which a part of said first measured data is measured; deter-
mining time points of measurements of said signals; process-
ing the first and second measured data to determine spectral
data and a relation between one or more frequency bands in
the spectral data with the measurement location data to obtain
inference of the frequency bands related to neural activation
of one or more regions in the brain.

12. The system of claim 1, further comprising a non-inva-
sive physiological measuring device, for independently mea-
suring at least one physiological property of the subject being
of a kind changing in response to neural activity in one or
more regions of the brain;

the control unit being further configured for receiving the
measured physiological response and ensuring that the
signature found reliably indicates neural activity at the
corresponding region, via comparison of the measured
physiological response to a previously determined
physiological response associated with neural activity of
the corresponding region.

13. The system of claim 1, wherein the control unit is
configured and operable for creating a database of signatures,
the signatures being classified according to at least one of the
following: subject’s population, and brain states.

14-16. (canceled)

17. A method for use in monitoring neural activity of a
subject’s brain, the method comprising:

providing measured data comprising data corresponding to
signals measured on in the subject’s brain during a cer-
tain time period and being indicative of a subject’s brain
activity, said measured data being temporal and spatial
data having one of the following configurations: (a)
comprising first temporal data being time and frequency
function of said signals measured by a first measurement
unit, and second spatial data for multiple locations
within the brain provided by a second measurement unit
with respect to the signals measured by the first mea-
surement unit and (b) comprising first temporal data and
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second spatial data of said signals measured by the first
measurement unit from multiple locations within the
brain;

processing the measured data and generating data indica-

tive thereof in the form of a multi-parameter function
presenting a relation between frequency and time data of
the signals measured by the first measurement unit for at
least a selected set of locations from the multiple loca-
tions within the brain; and

analyzing said relation and identifying a subject-related

signature corresponding to the subject’s brain neural
activity, said signature therefore corresponding to high
spatial resolution of the signals measured by the first
measurement unit, enabling use of said signature for
further interpretation of a brain functional state of said
subject by using measured data provided by the first
measurement unit.

18. The method of claim 17, comprising recording signa-
ture related data to be further used for interpretation of a brain
functional state of the subject or for neural feedback.

19. The method of claim 18, wherein the recorded signa-
ture related data comprises one or more of the subject’s sig-
natures, and data indicative of one or more of the subject’s
brain states corresponding to the signatures.

20-21. (canceled)

22. The method of claim 17, wherein the measured data
comprises the first and second measured data being collected
simultaneously, the first measured data including one or more
measurements of electrical activity obtained from one or
more locations on the subject’s scalp by the first measurement
unit and the second measured data obtained by the second
measurement unit and comprising image data in the form of
spatial scan data from multiple locations in the brain, said
analyzing comprising using the spatial scan data for associ-
ating the electrode location with a corresponding location in
the brain from which the signal measured by said electrode is
originated.

23. (canceled)

24. The method of claim 17, comprising applying certain
one or more stimuli to the subject such that the measured data
corresponds to the subject’s brain response to said one or
more stimuli.

25. (canceled)

26. The method of claim 17, comprising:

determining and recording, for each of the brain states, the

corresponding one or more signatures.

27. The method of claim 17, comprising performing said
measurements and analysis on a plurality of subjects and
creating a database of signatures.

28-30. (canceled)

31. The method of claim 17, further comprising: develop-
ing a feedback protocol for training a specific subject for a
certain stimulus, by identifying a modulation of at least one
parameter of the signature, while under the application of the
certain stimulus, corresponding to a functional state of the
subject’s brain at which one or more regions from which the
measure signals are originated are at a desired activity level,
and using the identified signature to select temporal signals
indicative of said functional state.

32. The method of claim 17, further comprising perform-
ing an independent non-invasive measurement of at least one
physiological property of the subject, said at least one physi-
ological property being of a kind changing in response to
neural activity in the one or more regions of the brain.
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33-36. (canceled)

37. A method for use in performing neurofeedback, com-
prising:

providing a predetermined EEG signature corresponding

to a certain stimulus, said predetermined EEG signature
being indicative of a spatial neural activation of one or
more regions in a subject brain corresponding to indi-
vidual functions of the brain while under said certain
stimulus and thus corresponding to a predicted certain
activity state related to a given stimulus;

applying said stimulus to a subject to activate said one or

more brain regions; and
performing EEG measurements on the subject’s brain fora
controlled time period while under the application of the
certain stimulus, and generating EEG data thereof;

processing said EEG data using said predetermined EEG
signature to identify one or more parameters indicative
of neural activation of said one or more regions by said
given stimulus, and selecting from the EEG data EEG
signals related to said neural activation.

38. The method of claim 37, comprising: extracting a
modulation of limbic activity from the EEG signals, compar-
ing the extracted modulation of limbic activity to a desired
modulation of limbic activity corresponding to said predicted
certain activity state; and determining a degree of correlation
between the modulation of limbic activity and the desired
modulation of limbic activity, enabling to determine a psy-
chological evaluation of said subject.

39. The method of claim 37, comprising: extracting a
modulation of limbic activity from the EEG signals, compar-
ing the extracted modulation of limbic activity to a desired
modulation of limbic activity corresponding to said predicted
certain activity state; and determining a degree of correlation
between the modulation of limbic activity and the desired
modulation of limbic activity, enabling to determine a psy-
chological evaluation of said subject.

40. The method of claim 39, further comprising, after con-
veying a message indicating failure to the subject, repeating
the EEG measurement on the subject while under the appli-
cation of said stimulus and processing the EEG data.

41. (canceled)

42. The method of claim 37, wherein said providing of the
predetermined EEG signature comprises providing an EEG
limbic modulation index indicative of the modulation of the
limbic activity.

43. (canceled)

44. The method of claim 37, further comprising: simulta-
neously with performing the EEG scan:

measuring a physiological property of the subject; and

after extracting the modulation:

using a predetermined signature-to-region map to identify

the active region in the subject’s brain; and

validating the determined regions, by comparing the mea-

sured physiological property with a predetermined
physiological property associated with neural activity in
the identified region.

45. A system for use in performing neurofeedback, com-
prising:

an EEG measurement unit configured for placing on a

scalp of a subject and for detecting electrical signals
originated by neural activity of a subject’s brain, and
generating EEG data thereof;,
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a control unit comprising:

a memory utility for storage of a predetermined EEG sig-
nature indicative of spatial neural activation of one or
more regions in a subject brain corresponding to indi-
vidual functions of the brain, said EEG signature corre-
sponding to a predicted response of subject’s brainactiv-
ity to at least one certain stimulus; and

a data processor configured and operable for receiving the
EEG data and for processing said EEG data utilizing
stored data about said predetermined EEG signature to
identify one or more parameters corresponding to neural
activation of one or more region for a given stimulus
applied to a specific subject during the EEG measure-
ments.
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