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A measurement device is presented for use in an EEG mea-
surement performed in the presence of a magnetic field. The
device comprises a wiring array for connecting an electrodes
arrangement to an electroencephalogram (EEG) monitoring
device. The wiring array comprises a plurality of sampling
lines arranged to form a first group of sampling lines arranged
in a spaced-apart substantially parallel relationship extending
along a first axis, at least some of said sampling lines being
wire bundles of said first group comprising a plurality of first
wires for connecting to a corresponding first plurality of
electrodes of said EEG electrodes arrangement; and a second
group of sampling lines arranged in a spaced-apart substan-
tially parallel relationship extending along a second axis,
intersecting with said first axis, such that said second group of
bundles crosses said first group of bundles to form a net
structure, at least some of said sampling lines being wire
bundles of said second group comprising a plurality of second
wires for connecting to a corresponding second plurality of
electrodes of said EEG electrodes’ arrangement. The wiring
array is configured and operable for transmitting a signal
measured by the respective electrodes to the EEG monitoring
device, enabling generation of EEG data indicative of the
neural signal profile along tow directions and characterized
by reduced motion artifact and/or reduced gradient artifact
associated with the presence of the magnetic field during the
EEG measurement.
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DEVICE FOR USE IN
ELECTRO-BIOLOGICAL SIGNAL
MEASUREMENT IN THE PRESENCE OF A
MAGNETIC FIELD

FIELD OF THE INVENTION

[0001] The present invention is in the field of medical
devices, and relates to a device for use in combined measure-
ments/monitoring of electro-biological signal in presence ofa
magnetic field. Particularly, some embodiments of the
present invention relate to, but are not restricted to, electro-
encephalogram (EEG) during magnetic resonance imaging
(MRI), particularly functional MRI (fMRI), or during Tran-
scranial Magnetic Stimulation (TMS).

BACKGROUND OF THE INVENTION

[0002] In the medical field, activity of human and animal
brains has been scanned in various ways. Two of the more
common ways of scanning brain activity are EEG and fMRI.
[0003] EEG technique involves measurements of electrical
signals generated by the brain’s neurons, via a multitude of
electrodes placed on a patient’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 data can be further analyzed and
possibly also displayed. EEG enables high temporal resolu-
tion, 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 resolution.
[0004] MRI is a noninvasive medical imaging technique
used in radiology to visualize detailed internal structure and
limited function of the body. In MRI, a magnetic field is used
to align the nuclear magnetization of predetermined materials
in fluids of a body. Radio frequency (RF) fields are used to
systematically alter the alignment of this magnetization. This
causes the materials to produce a rotating magnetic field
detectable by a scanner. This signal can be manipulated/
affected by additional magnetic fields to build up enough
information to construct an image of the body. Different types
of MRI generally used for brain scan are, for example, fMRI
and magnetic resonance spectroscopy (MRS).

[0005] fMRI technique has been used since the 1990s to
study the hemodynamic response (change in blood flow)
related to neural activity in the brain. In fMRI, levels of
deoxyhemoglobin in the brain are detected. Deoxyhemoglo-
bin levels change in areas of the brain in response to changes
in neural activity of the specific areas. Because deoxyhemo-
globin is paramagnetic, when a patient’s brain is subjected to
a high magnetic field, deoxyhemoglobin aligns with the mag-
netic field. Radio frequency fields are then applied to the
patient’s brain, to rotate the aligned deoxyhemoglobin. As the
paramagnetic deoxyhemoglobin rotates back and forth under
the influence of the RF fields, a rotating magnetic field is
produced, detected by an appropriate detector, and converted
into an image of the brain. fMRI is characterized by high
spatial resolution of measurements, as different levels of
deoxyhemoglobin in specific regions of the brain indicate
different levels of neural activity in those specific regions.
fMRI is, however, characterized by relatively low temporal
resolution, as blood flow response to neural activity peaks
approximately 5 seconds after the firing of the neurons.
[0006] MRS technique utilizes the principles of MRI and
focuses on receiving rotating magnetic fields produced by
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nuclei such as hydrogen, phosphorus, carbon, sodium, and
fluorine, in order to detect biochemical materials of interest,
such as, for example, choline containing compounds, creat-
ine, inositol, glucose, N-acetyl aspartate, alanine, and lactate.
Elevated concentrations of some of these biochemical mate-
rials may indicate the presence of a number of brain diseases,
for example cancer, epilepsy, Alzheimer’s Disease, Parkin-
son’s disease, and Huntington’s Chorea.

[0007] To combine the high temporal resolution of EEG
and the high spatial resolution of fMRI, medical personnel
have been increasingly performing simultaneous EEG and
fMRI scans. Similarly, other kinds of MRI scans, such as
MRS, may be performed in simultaneously with EEG mea-
surements. This may be done, for example, for the purpose of
saving time. The combination of EEG and fMRI scans, oth-
erwise known as EEG/fMRI, however has brought about new
problems associated with the fact that EEG measurements are
affected by noise artifacts, when performed in the presence of
a magnetic field. Therefore, noise artifacts have appeared in
EEG measurements performed in conjunction with fMRI
scans. Similarly, when using MRS measurements simulta-
neously with EEG measurements, EEG scans are also
affected by noise artifacts caused by the presence of a mag-
netic field.

[0008] Noise can also be introduced into the EEG signals
during EEG recording within an MRI scanner. Specifically,
noise may be introduced by motion within the MRI environ-
ment during the recording of the EEG signals. This type of
noise is called a motion artifact. Motion artifacts may be, for
example, associated with a ballistocardiogram motion, and/or
a movement of the patient during the EEG recording, and/or
a movement of EEG equipment during the recording. The
amplitude of the noise may be approximately of the same
magnitude as the EEG signal.

[0009] Some motion artifacts are present as a direct result
of an electromagnetic induction in the magnetic field. In EEG
scans, as motion causes EEG wires to move within the MRI
scanner’s magnetic field, the size of the loops created by two
wires connected to the electrodes varies, affecting the mag-
netic flux through the loops, and therefore introducing an
induced current through the loops.

[0010] Another technique used in conjunction with EEG is
Transcranial Magnetic Stimulation (TMS). In TMS, a chang-
ing magnetic field is used to induce weak electric currents in
the brain; this can cause activity in specific or general parts of
the brain, allowing the functioning and interconnections of
the brain to be studied. Such activity is generally detected via
an EEG apparatus. A variant of TMS, repetitive transcranial
magnetic stimulation (rTMS), has been tested as a treatment
tool for various neurological conditions such as migraines,
strokes, Parkinson’s disease, dystonia, tinnitus, depression
and auditory hallucinations.

[0011] EEG recordings performed during TMS may be
affected by a motion artifact, as explained above. Further
noise affecting EEG measurements in a TMS environment
includes a gradient artifact produced by interference in the
electrical loops due to the changes in the magnetic field. This
gradient artifact present in EEG measurements during TMS is
also known as a magnetic pulse artifact. More specifically, the
alternating magnetic field affects magnetic flux through the
loops and induces currents, thus creating a gradient artifact in
the EEG measurements.

[0012] Techniques have been devised to decrease the
motion artifact and/or the gradient artifact. According to one
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system used in the art, wires are tightly held together in
bundles essentially parallel to each other. The wires may be
twisted together to form the bundles. In this manner, a size of
loops formed by wires belonging to the same bundle is
decreased, thereby decreasing the motion artifact in EEG
readings. Reduction of the loop size also reduces current
induced by an alternating magnetic field. This approach
enables bipolar EEG measurements with a decreased pres-
ence of motion artifacts and/or gradient artifacts.

[0013] Another known technique of the kind specified is
described for example in US Patent Publication No. 2008/
0306397 by Bonmassar et al. which discloses methods, sys-
tems and arrangements for obtaining EEG signals from a
patient e.g., during a concurrent EEG/fMRI examination of
the patient. The methods, systems and arrangements include
a cap made of conductive inks with sensor positions for
attaching a plurality of sensors to the patient’s head. The
sensors can include electrodes as well as motion sensors for
improving EEG signal quality and MRI image quality in the
presence of motion noise and other artifacts within the MRI
environment. The electrodes may be composed of conductive
inks, and can be used in high magnetic fields due to a weak
interaction with the RF fields generated by the fMRI scanner.
[0014] Motion artifacts may generally be classified in two
categories: Balisto-Cardio-Gram (BCG) and Non-Balisto-
Cardio-Gram (NBCG). BCG artifacts are related to scalp
pulsation and head movements caused by heart beats. NBCG
artifacts are generated by movements which are unrelated to
heart beats. Several techniques have been proposed for sup-
pression of BCG artifacts. One such technique is based on
subtraction of averaged BCG artifact from the EEG data after
calculation of averaged template from subsequent BCG arti-
facts (Allen P. J, Polizzi G, Krakow K et al, 1998, Identifica-
tion of EEG events in the MRI scanner: the problem of pulse
artifact and method for its subtraction. Neuroimage 8 (3),
229-239). Another similar technique is based on weighted
average (Goldman R I, Stern J M, Engel Jr. J, Cohen M S,
2002. Acquiring simultaneous EEG and functional MRI. J
Clin Neurophysiol. 111, 1974-1980). A further technique,
known as optimal basis function set method (Niazy R K,
Beckmann G D, lannetti J M et al, 2005, Neurolmage 28,
720-737), employs principle component analysis (PCA) to
decompose the EEG data into several functions which are
fitted to every heart beat artifact. Yet a further technique uses
a piezoelectric sensor on skin above temporal artery (Bon-
massar G, Purdion P L, Jaaskelainen I P et al, 2002. Motion
and balistocardiogram artifact removal for interleaved
recording of EEG and EPs during MRI. Neuroimage 16(4),
1127-1141), in order to capture the temporal characteristics
of the arterial blood pulse.

GENERAL DESCRIPTION

[0015] There is a need in the art for a novel EEG measure-
ment technique performed in the presence of a magnetic field.
More specifically, there is a need for an EEG/MRI (particu-
larly, EEG/fMRI) based measurement technique providing
higher precision of EEG readings while in the MRI environ-
ment. Furthermore, there is a need for an EEG based mea-
surement technique providing higher precision of EEG read-
ings while in a TMS environment.

[0016] As indicated above, according to the conventional
techniques EEG wires are held together or twisted together in
bundles to decrease a size of electric current loops formed in
wires belonging to the same bundle, thereby decreasing the
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motion artifact in EEG readings. This approach enables to
decrease the motion artifacts and/or gradient artifacts only as
long as the measurements are taken between two wires
belonging to the same bundle.

[0017] As also described above, various techniques have
been proposed to solve a problem associated with motion
interference during measurements. However, some of these
techniques are specific for BCG-type interference only, and
are inefficient for NBCG interference, since they demand
accurate recognition of heartbeat timing, and moreover some-
times these techniques suffers from that residual BCG artifact
still remains.

[0018] Employing the of principle component analysis
(PCA) or independent component analysis (ICA) (Benar C,
Aghakhani Y, Wang Y et al, 2003, Quality of EEG in simul-
taneous EEG-fMRI for epilepsy. Clin. Neurophysiol. 114(3),
569-580; and Srivastabva G, Grottaz-Herbette S, Lau K M et
al, 2005, ICA-based procedures for removing ballistocardio-
gram artifacts from EEG data acquired in the MRI scanner.
Neurolmage 24(1), 50-60) to suppress motion artifact, might
not always be an efficient technique for the components sepa-
ration, and even after components separation with this tech-
nique it is often difficult to classify the components into brain
signal and interference.

[0019] The employment of independent motion sensors
while might be helpful for BCG and NBCG interference
recognition (Masterton R A J; Abbott D F, Fleming S W,
Jackson G D, 2007, Measurement and reduction of motion
and ballistocardiogram artifacts from simultaneous EEG and
fMRI recordings, Neurolmage 37(1), 202-211), does not pro-
vide a solution for motion associated with non-rigid parts
involved in/affecting the measurements, such as non-rigid
parts of an EEG electrode arrays and of motion sensors. In
addition, scalp movements can be independent of BCG-gen-
erated and NBCG-generated head movements, so that the
head cannot be considered as an absolute rigid body.

[0020] The present invention provides a novel technique for
taking EEG measurements in presence of a magnetic field,
and for processing/interpreting the EEG measured data.
[0021] The present invention provides a novel device for
use in EEG measurements/monitoring in presence of a mag-
netic field (constant or changing), enabling more precise pro-
filing/mapping of the EEG data. The invention enables detec-
tion of neural signals from locations extending along
intersecting axes, and thus allows for the precise determina-
tion of the neural signal vector for each location. This signifi-
cantly improves the interpretation of measurements and also
further contributes to reduction of motion and/or gradient
artifacts. This is achieved in the invention by providing an
improved wiring array and a net structure formed thereby for
connecting a bipolar electrodes’ arrangement to an EEG
monitoring device during an EEG scan. The wiring array is a
net structure formed by the crossing of two groups of sam-
pling lines. In each group at least one of the sampling lines
includes at least some bundle of wires tightly held together.
The sampling lines of the same group are arranged in a
spaced-apart substantially parallel relationship along one
axis, and those of the other group are arranged in a spaced-
apart substantially parallel relationship along a second inter-
secting axis. Such wiring array enables the EEG monitor
device to read EEG data from electrodes connected to wires
belonging to the same bundle. In this manner, EEG measure-
ments may be performed along either direction defined by the
bundles belonging to crossing sampling lines, while decreas-
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ing an effect of the motion and/or gradient artifact, produced
by the magnetic field produced, for example by MRI or TMS,
in the EEG measurements.

[0022] Also, the present invention provides a novel tech-
nique for recognizing and suppressing motion artifacts during
EEG measurements, by using a wiring array connecting an
EEG electrode arrangement to an EEG monitor. The wiring
array includes different sampling lines. At least one of the
sampling lines includes a bundle of wires tightly held together
extending along a first axis. Optionally, each of the remaining
sampling lines is constituted by a single wire, and extends
parallel to a second axis. The sampling lines (bundles and, if
present, single wires) may be parallel, non parallel, or cross-
ing to form a net array. The invention provides an optimal
selection of the EEG electrode combinations for measure-
ments. More specifically, a first set of bipolar EEG measure-
ments is made between electrodes connected to wires of the
same bundle; a second set of bipolar EEG measurements is
made between electrodes connected to wires belonging to
different sampling lines (which are preferably, but not neces-
sarily intersecting sampling lines). Each of the neural signals
measured between electrodes, both along bundles and across
bundles sampling lines, is transmitted to a different channel/
utility of the EEG monitor, where data indicative of each
signal is generated. In this manner, both sets of measurements
may be performed simultaneously.

