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(57) ABSTRACT

This invention discloses methods and apparatuses for 3D
imaging in Magnetoencephalography (MEG), Magnetocar-
diography (MCG), and electrical activity in any biological

gl

tissue such as neural/muscle tissue. This invention is based on
Field Paradigm founded on the principle that the field inten-
sity distribution in a 3D volume space uniquely determines
the 3D density distribution of the field emission source and
vice versa. Electrical neural/muscle activity in any biological
tissue results in an electrical current pattern that produces a
magnetic field. This magnetic field is measured in a 3D vol-
ume space that extends in all directions including substan-
tially along the radial direction from the center of the object
being imaged. Further, magnetic field intensity is measured at
each point along three mutually perpendicular directions.
This measured data captures all the available information and
facilitates a computationally efficient closed-form solution to
the 3D image reconstruction problem without the use of heu-
ristic assumptions. This is unlike prior art where measure-
ments are made only on a surface at a nearly constant radial
distance from the center of the target object, and along a
single direction. Therefore necessary, useful, and available
data is ignored and not measured in prior art. Consequently,
prior art does not provide a closed-form solution to the 3D
image reconstruction problem and it uses heuristic assump-
tions. The methods and apparatuses of the present invention
reconstructa 3D image of the neural/muscle electrical current
pattern in MEG, MCG, and related areas, by processing
image data in either the original spatial domain or the Fourier
domain.
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q\ biological object in volume V1 placed in a 3D magnetic field sensor W
contains tissue with electrical current patterns f(r1) that generates a
magnetic field around the biological object. Measure three mutually
perpendicular components of the magnetic field intensity characteristics
at a set of points r2 in a 3D volume space V2 that in particular extends
substantially along the radial direction pointing away from the center of
Qhe biological object. Record the data in order in a vector g(r2).

, |

" | Determine a system matrix H(r1,r2) that specifies magnetic field intensity
characteristics at point r2 produced by an electric current source of unit
length located at point r1. This field matrix H(r1,r2) is determined based
on magnetic field generation characteristics as well as magnetic field
measurement apparatus characteristics. It also includes the Kirchoff's
current law that total current flowing into any volume element is zero.

\_ - J

|

[Set up a vector-matrix equation g(r2)=H(r1,r2) f(r1)+n(r2) where n(r2) J

__/

represents noise in measured data at point r2.

;

Solve the vector-matrix equation g(r2)=H(r1,r2) f(r1)+n(r2) and estimate
a solution f1(r1) for the 3D image f(r1) using a method that reduces the
effect of noise n(r2) so that estimated solution f1(r1) is close to desired
solution f(r1). Solution may be obtained through computations in the
Fourier domain or the spatial domain.

FIG. 4.
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METHODS AND APPARATUSES FOR 3D
IMAGING IN
MAGNETOENCEPHALOGRAPHY AND
MAGNETOCARDIOGRAPHY

RELATED PROVISIONAL APPLICATION FOR
PATENT

[0001] This patent application is a continuation of the fol-
lowing US Provisional Application for patent filed by this
inventor:

[0002] M. Subbarao, “Methods and Apparatuses for Accu-
rate and High-Resolution 3D Tomographic Imaging of Field
Emission Sources in SPECT, PET, MRI, Magnetoencepha-
lography, EEG, Inner Density Mapping of Earth, and Related
Applications”, Provisional Application for Patent No.
61/397,958, filed Jun. 19, 2010.

[0003] This patent application provides full details of the
description of the above invention related to Magnetoen-
cephalography (MEG) and Magnetocardiography (MCG).

FIELD OF INVENTION

[0004] This invention discloses novel methods and appara-
tuses for 3D imaging of electrical activity in human and
animal organs such as the brain, the heart, and neural/muscle
tissue in other parts of the body. Electrical activity in any
neural/muscle tissue results in electrical current patterns that
produce magnetic fields according to Biot-Savart’s law.
These magnetic fields can be measured using highly sensitive
devices such as Superconducting Quantum Interference
Devices (SQUIDS). Using such measured data, one can
reconstructa 3D image of the neural/muscle electrical current
patterns. Imaging of such electrical activity of neural tissue in
the brain is called Magnetoencephalography (MEG) and
imaging of such electrical activity in the muscle tissue in the
heart is called Magnetocardiography (MCG). Both MEG and
MCG are extremely important in the medical diagnosis of
neural/muscle illnesses.

