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METHOD FOR NEURAL CURRENT
IMAGING

RELATED APPLICATIONS

This is a continuation-in-part of U.S. Ser. No. 10/001,541
filed on Nov. 13, 2001, now U.S. Pat No. 6,594,521.

FIELD OF INVENTION

The present invention relates to a method for imaging
neural current, for detecting and locating neural activity in the
body, and more particularly, in the brain.

BACKGROUND OF INVENTION

Itis well known that electrical currents are associated with
brain activity. These electrical currents are produced by neu-
rons in the brain and are referred to as “neural currents.”
Information about neural currents provides a means for
understanding brain function. For example, the performance
ofa specific motor function will involve particular areas of the
brain, and the dynamic behavior of the neural currents asso-
ciated with the motor function provides information about the
sequence in which different areas of the brain are involved.

Electroencephalography (“EEG”) is a technique that may
be used for measuring neural currents. In EEG, electrodes are
placed at various locations on the scalp and the difference
between the electrical potential at one location and another is
measured. If a large number of neurons are concurrently
active, itis possible to detect the resulting neural currents. An
advantage of EEG is that it has high temporal resolution, i.e.,
the technique detects the presence of a neural current with
only a slight delay from the time when the neurons were
active. Because of'its high temporal resolution, EEG provides
important information about the timing of brain functions.
However, a disadvantage of EEG is that it has limited spatial
resolution, 1.e., it is unable to identify with great accuracy the
spatial location of the sources of electrical activity within the
brain.

Magnetoencephalography (“MEG”) may also be used for
detecting neural currents, i.e., by responding to the magnetic
fields that are generated thereby. In MEG, the magnetic flux
emanating from voltage sources in the brain induces a current
in coils that surround the head. The induced current is used to
create an image of brain activity. MEG is similar to EEG in
that it has the advantage of high temporal resolution and the
disadvantage of limited spatial resolution. In addition, the
magnetic flux from neural currents is very small relative to
background magnetic noise. Therefore, the MEG device must
be very sensitive to small magnetic signals, and must be
shielded from the background magnetic noise to discern the
desired signals. Such shielding is costly to provide, and MEG
cannot be used simultaneously with other techniques produc-
ing electromagnetic radiations.

Magnetic resonance imaging (“MRI”) is most often used
for measuring blood flow or blood oxygenation levels within
the brain. The technique is based on the principles of nuclear
magnetic resonance (“NMR”) and a brief explanation is nec-
essary to understanding,

Most atomic nuclei possess a nonzero nuclear spin quan-
tum number and a coaxial magnetic moment about a corre-
sponding spin axis. The nuclei may be characterized as mag-
netized gyroscopes. Just as for the angular momentum vector
of a gyroscope in a gravitational field, the vector moments of
the nuclei precess about their spin axes in the presence of a
magnetic field at a frequency (“Larmor frequency™) that is
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proportional to the magnetic moment of the nuclei multiplied
by the magnitude of the magnetic field.

The vector moments of the precessing nuclei trace a conein
space describing an angle with respect to the direction of the
magnetic field. Where there are many nuclei, such as in the
body, the vectors sum to a single, ensemble moment aligned
with the magnetic field, the lateral vector components aver-
aging out.

In MRI, a large, static first magnetic field is applied to a
body. This causes the ensemble moment of the nuclei in the
body to align with the direction of the first magnetic field, as
the nuclei precess at the Larmor frequency. In addition, a
second, alternating magnetic field is applied to the body in a
direction perpendicular to the direction of the first magnetic
field. The frequency of the second magnetic field is adjusted
to match the Larmor frequency. In that special circumstance,
the nuclei precess about the direction of the second magnetic
field as though the static field were absent. Thence, as a result
of the application of the second magnetic field at the Larmor
frequency, the ensemble moment tips away from being
aligned with the first magnetic field.

The second magnetic field is produced as transmitted elec-
tromagnetic radiation at radio frequency (RF). It is typically
provided as a pulse. The amount of tipping can be controlled
by the duration of the pulse, it being desirable to rotate the
ensemble moment from alignment with the static field x2
radians. When the pulse is turned off, the ensemble moment
relaxes (“spin relaxation”), or loses energy, so that it re-aligns
with the static field.