[0023] A separation algorithm (ICA, PCA, for example) is
applied to the measured data to obtain components of the
measured data which are differently distributed between the
channels. Since the effect of motion artifacts is larger in data
corresponding to measurements between electrodes con-
nected to different sampling lines, a value indicative of the
interference signal (such as voltage or current, for example) is
larger in the EEG data generated by the second measurements
set, because such value is increased by the artifact. The com-
ponents of the data generated by the second measurement set
which sport a value which is consistently higher than the
value of the corresponding components of the data generated
by the first measurement set, correspond to the artifact-af-
fected channels. The removal of such artifact-affected com-
ponents from all channels will remove interference in data
generated by both the first and second measurement sets.
Thus, by using simultaneous measurements along and across
bundles, motion artifacts can be estimated and suppressed.
[0024] While this technique has been described with refer-
ence to motion artifacts, it also provides for suppressing other
artifacts as well, such as gradient artifacts. This is because
also gradient artifacts affect the second set of measurements
more than the first set of measurements. Moreover, the above
technique is not specific for BCG or NBCG artifacts, nor does
it rely on additional elements, such as a motion detector.
[0025] Another aspect of the present invention relates to a
different technique for recognizing artifacts. This second
technique may be used independently of the first technique
described above, or in conjunction with it in order to increase
its discriminative power. This second technique relies on the
fact a source of electric field inside a patient’s head produces
electric potentials (neural signals) that are distributed
between EEG electrodes according to the electrodes’ posi-
tions on the scalp. Conversely, signals which are induced by
movements of head and EEG cables inside the magnetic field
(motion artifacts) or induced by a changing magnetic field
(gradient artifacts), are dependent on the whole electric cir-
cuit (loop) configuration (head and wires) and not only on
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EEG electrode locations on the scalp. This feature can be used
to separate neural signals from artifacts generated by the
presence of the magnetic field in the following manner: when
the source of the signal is inside the head, and at least three
electrodes (A, B, C) are provided in the measurement system,
the vector sum of the signal’s gradients along the lines AB and
BC is a vector along the line AC. Conversely, when the mea-
sured signal is an artifact (induced by movement of EEG
electrode cables and/or of an EEG amplifier inside magnetic
field and/or by a changing magnetic field), the signal’s gra-
dient along the line AC is not predictable by vector sum of the
signal’s gradients along the lines AB and BC, and would most
probably be different.

[0026] At least some of the measured signals include a
neural component generated by a source within the brain and
an artifact component. Therefore, a separation algorithm
(ICA, PCA, forexample) is applied to the measured signals to
obtain components of the measured signals. Then gradients of
each component along the sides of the triangle or (parameters
that are proportional to such gradients, such as weights) are
determined. This may be done by selecting three weights for
each component, such that each weight corresponds to a
bipolar measurement along one of the sides of a triangle
formed by the arrangement of the three selected electrodes. If
the vector sum of two of the gradients of a signal component
along first and second sides of such triangle is sufficiently
close to the measured/calculated gradient along the third side,
then the respective signal component is classified as a neural
component originating from the brain. Otherwise, the com-
ponent is classified as an artifact and rejected.

[0027] Therefore, an aspect of some embodiments of the
present invention relate to a measurement device for use in an
EEG measurement performed in the presence of a magnetic
field, the device comprising a wiring array for connecting an
electrodes arrangement to an electroencephalogram (EEG)
monitoring device. The wiring array comprises a plurality of
sampling lines arranged to form a first group of sampling lines
and a second group of sampling lines. The sampling lines of
the first group are arranged in a spaced-apart substantially
parallel relationship extending along a first axis, at least some
of such sampling lines being wire bundles of said first group.
The sampling lines of the second group are arranged in a
spaced-apart substantially parallel relationship extending
along a second axis, intersecting with said first axis, such that
said second group of bundles crosses said first group of
bundles to form a net structure. Each of the bundles of the first
group comprises a plurality of first wires for connecting to a
corresponding first plurality of electrodes of said EEG elec-
trodes arrangement. Each of the bundles of the second group
comprises a plurality of second wires for connecting to a
corresponding second plurality of electrodes of said EEG
electrodes arrangement. The wiring array is configured and
operable for transmitting a signal measured by the respective
electrodes to the EEG monitoring device, enabling generation
of EEG data indicative of the neural signal profile along two
directions and characterized by reduced motion artifact and/
or reduced gradient artifact associated with the presence of
the magnetic field during the EEG measurement.

[0028] Ina variant, the second axis is substantially perpen-
dicular to said first axis.

[0029] In another variant, the net structure formed by said
first group of sampling lines and said second group of sam-
pling lines is configured for connecting said EEG monitoring
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device to the EEG electrodes positioned along a patient’s
scalp according to the International 10-20 system.

[0030] In yet another variant, the net structure formed by
said first group of sampling lines and said second group of
sampling lines is configured for connecting said EEG moni-
toring device to the EEG electrodes, at least some of said
electrodes being joined to the patient’s head in one of the
following manners: non-invasively pasted the patient’s scalp,
semi-invasively joined to the patient’s head epidural region,
and invasively joined to the patient’s head subdural region.

[0031] Inyetafurthervariant, at least some of the sampling
lines are configured for being removably connectable to the
respective EEG electrodes, thereby allowing for a replace-
ment of at least some of the EEG electrodes between scans.

[0032] Optionally, at least one of said first and second
groups of sampling lines is divided into at least two sub-
groups, the sampling lines of the sub-groups belonging to the
same group being arranged in an alternating fashion such that
any two adjacent sampling lines belonging to a certain group
belong to different subgroups of said certain group.

[0033] Another aspect of the present invention relates to a
net structure configured for being placed on a patient’s scalp
in an EEG measurement performed in the presence of a mag-
netic field, the net structure comprising a wiring arrangement,
which comprises first and second groups of sampling lines
including wire bundles and extending along first and second
intersecting axes respectively, each group being formed by a
plurality of spaced-apart substantially parallel sampling lines
transmitting EEG signals from a respective plurality of
spaced-apart EEG measurement locations, thereby enabling
to read EEG data from the measurement locations via the first
and second groups of sampling lines, while decreasing at least
one of a motion artifact and a gradient artifact generated in the
EEG measurement.

[0034] According to some embodiments of the present
invention, there is provided a measurement device for use in
an EEG measurement performed in the presence of a mag-
netic field, the device comprising: a net structure configured
for being placed upon a patient’s scalp and comprising a
plurality of EEG electrodes; and a wiring array as described
above, for connecting said plurality of electrodes to an EEG
monitoring device.

[0035] A further aspect of some embodiments of the
present invention relates to a cap configured for being worn
by a patient in an EEG measurement performed in the pres-
ence of a magnetic field, the cap carrying a wiring arrange-
ment, which comprises first and second groups of sampling
lines including wire bundles and extending along first and
second intersecting axes, each group being formed by a plu-
rality of spaced-apart substantially parallel sampling lines,
each sampling line being configured for transmitting EEG
signals from a respective plurality of spaced-apart EEG mea-
surement locations, thereby enabling to read EEG data from
the measurement locations via the first and second groups of
sampling lines, while decreasing at least one of a motion
artifact and a gradient artifact generated in the EEG measure-
ment.

[0036] Insomeembodiments of the present invention, there
is provided a cap configured for being worn by a patient
during an EEG measurement performed in the presence of a
magnetic field, the cap comprising: a plurality of EEG elec-
trodes; and a wiring array as described above, for connecting
said plurality of electrodes to an EEG monitoring device.
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[0037] Optionally, the cap includes an electrically non con-
ductive headpiece, comprising: an inner surface, configured
for being fitted to the patient’s head; an outer surface carrying
said wiring array; and a plurality of apertures, each said
aperture being configured for being traversed by a portion of
one of said EEG electrodes for connecting to one of said
wires.

[0038] In a variant, the headpiece is made of a stretchable
material, for closely fitting the scalp of the patient.

[0039] In another variant, the headpiece comprises fasten-
ers located on said outer surface and configured for fastening
said wiring array to said headpiece.

[0040] Yetanother aspect of the present invention relates to
a system for simultaneous EEG and MRI scan, the system
comprising: a magnetic field based device comprising at least
one of an MRI scanner for imaging the patient’s brain, and a
TMS coil device for producing a changing magnetic field to
cause activity in a brain; an EEG monitoring device; a plu-
rality of EEG electrodes, configured for being placed at pre-
determined locations on a patient’s scalp and for detecting a
neural signal; and a wiring array as described above, for
relaying said neural signals to the EEG monitoring device for
analysis of said neural signal and generation of EEG data,
wherein said EEG data has a reduced motion artifact owing to
said net structure of the wiring array.

[0041] Optionally, the magnetic field is a magnetic field
generated by MRI scanner, and the EEG data is affected by
the decreased motion artifact.

[0042] In a variant, the measurements effected by the elec-
trodes are bipolar measurements between pairs of electrodes
connected to the same sampling line.

[0043] Inanother variant, the measurements effected by the
electrodes comprise a first signal measured between a refer-
ence electrode and a first electrode, and a second signal mea-
sured between said reference electrode and a second elec-
trode, the first and second electrode being connected to the
same sampling line. The EEG data generated at the EEG
monitoring device is a combination of said first and second
signals and is indicative of a signal between the first and
second electrode.

[0044] In a further variant, the magnetic field is a changing
magnetic field generated by a Transcranial Magnetic Stimu-
lation (TMS) coil device, and wherein said EEG data is
affected by at least said decreased magnetic pulse artifact.
[0045] Inyet another variant, said EEG monitoring device
is associated with a control unit configured and operable for
receiving the EEG data and selecting therefrom predeter-
mined data pieces, and analyzing said data pieces for recog-
nizing and suppressing an artifact generated in the EEG mea-
surement.

[0046] Another aspect of some embodiments of the present
invention, there is provided a method for performing an EEG
measurement in the presence of a magnetic field, the method
comprising: providing a magnetic field; providing a plurality
of EEG electrodes joined to a patient’s head; connecting said
EEG electrodes to an EEG monitoring device using a wiring
array comprising: a first group of sampling lines which com-
prise at least one, first, wire bundle and which are arranged in
a spaced-apart substantially parallel relationship extending
along a first axis, said at least one wire bundle of said first
group comprising a plurality of first wires of different lengths
for connecting to a corresponding first plurality of said elec-
trodes; and a second group of sampling lines which comprise
at least one, second, wire bundle and which are arranged in a
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spaced-apart substantially parallel relationship extending
along a second axis, intersecting with said first axis, such that
said second group of sampling lines crosses said first group of
sampling lines to form a net structure, said at least one wire
bundle of said second group comprising a plurality of second
wires of different lengths for connecting to a corresponding
second plurality of said electrodes; measuring a neural signal
via said electrodes; transmitting said measurement to said
monitoring device via said wiring array; and, in the monitor-
ing device, receiving said measurement and yielding EEG
data indicative of said neural signal measurement between at
least one pair of electrodes connected to the same bundle of
said wiring array, said EEG data having at least one of a
decreased one of a motion artifact and a decreased gradient
artifact.

[0047] Optionally, the above method further includes pro-
cessing said EEG data to calculate an amplitude and an ori-
entation of said neural signal.

[0048] In a variant, said detecting of said neural signal
comprises detecting said neural signal between any two of
said electrodes that are connected to wires belonging to one of
said sampling lines.

[0049] In another variant, said measuring of said neural
signal comprises measuring said neural signal between a
reference electrode of said electrodes and at least some of said
electrodes. The yielding of EEG data comprises combining
measurements taken between said reference electrode and at
least two of said electrodes connected to the same of said
sampling lines, such that combined EEG data is indicative of
said neural signal between said two electrodes, thereby pro-
viding said EEG data having at least one of a decreased a
motion artifact and a decreased gradient artifact.

[0050] In yet another variant, the magnetic field is a con-
stant magnetic field generated by a MRI scanner, or is a
changing magnetic field generated by a TMS coil device.
[0051] Inyeta further variant, the method comprises select-
ing from the EEG data predetermined data pieces, analyzing
said data pieces and recognizing and suppressing an artifact
generated in the EEG measurement.

[0052] Another aspect of some embodiments of the present
invention relates to a method for use in performing EEG
measurement in the presence of a magnetic field, the method
comprising: providing a plurality of EEG electrodes joined to
a patient’s scalp; connecting said EEG electrodes to an EEG
monitoring device using a wiring array comprising a plurality
of sampling lines including one or more wire bundles and
being arranged in a spaced-apart relationship, each wire
bundle comprising a plurality of wires of different lengths for
connecting to a corresponding plurality of said electrodes;
measuring neural signals via said electrodes and generating
EEG data indicative thereof; selecting from the EEG data
predetermined data pieces, said selecting of the data pieces
comprising selecting a first set of signal measurements
between a first group of electrode pairs, such that each elec-
trode of said first set of pairs is connected to the wires belong-
ing to the same wire bundle, and selecting a second set of the
signal measurements between a second group of electrode
pairs, such that each electrode of said second group of pairs is
connected to the wire belonging to different sampling lines;
and analyzing said selected data pieces and recognizing and
suppressing an artifact generated in the EEG measurement.
[0053] Optionally, said analyzing of the selected data
pieces comprises: applying to said first and second sets a
separation algorithm to jointly decompose both pieces of data
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indicative of the signal into a plurality of components; com-
paring an effect of at least some of said plurality of compo-
nents on each of the first and second sets of measurements;
and recognizing at least one specific component which has
the effect on said second set of measurements that is higher
than the effect on said first set of measurements, and labeling
said specific component as an artifact-affected component.
[0054] Inavariant, said comparing comprises: determining
afirst value indicative of the effect of said specific component
on said first set of measurements, and a second value indica-
tive of the effect of said specific component on said first set of
measurements; calculating a relation between said first and
second values; and comparing said relation to a predeter-
mined threshold. Said recognizing comprises recognizing
said specific component as an artifact-affected component,
according to said comparison between said relation and said
predetermined threshold.

[0055] According to another aspect of the present inven-
tion, there is provided a method for use in performing EEG
measurement in the presence of a magnetic field, the method
comprising: providing a plurality of EEG electrodes joined to
a patient’s head; connecting said EEG electrodes to an EEG
monitoring device using a wiring array comprising a plurality
of' sampling lines. each sampling line comprising at least one
wire for connecting to one electrode; measuring neural sig-
nals via said electrodes and generating EEG data indicative
thereof; selecting from the EEG data predetermined data
pieces, said selecting of the data pieces comprising selecting
at least a set of the signal measurements between a group of
electrode pairs, such that each electrode of said second group
of pairs is connected to the wire belonging to different sam-
pling lines; and analyzing said selected data pieces and rec-
ognizing and suppressing an artifact generated in the EEG
measurement.