BACKGROUND

[0005] This invention discloses methods and apparatuses
for 3D imaging in Magnetoencephalography (MEG), Mag-
netocardiography (MCG), and for 3D imaging of electrical
activity in neural, muscle, or any biological tissue. This inven-
tion is based on Field Paradigm (FP) proposed recently by the
author of this invention. Field Paradigm is a novel unified
framework for several 3D medical imaging modalities
including MEG and MCG. It is based on the Field Image
Principle (FIP) stated as “the field intensity distribution in a
3D volume space uniquely determines the 3D density distri-
bution of the field emission source and vice versa”. This
principle has not been realized, recognized, or exploited in the
past in 3D medical imaging. Theoretical soundness of this
principle is easily verified. Experimental verification has
been done on rudimentary cases through computer simula-
tion.

[0006] Field Image Tomography (FIT) is a theoretical
framework based on Field Paradigm that provides computa-
tional algorithms for reconstructing 3D density distribution
of field emission sources from the measured 3D field image
data. In MEG and MCG, electrical currents in neural/muscle
elements act as sources of magnetic field in a 3D volume
space.
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[0007] Field Image Tomography, unlike techniques in prior
art, is information-efficient in the sense that it exploits all
available information that is useful for 3D image reconstruc-
tion. It is based on measuring field flux in a 3D volume space
along up to 3 different directions instead of measurements on
a 2D surface along a single direction at nearly fixed radial
distance from the field emission source. In particular, field
intensity produced by a small emission source decays with
radial distance, and this characteristic of field propagation in
a 3D volume space is exploited to determine the 3D density
distribution of an emission source.

[0008] The data measured in the present invention captures
all the available information and facilitates a computationally
efficient closed-form solution to the 3D image reconstruction
problem without the use of heuristic assumptions. This is
unlike prior art where measurements are made only on a
surface at a nearly constant radial distance from the center of
the target object, and along a single direction. Therefore nec-
essary, useful, and available data is ignored and not measured
in prior art. Consequently, prior art does not provide a closed-
form solution to the 3D image reconstruction problem and it
uses heuristic assumptions.

[0009] In MEG the neural activity of the brain in different
regions of the brain is characterized by the spatial electrical
current density distribution. In MCG, the electrical activity in
the heart muscle that makes the heart beat is characterized by
the spatial electrical current density distribution. The current
density distribution in both cases produces a magnetic field
that is measured by high-sensitivity sensors such as SQUIDS
(Superconducting Quantum Interference Devices). The mea-
sured values of the magnetic field intensity or its spatial
derivatives are used to compute the 3D image of the current
density distribution. This 3D image is useful in the diagnosis
of many brain and heart ailments. Magnetic fields are prefer-
able in medical imaging in comparison with electrostatic
fields and X-rays because magnetic fields are harmless and
pass through body tissue and bones without much attenuation
and distortion. The present invention provides methods and
apparatuses for MEG and MCG that are significantly more
accurate and provide higher resolution 3D images thus
improving the accuracy of diagnosis of ailments.

[0010] The methods and apparatuses in prior art in MEG
and MCG rely solely on data measured on a surface and
therefore they do not fully exploit all the available informa-
tion. They ignore additional information available in the
variation of magnetic field intensity with radial distance and
direction in a 3D volume space around a target object. There-
fore, prior art is unable to provide a closed-from solution to
the 3D image reconstruction problem and must resort to heu-
ristic assumptions. This results in lower accuracy and lower
spatial and temporal resolution in the reconstructed image. It
is an object of the present invention to exploit all the available
information and provide efficient 3D imaging methods and
apparatuses that have the advantages of higher accuracy and
higher resolution.

[0011] This invention is based on measuring the magnetic
field in an extended 3D volume space, not just on a surface at
a nearly constant radial distance from the target object as in
prior art. Magnetic field intensity measurements (or its
derivatives) are made in a 3D volume space that extends
substantially along the radial direction from the center of the
target object. Further, magnetic field intensity measurement
at each point is made along three mutually perpendicular
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directions. This has the effect of measuring a 3D vector field

in a 3D space at different distances and along different direc-

tions.

[0012] Field Paradigm has been applied recently by the

author of this invention to 3D medical imaging in two other

cases: Single-Photon Emission Computed Tomography

(SPECT) and Magnetic Resonance Imaging (MRI). A

detailed description of the application of Field Paradigm to

SPECT and MRI are provided in the following two U.S.

patent applications filed by the author of this invention

recently:

[0013] 1. M. Subbarao, “Method and apparatus for high-
sensitivity Single-Photon Emission Computed Tomogra-
phy”, U.S. patent application Ser. No. 12/586,863, Date
Sep. 29, 2009.

