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LOCALIZING ELECTRICAL ACTIVITY IN
THE BRAIN USING VIBRATION OF THE
CEREBRAL CORTEX

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application 62/381,031, filed Aug. 30, 2016, which is
incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates generally to medical imag-
ing, and specifically to techniques for functional imaging of
brain activity.

BACKGROUND

Electroencephalography (EEG) is a noninvasive measure-
ment technique of the electrical potentials over the scalp,
aiming to reconstruct the underlying primal electrical activ-
ity of the brain cortex. Due to the high temporal resolution
of EEG, it is a valuable tool both for diagnosis of neural
discases (epilepsy being a well-known example) and for
research.

On the other hand, conventional EEG measurement is
capable of only low spatial resolution. One reason for this
low spatial resolution is the unsolved complexity of electri-
cal conductivity distribution within the head. Another reason
is the influence of the skull on the propagation of the
electrical signal from the neural sources to the scalp: The
skull effectively acts as a spatial low-pass filter. This limi-
tation restricts the number of meaningful EEG electrodes
that can be distributed over the skull to about 200, which is
much lower than the number of possible neural sources
(about 10,000). This enormous difference between neural
sources and effective measurement points makes the process
of reconstruction of the cortical electrical activity from the
EEG measurements severely ill-posed. The complexity of
the cortical activations also gives rise to electrical noise,
which can bury the electrical activity of interest and requires
extensive averaging to overcome.

Recently, a number of techniques have emerged that
intentionally perturb the electrical signal resulting from
cortical activity, with the aim of improving the reconstruc-
tion process. For example, Helgason et al. describe an
acousto-electric technique (AET) for current density imag-
ing in “Application of acoustic-electric interaction for
neuro-muscular activity mapping: A review,” European
Journal of Translational Myology 24:4 (2015). In this tech-
nique, focused ultrasound is used to perturb locally the
conductivity of the neural medium, giving potentially new
information on the EEG signal.

As another example, Roth et al. describe magneto-acous-
tic imaging (MAI) of bioelectric currents in “The movement
of a nerve in a magnetic field: application to MRI Lorentz
effect imaging,” Medical & biological engineering & com-
puting 52:5 (2014), pages 491-498. The goal in this tech-
nique is to measure the neural activity directly, employing
the Lorentz force originating due to the magnetic field at the
location of the electrical activity. This force induces the
motion of the tissue that could be measured either by MRI
or by measuring the acoustic field it induces.

SUMMARY

Embodiments of the present invention that are described
herein provide improved systems and signal processing
techniques for EEG-based mapping and diagnosis.
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There is therefore provided, in accordance with an
embodiment of the invention, a diagnostic method, which
includes applying a vibration at a selected frequency to a
location within a brain of a living subject. Electrical signals
resulting from the vibration are measured at multiple posi-
tions on a scalp of the subject. The measured electrical
signals are processed in order to compute an electrical gain
matrix between the location within the brain and the posi-
tions on the scalp. Electroencephalogram (EEG) signals are
measured at the multiple positions on the scalp. The EEG
signals are filtered using the gain matrix in order to identify
brain electrical activity originating from the location.

In some embodiments, measuring the electrical signals
includes extracting the electrical signals at the frequency of
the vibration. Typically the frequency of the vibration is in
a first range between 100 Hz and 10,000 Hz, while the EEG
signals are measured in a second range, which is below 100
Hz.

Additionally or alternatively, applying the vibration
includes applying vibrations to multiple different locations
within the brain, in order to compute respective gain matri-
ces for the locations, and filtering the EEG signals includes
constructing a map of the brain electrical activity over the
multiple different locations using the gain matrices.

Further additionally or alternatively, applying the vibra-
tion includes applying vibrations at multiple different fre-
quencies so as to excite multiple different vibrational modes
in different locations in the brain, and processing the mea-
sured electrical signals includes computing respective elec-
trical gain matrices corresponding to the different vibrational
modes. In one embodiment, filtering the EEG signals
includes distinguishing between the EEG signals arising
from mutually-adjacent locations on different sulci of the
brain, which are excited by different ones of the vibrational
modes. Additionally or alternatively, filtering the EEG sig-
nals includes concatenating the electrical gain matrices to
produce a combined gain matrix, inverting the combined
gain matrix, and applying the inverted gain matrix to the
EEG signals in order to reconstruct the electrical activity in
the brain.

In some embodiments, applying the vibration includes
directing ultrasonic waves toward the brain at different, first
and second ultrasonic frequencies, which are separated by a
frequency difference equal to the selected frequency of the
vibration. In a disclosed embodiment, applying the vibration
includes focusing the ultrasonic waves onto the location
within the brain.