[0056] Optionally, said providing comprises connecting
said EEG electrodes to said EEG monitoring device using
said wiring array comprising a plurality of sampling lines
including one or more wire bundles and being arranged in a
spaced-apart relationship, each wire bundle comprising a plu-
rality of wires of different lengths for connecting to a corre-
sponding plurality of said electrodes; and said selecting com-
prises selecting a first set of signal measurements between a
first group of electrode pairs, such that each electrode of said
first set of pairs is connected to the wires belonging to the
same wire bundle, and selecting a second set of the signal
measurements between a second group of electrode pairs,
such that each electrode of said second group of pairs is
connected to the wire belonging to different sampling lines.
[0057] In a variant, said analyzing of the selected data
pieces comprises: applying to said selected data set a separa-
tion algorithm to decompose said data indicative of the signal
into a plurality of components; for each of at least some of
said plurality of components, selecting at least three elec-
trodes, such that said at least two of the electrodes are con-
nected to different sampling lines; and for each of at least
some of said plurality of components, analyzing gradients of
said component along respective sides of a polygon formed
by said electrodes.

[0058] Optionally, said analyzing comprises: for each of at
least some of said plurality of components, determining a set
of values, each value being indicative of a magnitude and
direction of the gradient of said component along the respec-
tive side of the polygon, performing a vector sum of all but
one of said values, in order to yield a predicted value corre-
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sponding to said value which is not considered in the sum,
comparing said predicted value to said value not considered
in the sum; and recognizing at least one specific component in
which said predicted value is substantially different than said
value not considered in the sum, and labeling said specific
component as an artifact-affected component.

[0059] In a variant, only three electrodes are selected for
each component.

[0060] The selecting of the electrodes may comprise: for
each component, identifying the highest effect of said com-
ponent on a bipolar measurement; determining a first pair of
electrodes corresponding to said bipolar measurement, said
first pair of electrodes being constituted by a first electrode
and second electrode; and selecting a second and a third
electrode pairs, each pair being constituted by electrodes
between which bipolar measurements have been performed,
said second pair being constituted by said first electrode and
athird electrode, and said third pair being constituted by said
second electrode and said third electrode.

[0061] Optionally, the magnetic field is generated by at
least one of a MRI scanner and a TMS coil device.

[0062] In a variant, the separation algorithm comprises at
least one of principle component analysis (PCA) or indepen-
dent component analysis (ICA).

[0063] In another variant, the sampling lines comprise at
least one group of substantially parallel sampling lines
including at least two subgroups of the sampling lines,
wherein the sub-groups belonging to the same group are
arranged in an alternating fashion such that any two adjacent
sampling lines belonging to a certain group belong to differ-
ent subgroups of said certain group.

[0064] According to another aspect of the present inven-
tion, there is provided a system for use in performing an EEG
measurement in the presence of a magnetic field, the system
comprising: a plurality of electrodes configured for being
disposed along a patient’s scalp; an EEG monitor configured
for receiving a plurality of signals measured between a plu-
rality of pairs of said electrodes, and generating EEG data
indicative of each said signal; a wiring array configured for
connecting said plurality of electrodes to said EEG monitor,
said wiring array comprising at least two bundles of wires
tightly held together, each wire connecting to a corresponding
electrode of said plurality of electrodes; and a control unit
associated with said EEG monitor and configured and oper-
able for: selecting from the EEG data predetermined data
pieces by selecting a first set of signal measurements between
afirst group of electrode pairs, such that each electrode of said
first set of pairs is connected to the wire belonging to the same
said bundle, and selecting a second set of the signal measure-
ments between a second group of electrode pairs, such that
each electrode of said second group of pairs is connected to
the wire belonging to different said bundles; and analyzing
said data pieces and recognizing and suppressing an artifact
generated in the EEG measurement.

[0065] Optionally, the control unit is configured and oper-
able for analyzing the selected data pieces by: applying to said
first and second sets a separation algorithm to jointly decom-
poseboth pieces of data indicative of the signal into a plurality
of components; comparing an effect of at least some of said
plurality of components on each of the first and second sets of
measurements; and recognizing at least one specific compo-
nent which has the effect on said second set of measurements
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that is higher than the effect on said first set of measurements,
and labeling said specific component as an artifact-affected
component.

[0066] Another aspect of some embodiments of the present
invention relates to a system for use in performing an EEG
measurement in the presence of a magnetic field, the system
comprising: a plurality of electrodes configured for being
disposed on a patient’s head; an EEG monitor configured for
receiving a plurality of signals measured between a plurality
of pairs of said electrodes, and generating EEG data indica-
tive of each said signal; a wiring array configured for con-
necting said plurality of electrodes to said EEG monitor, said
wiring array comprising a plurality of sampling lines, each
sampling line comprising at least one wire connecting said
EEG monitor to one or more electrodes; and a control unit
associated with said EEG monitor and configured and oper-
able for: selecting from the EEG data predetermined data
pieces by selecting at least a set of the signal measurements
between a group of electrode pairs, such that each electrode of
said group of pairs is connected to a wire belonging to differ-
ent said sampling lines; and analyzing said data pieces and
recognizing and suppressing an artifact generated in the EEG
measurement.

[0067] Optionally, said wiring array comprises a plurality
of sampling lines including one or more wire bundles and
being arranged in a spaced-apart relationship, each wire
bundle comprising a plurality of wires of diftferent lengths for
connecting to a corresponding plurality of said electrodes;
and said control unit is configured for selecting a first set of
signal measurements between a first group of electrode pairs,
such that each electrode of said first set of pairs is connected
to the wires belonging to the same wire bundle, and selecting
a second set of the signal measurements between a second
group of electrode pairs, such that each electrode of said
second group of pairs is connected to the wire belonging to
different sampling lines.

[0068] Optionally, the control unit is configured and oper-
able for analyzing the selected data pieces by: applying to said
selected data a separation algorithm to decompose said data
indicative of the signal into a plurality of components; for
each of at least some of said plurality of components, select-
ing at least three of electrodes, such that said at least two of the
electrodes are connected to different sampling lines; and for
each of at least some of said plurality of components, analyz-
ing gradients of said component along respective sides of a
polygon formed by said electrodes.

[0069] Inanother variant, the control unit is configured and
operable for analyzing said gradients by: for each of at least
some of said plurality of components, determining a set of
values, each value being indicative of a magnitude and direc-
tion of the gradient of said component along the respective
side of the polygon, performing a vector sum of all but one of
said values, in order to yield a predicted value corresponding
to said value which is not considered in the sum, comparing
said predicted value to said value not considered in the sum;
and recognizing at least one specific component in which said
predicted value is substantially different than said value not
considered in the sum, and labeling said specific component
as an artifact-affected component.

[0070] Optionally, only three electrodes are selected for
each component.

[0071] In a variant, the magnetic field is generated by at
least one of a MRI scanner and a TMS coil device.
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[0072] In another variant, the separation algorithm com-
prises atleast one of principle component analysis (PCA) and
independent component analysis (ICA).

[0073] The control unit may be integral with said EEG
monitor, or may be part of a computing device connected to
said EEG monitor.

[0074] Another aspect of some embodiments of the present
invention relates to a control system for data analysis EEG
measurements performed in the presence of a magnetic field,
the controls system comprising an EEG monitor for receiving
signals from multiple spaced-apart electrodes arranged along
at least two sampling lines and generating EEG data, each
said sampling line comprising one or more wires connecting
to one or more electrodes, and a control unit for: receiving
said EEG data; selecting from said EEG data predetermined
data pieces corresponding to at least measurements taken by
a group of electrode pairs, such that each electrode of said
second group of pairs is connected to the wire belonging to
different said bundles; and analyzing the selected data pieces
for recognizing an artifact thereby enabling suppression
thereof.

[0075] Optionally, said wiring array comprises a plurality
of sampling lines including one or more wire bundles and
being arranged in a spaced-apart relationship, each wire
bundle comprising a plurality of wires of different lengths for
connecting to a corresponding plurality of said electrodes;
and said control system is configured for selecting from the
EEG data predetermined data pieces by selecting a first set of
signal measurements between a first group of electrode pairs,
such that each electrode of said first set of pairs is connected
to the wire belonging to the same wire bundle, and selecting
a second set of the signal measurements between a second
group of electrode pairs, such that each electrode of said
second group of pairs is connected to the wire belonging to
different said sampling lines.

[0076] Other features and aspects of the invention will
become apparent from the following detailed description,
taken in conjunction with the accompanying drawings, which
illustrate, by way of example, the features in accordance with
embodiments of the invention. The summary is not intended
to limit the scope of the invention, which is defined solely by
the claims attached hereto.

BRIEF DESCRIPTION OF THE DRAWINGS

[0077] Inorder 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.

[0078] The drawings are provided for purposes of illustra-
tion only and merely depict typical or example embodiments
of the invention. These drawings are provided to facilitate
understanding of the invention and shall not be considered
limiting of the breadth, scope, or applicability of the inven-
tion. It should be noted that for clarity and ease of illustration
these drawings are not necessarily made to scale.

[0079] FIG. 1is a schematic illustration of an example of a
portion of a wiring array in a device of the present invention
for use in a EEG measurements in the presence of a magnetic
field;

[0080] FIG. 2 more specifically illustrates an example of a
bundle of wires connected to a plurality of EEG electrodes,
suitable for use in some embodiments of the present inven-
tion;
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[0081] FIGS. 3a and 356 illustrate the general principles
used in mapping/profiling (reconstruction of amplitude and
orientation) a neural signal generated by EEG measurements
performed using the wiring array of the present invention, e.g.
that of FIG. 1;

[0082] FIG. 4 is a schematic drawing illustrating a net
structure formed by crossing wire bundles, according to some
embodiments of the present invention;

[0083] FIG. 5 is a schematic drawing illustrating an
example of a possible set of the wiring array of FIG. 4;
[0084] FIG. 6 is a schematic drawing illustrating a cap
including the net structure of FIG. 4 designed for being worn
by a patient during an EEG scan performed in the presence of
a magnetic field;

[0085] FIG. 7 is a schematic drawing illustrating a system
for simultaneous EEG and MRI scans, utilizing the wiring
array (net structure) of the invention;

[0086] FIG. 8 is a flowchart illustrating a method for per-
forming an EEG measurement in the presence of a magnetic
field, according to some embodiments of the present inven-
tion;

[0087] FIG. 9 is a flowchart illustrating an example of a
method of'the present invention for recognizing and suppress-
ing an artifact generated in an EEG measurement in the pres-
ence of a magnetic field;

[0088] FIG. 10 is a flowchart illustrating an example of a
method of the present invention, in which an artifact gener-
ated in an EEG measurement in the presence of a magnetic
field is recognized and suppressed, by using considerations
regarding the geometrical configuration of three electrodes;
[0089] FIG. 11 illustrates an example of how the method
illustrated in FIG. 9 may be applied to recognize an artifact;
[0090] FIG. 12 is a schematic drawing illustrating an
example of a system of the present invention for simultaneous
EEG and MRI scans, capable of recognizing and suppressing
motion artifact generated in an EEG measurement in the
presence of a magnetic field;

[0091] FIGS. 13a-13f illustrate graphical representations
of simultaneous EEG and fMRI measurements performed on
atest subject, as well as graphical representations illustrating
results yielded by the application of the artifact suppressing
technique of FIG. 9 on the EEG measured data;

[0092] Reference is now made to FIGS. 14a-14d, which
illustrate graphical representations of EEG measurements
performed on a test subject as well as the results produced by
application of the artifact suppressing techniques of methods
of FIGS. 9 and 10 to the measured EEG data; and

[0093] FIGS. 15a-15¢ illustrate the geometrical analysis of
three signal components present in the measured data of
FIGS. 14a-14d;

[0094] FIGS. 16a-164 illustrate calculated data resulting
from the application of the technique of FIG. 9 or of the
technique of FIG. 10, in either a strict and permissive mode of
such techniques, on EEG measurement data; and

[0095] FIGS. 17a-175 illustrate calculated data resulting
from the application on EEG measured data of an artifact
suppression technique constituted by the technique of FIG. 9
in a strict mode thereof and the technique of FIG. 10 in either
a strict and permissive mode.

DETAILED DESCRIPTION OF EMBODIMENTS

[0096] The present invention is in the field of medical
devices, and relates to a device for use in combined measure-
ments/monitoring of electro-biological signal in presence of a
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magnetic field. Particularly, some embodiments of the
present invention relate to, but are not restricted to, electro-
encephalogram (EEG) during magnetic resonance imaging
(MRI), particularly functional MRI (fMRI), or during Tran-
scranial Magnetic Stimulation (TMS).

[0097] The device of the present invention includes a novel
configuration of a wiring array for connecting a bipolar elec-
trodes’ arrangement to an EEG monitoring device, for use in
a EEG scans performed in the presence of a magnetic field.
The wiring array may be used, for example, in simultaneous
EEG and MRI (particularly EEG and fMRI) scans, and in
EEG scans during TMS. The wiring array includes two
groups of wire bundles extending along two intersecting lines
(axes), and crossing each other to form a net structure. It
should be understood that for the purposes of this patent
application the term “line” or “axis” should not be limited to
a straight line, but rather should be interpreted broadly to
cover a curve extending along a curved surface. Each group of
bundles includes an arrangement of spaced-apart wire
bundles.

[0098] Each wire bundle includes a plurality of wires held
tightly together (or twisted together) for connecting to a plu-
rality of EEG electrodes. Because the wires of each bundle are
held tightly together (or twisted together), the size of loops of
electric current created by two wires of the same bundle,
when connected to two electrodes, is decreased. The wiring
array of such two groups of wire bundles enables EEG mea-
surements with a decreased effect from motion and/or gradi-
ent artifacts to be performed along two directions defined by
the two groups of wire bundles.

[0099] The first and second groups of wire bundles are
preferably substantially perpendicular to each other, i.e.
extend along first and second substantially perpendicular
axes respectively. Neural electrical activity of any orientation
will have a considerable gradient along the direction of at
least one of the perpendicular bundles, and is therefore easily
and precisely detectable. Even when the direction of the neu-
ral signal forms a 45 degree angle with each of the bundles,
each bundle picks up a signal attenuated by only a factor of 1/
V2, about equal to 0.71. The wiring array of the present
invention can thus advantageously be used with a plurality of
electrodes arranged with high density, for example, when 64
or more electrodes are used inan EEG scan. Insuch a case, the
wiring array enables an accurate mapping (reconstruction of
amplitude and orientation) of any neural signal by simple
trigonometric computations.

[0100] Also, the wiring array of the present invention pro-
vides for reducing the motion and/or gradient artifact in EEG
readings before such readings are processed and/or combined
with a signal generated by an external sensor, such as a
motion detector. In this manner, accuracy of data obtained by
the processing and/or combination of EEG readings with a
signal generated by the external sensor is increased. In a
variant, the need for the use of the external sensor is obviated
altogether. In a similar fashion, owing to the fact that the
motion and/or gradient artifact in the EEG readings is reduced
by the presence of the two-dimensional wiring array, a need
for suppressing the motion and/or gradient artifacts by com-
plicated processing of the EEG signals is diminished, and in
some cases even obviated.

[0101] The wiring array of the present invention may be
placed directly on a patient’s scalp, or may be part of (integral
with) an EEG cap designed to be worn by the patient.
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[0102] Thefollowingis the description of various examples
of the invention. To facilitate understanding, the same refer-
ence numbers are used for identifying elements that are com-
mon for all the examples of the invention.