This relaxation occurs through two kinds of energy loss
mechanisms: spin-spin interactions and spin-lattice interac-
tions (where the term “lattice” is used loosely in the context of
liquids or other noncrystalline environments). Because the
energy states for the spin angular momenta are quantized,
these interactions must permit precise amounts of energy loss
or relaxation cannot occur, and due to the randomness of the
interactions, it results that a substantial time is required for
relaxation.

The rate of relaxation for a given atomic nucleus depends
on magnetic field fluctuations caused by its neighbors as a
result of thermal agitation. Particularly, spin-lattice interac-
tions cause the energy provided by the RF pulse to decay
exponentially with a time constant T, and decay due to
spin-spin interactions is described by an associated time con-
stant T,. Where the fluctuations occur at rates that are either to
large or too small compared to the Larmor frequency, energy
dissipation is inefficient and therefore slow, resulting in long
decay times T, and T,.

In order to measure the times T, it is noted that energy lost
in the transition of an atomic nucleus from a higher energy
state (corresponding to precession due to the second, alter-
nating magnetic field) to a lower energy state (corresponding
to spin relaxation) produces radiation at the frequency
defined by the energy difference between the energy states.
For protons in body tissue, this radiation (termed “free induc-
tion signal™) is in the radio frequency range and is detected
with a coil as an electrical signal indicative of the decay times
T.

The RF pulse excite all the atomic nuclei at once. The free
induction signal that follows has a highly complex time
dependence. However, this complex decay waveform can be
Fourier transformed to provide discernible NMR spectra
indicative of the type and amount of atomic nuclei, as well as
their atomic environment. From this spectroscopic informa-
tion, tissue type can be determined.

Even so, the spectra do not contain any spatial information
so that an image cannot yet be formed. To solve this problem,
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magnetic field gradient (“MFG”) pulses are used to spatially
encode the free induction signals, to provide for locating the
atomic nuclei responsible for the measured spectra in space.
The MFG pulses are spatially varying magnetic fields gener-
ated by coils. The pulses are aligned with the first, static
magnetic field and provide a linear gradient to the field along
the X, v, or z axis. For a linear gradient in the z direction, for
example, all points on the x and y axes will see the same
magnetic field, providing a planar “slice” of data correspond-
ing to that value of the first magnetic field. Where the first
magnetic field is altered due to the gradient, the Larmor
frequency is altered, and there will not be resonance with the
second, alternating magnetic field. To image another slice, the
second, alternating magnetic field can be adjusted.

An advantage of MRI is that it provides images with good
spatial resolution. A disadvantage of MRI is that the time
required for spin relaxation, even the relatively short time
required for relaxation of protons in lipids, limits the temporal
resolution of MRL

It has been proposed to directly measure neural currents
using MRI. The proposed technique is referred to herein as
Magnetic Resonance Neural Current Imaging (“MRNCI”).
One method is based on the principle that a current-carrying
conductor experiences a force (a Lorentz force) when it is
placed in a magnetic field. The magnitude of the force is
proportional to the amount of current and the strength of the
magnetic field. The direction of the force is perpendicular to
the direction of current flow. A conductor that is not rigidly
confined will be displaced in the response to the Lorentz
force.

Neural currents flow through nerve cells which are there-
fore current-carrying conductors. Accordingly, nerve cells
may be displaced by applying a magnetic field in proportion
to the amount of neural activity carried thereby. If this dis-
placement is large enough, it may be seen using imaging
techniques such as MRI. However, the amount of neural
current is very small, so to obtain a detectable displacement
requires a very large magnetic field MR1 devices are capable
of producing very large magnetic fields, and could also be
used according to MRNCI to produce images before and
during a period of neural activity. The images would be com-
pared by subtraction to produce a new image showing tissue
displacement. However, MRNCT has not yet been shown to be
able to detect currents as small as neural currents. The mag-
nitude of such currents is of the same order of magnitude as
the noise limits of modem MRI systems. Thus, successful
implementation of MRNCI as proposed will require increas-
ing the sensitivity of MRI measurements.