There is also provided, in accordance with an embodi-
ment of the invention, a diagnostic system, including one or
more acoustic transducers, which are configured to apply a
vibration at a selected frequency to a location within a brain
of a living subject. An array of electrodes are configured to
measure electrical signals resulting from the vibration at
multiple positions on a scalp of the subject and to measure
electroencephalogram (FEG) signals at the multiple posi-
tions on the scalp. A console is configured to process the
measured electrical signals in order to compute an electrical
gain matrix between the location within the brain and the
positions on the scalp, and to filter the EEG signals using the
gain matrix in order to identify brain electrical activity
originating from the location.

There is additionally provided, in accordance with an
embodiment of the invention, a diagnostic method, which
includes identifying a resonant frequency of vibration of a
part of an organ in a body of a living subject. Acoustic
energy is applied at the identified resonant frequency to the
body in a vicinity of the organ. A characteristic of electrical
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signals resulting from the vibration in response to the
applied acoustic energy is measured at one or more positions
on a surface of the body.

In one embodiment, identifying the resonant frequency
includes processing a volumetric image of the organ in order
to estimate a frequency response of the organ. Additionally
or alternatively, identifying the resonant frequency includes
measuring the resonant frequency using magnetic resonance
elastography. Further additionally or alternatively, identify-
ing the resonant frequency includes applying the acoustic
energy to the body at multiple different frequencies, and
measuring a response of the organ so as to identify a
resonant response.

In some embodiments, measuring the characteristic of the
electrical signals includes extracting the electrical signals at
the resonant frequency of the vibration. Extracting the
electrical signals can include measuring the electrical signals
in a combination of resonant modes.

Additionally or alternatively, applying the acoustic energy
includes applying vibrations to multiple different locations
within the organ, and measuring the characteristic of the
electrical signals includes constructing a map of electrical
activity over the multiple different locations. In some
embodiments, applying the vibrations includes exciting mul-
tiple different vibrational modes in different locations in the
organ. In a disclosed embodiment, the organ is the brain, and
constructing the map includes distinguishing between the
electrical signals arising from mutually-adjacent locations
on different sulci of the brain, which are excited by different
ones of the vibrational modes.

There is further provided, in accordance with an embodi-
ment of the invention, a diagnostic system, including one or
more acoustic transducers, which are configured to apply
acoustic energy to a body of a living subject in a vicinity of
an organ in the body at a resonant frequency of vibration of
a part of the organ. One or more electrodes are configured to
measure a characteristic of electrical signals resulting from
the vibration in response to the applied acoustic energy at
one or more positions on a surface of the body. A console is
configured to process the measured characteristic in order to
analyze electrical activity originating from the organ.

The present invention will be more fully understood from
the following detailed description of the embodiments
thereof, taken together with the drawings in which:

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is block diagram that schematically illustrates a
system for vibroEEG measurement and processing, in accor-
dance with an embodiment of the invention;

FIGS. 2A and 2B are schematic maps of vibroEEG signals
due to acoustic stimulation at two different locations within
the brain, in accordance with an embodiment of the inven-
tion;

FIGS. 3A and 3B are schematic maps of vibroEEG signals
due to acoustic stimulation of two different vibrational
modes in the brain, in accordance with an embodiment of the
invention;

FIG. 4 is a flow chart that schematically illustrates a
method for EEG measurement and localization, in accor-
dance with an embodiment of the invention; and

FIG. 5 is a flow chart that schematically illustrates a
method for analyzing localized electrical activity in body
organs, in accordance with an embodiment of the invention.
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4
DETAILED DESCRIPTION OF EMBODIMENTS

Overview

Embodiments of the present invention that are described
herein provide new systems and signal processing tech-
niques that improve substantially the spatial resolution of
EEG, and thus enhance the diagnostic and research value of
EEG measurements.

The disclosed techniques are referred to herein as
“vibroEEG.” These techniques operate by exciting vibra-
tional modes of the electrically-active brain cortex and
recording the narrowband electrical signal on the scalp
resulting due to the oscillating neural source. They take
advantage of the fact that the cerebral cortex has resonant
modes on the order of hundreds of Hertz, which can be
generated locally and controllably (as described, for
example, by Konofagou et al, in “Localized harmonic
motion imaging: theory, simulations and experiments,”
Ultrasound in medicine & biology 29:10 (2003), pages
1405-1413.) This frequency range is sufficiently low to
generate displacements of the cortex large enough to create
measurable signals without leading to high stresses and
dissipated power within the tissue, but high enough so as not
to interfere with the EEG frequency range of about 0-100
Hz. This arrangement permits probing the neural activity
locally both in space and in time, with high signal/noise ratio
(SNR) due to the concentration on both the narrowband
signal of the vibroEEG and the localized region of the
cortex.

In the disclosed embodiments, acoustic transducers excite
vibrational modes of the electrically-active brain cortex, and
an EEG system records the distinct electrical potentials on
the scalp that result from the oscillating neural source. Thus,
instead of applying an ill-posed model (mixing in every
electrode the electrical activity of many sources), the present
embodiments essentially probe the neural activity in the
specific vibrating location. Using the electrical response of
the cerebral cortex to multiple different patterns of vibration,
the gain matrix—which relates the electrical signals mea-
sured on the scalp to the actual electrical activity in the
brain—is enriched with new independent equations, making
the process of reconstruction much more efficient.