[0103] Referring now to FIG. 1, there is schematically
exemplified a part of the device of the present invention
including a portion of a wiring array 100. The wiring array
100 is designed for connecting an electrodes’ arrangement to
an EEG monitoring device for use in concurrent EEG mea-
surements in the presence of a magnetic field, such as the
magnetic field generated in MRI (and fMRI) scans orin TMS.
[0104] The wiring array 100 includes a plurality of sam-
pling lines which in the present examples are constituted by
wire bundles, and includes two groups G1 and G2 of such
wire bundles. Each group includes a plurality of wire bundles
arranged in a spaced apart and substantially parallel fashion.
As shown in the present example, the first group G1 includes
wire bundles 102,104,106, and 108, and the second group G2
includes wire bundles 110, 112, and 114. It should be under-
stood, although not specifically shown here, that each wire
bundle includes wires that are tightly held together, or option-
ally twisted together. This is described more specifically
below with reference to FIG. 2.

[0105] The wire bundles are designed for connecting
respective EEG electrodes to an EEG monitoring device. The
wire bundle 102 includes wires for connecting electrodes 116
and 118 to the EEG monitoring device (not shown). Similarly,
the wire bundle 110 includes wires for connecting electrodes
120, 122, and 124 to the EEG monitoring device.

[0106] Bipolar EEG measurements may be taken between
any two electrodes connected to wires belonging to the same
wire bundle, for example between the electrodes 116 and 118,
or between electrodes 120 and 124. As explained above,
measurement taken between electrodes connected to wires of
the same bundle are characterized by a reduced motion and/or
gradient artifact because the wires are tightly held together
and the size of the electric current loops between the pairs of
electrodes is reduced. Optionally, the bipolar EEG measure-
ments are taken between pairs of adjacent electrodes, such as
the electrodes 120 and 122, or the electrodes 122 and 124.
Bipolar EEG measurement taken between non adjacent pairs,
such the electrodes 120 and 124, may be affected by motion
and/or gradient artifacts, because the loop size defined by
wires connecting the non adjacent electrode pairs is larger
than the loop size defined by wires connecting adjacent elec-
trode pairs. However, the measurement between non adjacent
electrode pairs connected to the same bundle may still be
characterized by a lower artifact effect compared to measure-
ment without the proposed bundles.

[0107] Optionally, the EEG recording is referential, and is
used to produce a virtual bipolar signal. For this purpose, a
first signal is measured between a reference electrode and a
first electrode, and a second signal is measured between the
reference electrode and a second electrode. The first and
second signals are combined to yield a combination signal
indicative of a signal that would have been yielded if the
measurement had been performed between the first and sec-
ond electrodes. This is generally done by subtracting the first
signal from the second signal (or vice versa). This process is
called virtual bipolar montage. When the first and second
electrodes are connected to wires of the same bundle, artifacts
of'similar amplitudes are present in the first signal and second
signal. The subtraction described above, therefore, produces
a decreased artifact in a combined signal.
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[0108] The wire array 100 enables EEG measurements
characterized by decreased motion and/or gradient artifacts to
be performed along two axes, along which the first and second
groups’ wire bundles extend. As indicated above, the axis is
not necessarily straight and is practically not when the wiring
array is configured for placement on a patient’s scalp, but the
projection of wire bundles’ of the same group onto the same
plane would result in substantially parallel straight lines
extending along the common axis.

[0109] Optionally, the first and second axes of the arrange-
ment of respectively the first group of wire bundles and the
second group of wire bundles are perpendicular to each other.
As described above, with this configuration, neural electrical
activity of any orientation will necessarily have a consider-
able gradient along the direction of at least one of the perpen-
dicular bundles, and is therefore easily detectable. The use of
such two-dimensional wiring array is also advantageous
when a high density of electrodes is present, which is pre-
ferred to increase the spatial resolution of measurements.
[0110] In a variant, the wiring array is manufactured
according to specific measurements, for connecting the EEG
monitoring device to the EEG electrodes positioned along a
patient’s scalp according to a desired configuration, such as
any International System, for example the International 10-20
system. In another variant, at least some of the wires of the
array are designed for being removably connectable to the
respective electrodes. In this manner electrodes may be
replaced between scans. This is advantageous when an elec-
trode turns defective, and also allows the wiring array to be
used a plurality of times. Also, this enables the electrodes’ set,
which when in use is to be in contact with the patient’s scalp,
to be disposable.

[0111] FIG. 2 shows more specifically an exemplary bundle
110 of wires connected to a plurality of EEG electrodes. The
wire bundle 110 includes a plurality of wires of different
lengths, for connecting the same EEG monitoring device to a
plurality of electrodes at different locations on the scalp. The
wires 202, 204 and 206 are held tightly together, in order to
decrease the size of loops formed between the wires, and are
electrically isolated from each other. In a preferred embodi-
ment, the wires are held tightly together by being twisted
together. The wires 202, 204 and 206 exit the bundle 110 at
different locations along the bundle to connect to electrode
120, 122 and 124 respectively.

[0112] FIGS. 3a and 35 show the principles of mapping/
profiling (determination of the amplitude and direction) of a
neural signal generated by EEG measurements performed
using the wiring array of the present invention (e.g. that of
FIG. 1). Here, FIG. 3a, corresponds to a specific example
when an angle between crossing wire bundles is 90 degrees
(perpendicular first and second axes), and FIG. 34 corre-
sponds to more general situation for any angle § between
crossing wire bundles (i.e. intersecting first and second axes).
[0113] A neural signal having an amplitude ¢ and an orien-
tation (direction) a with respect to a longitudinal axis is pro-
duced in a patient’s brain. The neural signal has a first gradi-
ent having an amplitude a along the longitudinal axis, for
example the axis defined by the wires” group G2, and a second
gradient having an amplitude b along a transverse axis, for
example the axis defined by the group G1. The amplitude a is
detected by a bipolar (real or virtual) measurement between
two electrodes connected to one of the bundles of group G2,
for example, electrodes 116 and 118. Similarly, the amplitude
b is detected by a bipolar (real or virtual) measurement
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between two electrodes connected to one of the bundles of
group G1 and proximal to the electrodes 116 and 118, for
example electrodes 120 and 122.

[0114] Ifthe first and second axes defined by groups G2 and
(1 are perpendicular to each other (FIG. 3a), the amplitude ¢
of the neural signal is calculated via equation 1, and the
orientation a of the neural signal is calculated via equation 2.

c=Va@2+b2 Equation 1
b Equation 2
tan(a) = —
a
[0115] If the axes defined by groups G2 and G1 are char-

acterized by any angle § between each other (FIG. 35), the
amplitude ¢ and orientation a of the neural signal are calcu-
lated via equations 3 and 4, respectively.

a Equation 3
cos @

a—b-cos f8
b-sinf

Equation 4
tan(a@) =

[0116] Reference is made to FIG. 4 showing schematically
a net structure 300 formed by the above-described wiring
array 100 and designed for being placed on a patient’s scalp
during an EEG scan performed in the presence of a magnetic
field, and for leading EEG signals from electrodes to an EEG
monitoring device. The net structure 300 is thus formed by
two intersecting groups G1 and G2 of spaced-apart wire
bundles. The net structure 300 connects an EEG monitoring
device (not shown) to a plurality of EEG electrodes (such as
the electrodes 122 and 118, for example) located at predeter-
mined measurement locations on the scalp of a patient 306.
Optionally, the net structure 300 is rigid or semi-rigid, in
order to on the one hand maintain a desired shape, and on the
other hand to enable the net structure 300 to fit the scalp of the
patient 306. Alternatively, the net structure 300 is flexible and
assumes the desired shape only when the net structure is worn
by the patient 306. As indicated above, the net structure 300
may be removably connectable to the electrodes, or alterna-
tively may be integral with the electrodes. The net structure
300 is connectable to various kinds of electrodes, such as
non-invasive electrodes pasted on the scalp, to intracranial
electrodes (e.g. a subdural electrodes grid), or to semi-inva-
sive (e.g. epidural peg electrodes). Any type of scalp EEG
electrodes or intracranial or semi-invasive electrodes may be
included to the electrode array, and the wires related to such
electrodes can be organized in bundles corresponding to
intersecting sampling lines to form the net array 300.

[0117] Referring now to FIG. 5, an example is illustrated of
a possible set up of the net structure of a wiring array of FIG.
4

[0118] Inthe netstructure array 300, the groups G1 and G2
are divided into sub-groups Gla and G1b, and G2a and G2b,
respectively. It should be understood that there may be any
number of sub-groups for each group, and not necessarily the
same number for both groups. Sub-groups belonging to the
same group are separated by a relatively large distance. Fur-
thermore, adjacent bundles belonging to the same group
belong to different subgroups. In other words, the sampling
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lines of different sub-groups of the same group are arranged
in an alternating fashion. For example, the bundles 102 and
104 are adjacent bundles belonging to the same group G2.
However, the bundle 102 belongs to the subgroup G2a, while
the bundle 104 belongs to the subgroup G2b. In this manner,
adjacent bundles are separated by a relatively large distance
between each other. The separation between the subgroups
Gla and G15 is implemented via a first bundle holder 310,
which firmly holds the subgroups Gla and G154 at a desired
distance from each other. Similarly, the separation between
the subgroups G2a and G254 is implemented via a second
bundle holder 312. The bundle holders 310 and 312 are pref-
erably chosen to be non-magnetic, so that their presence
neither generates a further magnetic field nor is affected by
the magnetic field in order not to affect measurements
between electrodes.

[0119] The above-described setup of the net structure 300
ensures that while the electromagnetic induction loops/cir-
cuits formed by wires in the same bundle are small, the
electromagnetic induction loops formed by wires in adjacent
bundle are relatively large. Such a feature may be advanta-
geous when the net structure 300 is used in the measurement
of'an EEG signal, and the EEG signal is analyzed/processed
via an artifact recognition/suppression technique which relies
on the fact that artifacts in measurements performed between
electrodes that belong to different bundles (i.e. measurement
across bundles) are typically larger than artifacts in measure-
ments performed between electrodes in the same bundles (i.e.
measurement along bundles). By increasing the electromag-
netic induction loops between adjacent bundles, the artifacts
in measurements across the bundles are increased, while the
artifacts in measurements along the bundles are left
unchanged. In this manner, a relation between measurements
across the bundles and measurements along the bundles is
significantly greater when an artifact is present, and therefore
the chance of identifying artifacts via the above artifact rec-
ognition/suppression technique is increased. Examples of the
above artifact recognition/suppression technique include a
virtual-motion-sensor (VMS) technique (described in detail
in FIG. 9) and an estimated-versus-measured (EVM) tech-
nique (described in detail in FIG. 10).

[0120] It should be noted that the use of the above arrange-
ment of sampling lines, i.e. division into alternatingly
arranged sub-groups of sampling lines, actually does not
require that all the sampling lines be wire bundles. It would
generally sufficient if only some of the sampling lines are
constituted by the wire bundle.

[0121] FIG. 6 is a schematic drawing illustrating a cap 400
designed for being worn by a patient during an EEG scan
performed in the presence of a magnetic field. The cap 400
includes a wiring array, such as the wiring array 100
described in FIG. 1 above, configured for leading EEG sig-
nals from a plurality of electrodes (such as the electrode 120)
located on the patient’s scalp to an EEG monitoring device.
The cap 400 is configured for being worn by a patient 306, in
amanner that enables the wiring array incorporated in the cap
to connect an EEG monitoring device to a plurality of elec-
trodes located on the patient’s scalp.

[0122] In a variant, the electrodes are placed on the
patient’s scalp separately from the cap, and the cap 400 with
the wiring array when worn by the patient 306, allows for
connecting the wiring array of the cap 400 to the electrodes.
With this configuration (i.e. electrodes’ arrangement is sepa-
rate from the cap), the cap 400 may include an electrically non
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conductive headpiece 406, which sports an inner surface
designed for being fitted to the patient’s head and an outer
surface designed for connecting the wiring array to said head-
piece 406. The latter further includes a plurality of apertures,
generally 408, for being traversed by a portion of the EEG
electrodes for connecting to the wires of the wiring array. The
wiring array may be glued to the outer surface of the cap 400,
or secured to the cap 400, for example via fasteners located on
the outer surface of the cap 400.

[0123] In yet another variant, the electrodes are initially
connected to the wiring array of the cap 400 (e.g. are integral
with the wiring array or connectable thereto), and the entire
system formed by the cap 400 carrying the wiring array and
the electrodes is put on the patient’s scalp for measurements.
[0124] Optionally, the cap 400 is made of a stretchable
material and carries a sufficiently flexible net of the wiring
array, for closely fitting the scalp ofthe patient. This improves
a securing of the cap 400 to the patient’s scalp and limits a
movement of the cap 400 with respect to the patient. In this
manner, motion artifacts generated by a motion of the cap 400
independent of the patient are reduced.

[0125] Reference is now made to FIG. 7 which is a sche-
matic drawing illustrating a system 500 for simultaneous
EEG and MRI scans, using a wiring array of the present
invention. The system 500 includes an MRI scanner 502 for
imaging the patient’s brain, an EEG monitoring device 504, a
plurality of EEG electrodes, generally at E, designed to for
being placed at predetermined locations on the scalp of a
patient 306 and for detecting neural signal signals, and a
wiring array 100, as described above in reference to FIG. 1,
for relaying the neural signals to the EEG monitoring device
504 for analyzing the signals and generating EEG data. The
MRI scanner 502 may be, for example, an fMRI scanner.
[0126] The EEG data taken simultaneously with MRI scans
is affected by a decreased presence of motion artifacts, due to
the presence of the wiring array 100, as explained above.
Furthermore, due to the net structure of the wiring array, the
neural signals are detected along two directions, facilitating
neural signal detection and interpretation with high precision.
The provision of the two-dimensional wiring array enables
the EEG monitoring device to perform an accurate recon-
struction of any neural signal vector (amplitude and orienta-
tion of any neural signal) by simple trigonometric computa-
tions, as explained above. The wiring array is applied to the
patient 306 either directly, as described with reference to the
net structure 300 of FIG. 4, or by using a cap, as described
above, with reference to FIG. 6.

[0127] Ina variant, instead of the MRI scanner 502, a TMS
coil device is present, to generate a changing (optionally
fluctuating) magnetic field. The signal to noise ratio of the
EEG measurements during TMS (due to eliminating or at
least significantly reducing a contribution of motion related
as well as gradient-artifact related components in the mea-
sured signal) and the interpretation of the measured EEG data
are improved due to the use of the wiring array 100, as
explained above.

[0128] Referring now to FIG. 8, a flowchart 600 is shown
illustrating a method for performing an EEG measurement in
the presence of a magnetic field.