[0014] 2. M. Subbarao, “Field Image Tomography for
Magnetic Resonance Imaging”, U.S. patent application
Ser. No. 12/658,001, Date Feb. 1, 2010.

[0015] The contents of the following U.S. patents on MEG

and MCG in their entirety along with references therein are

incorporated herein by reference:

[0016] 1.S.].Gott,A.D. Mascarenas, and R. C. Reineman,
“High-Resolution Magnetoencephalography  System,
Components, and Method”, U.S. Pat. No. 7,197,352, B2,
Date Mar. 27, 2007.

[0017] 2. A. Ishiyama, Y. Ono, M. Murakami, “Magneto-
cardiograph”, U.S. Pat. No. 7,395,107, B2, Date: Jul. 1,
2008.

[0018] The prior art described in the above two patents and

the references therein do not use a method that involves

measuring magnetic field data in a 3D volume space that
extends substantially along the radial direction, nor do they
describe an apparatus that has a means for measuring the
magnetic field around a biological tissue in a 3D volume
space that extends substantially along the radial direction.

Therefore, as explained earlier, the inventions in the above 2

patents suffer from many disadvantages such as being much

less accurate leading to misdiagnosis of brain/heart related
medical conditions.

3. OBJECTS AND ADVANTAGES

[0019] It is an object of the present invention to provide
methods and apparatuses for 3D imaging in Magnetoen-
cephalography, Magnetocardiography, and the 3D imaging of
electrical activity in neural, muscle, or any biological tissue.
[0020] An advantage of the present invention is that it is
information efficient, i.e. it measures and exploits all avail-
able information for 3D image reconstruction. Therefore it
provides a more accurate 3D image in terms of spatial, tem-
poral, and contrast or intensity resolution and therefore it
improves the accuracy of medical diagnosis. Another advan-
tage of the present invention is that, unlike prior art, it does not
use heuristic assumptions and it provides a computationally
efficient closed-form solution to the problem of 3D image
reconstruction.

[0021] 4. SUMMARY OF THE INVENTION

[0022] The present invention provides methods and appa-
ratuses for 3D imaging of electrical activity in biological
tissue in MEG and MCG. It includes a method of reconstruct-
ing a 3D image f(r1) that specifies a spatial density distribu-
tion of electrical currents in a biological tissue in a 3D volume
space V1 at each point r1. This method comprises the follow-
ing steps:
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[0023] (a) Measuring up to three components of mag-
netic field intensity characteristics generated by the elec-
trical currents in a 3D volume space V2 that in particular
extends substantially along a radial direction pointing
away from the approximate center of the biological tis-
sue. The extension of the measurement volume space
along the radial direction is unlike that in prior art and it
facilitates capturing almost all available information for
3D image reconstruction. In particular, this captures
information provided by the field decay along the radial
direction which is not realized, recognized, or exploited
in prior art. This measured data is recorded as a function
of measurement position 12 in a 3D volume space V2 as
g(r2).

[0024] (b) Determining a system matrix H(rl,r2) that
specifies magnetic field intensity characteristics at point
r2 produced by an electric current source of unit length
located at point rl. This field matrix H(r1,r2) is deter-
mined based on magnetic field generation characteris-
tics as well as magnetic field measurement apparatus
characteristics. It also incorporates conditions to satisfy
Kirchoff’s current law at each point (that total electric
current flowing into a small volume element of tissue is
7ero).

[0025] (c) Setting up a vector-matrix equation g(r2)=H
(r1,r2) f(r1)+n(r2) where n(r2) represents noise in mea-
sured data at point r2; and

[0026] (d) Solving the vector-matrix equation g(r2)=H
(r1,r2) f(r1)+n(r2) and estimating a solution f1(rl1) for
the 3D image f(r1) using a method that reduces the effect
of noise n(r2) so that estimated solution f1(r1) is close to
desired solution f(r1).

[0027] The biological tissue in the above method can be
that of a mammal brain including humans and some animals.
In this case the method is for magnetoencephalography or
MEG. If the biological tissue is that of a mammal/human
heart then the method is for magnetocardiography or MCG.
In this method, the measured magnetic field characteristics
can include the spatial derivatives of the magnetic filed. Mea-
suring spatial derivatives of magnetic field intensity instead of
actual intensity eliminates the effects of the background mag-
netic field of the earth.

[0028] In the above method, the vector-matrix equation
g(r2)=H(r1,r2) f(r1)+n(r2) may involve the convolution of
H(r1,r2) and f(r1). Inthat case, Step (d) above is carried-out in
the Fourier domain by computing the Fourier transforms of
g(r2), and H(rl,r2), and f1(rl) is computed using inverse
Fourier transform and inverse filtering in the Fourier domain.