Moreover, the time required for obtaining an MRI image is
substantially greater than the time required for accurate char-
acterization of neural activity. The spin relaxations occur over
a period of time on the order of 50 ms, the entirety of which
must be taken to obtain all the data corresponding to a single
“snapshot” or image slice. On the other hand, neural currents
may only exist for time periods on the order of 1 ms, so that
the physical displacement of the current-carrying conductor
ceases before the MRI has had sufficient opportunity to “see”
it.

The problem of detecting and therefore locating sources of
neural activity is a subset of the problem of locating remote
sources of electrical activity generally. The sources respon-
sible for producing, for example, EEG data, are generally
inaccessible to being probed directly. Therefore, the location
and characteristics of these sources must be inferred from the
fields they produce outside the body. Deducing the source
magnitudes and spatial coordinates from measurements on
such fields is known as “solving the inverse problem,” i.e.,
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reconstructing the sources and their distribution from the
results that they are known to have produced.

For alimited number of sensors, the data produced thereby
are inherently ambiguous, in that a number of different solu-
tions to the inverse problem can fit the data. The number of
possible solutions is reduced by using more sensors and by
sensing with greater precision; however, there is a practical
limit to improving resolution, and therefore limiting the num-
ber of potential solutions to the inverse problem by improved
means for sensing alone.

Methods facilitating solving the inverse problem have been
developed by the present inventor, along with others, which
are described in U.S. Pat. No. 6,330,470. These methods not
only sense the electromagnetic fields generated by sources
within the body, but reciprocally stimulate them as well to
produce additional information about their location. These
methods may be anticipated to be useful for neural current
analysis by providing an improved tool for solving the inverse
problem, but solving this problem to a high degree of resolu-
tion for extremely weak sources is inherently difficult.

In a paper entitled “Bayesian Inference Applied to the
Electromagnetic Inverse Problem,” D. M. Schmidt et al. have
proposed a method for solving the inverse problem for
sources of neural current. Basically, the proposed method
begins by assigning probabilities to possible locations of
neural current activity by using anatomical data, physiologi-
cal data, or results from measurements such as MRI or PET
(positron emission tomography). Rather than solving the
inverse problem, therefore, the method provides an educated
guess. For example, it may be surmised that particular neural
activity would occur in the cortex, and the location of the
cortex is known from anatomical data. Next, EEG (electro-
encephalograph) or MEG (magnetoencephalograph) data are
acquired such as mentioned above. Finally, Bayesian statis-
tics are used to estimate the post-acquisition probabilities for
the possible locations of neural activity given their pre-acqui-
sition probabilities as determined above. While some success
for the method has been reported, neural current imaging
remains inherently difficult due to the weakness of the
sources and improved methods are being sought.

Accordingly, there is a need for a method for imaging
neural currents that offers improved spatial and temporal
resolution.

BRIEF SUMMARY OF THE INVENTION

Disclosed herein is a method for neural current imaging.
Within the scope of the invention, electromagnetic fields pro-
duced unknown distribution of unknown sources in the body
is sensed at a plurality of remote locations. The inverse prob-
lem is solved to produce a first fuzzy “image” of the sources.
In addition, a standard imaging method, such as MR1, is used
to independently image the body, to obtain a second fuzzy
image of the sources. Additional independently obtained
fuzzy images may also be provided. All or a selected subset of
the images are pooled as components to form an enhanced
image with greater resolution or clarity than the component
images.

Preferably, the data corresponding to the first and second
images are acquired substantially simultaneously.

Preferably, the data corresponding to the first image is
obtained by sensing, exterior to the body, the electromagnetic
fields produced by the neural current sources.

Preferably, sensors used to obtain the data corresponding to
the first image are arranged substantially as the vertices of a
geodesic sphere.
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Preferably, the data corresponding to the first image is
obtained by a combination of sensing voltage and injecting
current, or the converse.

Preferably, the data corresponding to the second image is
obtained by MRI.

Accordingly, it is an object of the present invention to
provide a novel and improved method for neural current
imaging.

It is another object of the present invention to provide such
a method providing improved spatial and temporal resolu-
tion.

The foregoing and other objectives, features, and advan-
tages of the invention will be more readily understood upon
consideration of the following detailed description of the
invention, taken in conjunction with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of a head, showing sources of
neural current activity therein.