[0129] Initially, a magnetic field is provided (step 602) and
EEG electrodes joined to a patient’s scalp are provided (step
604). The magnetic field may be constant or varying, such as
a magnetic field provided by an operation of an MRI scanner
(for example a fMRI or MRS scanner); the magnetic field
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may be varying (or fluctuating), such as the magnetic field
provided by a TMS coil device. The electrodes may be dis-
posed in a desired configuration, for example according to the
International 10-20 system. A wiring array (or net structure)
is placed on the patient’s scalp for connecting the EEG elec-
trodes to an EEG monitoring device. The wiring array can be
placed in a separate step (step 606) or together with the
placement of electrodes in case the wiring array and the
electrodes are initially configured into an integral device. The
wiring array is generally similar to an array as described in
FIG. 1, and may be placed upon a patient’s scalp either
directly, as shown in FIG. 4, or with the aid of a cap, as shown
in FIG. 6.

[0130] At 608, a signal is measured by the electrodes. The
measurement may be bipolar or referential, as explained
above in the description of FIG. 1. If a bipolar measurement
is performed between two electrodes connected to the same
bundle, the measurement is affected by a decreased motion
and/or gradient artifact, as explained above. If a referential
measurement is performed, virtual bipolar montage is per-
formed (usually in the EEG monitor) to yield EEG data
indicative of the neural signal between electrode pairs
belonging to the same bundle, such that the EEG data is
affected by a decreased motion and/or gradient artifact.
[0131] At 610, the EEG measurement is transmitted via the
wiring array to an EEG monitoring device, and EEG data is
generated (step 612).

[0132] The EEG data can be processed in order to recon-
struct an amplitude and orientation of the detected neural
signal (step 614).

[0133] Referring now to FIG. 9, there is shown a flowchart
700 exemplifying a method of the invention for recognizing
and suppressing an artifact (e.g. motion artifact and/or an
gradient artifact) generated in an EEG measurement in the
presence of a magnetic field. It should be noted that this
method provides for effective EEG measurement using either
one of the wiring arrays of FIGS. 1, 4 and 12. This technique
of the invention actually presents a so-called “virtual motion
sensing” (VMS), and is capable of detecting and suppressing
both BCG and NBCG interference related to any motion, i.e.
rigid body and non-rigid body motion. EEG electrodes, a
wiring array, and magnetic field are provided (step 702). The
electrodes are disposed along a patient’s scalp according to a
desired configuration, for example according to the Interna-
tional 10-20 system. The wiring array includes different sam-
pling lines, at least one of which is a bundle of wires tightly
held together; the remaining sampling lines may include a
single wire. The sampling lines may be arranged to be parallel
to each other, non parallel to each other, or crossing to form a
net array (as shown in FIG. 1 for example, or as either one of
bundle groups G, or G, of FIG. 1, and the wire bundle may be
configured as shown in FIG. 2 for example). The EEG elec-
trodes are connected to an EEG monitoring device via the
wiring array, and the patient is introduced into a device which
provides the magnetic field (such as an MRI scanner, or a
TMS coil device, for example).

[0134] Then, the EEG measurement session is performed
in the presence of the magnetic field. In this connection, it
should be understood that for the purposes of this embodi-
ment of the invention, two sets of measured signals are to be
collected from selected sets of electrodes. Thus, first and
second sets of bipolar EEG measurements are substantially
simultaneously performed (steps 704, 708). The first set of
measurements includes bipolar measurements performed
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only between pairs of electrodes connected to the same
bundle (measurements along bundles). It should be noted that
the first measurement set is not limited to a single bundle.
Indeed, the measurements may be performed along different
bundles, but only between electrodes connected to the same
bundle. The second set of measurements includes bipolar
EEG measurements performed only between pairs of elec-
trodes connected to sampling lines (measurements across
sampling lines). The so obtained first and second sets of
measured signals are transmitted to different channels of an
EEG monitor via the wiring array, and corresponding first and
second sets of EEG data indicative of the measured signals
are generated (steps 706 and 710).

[0135] Both the first and the second sets of EEG data are
decomposed into a plurality of components, according to a
common separation algorithm (step 712). The separation
algorithm may employ, for example, principle component
analysis (PCA) and/or independent component analysis
(ICA).

[0136] When using ICA, we assume that we observe n
linear mixtures of n independent components:

X =W S 1+ WSo+ . .. +WyS,, Torall i

[0137] Inthis equation, it was assumed that each mixture x,
as well as each independent component s, are random vari-
ables and x,(t) and s (t) are samples of these random variables
changing in time. Therefore, x,(t,) is a sample of the variable
X, at a time point t,. Similarly, s(t,) is a sample of the com-
ponent s; at a time point t,.

[0138] A vector x is a vector whose elements are the mix-
tures X, . .. X,,. A vector s is a vector with the components s, ,
.8, A matrix W is the matrix containing the elements w,..
The model can now be written:

Equation 5

x=Ws Equation 6
The above can be expanded to
X=wSs Equation 7

where X is an mxn matrix, W is an nxn matrix, and S is an
mxn matrix, as follows:

x(t) 2 (12) x(3) x (@) ... x () Equation 8
x1(t) x(12) x(13) x(d) ... xp(mm)
X -
(1) xpn(12) xp(13) xp(td) ... xp(in)
s1(zl)  51(22) s1(3) s ... osi(m) Equation 9
$52(11)  $2(12) $,(13) sp(td) ... sp(mw)
S =
Sm(tl) $,(12) $,(13) s,(H4) ... sp(n)
Wil Wal ... Wy Equation 10
Wip W e Wyo
W= . . .
Win Wou oo Wiy

[0139] The aim of ICA is to determine both the matrix W
and the independent components s, while knowing only the
measured variables x.

[0140] The ICA can be applied to the data generated at 706
and 710. In this case, X is the basic data matrix entering the
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analysis where the rows corresponds to specific electrode
pairs between which measurements are taken and the col-
umns correspond to time points. An element x,(t,) of the
matrix X is a data point generated by a measurement between
an electrode pairiattimet,. S is the component matrix, where
each row represents a specific component and each column
represents a specific time point. Each component s(t,) is a
certain electrical signal generated at a time pointt, in a certain
area of the patient’s body, and affects each x,(t,) in different
fashion. The manner in which s(t;) affects x,(t,) depends on
a number of parameters, such as the distance between the
body part and the electrode pair, the type of tissues that are
located betweem the body part and the electrode pair, etc. The
effect of s (t,) on x,(t,) is quantified by the weight element w,;
of the matrix W.

[0141] Every column of the matrix W represents a list of
weights which is related to one component (row of matrix S);
every row of matrix W corresponds to one specific electode
pair between which measurements are taken (row of matrix
X).

[0142] As for the PCA technique, it is mathematically
defined as an orthogonal linear transformation that trans-
forms the data to a new coordinate system such that the
greatest variance by any projection of the data comes to lie on
the first coordinate (called the first principal component), the
second greatest variance on the second coordinate, and so on.
[0143] Let us define a data matrix, X, with zero empirical
mean, where each of the n rows represents a different signal,
and each of the m columns gives a particular time point of
measurement.

[0144] The singular value decomposition of X is X=WXV7,
where the mxm matrix W is the matrix of eigenvectors of
XX, the matrix E is an mxn rectangular diagonal matrix
with nonnegative real numbers on the diagonal, and the
matrix V is nxn.

[0145] The PCA transformation that preserves dimension-
ality (that is, gives the same number of principal components
as original variables) is then given by:

Yi=xTw=ys?

[0146] The basic matrix X which enters the analysis is anm
X n matrix as shown above in equation 8, where m is the
number of selected electrode pairs and n is the number of
time-points. Each row of X corresponds to a certain electrode
pair and each column of X corresponds to a certain time point.
The matrix Y corresponds to the component matrix S of
equation 9. The matrix W is the weight matrix as shown in
equation 10. As above, every column of W represents a list of
weights which is related to a certain component (i.e to a row
of matrix Y); every row of W corresponds to a specific elec-
tode pair between which measurements are taken (i.e. to arow
of matrix X).

[0147] Each component is associated with a value which is
indicative of its contribution on a signal measured between a
certain pair of electrodes (and therefore on EEG data gener-
ated by the measurement). In ICA and PCA, such a value is
the weight (i.e. an element w; of the matrix W). Because the
artifact affects the second set of measurements (across sam-
pling lines) more than the first set of measurements (along
bundles), it is expected that the value associated with the
effect of one or more components on one or more pieces of
data of the second set will be significantly higher than any
value associated with the effect of the same components on
any piece of data of the first set. The effects of the components

Equation 11
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on the first data set and the second data set are compared (step
716), and a signal component affected by an artifact is recog-
nized (step 718), namely the specific component whose effect
is significantly higher on the second data set than on the first
data set. Such recognized components are the components
that are affected or generated by the artifact. It should be
noted that the recognized components affect both the first and
second sets of data, even though the first data set is less
affected. Then, the components affected by the artifact are
removed both from the first data set and the second data set
(step 720).

[0148] InICA and PCA, the comparison and recognition of
the artifact is performed as follows. For each component, the
maximal absolute value of the element w,; of the matrix W is
found. This is done by identifying the element w,, , having
the maximal absolute value at each column of the matrix W,
since each column of W corresponds to a different compo-
nent. For any given column, if w,,,,, corresponds to a piece
of data generated by a measurement along bundles (i.e.
W, 451 1S @ matrix element on a row corresponding to a pair of
electrodes connected to the same bundle), such component
affects measurements along bundles (i.e. measurements of
the first set) more than measurements across bundles (i.e.
measurements of the second set). Therefore, the component
corresponding to w,,, ;, is deemed unaffected by the artifact.
[0149] Ifw,,,+, corresponds to a piece of data generated by
a measurement across sampling lines, a maximal weight
(Wazaxo) 1s identified, such that w,,, -, corresponds to the
same component and to a piece of data generated by a mea-
surement along bundles. A relation between the absolute val-
ues of W, 1, and w,,,+- 1s found, and compared to a prede-
termined threshold. If the relation is above or below the
threshold (depending on the nature of the relation), i.e. if the
absolute value of w,,, ,, is significantly higher than the abso-
lute value of w,,, -, then the component corresponding to
Wy and w4 1s recognized as an artifact-affected or
artifact-generated component and is therefore removed. Oth-
erwise, the component is retained. According to a non-limit-
ing example, the relation between w,,,y, and W, is the
ratio R, where

_ Iwmaxal Equation 12

[Wagax1l

R can assume a value between 0 and 1. If R is lower than a
predetermined threshold, the component is removed. If R is
higher than the predetermined threshold, the component is
retained.

[0150] This comparison and recognition process is per-
formed for each column of the matrix W, and each component
corresponding to the given column is either removed or
retained, as described above. After such process, a corrected
signal can be recomposed using only the retained compo-
nents. The corrected signal is a signal which is significantly
unaffected by the artifact.

[0151] The selection of the threshold that differentiates
artifacts from neural components defines whether the VMS
technique is strict or permissive. A strict VMS technique
ensures that most of the artifacts are detected and removed,
and therefore greatly reduces artifact-generated noise. How-
ever, it can also mistakenly identify components generated by
brain as artifacts, and thereby delete data that may contain
important information. One the other hand, a permissive
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VMS technique ensures that most neural components are
recognized as such and retained. However, the application of
apermissive VMS technique on EEG measured data may lead
to mistakenly retain artifact-affected or artifact-generated
components, adding noise to the reconstructed corrected sig-
nal.

[0152] According to a non-limiting example, tests per-
formed by the inventors have determined that a possible per-
missive VMS technique may be achieved by recognizing as
artifacts such components in which the absolute value of
maximal weight across bundles is more than twice higher
than the absolute value of maximal weight across bundles (i.e.
if R<0.5). In contrast, in a possible strict VMS technique,
components recognized as artifacts are components in which
Wiz and w,, - correspond to pieces of data generated by
measurements across bundles.

[0153] Referring now to FIG. 10, a flow chart 730 exem-
plifies another (second) method for recognizing and sup-
pressing an artifact (e.g. motion artifact and/or an gradient
artifact) generated in an EEG measurement in the presence of
a magnetic field. The method 730 is based on the fact that a
source of electric field inside a patient’s head produces elec-
tric potentials (neural signals) that are predictably distributed
between EEG electrodes according to the electrodes’ posi-
tions on the scalp. Conversely, signals induced by movements
of head and EEG cables inside magnetic field (motion arti-
facts) or by a changing magnetic field (gradient artifacts) are
dependent on the whole electric loop configuration (head and
wires) and not only on EEG electrode locations on the scalp,
and are therefore not predictably distributed over the head’s
surface. This feature can be used to separate neural signals
from artifacts generated by the presence of the magnetic field.
It should be noted, however, that the method 730 is more
effective when the distances between electrodes A, B, and C
are substantially smaller than the circumference of the head.
This is because the head is a volume conductor has an irregu-
lar shape, and the homogeneity of conductor surface and
conductor volume is larger when the electrodes A, B, and C
are close to one another (in the same region). In this manner,
it can be ensured that a neural signal propagating through the
head toward the three electrodes is affected by the very simi-
lar volume and/or surface characteristics of the head. This, in
turn leads to an increase in the predictability of the neural
signal measured between one pair of the electrodes based on
the neural signal measured between the two remaining elec-
trode pairs. The method 730 of the invention will be hereafter
referred to as an estimated-versus-measured (EVM) tech-
nique, and is capable of detecting and suppressing both BCG
and NBCG interference related to any motion.

[0154] Instep 732, an electrode array and a wiring array are
provided, such that at least some measurements can be per-
formed between electrodes not connected to the same sam-
pling lines. Optionally, the electrode array also includes one
or more bundles (as described, for example, in FIG. 2) to
enable measurements between electrodes connected to the
same bundle. At 738, measurements across sampling lines are
selected, and at 740, a data set indicative of such measure-
ments across sampling lines is generated (in a manner similar
to steps 708 and 710 of FIG. 9). Optionally, but not necessar-
ily, if one or more bundles are present in the wiring array
provided in step 732, then measurements along bundles are
selected at 734 and a data set indicative of such measurements
along bundles are is generated (in a manner similar to steps
704 and 706 of FIG. 9). At 742, the full data set (whether it
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comprises only data indicative of measurements across
bundles, along bundle, or both) is decomposed into compo-
nents, similarly to the step 712 of FIG. 9. Following the
decomposition into components of step 742, a triplet of elec-
trodes (named, for example A, B, and C) is selected for one or
more component of the measured signals at 744. In each
triplet, at least one of the electrodes is connected to a sampling
line to which the other two are not connected. For example,
this may be achieved when all three electrodes are connected
to three different sampling lines or when two of the electrodes
are connected to wires of the same bundle while the third
electrode is connected to a different sampling line. In a pre-
ferred embodiment, a triplet corresponding to a specific com-
ponent is chosen by identifying the highest effect of the
specific component on a bipolar measurement, and determin-
ing a first pair of electrodes (for example A and B) corre-
sponding to such bipolar measurement. After the first pair has
been found, two more adjacent electrode pairs are selected
(pair BC and pair AC), such that a bipolar measurement has
been performed in steps 734 and/or 738 between the elec-
trodes corresponding to both pairs. In this manner, a triangle
ABC is formed between the electrode triplet. The selection of
the pair corresponding to the component’s maximal effect is
especially advantageous in ICA or PCA, where components
typically approximate the signals generated by physical inde-
pendent sources, when such component values are at or near
their maximal values. Conversely, at or near their minimal
values, the ICA or PCA components may not correspond to
any physical source at a given location, and are rather spuri-
ous signals artificially created by the mathematical operations
of ICA or PCA.