In some embodiments of the present invention, ultrasonic
transducers apply a vibration at a selected frequency to a
location within the brain of a living subject. Low-frequency
local tissue oscillation (for example, with frequencies in the
desired range of hundreds of Hertz) can be induced by
mixing of localized high-frequency pressure waves at dif-
ferent frequencies. An EEG system measures the electrical
signals resulting from the vibration at multiple positions on
the subject’s scalp. A computer processes these electrical
signals in order to compute an electrical gain matrix between
the vibrating location within the brain and the positions on
the scalp. (In particular, the computer can extract and
process the electrical signals in a narrow band at the specific
frequency of vibration.) The gain matrix that is computed in
this manner can then be used in filtering EEG signals
measured at these same positions on the scalp in order to
identify brain electrical activity originating from the location
in question.

In computing the gain matrix, the “resting state” cortical
electrical activity is utilized. As is known from studies using
depth electrodes, the resting state cortical activity has similar
amplitudes in different parts of the cortex. Although there is
still some variability among different areas of the cortex, it
is at least an order of magnitude lower than the currents of



US 10,548,502 B2

5

the activated areas of the brain. Accordingly, the gain vector
(the column of the gain matrix corresponding to a certain
location on the cortex) calculated from the vibrating “rest-
ing” part of the cortex for each location is calculated up to
some multiplicative constant. (The distribution of the gain
vector over the scalp is calculated precisely, but since the
value of the resting state activity can only be estimated, the
energy of the gain vector corresponding to the given source
is known approximately.) This variability will not influence
the localization accuracy of the activated areas, but it can
influence the power estimation of the reconstructed activa-
tion.

For key clinical applications of the present embodiments
(for instance, in diagnosis of epilepsy), the approximation
used in computation of the gain matrix will have little effect,
since the electrical activity of the activated zones is orders
of magnitude higher than the resting state activity. In some
cases, however (such as modeling of the EEG gain matrix),
the approximation will affect both the localization and the
power estimation accuracy.

In some embodiments, the present techniques are applied
in mapping electrical activity within the brain. For this
purpose, acoustic vibrations can be applied to multiple
different locations in the brain, thus enabling the computer
to compute respective gain matrices for the locations. The
EEG signals can then be filtered using these gain matrices in
order to construct a map of the brain’s electrical activity.
Additionally or alternatively, the vibrations can be applied at
multiple different frequencies so as to excite multiple dif-
ferent vibrational modes in different locations in the brain,
whereby the computer is able to compute and apply respec-
tive electrical gain matrices corresponding to the different
vibrational modes.

Using the present techniques, neural activity can effec-
tively be probed directly in any location in the head. In one
example, the disclosed techniques are used in resolving
closely-spaced deep neural sources on different cortical
sulci, which are non-separable using conventional EEG.
While close together in Euclidian terms, these sources are
distant with respect to the intrinsic geometry of the cortex.
As a result the sources are stimulated in different vibrational
modes and can be discriminated using vibroEEG. Thus, the
intrinsic geometry of the cortex is used to improve the
localization accuracy of neural sources.

System Description

FIG. 1 is block diagram that schematically illustrates a
system 20 for vibroEEG measurement and processing, in
accordance with an embodiment of the invention. System 20
comprises an ultrasound generator 22, which drives two or
more acoustic transducers 24, 26 to emit ultrasonic waves
into a head 32 of a patient. Transducers 24 and 26 are
typically driven at different frequencies, w, and m,, which
are chosen so that the desired acoustic excitation frequency
Aw at target locations in the patient’s brain is equal to the
frequency difference Aw=w,-mw,. To excite specific target
locations within head 32, transducers 24, 26 may comprise
directional emitters, such as one or more phased arrays,
which can be aimed to focus ultrasonic waves toward the
target locations.

Ultrasound generator 22 and transducers 24, 26 may
comprise any suitable sorts of such devices that are known
in the art. For example, the Exablate Neuro system produced
by Insightec Ltd. (Tirat Hacarmel, Israel) includes an array
of transducers that can be adapted to generate focused
ultrasonic pressure within the brain at the appropriate fre-
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6

quencies. Alternative, a single acoustic transducer can be
sufficient for some embodiments of the present invention. To
reduce electrical noise in the EEG measurements, the ultra-
sonic waves can be delivered to the head through acoustic
waveguides, rather than by direct application as shown in
FIG. 1.

An EEG front end 28 senses, amplifies, filters, and
digitizes electrical signals from an array of electrodes 30 that
are placed at respective sensing locations in contact with the
scalp of' head 32. Electrodes 30 and front end 28 are capable
of sensing both conventional EEG frequencies (typically up
to about 100 Hz) and vibroEEG frequencies in the range of
100-10,000 Hz. Standard EEG electrodes and EEG mea-
surement systems that are known in the art may be used for
this purpose, although it is desirable that the bandwidth of
the EEG input circuits be increased in order to measure the
higher-frequency vibroEEG signals.