FIG. 2 is a pictorial view of the head of FIG. 1 provided
with sensors according to the present invention for producing
data responsive to the neural current activity.

FIG. 3 is a schematic view of a head, showing probability
contours for the location of sources of neural current activity
therein.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

A preferred method for imaging neural currents according
to the present invention is described below, along with the
preferred application of determining the spatial and temporal
parameters or coordinates of neural currents in the brain.
However, it should be understood that methods according to
the invention may be used generally to improve the clarity or
precision of any data and are therefore not limited to neural
current imaging. Moreover, methods according to the present
invention may be used for imaging any electrophysiological
activity in which current flows, such as heart electrical activ-
ity.

Referring to FIG. 1, aportion 10 of abody, such as a human
head, is shown with sources “S” inside that are representative
of neural activity. Particularly, the sources “S” represent
nerve cells that carry neural currents from one interior loca-
tion in the head to another. The neural activity can result from
a voluntary or involuntary motor function, or be a result of
thought.

The moving charges that define the currents produce a time
varying electromagnetic field that in theory could be mea-
sured at the scalp 11, such as with EEG apparatus. However,
the currents are so small, in relation to ambient electromag-
netic noise, that it is very difficult to discern this field in this
manner. Accordingly, it is generally not practical to obtain
sufficient resolution by solving the inverse problem for locat-
ing these sources in the standard manner.

Tucker, in U.S. Ser. No. 10001,541, incorporated by refer-
ence herein in its entirety, discloses an improved method for
solving the inverse problem that not only senses the electro-
magnetic fields produced by sources within the body, but
reciprocally stimulates them as well to produce additional
information (“data”) useful to determining their location. The
method of the present invention preferably makes use of data
obtained according to this methodology; however, any prior
art methodology for sensing electromagnetic fields produced
by the sources “S” may be employed without departing from
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the principles of the invention. While described below in
terms of EEG methodologies, MEG methodologies may also
be used, since the sources produce both electric and magnetic
field distributions.

Referring to FIG. 2, according to the preferred methodol-
ogy, sensors 12 are distributed over a selected portion of the
surface of the body 10. The sensors 12 are assembled in a
carrier 18 which spaces the sensors apart from one another in
a predetermined manner. A preferred carrier is that described
in Tucker, U.S. Pat. No. 5,291,888 (hereinafter the “geodesic
sensor net”), the entirety of which is incorporated herein by
reference. The geodesic sensor net places a sensor at the
vertices of geodesic triangles by elastic lines connecting the
sensors in a mutually-balanced tension network. While the
geodesic sensor net is preferred, any apparatus suitable for
acquiring electromagnetic field data at the scalp 11 or else-
where remote from the sources “S” may be employed.

Preferably, the array includes 128 or 256 sensors with
approximately equal spacing between adjacent pairs. A
greater number of sensors provides for a greater spatial reso-
lution.

The sensors are typically adapted to sense voltage, but can
be adapted to sense current as well. To simplify discussion,
the sensors will be described herein as being adapted to sense
voltage, the complementarity of voltage and current being
understood.

The sensors functioning together to sense their respective
voltages provide a map of potential as a function of location
on the body surface. To localize the sources inside the body
that are responsible for the measured potential function, a
computer “body model” is made of the interior of the body. In
the body model, the body is partitioned into a number of
homogeneous tissue volumes of differing tissue types. The
body model may be relatively simple, assuming for example
a small number of concentric spherical shells of the differing
tissue types, or the body model may be more complex, such as
a finite-element model. Voltage sources, the number and
strengths of which must be selected by trial and error, are also
modeled, typically as single or multiple dipoles, or extended
dipolar sheets, and mathematically placed within the body
model.

The computer then calculates the potential that would
result at the surface of the body model with the given sources
and this result is compared to the actual, measured potential
function on the body 10. Where there is disagreement, the
sources are iteratively moved andor their characteristics are
adjusted to reduce the error to an acceptable level. This mod-
eling process is well known in the art and further details are
omitted as not being necessary for understanding.

To calculate the potential that would result at the surface of
the body model from the modeled sources requires specifica-
tion of the conductivity or, more generally, the impedance, of
the modeled tissue. Where the model is a simple model, a
small number of different impedance values is required.
Where the model attempts greater resolution, a larger number
of impedance values is required, each being characteristic of
a particular volume of the body model.