[0155] Ifthe components have been determined via ICA or
PCA, then the maximal effect of a specific component corre-
sponds to the element w;; (weight) having the maximal abso-
lute value on the column of matrix W which corresponds to
specific component. The row to which the element w;
belongs is used in order to determined the first pair of elec-
trodes.

[0156] Following the selection of the electrode triplet, for
each of the components of interest, an analysis is performed
on the gradients of each component along respective sides of
the triangle formed by said electrodes. Steps 746-754
described below describe in detail this analysis of gradients.
[0157] At 746, the component gradients along the lines of
the triangle defined by the triple of electrodes or values
indicative of (e.g. proportional to) such component gradients
are identified. If the components were determined by ICA or
PCA, the values indicative of such component gradients are
the weights corresponding to the three electrode pairs.
[0158] At 748, a vector sum of two gradients of the com-
ponent along two of the triangle’s sides is performed, in order
to predicted the component’s gradient along the triangle’s
third side. Alternatively, the vector sum of two values indica-
tive of such two gradients is performed, in order to predict the
third value indicative of the component’s gradient along the
triangle’s third side. At 750, the predicted component (or
value indicative thereof) is compared to the component’s
gradient along the triangle’s third side determined during the
decomposition step 742 (or to the value indicative of the third
component, as determined during the decomposition step
742). As explained above, if the source of the component is
originated inside the head, the vector sum of the component’s
gradients along the lines AB and BC is a vector along the line
AC; conversely, if the component is an artifact (induced by
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movement of EEG electrode cables and/or of an EEG ampli-
fier inside magnetic field and/or by a changing magnetic
field), the component’s gradient along the line AC does not
correspond to vector sum of the component’s gradients along
the lines AB and BC. Thus the comparison between the third
gradient predicted at 748 and calculated at 742 enables the
identification of components affected or generated by an arti-
fact, at 752. This may be done, for example, by determining a
relation (such as a ration or a difference, for example)
between the predicted third gradient and the calculated third
gradient, and comparing the relation to a threshold value. The
component is therefore deemed to correspond to a physical
source within the brain or to an artifact according to the result
of'the comparison to the threshold value. At 754, the compo-
nents affected or generated by an artifact are removed, while
the components deemed to be generated by the brain are
retained. After step 754, a corrected signal can be recomposed
using only the retained components. The corrected signal is a
signal which is significantly unatfected by the artifact.

[0159] It should be noted that even though, the steps 744 to
754 relate to using measurements between a triplet of elec-
trodes for identifying artifacts, the present invention is not
limited to such feature. Rather, any number N of electrodes
may be used for each component, as long as N>2 and as long
as at least two of the electrodes are connected to the same
bundle while at least one of the electrodes is connected to a
different sampling line. In such case, the estimated compo-
nent (or value indicative thereof) is found by a sum of N-1
vectors extending along the sides of the N-sided polygon
formed by the N electrodes. The estimated component (or
value indicative thereof) and is then compared to the compo-
nent (or value indicative thereof) determined during the
decomposition step 742 in order to establish whether the
component is of neural origin or an artifact.

[0160] It should be noted that though the EVM technique
described in the method 730 may be applied to identify and
suppress artifacts by itself, the EVM technique may be per-
formed in conjunction to another artifact identification tech-
nique, in order to increase the discriminative power such
technique. For example, the steps 744 to 752 of the method
730 may be added between the steps 718 and 720 of the VSM
method 700 of FIG. 9. In this manner, at least some of the
components that are deemed to be affected or generated by an
artifact in the method 700 can be further analyzed in order to
avoid mistakenly classifying components generated by
physical portion of the brain as artifact-aftected or artifact-
generated. The addition of such additional steps to the method
700 may also classify some components the source which
cannot be classified with certainty after the analysis of the
method 700. Similarly, the VSM (method 700) technique may
be used after the EVM technique (method 730), in order to
increase the EVM technique’s discriminative power.

[0161] The method of flowchart 730 is preferably used in a
system which includes a wiring array having at least one
bundle to which a series of electrodes are connected and at
least one sampling line which is connected to an electrode
which is not connected to the bundle. This is because the
artifacts are generated by all parts of the electric loop: namely,
(1) the section of head between electrodes, (ii) the wires, and
(iii) an amplifier (if present). When wires are close one to
another, then the portion of artifact generated the section of
head between electrodes is larger than the portions of artifact
generated by the wires. Therefore the artifact generated
within the section of the head may distributed between EEG
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electrodes according to the electrodes’ positions on the scalp.
This leads to the fact that such interference will still fit geo-
metrical model, according to which the vector sum of the
component’s gradients (weights) along two sides of the tri-
angle is equal to a vector having a direction parallel to the
third side of the triangle and the magnitude of the compo-
nent’s gradient along the third side of the triangle. Using a
net-like array of intersecting bundles array guarantees that at
least one side of the triangle is defined by two electrodes not
belonging to the same bundle. In this manner, a larger portion
of artifact related noise is generated by the wires (rather than
the head) and such noise is easy to identify since it does not
obey the above-mentioned geometrical model.

[0162] Moreover, a further advantage may be attained by
performing the method of flowchart 730 in a system which
includes a wiring array having a net-like structure formed by
two intersecting groups of spaced-apart sampling lines
(which may be all or include some wire bundles, as described
above in FIGS. 1-2, and FIGS. 4 to 7), as such a wiring array
assists to optimal ICA or PCA components discrimination.
This is because if the bundles extended parallel to a single
axis, then a neural activity producing a neural signal having a
gradient that is mostly in the direction of across bundles may
be sampled with poor signal to noise ratio. This may lead to
wrong decomposition into components, which can result in
an erroneous identification of such neural signal as noise.
[0163] Referring now to FIG. 11, an example is provided,
explaining one way to apply some steps of the method 730 in
FIG. 10 in order to recognize an artifact.

[0164] Three electrodes A, B, and C constitute or are part of
an electrode array used for measure a plurality of signals. The
electrode A and B are respectively connected to the wires 780
and 782, both wires, which may, for example, belong to a
single bundle 784. The loop created by the wires 780 and 782
is therefore relatively small. Optionally, the electrodes A and
B are adjacent electrodes and are connected to adjacent wires,
such that the electrical loop created by the wires is even
smaller. The electrode C is connected to a wire 786, which
belongs to a sampling line forming a relatively large loop with
the bundle 784. It should be noted that for the purposes of the
EVM technique, the electrodes A and B need not be con-
nected to the same bundle. It is, however, important that at
least one of the electrode pairs (A-B, B-C, and C-A) be
constituted by electrodes connected to different sampling
lines. After the measured signals are decomposed into a plu-
rality of components (see, for example, step 712 in FIG. 9, or
step 742 in FIG. 10), a certain component s, is analyzed by
using the electrodes A, B, and C. The component s, is calcu-
lated by using measured EEG data obtained while the EEG
electrodes were within a magnetic field (e.g. generated by an
MRI or MRS scanner, or a TMS device) (see, for example,
steps 704, 706, 708, and 710 in FIG. 9).

[0165] A component s, has a gradient s 5 1n the direction
from the electrode A to the electrode B, a gradient s scinthe
direction from the electrode B to the electrode C, and a

gradient ?C ., in the direction from the electrode C to the
electrode A. AB, BC, and AC are the distances between the
electrodes A and B, B and C, and A and C respectively. The
angle € is the angle between AB and BC.

[0166] Therefore,
AC?=AB?+BC?-24B-BC-cos(e) Equation 13
cos(e)=(4B*+BC?-AC?)24B-BC Equation 14
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[0167)]

ent ?C ., estimated by the vector sum between the gradients

Then the magnitude s, ., zs7 of the diagonal gradi-

— — .
s yzand s z-1s:

12

— 2 2 . . i
S; ca EST=LS: 4B +S: B —28; 4°S: B c08(€)] Equation 15

wheres, ,z and s, ;. are the magnitudes of the gradients of the
component s, between the electrodes A and B, and B and C,
respectively.

[0168] A ratio T between s, -, zsrands, ~, is defined as

T=$; ca B575i c4 Equation 16

where s, ., is the magnitude of gradient of the component s
between the electrodes C and A.

[0169] When T is close to 1, the component s, can be clas-
sified as a neural signal originating within the head of the
patient or test subject. If T is far from 1, the component is
classified as a motion or interference artifact originating from
cables or amplifier. Optionally, T is compared to a predeter-
mined threshold in order to classify the component s. The
choice of such predetermined threshold defined whether the
EVM technique is strict or permissive. A strict EVM tech-
nique can efficiently recognize and suppress most artifacts,
but may also mistakenly suppress neural signals. A permis-
sive EVM retains more of the neural signals, but may also
retain more of the artifacts, compared to strict EVM. Accord-
ing to a non-limiting example, tests performed by the inven-
tors have determined that a possible permissive EVM tech-
nique may be achieved by recognizing as neural signals those
components that satisfy the condition 0.5<T<2. A possible
strict EVM technique may be achieved by recognizing as
neural signals those components that satisfy the condition
0.75<T<1.5.

[0170] The above geometrical analysis of the component s,
can be performed only if the distances AB, BC, and CA along
the head’s surface and the angle € can be measured or calcu-
lated to a sufficient degree of accuracy. It should be noted that
the head is not ideal sphere. Therefore, if the distances
between electrodes are comparable with the head’s circum-
ference, an accurate measurement/calculation of the dis-
tances AB, BC, and CA and of the angle E should take into
account both the changes in the head’s curvature and the
electrode distances along the head’s surface. It is therefore
preferable to keep the distances AB, BC, and CA substantially
smaller than the head’s circumference, in order to easily
measure or calculate such distances.

[0171] Sometimes, it may be difficult to accurately measure
or calculate the distances AB, BC, and CA and the angle €.
This may be, for example, because at least one of the elec-
trodes is within the patient’s or test subject’s head, as is the
case in intercranial EEG. In such cases, geometrical informa-
tion about the electrodes configuration used in the system
(e.g. on the scalp and/or in the head) can be obtained via
measurement of neural signals outside a magnetic field—
provided that the same electrode array is used (or virtually
recalculated via a different EEG array), and that effect of
interference outside the magnetic field is substantially lower
than the neural signal.

[0172] To infer the geometrical information about the elec-
trodes’ configuration, a neural signal x is measured outside
the magnetic field. x , z, X5 ~and x -, are gradients of the signal
x along AB, BC and CA, respectively, measured outside the
scanner.

X=X 45X p = 2X 45X g COS(€) Equation 17
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Therefore, cos(e) can be calculated by:
cos(e)=(x15"+¥p XV X un¥nC

[0173] Once cos(e) is known, then the electrode array can
be used for EEG measurements in the presence of a magnetic
field. As above, signals are measured and decomposed into

Equation 18

components. The component s, has gradients s, 4, S; sc»
and ?i c4- Using equations 18 and 15, the magnitude S, ., zs7

of'the diagonal gradient s

i CA4 estimated by the vector sum between the

gradients s ; 45 and ?i sc 1s estimated. In this manner a ratio
between s, -, zsrand s, -, in the presence of magnetic field
can be found, according to equation 16, in order to determined
whether the signal s is a neural signal or an artifact.

[0174] Referring now to FIG. 12, there is schematically
shown a system 800 of the present invention, for optimizing
EEG measurements by recognizing and suppressing an arti-
fact generated in the EEG measurement in the presence of a
magnetic field.

[0175] The system 800 includes an electrode arrangement
802, a wiring array 804, and an EEG monitor 504. The latter
is associated with a control unit 808. The control unit 808 is
either a utility integral with the EEG monitor 504, or a sepa-
rate unit connected to the EEG monitor 504 via wires or
wireless signal transmission. The control unit includes inter
alia a processing utility configured and operable for receiving
and processing the EEG data from the EEG monitor 504.
[0176] Intheelectrode arrangement 802, a plurality of elec-
trodes, five such electrodes 810, 811, 812, 813, and 814 being
shown in the present example, are disposed along a scalp ofa
patient 306 according to a certain configuration, for example
according to the International 10-20 system. The wiring array
804 includes different bundles (816, 817, and 818, for
example) of wires tightly held together, for example as shown
in FIG. 2.

[0177] The bundles may be arranged along substantially
parallel axes or intersecting axes, and can thus be parallel, non
parallel, or crossing. It should be understood that in this
embodiment, the wiring array may or may not be formed of
two groups of bundles extending along substantially perpen-
dicular axes (as in the embodiment of FIG. 1), but may
include substantially parallel bundles. However, the use of
crossing bundles arrangement, e.g. a two-group net structure
similar to that of FIG. 1, would even more improve the motion
artifact reduction. This is because the presence of crossing
bundles enables a comparison of EEG measurements per-
formed along and across bundles between the crossing (non-
parallel) bundle groups. This is particularly advantageous in
cases in which the neural component ofa signal (brain electric
field gradient) has an orientation substantially perpendicular
to one group of bundles. In such cases, if measurements were
performed using a single group of non-crossing bundles, the
values (for example weights) corresponding to the effect of
the components on pieces of data generated by measurements
across bundles would be consistently higher than the values
corresponding to the effect of the same components on data
pieces generated by measurements along bundles, because of
the orientation of the neural signal and not necessarily
because of an artifact. Therefore, even components unaf-
fected by the interference would seem to aftect the measure-
ments across the bundles more than they affect the measure-
ments along bundles, and would therefore be erroneously
recognized as affected by an artifact and removed from the
data.
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[0178] Incontrast, using a net structure of crossing bundles
(forexample, perpendicular bundle groups) enables measure-
ments across and along bundles to be performed in two direc-
tions (across and along the first bundle group, and across and
along the second bundle group). Components substantially
unaffected by an artifact would greatly affect both the mea-
surements across bundles in the group perpendicular to the
neural signal and the measurements along bundles in the
group not perpendicular (for example parallel) to the neural
signal in about the same manner, because of the direction of
the neural signal. On the other hand, components affected by
an artifact would greatly affect measurements across bundles
in the group perpendicular to the neural signal, but would
have a lesser effect on measurements along bundles in the
group not perpendicular (for example parallel) to the neural
signal. Therefore, the comparison of the maximal effects of
components on data generated by measurements along and
across bundles in two directions is used for recognizing the
artifact-affected components.