A console 34 drives ultrasound generator 22 at the desired
frequencies and receives the digitized signals from EEG
front end 28. Based on the selected excitation frequency Aco
(or frequencies) and the corresponding input from front end
28, console 34 measures the vibroEEG signal at the selected
excitation frequencies for each target location in the brain.
On this basis, console 34 computes a respective gain matrix
for each location and each excitation frequency. The console
uses these gain matrices in filtering natural EEG signals that
it receives from front end 28 in the absence of vibrational
excitation of the brain, in order to localize and map the EEG
activity. Console 34 outputs the results of this processing,
for example to a display 36, which graphically illustrates the
amplitude distribution and other features of electrical activ-
ity in the brain.

Typically, console 34 comprises a general-purpose com-
puter, which has suitable interfaces for communication with
the other elements of system 20 and is programmed in
software to carry out the functions that are described herein.
This software may be stored, for example, on tangible,
non-transitory computer-readable media, such as optical,
magnetic, or electronic memory media. Alternatively, at
least some of the functions of console 34 may be carried out
in hard-wired or programmable logic.

Theory of Operation

The Forward and Inverse EEG Problems

The EEG is produced mainly by the electrical activity of
the pyramidal neurons within the cerebral cortex. These
neurons are directed normal to the cortex and are commonly
activated synchronously by groups of tens of thousands of
neurons. This synchronous activity generates electrical
potentials on the scalp, which are measured as EEG.

The local cortical electrical activation is usually modeled
as a current dipole, while on the macro scale the head is
modeled as consisting of regions of constant electrical
conductivity o. It can be shown that within a quasi-static
approximation that is valid for the frequencies of interest,
the primary current distribution J7(r) gives rise to an elec-
trical potential V(r) according to Poisson’s equation and to
a magnetic field according to the law of Biot-Savart:

V. @V V)=V-JP(r)

- @f(ﬂ(r’) : V(r’)V’o’)X(r_—ri
=

B(r) ir



US 10,548,502 B2

7

Consider now a discretized geometry with S possible
locations of electrical sources x,, . . ., Xg and N possible
locations of electrodes r,, . . ., ry, where the resulting
electrical potentials are measured. We assume the current
dipoles are perpendicular to the cortex and note that the
linearity of Poisson’s equation implies existence of a gain
matrix GER” connecting the cortical signal vector XER®
with the vector of measured potentials MERY. Taking into
consideration the measurement noise EERY, we can write:

M=GX+E

To find the gain matrix G, console 34 solves the EEG
forward problem relating the distribution of the electrical
potentials M on the scalp of head 32 to a given distribution
of the electrical conductivity within the head and the pri-
mary current sources X (assuming that X is known). The
inverse EEG problem is the problem of finding the distri-
bution of current sources from the measurements on the
scalp. For real values of the electrical conductivity distri-
bution within the head, the potential on the scalp is smooth,
and the number of electrodes 30 sufficient to represent it
reliably is about 100. The number of possible source posi-
tions within head 32, however, is about 10,000 (taking into
consideration that the minimal electrically-active element of
cortex that can be measurable on the EEG is about 1 cm?).

Accordingly, in the absence of vibroEEG measurements,
there are an infinite number of possible solutions to the EEG
inverse problem.

Vibrational Analysis of the Human Cortex

Console 34 uses the vibration of the human cortex,
induced by transducers 24 and 26, in order to improve the
EEG inverse problem solution. For this purpose, we assume
that the geometry of the brain is discretized into N, elements.
For such a discretized linear mechanical vibrating system,
the following equation can be written:

MO+ K>} ={}
wherein [M], [C], and [K] are symmetric N_xN, matrices,
referred to respectively as the mass, damping, and stiffness
matrices. These matrices characterize the mechanical prop-
erties of the system.
Consider now undamped free vibrations with frequency
:

(oMK {Te™=0
The resonant frequencies of vibration correspond to the
solutions of the equation:

-7 [MJ+{K]=0

For the general case of the harmonic force {f(t)=}={F}e
the steady state solution is given by:

iwt
s

(@ [M)+o[Cl+[K){Z}={F}

(B}~ M1+l CHEDH{F}

Assuming the damping-related term o[C] to be small, the
amplitude of vibration of each mechanical element will be
high near its resonant frequencies. For a system made up of
independent blocks, the resonances of these blocks can be
calculated independently. Research has shown that this is a
reasonable assumption with respect to the cerebral cortex.
Furthermore, the folded structure of the cortex (comprising
gyri and sulci, referring to convex and concave folds relative
to the center of head 32) supports the added simplification
that vibrations of different sulci are largely independent
when local harmonic force is applied. The above simplifi-
cations can be applied, for example, in order to reduce the
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computational burden of the calculation vibrational modes
of different folds of the cerebral cortex.
Acoustic Field Generation

As shown in FIG. 1, transducers 24 and 26 generate
respective ultrasonic beams with slightly different frequen-
cies w,, m,, intersecting in a focal region. This intersection
creates an amplitude-modulated acoustic wave:

W] - W) (W] + Wy _p Aw
)cos\\ 3 t)_ ‘)005(7

)
Z

P(1) = Pocos(

[)cos(wo 1,

Aw < wy

wherein w,=m,+m,.