[0029] The present invention includes an apparatus for
measuring magnetic field intensity characteristics around a
biological tissue enclosed in a 3D volume space V1. This
apparatus could be used in applications such as magnetoen-
cephalography and magnetocardiography. This apparatus
comprises a means for measuring and recording magnetic
field intensity characteristics of magnetic field generated by
an electric current pattern in a biological tissue. The electric
current pattern in the biological tissue can have a 3D spatial
density distribution of f(r1). This means for measuring mag-
netic field intensity characteristics must specifically be
capable of measuring at a set of points r2 in a 3D volume
space V2. This volume space V2 in particular extends sub-
stantially along the radial direction pointing away from the
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approximate center of the biological tissue. The measured

data is recorded as a function of position r2 of points in the 3D

volume space V2 as g(r2).

[0030] The apparatus described above may further include

the following components:

[0031] (a) A means such as a digital computer for setting up
avector-matrix equation of type g(r2)=H(r1,r2) f(r1)+n(r2)
where H(rl,r2) represents a system matrix. This matrix
H(r1,r2) specifies magnetic field intensity at point r2 pro-
duced by an electric current density of unit strength located
at point r1. H(rl,r2) also includes conditions for satisfying
the Kirchoff’s current law that the total current flowing into
any volume element is zero. Further, the term n(r2) repre-
sents noise in measured data at point r2.

[0032] (b) A means for solving the vector-matrix equation
g(r2)=H(r1,r2) f(r1)+n(r2) and estimating a solution f1 (r1)
for the 3D image f(rl) using a method that reduces the
effect of noise n(r2) so that estimated solution f1 (r1) is
close to desired solution WO.

[0033] In the apparatus described above, the means for
solving the vector-matrix equation g(r2)=H(rl,r2) f(rl)+n
(r2) can further include a means for computing Discrete Fou-
rier Transforms (DFT) and inverse filtering. This part can be
used in solving the vector-matrix equation g(r2)=H(rl,r2)
f(r1)+n(r2) in the Fourier domain.
[0034] The apparatus above can be made in a shape suitable
for the case when the biological tissue is a brain being imaged
in Magentoencephalography. It can also be made in a shape
suitable for the case when the biological tissue is a heart being
imaged in Magentocardiography. The apparatus can further
include a digital computer and a display monitor for display-
ing images.

5. BRIEF DESCRIPTION OF DRAWING

[0035] FIG. 1 shows acertain embodiment of the apparatus
of the present invention. A 3D array of magnetic field mea-
surement sensors 101 is provided. This sensor array contains
a large number of small sensor elements such as SQUIDS
distributed in a 3D volume space. At each point, the sensor
elements in the 3D array can measure the magnetic field
intensity or its spatial derivatives along three mutually per-
pendicular directions. This sensor array has a shape such that
it surrounds the biological object such as the human brain or
heart that needs to be imaged. In particular, unlike prior art,
the sensor elements are distributed along all directions
including substantially along the radial direction 105 that
points away from the center of the object of study. In prior art,
the sensor elements are typically restricted to lie on a 2D
surface that covers the object of study but the surface itselfis
thin along the radial direction 105 and so the sensor elements
are not distributed along the radial direction. This is a critical
and distinguishing feature of the present invention because it
is the distribution of the sensors along the radial direction 105
that captures the additional information necessary for 3D
image reconstruction of electrical activity in the biological
object. The biological object 102 is shown to be surrounded
by the 3D sensor array. This object will be the human brain in
MEG, and human heart in MCG. It can be any biological
object such as an animal tissue with electrical activity. The 3D
sensor array is connected to computer 103 for processing
measured data. The computer 103 is also connected to a
display device 104 such as a computer monitor for displaying
the reconstructed 3D images for viewing by humans.
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[0036] FIG. 2 shows the geometry of the field emission
source or the biological tissue 403 at position r, magnetic field
measurement sensor 402, one element of magnetic field sen-
sor at position r', field emission source object or biological
object 401, and volume 404 in which the field emission
source is distributed.

[0037] FIG. 3 shows a certain embodiment of the apparatus
of the present invention for magnetocardiography (MCG).
This Figure is similar to FIG. 1 but the biological object in this
case is the human chest for imaging the heart. A 3D array of
magnetic field measurement sensors 301 is provided. This
sensor array contains a large number of small sensor elements
such as SQUIDS distributed in a 3D volume space that
extends substantially along the radial direction 305. The bio-
logical object 302 is shown to be surrounded by the 3D sensor
array. The 3D sensor array is connected to computer 303 for
processing measured data. The computer 303 is also con-
nected to a display device 304 such as a computer monitor for
displaying the reconstructed 3D images for viewing by
humans.