[0179] Thus, theelectrodes are connected to the EEG moni-
tor 504 via the wiring array 804. The EEG monitor 504 is
designed for receiving the neural signals measured between
electrode pairs and generating EEG measured data indicative
thereof. The EEG monitor is capable of simultaneous reading
of the measured data from multiple electrodes (electrode
pairs). To this end, the EEG monitor may include a plurality
of'signal receiving channels, each for receiving a signal mea-
sured between a different pair of electrodes. The output of the
EEG monitor 504 is thus indicative of a plurality of signals
each corresponding to the measurement between a respective
pair of electrodes.

[0180] The control unit 808 receives the measured data and
selects appropriate data pieces for processing. The selected
data pieces correspond to first and second sets of bipolar EEG
measurements. The first set of bipolar EEG measurements
includes measurements between at least one pair of elec-
trodes connected to the same bundle. These may be for
example the electrodes 810 and 812 connected to wires
belonging to the same bundle 816, and/or the electrodes 811
and 813 connected to wires belonging to the same bundle 817.
The second set of bipolar EEG measurements includes mea-
surements performed only between electrodes of at least one
pair connected to different bundles. For example, these may
be the electrodes 810 and 814, and/or 812 and 813.

[0181] Thecontrol unit 808 is designed and operable for the
above described selection of the measured data pieces and for
processing the selected data. The processing includes decom-
posing each data piece (presenting differential measure-
ments, i.e. by at least one pair of electrodes) into a plurality of
components as shown in step 712 of FIG. 8. The processing
may further include comparing the effect of the components
onthe first data set and on the second data set, and recognizing
the artifact-affected signal components, satisfying a predeter-
mined condition as described above with reference to steps
716 and 718 of FIG. 8. Additionally, or alternatively, the
processing utility of the control unit 808 may include soft-
ware modules configured for comparing gradients of compo-
nents of measured signals to the estimates of said gradients
obtained using geometrical information regarding the geo-
metrical distribution of electrodes on and/or in the head of a
patient or test subject, and recognizing the artifact-affected
signal components, satisfying a predetermined condition as
explained with reference to steps 744 to 752 of FIG. 10. Then
the processor utility of the control unit operates for subtract-
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ing each artifact-affected component from the corresponding
piece of data and generating corrected EEG data (unaffected
by the artifact or having significantly reduced artifact com-
ponent), as described above, with reference to step 720 of
FIG. 9 and/or step 754 of FIG. 10. The control unit 808 may
be preprogrammed with a certain separation algorithm, or is
preferably preprogrammed with multiple algorithms of the
kind specified and enables selection (by user or automati-
cally) ofadesired (optimal) separation algorithm. The control
unit 808 may be programmable by a user, enabling the user to
create the user’s custom separation algorithm.

[0182] Whilevarious embodiments of the present invention
have been described above, it should be understood that they
have been presented by way of example only, and not of
limitation. Those skilled in the art will readily appreciate that
various modifications and changes can be applied to the
embodiments of the invention as hereinbefore described
without departing from its scope defined in and by the
appended claims.

[0183] The following are some specific but not limiting
examples of using various embodiments and aspects of the
present invention as delineated hereinabove for EEG mea-
surements using external to body and/or implanted elec-
trodes’ arrangement.

[0184] Reference is now made to FIGS. 134-13f; illustrat-
ing graphical representations of simultaneous EEG and fMRI
measurements performed on a test subject, as well as graphi-
cal representations illustrating results yielded by the applica-
tion of the VMS technique of FIG. 9 on the EEG measured
data.

[0185] A basic prototype of the electrode and wiring array
was built. A first group of electrodes consisted of thirty elec-
trodes connected to nine wire bundles extending parallel to a
longitudinal axis, a reference electrode, and a ground elec-
trode connected to one amplifier. A second group of elec-
trodes consisted of thirty electrodes connected to nine wire
bundles extending parallel to a transverse axis, a reference
electrode, and a ground electrode connected to one amplifier
connected to a second amplifier. Labels of electrodes corre-
spond to labels of standard 10-20 montage except electrodes
Tp9 and Tp10 of transverse bundle, which were located on the
forehead, above the eyebrows. Reference and ground elec-
trodes were located at FCz and AFz respectively. All wires
were made of non magnetic metal. The noise reduction
method of FIG. 9 was implemented in MATLLAB. EEG and
FMRI data was analyzed in MATLAB.

[0186] A subject with epilepsy was scanned in simulta-
neous EEG-fMRI using the prototype electrode array. The
subjects had epileptic activity during the scan. Results show
that the use of the electrode array and the VMS noise sup-
pression method 700 of FIG. 9 significantly reduces artifacts
induced by movement inside magnetic field, and allows
detecting epileptic activity occurring in a deep source (e.g.,
located deep inside fissure, sulcus, insula or basal brain areas)
(as demonstrated by corresponding fMRI activity) and char-
acterized by low amplitude (i.e. low magnitude of EEG sig-
nal), that cannot be seen with state of the art technology (see
FIG. 13a, for EEG with state of the art cleaning approach, and
FIG. 135 for EEG with the developed noise suppression
method). EEG activity detection also enabled the identifica-
tion of the focus of activity using the f{MRI (FIG. 131). The
results obtained for the patient were in most cases correlated
with epileptogenic zone location hypothesis. The below
results suggest that the developed technology can be used
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effectively and reliably to identify focal epileptic activity and
location of its origin in the brain.

[0187] With reference to the tested subject, the semiology
of the patient’s seizures is vague head feeling followed by
clonic left hand movements, usually without loss conscious-
ness. Sometimes disorientation appears later. In referential
EEG montage without an artifact suppressing technique, epi-
leptic spikes were hard to detect (F1G. 13a). After application
of the VMS technique of FIG. 9, three types of spikes were
recognized in the EEG data (FIG. 13¢). Type C was most
prominent and distributed, and was the only type of spike that
could be easily seen when referential montage was converted
to a virtual bipolar montage, even before artifact suppression
(FIG.135b). As can be seen in FIG. 13/, which illustrates {MRI
scans at different depths in the subject’s brain, the type C
spike is correlated with blood-oxygen-level dependent
(BOLD) deactivation in bilateral, frontal, more right than left
regions of the brain (the BOLD deactivation being identified
by fMRIscans). Deactivation also appeared in parieto-occipi-
tal midline region.

[0188] Type A spike was according to EEG a focal, right
frontal spike, mainly with transverse EEG gradient. This
spike appeared mostly after type C bursts. The BOLD corre-
lates of type A spikes include deactivation in right and left
dorso lateral frontal regions 900, bilateral parietal and mesial
occipito-parietal regions 901, as can be seen in FIG. 13f.
These patterns correspond to default mode network activity,
therefore they are not specific. Spike C correlates of BOLD
activity include activation patterns in right frontal dorso-
lateal and mesial 902 regions as well as occipital regions 903.
[0189] Type B spike was often independent, or appeared
before type C bursts. Its transverse EEG gradient was mainly
central. Its longitudinal gradient was mainly fronto-central.
As can be seen in FIG. 13, the type B spike correlated with
BOLD activation in right superior frontal and dorso-lateral
regions 904 with extension to the mesial surface 905. Result-
ing fMRI activation pattern corresponded well to the semiol-
ogy of patient’s seizures which were short and started by
unclear head sensation, progressed to left hand clonic move-
ments with some disorientation. More specifically, activation
in right frontal mesial regions (905 and 902) close to singulate
girus correspond to vague head feeling while right dorso-
lateal activation (904) and right frontal mesial region activa-
tion close to SMA corresponds to clonic left hand move-
ments.

[0190] FIG.14a shows arepresentation of an EEG signal of
a test subject over time as detected by a plurality of electrode
pairs. The EEG signal shown in FIG. 144 has been decom-
posed into components via ICA, and recomposed after iden-
tification and removal of components that were deemed to be
artifacts according to the VMS technique described in FIG. 9.
The removed components were deemed to be artifacts, since
their effect was significantly higher measurement across
bundles than they were on measurements along bundles. A
small epileptic spike is observable just before 496 seconds of
recording.

[0191] FIG. 14billustrates the ICA components of the EEG
measured data before artifact removal. FIG. 14¢ shows the
ICA components of the EEG measured data after artifact
suppression, i.e. after zeroing the noise components that have
highest weights on measurements across bundles and retain-
ing the components related to brain signal.

[0192] In FIG. 145, component No. 2 (marked with an
arrow) is a cardiobalistic noise component that was removed
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accordingly by artifact suppression. The following geometri-
cal considerations were then used according to the EVM
technique of FIG. 10, in order to determine whether the
removal of component No. 2 was justified.

[0193] First of all, a suitable electrode triplet was selected
(step 744 of FIG. 10). To do this, the electrode pair in which
the measurement was most strongly affected by component
No. 2 was identified as the pair including the electrodes C3
and P3 (bipolar channel C3-P3). Adjacent bipolar channels
forming a triangle were identified as the P3-Cpl Cpl and
Cp1-C3 channels. Weights associated with component No. 2,
termed, were identified along the three electrode pairs (step
746 of FIG. 10), where w, was the weight corresponding to
the C3-P3 channel, w, was the weight corresponding to the
P3-Cp1 channel, and w5 was the weight corresponding to the
Cp1-C3 channel. D, was the distance between the electrodes
C3 and P3. D, was the distance between the electrodes P3 and
Cpl. D, was the distance between the electrodes C3 and Cp1.
The sign of the weights depended on the direction of mea-
surement.

D=40 mm w=2.7
D,=30 mm w,=2.13

D3=38 mm w;=0.58

[0194] According to equation 14:
cos()=(D,*+D,°~D3%)/2 D, D,=0.44
[0195] According to equation 15, the gradient along the

Cp1-C3 line predicted by a vector sum of the gradient along
the C3-P3 line and the gradient along the P3-Cp1 line was
calculated (step 748 of FIG. 10)

e 2. 2 12
i3 EsT=LS: 14y 5= 285 178; ycos(@)]

[0196] where S, ; ;o 1s the estimated gradient of the com-
ponent No 2 along the line connecting the electrodes C3 and
Cpl; s, ; is the gradient of the component No 2 along the line
connecting the electrodes C3 and P3; and s, , is the gradient of
the component No 2 along the line connecting the electrodes
P3 and Cpl.

[0197] However, keeping in mind that:

= s
$i3 EST W3 EST
S; 1=WiS
S;o=wos

where s is the value of component No 2, equation 15 can be
rewritten as:

W3 gs7=V W2+ Wwy2—2c0s0w wo=4.11

[0198] Therefore a comparison between the estimated gra-
dient (weight) of the component No 2 along the line connect-
ing the electrodes C3 and Cp1 and the gradient of the com-
ponent No 2 along the line connecting the electrodes C3 and
Cp1 calculated from the measured EEG data was performed
(step 750 of FIG. 10) by calculating a ratio T, according to
equation 18:

T=(s; 3 £57/S: 3)=W3 EsT/W3=8

[0199] Theestimated weight of component No. 2 was much
larger than the weight calculated from the measured EEG
data. Hence it was concluded that component No. 2 did not
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obey geometrical considerations and justifiably identified as
an artifact (step 752 of FIG. 10) and rejected (step 754 of FIG.
10).

[0200] Component No. 18 (marked with an arrow in FIG.
14c¢) was preserved by the VMS technique of FIG. 9. Hence it
is probably a brain signal component. A geometrical analysis
analogous to that performed above with reference to compo-
nent No. 2 was also performed for component No. 18.
[0201] The highest weight of component No. 18 belonged
to the bipolar channel FC5-CPS5. Adjacent channels forming a
triangle are CP5-C3 and C3-FC5. According to the data
showed in FIG. 155, it was found that cos(ct)=0.98, w; zo,=1.
72, and T=1. The estimated weight of component No. 18
along the C3-FC5 line was therefore very close to the weight
of component No. 18 along the C3-FCS5 line calculated from
the measured EEG data. Hence we can conclude that compo-
nent No. 18 represented a neural signal and was justifiably
retained.

[0202] Component No. 35 (marked with an arrow in FIG.
145) was removed by the VMS technique of FIG. 9. However,
a behavior in time of component No. 35 reveals that compo-
nent No. 35 may have contained some of the spike signal seen
in 496 sec. It was therefore postulated that component No. 35
was mistakenly removed.

[0203] A geometrical analysis of component No. 35 was
therefore performed according to the EVM technique of FIG.
10. The highest weight of component No. 35 belonged to the
bipolar channel Fp1-C3. Adjacent channels forming a tri-
angle are F3-Fz and Fz-Fp1.

[0204] According to the data showed in FIG. 145, it was
found that cos(a)=0.45, w; z;=3.05, and T=1.2. The esti-
mated weight of component No. 35 along the Fz-Fp [ line was
therefore very close to the weight of component No. 35 along
the Fz-Fpl line calculated from the measured EEG data.
Therefore, it was appropriate to suspect that most of compo-
nent No. 35 is generated by brain activity rather than by an
artifact. Hence this component might have been incorrectly
removed by the VSM technique of FIG. 9 with too strict a
threshold. Adding component No. 35 back into the recon-
struction of the EEG data (FIG. 144), increased the amplitude
of the epileptic spike just before 496 seconds, and allows a
clearer identification of the epileptic spike, as well as the
recognition of additional details of spiking waveforms relat-
ing to the epileptic spike that may have been lost is the
geometric analysis of the EVM technique had not been per-
formed. Examples of such details may include, for example,
a large negative amplitude spike followed by a larger ampli-
tude wave shape seen in frontal electrodes, for example Fp1-
Fp2, FC5-FC1. Additional revealed details are slow wave
activity seen just before and immediately after the spike.
[0205] Referring now to FIGS. 16a-16d and FIGS. 17a-
175, FIG. 16a illustrates a corrected EEG signal recon-
structed after the application of a strict EVM technique on
measured EEG data (components in which 0.75<T<1.5 are
recognized as artifacts, as explained above, with reference to
FIG. 10); FIG. 164 illustrates a corrected EEG signal recon-
structed after the application of a strict VMS technique on
measured EEG data (components in whichw, ., andw,,, ;-
correspond to pieces of data generated by measurements
across bundles are recognized as artifacts, as explained above,
with reference to FIG. 9); FIG. 16c¢ illustrates a corrected
EEG signal reconstructed after the application of a permissive
EVM technique on measured EEG data (components in
which 0.5<T<2 are recognized as artifacts, as explained
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above, with reference to FIG. 10); and FIG. 164 illustrates a
corrected EEG signal reconstructed after the application of a
permissive VMS (components in which R<0.5 are recognized
as artifacts, as explained above, with reference to FIG. 9)
technique on measured EEG data. FIG. 17a illustrates a cor-
rected EEG signal reconstructed after the application on EEG
measured data of an artifact suppression technique consti-
tuted by a strict VMS technique and a strict EVM technique.
FIG. 175 illustrates a corrected EEG signal reconstructed
after the application on EEG measured data of an artifact
suppression technique constituted by a strict VMS technique
and a permissive EVM technique.