The pressure of the acoustic wave produces radiation
force F that is proportional to the energy density of the
incident acoustic wave <E>, the projected area of the target
object S, and the drag coeflicient d,, which results from the
scattering and absorbing properties of the irradiated object:
F=S<E>d,. The energy density is given by:

wherein p and ¢ are the density and propagation speed,
respectively, of the acoustic waves in the medium.

The time-averaged force over a period of time T that
satisfies

2
Aw <« T > (9

has an alternating part that changes at the difference fre-
quency Am:

5

P

(Fyp = lfPTF— 05 11 +coshwn)
roor Wt Ap o

Thus, acoustic excitation by transducers 24 and 26 creates a
local low-frequency force in a region much smaller than the
corresponding wavelength. The frequency of the force can
be chosen to be equal to one of the resonant frequencies of
the cortex that has a high response in the target location
where the force is applied. This force in turn induces a
high-amplitude periodic narrowband localized displacement
of the brain tissue. The actual amplitude of the displacement
can be measured, for instance using the technique described
by Fatemi et al,, in “Vibro-acoustography: An imaging
modality based on ultrasound-stimulated acoustic emis-
sion,” Proceedings of the National Academy of Sciences
96:12 (1999), pages 6603-6608.
VibroEEG

The vibroEEG signal is defined as the change of the
measured EEG signal due to vibration of the electrically
active cortex. Let us denote by the function G (1, r') the
solution of the EEG forward problem at point r due to the
unit current dipole placed perpendicular to the cortex at
point r'. In view of the linearity and the spatial invariance of
Poisson’s equation, the change of the EEG due to the small
displacement of the source will be given by the scalar
product of the gradient of G(r,r') with the displacement
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vector d(r"). Accordingly, for the distribution of the displace-
ment over the cortex d(r,,) and the electrical cortical activity
x(r,), the resulting vibroEEG signal will be:

V)T corieV 'Gler') d)(s)dA!

Whereas the EEG signal is the potential of current
dipoles, the vibroEEG signal involves the gradient of the
current dipole field, which is essentially the field of the
current quadrupoles. This point is useful in solving the
inverse problem, because the field of current quadrupoles is
sharper than that of the current dipoles.

The displacement frequency response of the cortex to the
unit-magnitude  single-frequency point pressure field
P, 1,8(t-r, )¢/ is given by the scalar product:

unit
d(r) A, Alr o)

In this formula, n, is a unit vector, § is the Dirac delta
function, and A(r,r_,m) is the influence function connecting
the vibration (amplitudes and phases of the displacements in
the x-, y- and z-directions) at point r to unit omnidirectional
vibration at point r_ at frequency . For a general pressure
field distribution, the displacement as a function of location
and frequency can be calculated using the integral:

A0 core: (0 0) A7 0)dA

Substituting this expression for the local, frequency-
dependent displacement into the above formula for the
vibroEEG, and assuming constant activations x(r), gives the
general formula:

V(r0) ] recorieV "GO YE) g poriel (' 0) A, )
dA™MdA’
Restriction of the points where the signal is measured to the
locations of electrodes 30, r,, . . ., 1, gives the gain matrix
G for the vibroEEG signal.

Console 34 computes and applies this vibroEEG signal as
the input to the inverse problem of electrical activity recon-
struction. The vibroEEG inverse problem has a new dimen-
sion of frequency, corresponding to the frequency or fre-
quencies of acoustic stimulation of the cortex. Using a
discrete set of frequencies wy, . . . , w,, with a corresponding
distribution of pressure fields localized on the folds of the
corfex, will give N, vibroEEG measurements and N, gain
matrices G, . . ., GNJ, corresponding to different frequen-
cies. Concatenating these measurements gives N, equations
corresponding to the EEG inverse problem, thus reducing
the ill-posedness of the problem:

M Gy E
. _ v .

Gy

My, ' En,

By measuring FEG signals at multiple different acoustic
stimulation frequencies, the rank of the vibroEEG gain
matrix that is constructed in this manner can be made
substantially higher than the rank of the original EEG
matrix. Thus, console 34 can invert the gain matrix without
dependence on regularization, and thus provide a reliable
filter for mapping natural EEG signals back to their locations
of origin in the brain.