The impedance values may be measured by researchers
and published as data for inclusion in the computer body
model. However, as published values obtained from measure-
ments on a small number of individuals, the impedance values
are not generally correct for the particular body 10.

Preferably, the sensors 12 are replaced with electrical
devices 20 adapted both for measuring voltage (or current)
and applying current (or voltage). The devices 20 are typi-
cally adapted to sense voltage, typically in the microvolt
range, and apply current, typically in the microamp range, but
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may be adapted to sense current and apply voltage as well. To
simplify discussion, the devices will be described as sensing
voltage and applying current, the complementarity of voltage
and current being understood.

The electrical devices 20 may be simple metal electrodes
suitably coupled to a suitable volt-meter and current source.
The electrical devices 20 are employed in a measurement
mode just as the prior art sensors 12. However, in an injection
mode, the electrical devices apply a current to the surface of
the body.

More particularly, each electrical device forms a port with
a selected reference device. According to the invention, some
of the ports are employed for sensing the potential on the
surface of the body resulting from electrical activity within
the body, as in the prior art. These same ports are also
employed for sensing the potential on the surface of the body
resulting from injecting current into the remaining ports. This
latter step provides data for characterizing the impedance of
the body volume in an analogous manner to that afore-
described for characterizing the locality of sources.

The aforementioned current injection is preferably per-
formed at a frequency or frequencies selected to be distinct
from the frequency or frequencies of known body sources, so
that the corresponding voltages sensed can be identified as
resulting from the injected current. Once impedance values
for the body 10 are obtained for use in the body model, the
aforementioned prior art localization method may be
employed.

If both the impedance characterization method and the
localization method described above are carried out with the
same apparatus, i.e., the same carrier 18 and electrical devices
20, significant improvements in localization accuracy are
obtained. Particularly, the reciprocity theorem, i.e., that for a
passive network, that if injecting a current into (or applying a
voltage across) a first port produces a voltage (or current) at a
second port in response, the same voltage (or current) would
be produced at the first port if the same current was injected
into (or the same voltage was applied across) the second port,
suggests that the same conductive paths inside the mass of
body tissue are used for conducting current from a source of
electrical activity thereinside to the surface, as are used in
conducting current injected at the surface to the electrical
source, where injecting current at the body surface is just the
aforedescribed method of impedance characterization.
Accordingly, so long as the same electrical devices are used in
potential measurement for impedance characterization as in
potential measurement for source localization, the impedance
characterization is automatically tailored to account for the
precise electrical pathways inside the body mass, from the
electrical sources there, to the surface of the body mass where
apotential measurement is made for purposes of source local-
ization. Where the method is carried out in this way, one does
not need to know about the details of the body mass to localize
sources therein to an accuracy which is limited only by the
resolution provided by the number of electrical devices
employed.

Alignment of the sensors is provided automatically by
electrical devices 20 that are adapted for both measurement
and application in conjunction with a carrier 18 that substan-
tially fixes the locations of the electrical devices on the body
for at least the period of time during which both sets of
measurements are being made.

Regardless of the method used to acquire data determining
the electromagnetic fields produced by the sources “S”
(“source field data™), the data is used to localize the sources,
1.e., to solve the inverse problem, to a degree of uncertainty. to
produce a first fuzzy “image” of the sources S. Where the
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aforedescribed improvement in source localization method-
ology is employed, the uncertainty may be greatly reduced,
but some uncertainty is assumed to nevertheless remain.

The fuzziness of or uncertainty in the images may be con-
ceptualized as contour lines of probability. For example,
referring to FIG. 3, there is a 100% probability that the
sources S; and S, are somewhere inside the head 10, and
therefore within the contour A. There may be a 90% prob-
ability that the sources are within the cortex defined by con-
tour B, an 80% probability that the source S, is in within the
contour C, and the source S, is within the contour C,, a 60%
probability that the source S, is in within the contour D, and
the source S, is within the contour D,, and so on. As the
contour lines become closer together and converge on the
sources S, the resolution or clarity of the image of the sources
is increased.