[0206] In the figures, epileptic spike activity is seen near
387 second. It can be seen that the application of strict of strict
EVM (FIG. 16a) and strict VMS (FIG. 165) led to good noise
suppression, but also some epileptic signal was lost. Permis-
sive EVM (FIG. 16¢) and permissive VMS (FIG. 16d) led to
more complete epileptic signal reconstruction, but also some
nose was retained in the data. The combination of VMS and
EVM (FIGS. 17a-176) led to compromise results with satis-
factory noise suppression and satisfactory epileptic signal
reconstruction. More specifically, FIG. 176 demonstrates
more details of epileptic signal than FIG. 17a. For example, in
FIG. 174, the signal measured between the electrodes T8 and
P8 practically lacks any indication of an epileptic signal,
while in FIG. 175 a clear sharp wave is detected between the
same electrodes T8 and P8. The same is true for electrode pair
FP1-FP2. It can also be noticed that there is little difference in
noise between FIGS. 17a and 175b. Therefore, by select in the
strictness/permissiveness of VSM and EVM, the combination
of VSM and EVM can be tailored such that components
having a neural origin are retained while most artifacts are
rejected.

1. A measurement device for use in an EEG measurement
performed in the presence of a magnetic field, the device
comprising a wiring array for connecting an electrodes
arrangement to an electroencephalogram (EEG) monitoring
device, wherein:

the wiring array comprises a plurality of sampling lines

arranged to form a first group of sampling lines arranged
in a spaced-apart substantially parallel relationship
extending along a first axis, at least some of said sam-
pling lines being wire bundles of said first group com-
prising a plurality of first wires for connecting to a cor-
responding first plurality of electrodes of said EEG
electrodes arrangement; and a second group of sampling
lines arranged in a spaced-apart substantially parallel
relationship extending along a second axis, intersecting
with said first axis, such that said second group of
bundles crosses said first group of bundles to form a net
structure, at least some of said sampling lines being wire
bundles of said second group comprising a plurality of
second wires for connecting to a corresponding second
plurality of electrodes of said EEG electrodes’ arrange-
ment;

the wiring array is configured and operable for transmitting

a signal measured by the respective electrodes to the
EEG monitoring device, enabling generation of EEG
data indicative of the neural signal profile along two
directions and characterized by reduced motion artifact
and/or reduced gradient artifact associated with the pres-
ence of the magnetic field during the EEG measurement.

2. The device of claim 1, wherein said second axis is

substantially perpendicular to said first axis.
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3. The device of claim 1, wherein the net structure formed
by said first group of sampling lines and said second group of
sampling lines has one of the following configurations: (a) is
configured for connecting said EEG monitoring device to the
EEG electrodes positioned along a patient’s scalp according
to the International 10-20 system; (b) is configured for con-
necting said EEG monitoring device to the EEG electrodes, at
least some of said electrodes being joined to the patient’s head
in one of the following manners: non-invasively placed on the
patient’s scalp, semi-invasively joined to the patient’s head
epidural region, and invasively joined to the patient’s head
subdural region.

4. (canceled)

5. The device of claim 1, wherein at least some of the
sampling lines are configured for being removably connect-
able to the respective EEG electrodes, thereby allowing for a
replacement of at least some of the EEG electrodes between
scans.

6. The device of claim 1, wherein at least one of said first
and second groups of sampling lines is divided into at least
two subgroups, the sampling lines of the sub-groups belong-
ing to the same group being arranged in an alternating fashion
such that any two adjacent sampling lines belonging to a
certain group belong to different subgroups of said certain
group.

7. A net structure configured for being placed on a patient’s
scalp in an EEG measurement performed in the presence of a
magnetic field, the net structure comprising a wiring arrange-
ment, which comprises first and second groups of sampling
lines including wire bundles and extending along first and
second intersecting axes respectively, each group being
formed by a plurality of spaced-apart substantially parallel
sampling lines transmitting EEG signals from a respective
plurality of spaced-apart EEG measurement locations,
thereby enabling to read EEG data from the measurement
locations via the first and second groups of sampling lines,
while decreasing at least one of a motion artifact and a gra-
dient artifact generated in the EEG measurement.

8. A measurement device for use in an EEG measurement
performed in the presence of a magnetic field, the device
comprising: a net structure configured for being placed upon
a patient’s scalp and comprising a plurality of EEG elec-
trodes; and a wiring array according to claim 1, for connect-
ing said plurality of electrodes to an EEG monitoring device.

9. A cap configured for being worn by a patient in an EEG
measurement performed in the presence of a magnetic field,
the cap carrying a wiring arrangement, which comprises first
and second groups of sampling lines including wire bundles
and extending along first and second intersecting axes, each
group being formed by a plurality of spaced-apart substan-
tially parallel sampling lines, each sampling line being con-
figured for transmitting EEG signals from a respective plu-
rality of spaced-apart EEG measurement locations, thereby
enabling to read EEG data from the measurement locations
via the first and second groups of sampling lines, while
decreasing at least one of a motion artifact and a gradient
artifact generated in the EEG measurement.

10. A cap configured for being worn by a patient during an
EEG measurement performed in the presence of a magnetic
field, the cap comprising:

a plurality of EEG electrodes; and

a wiring array according to claim 1, for connecting said

plurality of electrodes to an EEG monitoring device.

11. The cap of claim 10, further comprising:
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an electrically non conductive headpiece, comprising:

an inner surface, configured for being fitted to the patient’s
head;

an outer surface carrying said wiring array; and

aplurality of apertures, each said aperture being configured
for being traversed by a portion of one of said EEG
electrodes for connecting to one of said wires.

12. The cap of claim 11, wherein said headpiece is made of

a stretchable material, for closely fitting the scalp of the
patient.

13. The cap of claim 11, wherein said headpiece comprises
fasteners located on said outer surface and configured for
fastening said wiring array to said headpiece.

14. A system for simultaneous EEG and MRI scan, the
system comprising:

a magnetic field based device comprising at least one of an
MRI scanner for imaging the patient’s brain, and a TMS
coil device for producing a changing magnetic field to
cause activity in a brain;

an EEG monitoring device;

a plurality of EEG electrodes, configured for being placed
at predetermined locations on a patient’s scalp and for
detecting a neural signal;

awiring array according to claim 1, forrelaying said neural
signals to the EEG monitoring device for analysis of said
neural signal and generation of EEG data, wherein said
EEG data has a reduced motion artifact owing to said net
structure of the wiring array.

15. The system of claim 14, wherein the magnetic field is a
magnetic field generated by MRI scanner, and wherein said
EEG data is affected by the decreased motion artifact.

16. The system of claim 14, having one of the following
configurations: (i) the measurements eftected by the elec-
trodes are bipolar measurements between pairs of electrodes
connected to the same sampling line; and (ii) the measure-
ments effected by the electrodes comprise a first signal mea-
sured between a reference electrode and a first electrode, and
a second signal measured between said reference electrode
and a second electrode, the first and second electrode being
connected to the same sampling line, said EEG data generated
at the EEG monitoring device being a combination of said
first and second signals and being indicative of a signal
between the first and second electrode.

17. (canceled)

18. The system of claim 14, wherein the magnetic field is a
changing magnetic field generated by a Transcranial Mag-
netic Stimulation (TMS) coil device, and wherein said EEG
data is affected by at least said decreased magnetic pulse
artifact.

19. The system of claim 14, wherein said EEG monitoring
device is associated with a control unit configured and oper-
able for receiving the EEG data and selecting therefrom pre-
determined data pieces, and analyzing said data pieces for
recognizing and suppressing an artifact generated in the EEG
measurement.

20. A method for performing an EEG measurement in the
presence of a magnetic field, the method comprising:

providing a plurality of EEG electrodes joined to a
patient’s head;

connecting said EEG electrodes to an EEG monitoring
device using a wiring array comprising: a first group of
sampling lines which comprise at least one, first, wire
bundle and which are arranged in a spaced-apart sub-
stantially parallel relationship extending along a first
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axis, said at least one wire bundle of said first group
comprising a plurality of first wires of different lengths
for connecting to a corresponding first plurality of said
electrodes; and a second group of sampling lines which
comprise at least one, second, wire bundle and which are
arranged in a spaced-apart substantially parallel rela-
tionship extending along a second axis, intersecting with
said first axis, such that said second group of sampling
lines crosses said first group of sampling lines to form a
net structure, said at least one wire bundle of said second
group comprising a plurality of second wires of different
lengths for connecting to a corresponding second plu-
rality of said electrodes;

measuring a neural signal via said electrodes;

transmitting said measurement to said monitoring device

via said wiring array; and

in the monitoring device, receiving said measurement and

yielding EEG data indicative of said neural signal mea-
surement between at least one pair of electrodes con-
nected to the same bundle of said wiring array, said EEG
data having at least one of a decreased one of a motion
artifact and a decreased gradient artifact.

21. The method of claim 20, comprising:

processing said EEG data to calculate an amplitude and an

orientation of said neural signal.

22. The method of claim 20, wherein said detecting of said
neural signal comprises detecting said neural signal between
any two of said electrodes that are connected to wires belong-
ing to one of said sampling lines.

23. The method of claim 20, wherein said measuring of
said neural signal comprises measuring said neural signal
between a reference electrode of said electrodes and at least
some of said electrodes; and

wherein said yielding of EEG data comprises combining

measurements taken between said reference electrode
and at least two of said electrodes connected to the same
of said sampling lines, such that combined EEG data is
indicative of said neural signal between said two elec-
trodes, thereby providing said EEG data having at least
one of a decreased a motion artifact and a decreased
gradient artifact.

24. The method of claim 20, wherein said magnetic field is
a constant magnetic field generated by a MRI scanner, or a
changing magnetic field generated by a TMS coil device.

25. The method of claim 20, comprising selecting from the
EEG data predetermined data pieces, analyzing said data
pieces and recognizing and suppressing an artifact generated
in the EEG measurement.

26. The method of claim 25, for use in performing EEG
measurement in the presence of a magnetic field, wherein said
selecting of the data pieces comprises selecting a first set of
signal measurements between a first group of electrode pairs,
such that each electrode of said first set of pairs is connected
to the wires belonging to the same wire bundle, and selecting
a second set of the signal measurements between a second
group of electrode pairs, such that each electrode of said
second group of pairs is connected to the wire belonging to
different sampling lines.

27. The method of claim 26, wherein:

said analyzing of the selected data pieces comprises:

applying to said first and second sets a separation algorithm

to jointly decompose both pieces of data indicative of the
signal into a plurality of components;
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comparing an effect of at least some of said plurality of
components on each of the first and second sets of mea-
surements; and
recognizing at least one specific component which has the
effect on said second set of measurements that is higher
than the effect on said first set of measurements, and
labeling said specific component as an artifact-affected
component.
28. The method of claim 27, wherein:
said comparing comprises:
determining a first value indicative of the effect of said
specific component on said first set of measurements,
and a second value indicative of the effect of said spe-
cific component on said first set of measurements;

calculating a relation between said first and second values;
and

comparing said relation to a predetermined threshold; and

said recognizing comprises recognizing said specific com-

ponent as an artifact-affected component, according to
said comparison between said relation and said prede-
termined threshold.

29. The method of claim 25, wherein said selecting of the
data pieces comprises selecting at least a set of the signal
measurements between a group of electrode pairs, such that
each electrode of said group of pairs is connected to the wire
belonging to different sampling lines.

30. (canceled)

31. The method of claim 29, wherein:

said analyzing of the selected data pieces comprises:

applying to said selected data set a separation algorithm to

decompose said data indicative of the signal into a plu-
rality of components;

for each of at least some of said plurality of components,

selecting at least three electrodes, such that said at least
two of the electrodes are connected to different sampling
lines; and

for each of at least some of said plurality of components,

analyzing gradients of said component along respective
sides of a polygon formed by said electrodes.

32-36. (canceled)

37. The method of claim 26, wherein said sampling lines
comprise at least one group of substantially parallel sampling
lines including at least two subgroups of the sampling lines,
wherein the sub-groups belonging to the same group are
arranged in an alternating fashion such that any two adjacent
sampling lines belonging to a certain group belong to differ-
ent subgroups of said certain group.

38. The system of claim 19, wherein said control unit is
configured and operable for selecting from the EEG data
predetermined data pieces by selecting a first set of signal
measurements between a first group of electrode pairs, such
that each electrode of said first set of pairs is connected to the
wire belonging to the same said bundle, and selecting a sec-
ond set of the signal measurements between a second group of
electrode pairs, such that each electrode of said second group
of pairs is connected to the wire belonging to different said
bundles.

39. The system of claim 38, wherein said control unit is
configured and operable for analyzing the selected data
pieces by:

applying to said first and second sets a separation algorithm

to jointly decompose both pieces of data indicative of the
signal into a plurality of components;
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comparing an effect of at least some of said plurality of
components on each of the first and second sets of mea-
surements; and

recognizing at least one specific component which has the

effect on said second set of measurements that is higher
than the effect on said first set of measurements, and
labeling said specific component as an artifact-affected
component.

40. The system of claim 19, wherein the control unit is
configured and operable for selecting from the EEG data
predetermined data pieces by selecting at least a set of the
signal measurements between a group of electrode pairs, such
that each electrode of said group of pairs is connected to a
wire belonging to different said sampling lines.

41. The system of claim 40, wherein:

said control unit is configured for selecting a first set of

signal measurements between a first group of electrode
pairs, such that each electrode of said first set of pairs is
connected to the wires belonging to the same wire
bundle, and selecting a second set of the signal measure-
ments between a second group of electrode pairs, such
that each electrode of said second group of pairs is
connected to the wire belonging to different sampling
lines.

42-48. (canceled)

49. A control system for data analysis EEG measurements
performed in the presence of a magnetic field, the controls
system comprising an EEG monitor for receiving signals
from multiple spaced-apart electrodes arranged along at least
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two sampling lines and generating EEG data, each said sam-
pling line comprising one or more wires connecting to one or
more electrodes, and a control unit for:
receiving said EEG data;
selecting from said EEG data predetermined data pieces
corresponding to at least measurements taken by a group
of electrode pairs, such that each electrode of said sec-
ond group of pairs is connected to the wire belonging to
different said bundles; and
analyzing the selected data pieces for recognizing an arti-
fact thereby enabling suppression thereof.
50. The control system of claim 49, wherein:
said wiring array comprises a plurality of sampling lines
including one or more wire bundles and being arranged
in a spaced-apart relationship, each wire bundle com-
prising a plurality of wires of different lengths for con-
necting to a corresponding plurality of said electrodes;
and
said control system is configured for selecting from the
EEG data predetermined data pieces by selecting a first
set of signal measurements between a first group of
electrode pairs, such that each electrode of said first set
of pairs is connected to the wire belonging to the same
wire bundle, and selecting a second set of the signal
measurements between a second group of electrode
pairs, such that each electrode of said second group of
pairs is connected to the wire belonging to different said
sampling lines.