Moreover, as noted earlier, for localized oscillations, such
as oscillations of different sulci at different resonant fre-
quencies, the activations of the different sulci can be probed
directly, leading to an uncoupled inverse problem for each
fold.
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Numerical Results

FIGS. 2A and 2B are schematic maps 40 and 46 of
vibroEEG signals due to acoustic stimulation at two differ-
ent locations within the brain, in accordance with an
embodiment of the invention. The maps were computed
using the Brainstorm analysis toolbox, as described by Tadel
et al., in “Brainstorm: a user-friendly application for MEG/
EEG analysis,” Computational intelligence and neurosci-
ence 2011 (2011), ID 879716. In both maps 40 and 46, a unit
current dipole, oriented in the y-direction, was moved by 1
mm in the z-direction inside head 32. In FIG. 2A the dipole
was located close to the skull, whereas in FIG. 2B the dipole
was deep inside the cortex.

The result in both of maps 40 and 46 was a current
quadrupole field, with positive-potential lobes 42 and nega-
tive-potential lobes 44. The shapes and locations of lobes 42
and 44 map back in each case to the dipole location. Because
the quadrupole field is twice as sharp spatially as the dipole
field, measurement of the quadrupole field gives a more
accurate indication of the location of the moving dipole. The
field of the shallow dipole in map 40, however, is still
substantially sharper than that of the deep dipole in map 44.

FIGS. 3A and 3B are schematic maps 50 and 56 of
vibroEEG signals due to acoustic stimulation of two differ-
ent vibrational modes in a brain 52, in accordance with
another embodiment of the invention. These maps illustrate
how different vibrational modes can be used to stimulate and
isolate the vibroEEG contributions of different sulci 54 and
58 in brain 52. Because of the short Fuclidean distance
between these sulci, their respective contributions to con-
ventional EEG signals cannot readily be separated.

To construct maps 50 and 56, the vibrational response of
the brain was calculated using the above-mentioned Brain-
storm model, and singular value decomposition (SVD) was
applied in order to find the vibrational resonant modes. The
maps show the computed amplitude of vibration, and hence
the strength of the resulting vibroEEG signal, in two differ-
ent vibrational modes, with different frequencies, with
heavier shading in the areas of the most intense vibration.
Thus, in map 50, the vibroEEG signal originates primarily
from a first sulcus 54, whereas in map 56, the vibroEEG
signal at a different frequency originates from a neighboring
sulcus 58. Console 34 can use this distinction in separating
the EEG signals arising from mutually-adjacent locations on
different sulci of the brain, which are excited by different
vibrational modes.

Method of Operation

FIG. 4 is a flow chart, which schematically illustrates a
method for EEG measurement and localization, in accor-
dance with an embodiment of the invention. The method is
described, for the sake of clarity and concreteness, with
reference to the components of system 20, as shown in FIG.
1. Alternatively, however, the principles of the present
embodiment may be applied, mutatis mutandis, in other
system environments having appropriate facilities for apply-
ing vibrational stimulation to and measuring electrical sig-
nals from the brain.

Ultrasonic generator 22 drives transducers 24 and 26 to
apply vibrations to locations in the brain, at an acoustic
stimulation step 60. As explained early, vibrations can
advantageously be applied by driving transducers 24 and 26
at different, respective ultrasonic frequencies, thus causing
the brain tissue to vibrate at a frequency equal to the
difference between the driving frequencies. Multiple differ-
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ent vibrational frequencies can be probed in this manner, by
varying one or both of the ultrasonic frequencies.

Furthermore, by focusing the ultrasonic beams from
transducers 24 and 26 to overlap at a given location within
the brain, the specific vibrational response of that location
can be probed. The foci of the ultrasonic beams can be
scanned over the volume of the brain in order to measure the
responses of different locations. Alternatively, vibrations can
be applied over a wider area, as the differences in resonant
vibrational response of different regions of the brain (as
illustrated, for example, in FIG. 3A/B) can be used to
enhance the spatial resolution of vibroEEG measurements.

While ultrasonic generator 22 applies the vibrations to the
brain at step 60, EEG front end 28 receives electrical signals
from electrodes 30, at a vibroEEG measurement step 62.
Console 34 filters the signals to extract the components at
the present frequency of vibration. This is the electrical
signal that originates from the vibrational motion of the
dipoles at the location that is currently being stimulated and
thus gives an accurate indication of the relation between the
electrical activity within the brain at this location and the
potentials measured by electrodes 30.

Console 34 processes the vibroEEG signals measured at
step 62 in order to estimate a respective gain matrix for each
stimulation frequency and/or each stimulated location in the
brain, at a gain matrix computation step. (The gain matrix is
only “estimated,” because the actual amplitude of the signal
on the cortex cannot be measured directly.) As explained
earlier, each of these gain matrices relates the local electrical
activity in the brain stimulated at step 60 to the resulting
vibroEEG potentials that were measured at the locations of
electrodes 30 on the scalp. Multiple gain matrices are
concatenated to produce a matrix of a rank that is equal to
or greater than the rank of the vector X of distinct signal
sources that are to be resolved.