Because the first image is assumed to lack the desired
resolution or clarity, according to the invention an imaging
method is used to obtain a second image of the sources.

There are many known imaging methods, and new imaging
methods are being developed all the time. As has been pointed
out above, MR1 is a standard imaging method that senses RF
pulses indicative of spin relaxation following induced spin
energy absorption and is a preferred method due to its avail-
ability. For any method that creates images of local neuronal
activity based on magnetic resonance techniques, the present
invention offers improvement of the imaging through the
integration of remote electrical measures from the head or
body surface.

Where the sources or their electrical activities are evanes-
cent or fleeting, such as is the case for neural currents. the
imaging method is preferably carried on substantially simul-
taneously with remotely sensing the electromagnetic fields
such as described above, so that the second image provides an
independent view of the same sources and the same electrical
activity seen in the first image. As one of the methods is
typically faster than the other, substantial simultaneity there-
fore means that at least some sense measurements for each
method are being made at the same time. Where MRI is used
as the imaging method, the apparatus used “in the magnet” to
collect the source field data should be formed of nonmagnetic
materials. For example, EEG data may be collected with
nonmagnetic electrodes during MRI. Where MEG method-
ologies are employed in conjunction with MRI, the MEG data
cannot be obtained during MRIbecause of the magnetic fields
produced by the magnet.

Like the “image” obtained from the source field data, the
image obtained by the imaging method is also assumed to be
uncertain or “fuzzy,” due to the weakness of the sources being
imaged. Additional independently obtained fuzzy images
may also be used to provide additional information about the
sources and their location.

According to the invention, all or a selected subset of the
independent images are pooled as components to form an
enhanced image with greater resolution than the component
images. This may be done by using a number of different
techniques; for example, the image data may be made avail-
able in digital form so that it can be operated on mathemati-
cally or statistically with a computer. The enhanced image
may be formed simply by averaging the data for two or more
fuzzy images, pixel-by-pixel. The average may be a weighted
average taking into account the expected or known resolution
of the respective images. Bayesian inferential methods may
be employed as well. Bayes’ rule results from the product rule
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of probability for the probability of A and B given back-
ground information I:

P(4,B\D=P(4IB,Iy P(BID=P(B\4,Iy-P(4I]). (1

Therefore,

P(AIBD=PA\-P(BIADIPBID, @)
where P(AIB,I), termed the posterior probability, is the prob-
ability of the hypothesis A after considering the effect of
evidence B and background information 1. P(AII) is the prior
probability of A assuming the background information I is
true but before knowledge of the evidence B; P(BIA,I) is the
probability of the evidence B assuming that the hypothesis A
and the background information I are true; and P(BII), is the
prior probability of the evidence B assuming the background
information 1 is true independent of the hypothesis A.

To apply Bayes’ rule to enhance image B using image A,
identify the data corresponding to the image A as the prior
probability of the image A given the neural current activity I,
identify the data corresponding to the image B as the prior
probability of the image B given the same neural current
activity I, and solve for the posterior probability of the image
B in light of image A and neural current activity 1. It is
reasonable to assume that the data corresponding to image A
is “true” even though its resolution is not necessarily high.

While particularly useful for neural current imaging, the
resolution of other images or data sets may be enhanced
according to the principles of the invention.

The terms and expressions that have been employed in the
foregoing specification are used as terms of description and

10
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not of limitation, and are not intended to exclude equivalents
of the features shown and described or portions of them. The
scope of the invention is defined and limited only by the
claims that follow.

The invention claimed is:

1. A method for imaging electrical current flowing in a
body, the current defining a field outside the body, the method
comprising;

obtaining field data, by use of at least one of (a) EEG and

(b) MEG, representative of the field at a selected time;
obtaining a solution to the inverse problem posed by said
field data;

producing, based on said solution, a first image showing

the current at a first resolution;

scanning the body at the same said time as part of an MRI

procedure;

producing by said MRI procedure a second image showing

the current at a second resolution; and

combining said first and second images so as to produce an

enhanced image of the current at a third resolution that is
greater than the first and second resolution.

2. The method of claim 1, wherein said step of combining
comprises employing Bayesian inference.

3. The method of claim 2, wherein the current is neural
current.

4. The method of claim 1, wherein the current is neural
current.
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