Alternatively or additionally, the vibroEEG gain matrix
can be calculated theoretically from a volumetric image of
the brain, such as an image produced by an MRI scan of the
subject. Although the model can be imprecise, the ability of
system 20 to induce localized vibrations makes it possible to
essentially probe the brain’s electrical activity in different
points of the brain.

To localize and map intrinsic electrical activity of the
brain, console 34 measures EEG signals collected by front
end 28 from electrodes 30, at an EEG measurement step 66.
These signals are typically collected in the absence of
vibrational stimulation. Alternatively, assuming the vibra-
tional stimulation applied at step 60 to be in a range above
100 Hz, console 34 can measure the intrinsic EEG signals
simultaneously with the vibroEEG measurement of step 62
by applying a low-pass filter to the measured signals.

Console 34 applies the gain matrices derived at step 64 in
filtering the EEG signals measured at step 66, at an EEG
filtering step 68. For this purpose, for example, console 34
inverts the concatenated gain matrix, using methods of
matrix inversion that are known in the art. The inverted gain
matrix can then be multiplied by the matrix of measured
EEG signal values produced at step 66 in order to recon-
struct an estimated vector X of electrical sources at respec-
tive locations in the brain for any given EEG signal com-
ponent. Console 34 can thus construct a map of the brain
electrical activity over the multiple different locations using
the gain matrices. The map may be presented on display 36,
as noted above.

FIG. 5 is a flow chart that schematically illustrates a
method for analyzing localized electrical activity in body
organs, in accordance with an embodiment of the invention.

20

25

35

40

45

60

65

12

Although the preceding embodiments are described with
specific reference to stimulating and measuring electrical
activity in the brain, the principles of these and the present
embodiment are also applicable, mutatis mutandis, to other
organs, such as the heart.

As an initial step 70, console 34 identifies one or more
resonant frequencies of vibration of a part of the organ of
interest. The resonant frequencies can be identified, for
example, by processing a volumetric image (such as an MRI
scan) of the organ in order to estimate its frequency
response, as explained above. Alternatively or additionally,
one or more of transducers 24 and 26 can be actuated to
apply acoustic energy to the body at multiple different
frequencies, and the acoustic and/or electrical response of
the organ can be measured in order to identify a resonant
response.

Alternatively, the vibrational modes can be measured by
methods of magnetic resonance elastography that are known
in the art, as described, for example, by Mariappan et al., in
“Magnetic resonance elastography: a review,” Clinical
anatomy 23 (2010), pages 497-511, which is incorporated
herein by reference.

Console 34 actuates transducers 24 and 26, as explained
above, so as to apply acoustic energy at the identified
resonant frequency to the body in the vicinity of the organ,
at a vibration application step 72. Console 34 measures
electrical signals resulting from the vibration in response to
the applied acoustic energy at one or more positions on a
surface of the body, at an electrical measurement step 74.
Typically, these signals are collected from electrodes on the
body surface in proximity to the organ of interest (for
example, electrodes 30). Console 34 may filter the signals in
order to extract the electrical activity at the resonant fre-
quency of vibration.

Console 34 processes the electrical signals measured at
step 74 in order to analyze the localized vibrational response
of the organ, at an analysis step 76. Applying vibrations to
multiple different locations within the organ, and wherein
measuring the electrical signals comprises constructing a
map of electrical activity over the multiple different loca-
tions. For this purpose, console 34 may have driven the
transducers at step 72 to excite multiple different vibrational
modes in different locations in the organ. For example, in the
brain, the console can distinguish between the electrical
signals arising from mutually-adjacent locations on different
sulei of the brain, which are excited by different vibrational
modes, as illustrated above in FIG. 3A/B. Although it can be
useful to focus the acoustic excitation applied at step 72, this
sort of resonant response makes it possible to localize
vibrations even when only a single, non-directional trans-
ducer is used.

It will thus be appreciated that the embodiments described
above are cited by way of example, and that the present
invention is not limited to what has been particularly shown
and described hereinabove. Rather, the scope of the present
invention includes both combinations and subcombinations
of the various features described hereinabove, as well as
variations and modifications thereof which would occur to
persons skilled in the art upon reading the foregoing descrip-
tion and which are not disclosed in the prior art.

The invention claimed is:

1. A diagnostic method, comprising:

applying a vibration at a selected frequency to a location
within a brain of a living subject;

measuring electrical signals resulting from the vibration at
multiple positions on a scalp of the subject;
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processing the measured electrical signals in order to
compute an electrical gain matrix between the location
within the brain and the positions on the scalp;

measuring electroencephalogram (EEG) signals at the
multiple positions on the scalp; and

filtering the EEG signals using the gain matrix in order to

identify brain electrical activity originating from the
location.

2. The method according to claim 1, wherein measuring
the electrical signals comprises extracting the electrical
signals at the frequency of the vibration.

3. The method according to claim 2, wherein the fre-
quency of the vibration is in a first range between 100 Hz
and 10,000 Hz, while the EEG signals are measured in a
second range, which is below 100 Hz.

4. The method according to claim 1, wherein applying the
vibration comprises applying vibrations to multiple different
locations within the brain, in order to compute respective
gain matrices for the locations, and wherein filtering the
EEG signals comprises constructing a map of the brain
electrical activity over the multiple different locations using
the gain matrices.

5. The method according to claim 1, wherein applying the
vibration comprises applying vibrations at multiple different
frequencies so as to excite multiple different vibrational
modes in different locations in the brain, and wherein
processing the measured electrical signals comprises com-
puting respective electrical gain matrices corresponding to
the different vibrational modes.

6. The method according to claim 5, wherein filtering the
EEG signals comprises distinguishing between the EEG
signals arising from mutually-adjacent locations on different
sulci of the brain, which are excited by different ones of the
vibrational modes.

7. The method according to claim 5, wherein filtering the
EEG signals comprises concatenating the electrical gain
matrices to produce a combined gain matrix, inverting the
combined gain matrix, and applying the inverted gain matrix
to the EEG signals in order to reconstruct the electrical
activity in the brain.

8. The method according to claim 1, wherein applying the
vibration comprises directing ultrasonic waves toward the
brain at different, first and second ultrasonic frequencies,
which are separated by a frequency difference equal to the
selected frequency of the vibration.

9. The method according to claim 8, wherein applying the
vibration comprises focusing the ultrasonic waves onto the
location within the brain.

10. A diagnostic system, comprising;

one or more acoustic transducers, which are configured to

apply a vibration at a selected frequency to a location
within a brain of a living subject;

an array of electrodes, which are configured to measure

electrical signals resulting from the vibration at mul-
tiple positions on a scalp of the subject and to measure
electroencephalogram (EEG) signals at the multiple
positions on the scalp; and

a console, which is configured to process the measured

electrical signals in order to compute an electrical gain
matrix between the location within the brain and the
positions on the scalp, and to filter the EEG signals
using the gain matrix in order to identify brain electri-
cal activity originating from the location.

11. The system according to claim 10, wherein the console
is configured to extract the electrical signals at the frequency
of the vibration and to apply the extracted electrical signals
in computing the electrical gain matrix.
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12. The system according to claim 10, wherein the one or
more acoustic transducers are configured to apply vibrations
to multiple different locations within the brain, and the
console is configured to compute respective gain matrices
for the locations, and to construct a map of the brain
electrical activity over the multiple different locations using
the gain matrices.

13. The system according to claim 10, wherein the one or
more acoustic transducers are configured to apply vibrations
at multiple different frequencies so as to excite multiple
different vibrational modes in different locations in the brain,
and the console is configured to compute respective electri-
cal gain matrices corresponding to the different vibrational
modes.

14. The system according to claim 10, wherein the one or
more acoustic transducers are configured to direct ultrasonic
waves toward the brain at different, first and second ultra-
sonic frequencies, which are separated by a frequency
difference equal to the selected frequency of the vibration.

15. A diagnostic method, comprising:

identifying a resonant frequency of vibration of a part of

an organ in a body of a living subject;
applying acoustic energy at the identified resonant fre-
quency to the body in a vicinity of the organ; and

measuring a characteristic of electrical signals resulting
from the vibration in response to the applied acoustic
energy at one or motre positions on a surface of the
body.

16. The method according to claim 15, wherein identify-
ing the resonant frequency comprises processing a volumet-
ric image of the organ in order to estimate a frequency
response of the organ.

17. The method according to claim 15, wherein identify-
ing the resonant frequency comprises measuring the reso-
nant frequency using magnetic resonance elastography.

18. The method according to claim 15, wherein identify-
ing the resonant frequency comprises applying the acoustic
energy to the body at multiple different frequencies, and
measuring a response of the organ so as to identify a
resonant response.

19. The method according to claim 15, wherein measuring
the characteristic of the electrical signals comprises extract-
ing the electrical signals at the resonant frequency of the
vibration.

20. The method according to claim 19, wherein extracting
the electrical signals comprises measuring the electrical
signals in a combination of resonant modes.

21. The method according to claim 15, wherein applying
the acoustic energy comprises applying vibrations to mul-
tiple different locations within the organ, and wherein mea-
suring the characteristic of the electrical signals comprises
constructing a map of electrical activity over the multiple
different locations.

22. The method according to claim 21, wherein applying
the vibrations comprises exciting multiple different vibra-
tional modes in different locations in the organ.

23. The method according to claim 22, wherein the organ
is the brain, and wherein constructing the map comprises
distinguishing between the electrical signals arising from
mutually-adjacent locations on different sulci of the brain,
which are excited by different ones of the vibrational modes.

24. The method according to claim 15, wherein applying
the acoustic energy comprises directing ultrasonic waves
toward the organ at different, first and second ultrasonic
frequencies, which are separated by a frequency difference
equal to the identified resonant frequency.
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25. The method according to claim 24, wherein directing
the ultrasonic waves comprises focusing the ultrasonic
waves onto the part of the organ.
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