[0038] FIG. 4 shows a flow-chart of the method of the
present invention.

6. DESCRIPTION OF THE INVENTION

[0039] This invention discloses novel methods and appara-
tuses for 3D imaging in MEG and MCG. A detailed descrip-
tion of the methods and apparatuses are presented in this
section.

[0040] The present invention is based on a new theory not
found in prior art. It is based on the Field Paradigm. There-
fore, the theoretical basis of the present invention is presented
with concrete mathematical derivations for 3D imaging in
MEG and MCG.

[0041] Consider an object to be imaged with biological
tissue in which an electrical current pattern is present. For
example, in MEG, this object would be the neural tissue in a
brain and in MCG this would be the muscle tissue in a heart.
The case of a human head placed in an MEG apparatus is
shown in FIG. 1. This object 102 occupies a certain 3D
volume space V1 inside a cubical volume, say with an
approximate dimension of 200 mm on each side. In FIG. 2,
the object is shown as 401 and volume V1 is shown as 404.
This cubical volume can be thought of as being made up of
small cubic volume elements or voxels of dimensions 1 mm
on each side. In general, the length, width, and height of such
voxels can be specified as dx, dy, dz along %, y, and z axes, at
each point. The position of any voxel occupied by the object
with coordinates (X, y, z) is specified by a 3D position vector
r and the unit vectors 1,j,k, along x.y,z, axes respectively as

r=ix+jy+kz. (€8]

For example, see FIG. 2 where the voxel 403 and its position
r are shown.

[0042] Let the current density in each voxel be
ST (0) 4T () +KT (7). 2)
[0043] Letthe measured magnetic field B(r') at a point ' be

represented by a 3D vector with unit vectors 1, j, k, along the
X, y, and z axes respectively by

B(r)=B (r")+/B, (' )+kB3(r") ©)
and
=Xty k' 4
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See FIG. 2 which shows r' and the sensor 402 for measuring
the magnetic field. The problem in MEG/MCG is, given B(r")
measured at a large number of points r' spread out along all
dimensions in a 3D volume space, and measured along 3
mutually perpendicular directions, estimate the 3D current
density function J(r). According to Biot-Savart law, the mag-
netific field dB, (r') at ' due to the x-axis component of current
(note: dA=dy dz is the area of one face of the voxel):

L(n=J(r)dA=J (r)dy dz %)
in a single voxel of size or volume
dV=dx dy dz (6)

atr is given by

N ( ' —r)] @)
dBy(r') = (i1, (rdydzdx) x| ¢

=

where constant c is related to the magnetic permeability con-
stant , as

c =(gﬁ). ®)
7T

Therefore, the total magnetic field due to only the x-compo-
nent of current is given by the volume integral

Bl(r’):cf(iJX(r))xudV ©
Vv

=P

DEFINE
[0044]

' -r (10
I =3

H(r -r=c
Then we obtain

Bi(r) = f(iJX(r))x H( —rdV. an
Vv

Eq. (11) above is a convolution expression. It can be solved
easily in the Fourier domain if the y and z components of the
current are zero everywhere.

[0045] Similarly, the total magnetic fields due to the y and
z components of the current are

12
Bz(r’)=f(ij(r))XH(r’—r)dV 42
14

and

By(r') = f kI XHF —r)dV (13
Vv
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respectively. Therefore the total magnetic field due to all the
three current components is

B(r)=B,(r)+By(F)+B,(r"). 14)
Let
B(r)=iB (r' 4B, () +kB3(r"). (15)

It can be expressed as

B(r’):fJ(r)XH(r’—r)dV (16)
v

Or, in component form, the three components of B(r') are

B(r) = f Uy VH0 =) = LI, = r)dV an
v

By = f VH 0 =) = LV =)V s
v

B,(r') = f (x(MWHy(F —r) = J,(NH (X =r)dV. (19
v

Measuring the three mutually perpendicular components
B.(1"), B,(t), B;(r") of B(r') is a key step in the method of the
present invention. These measurements are made at a large
number of points r' (or r2) distributed in a 3D volume space
V2. These measured values are related to the unknown J(r)
and the point spread function H(r'-r) by Equation (16) or
Eqns. (17), (18), and (19). These equations have the form ofa
convolution expression which can be solved along with addi-
tional constraints for J(r) in the Fourier domain. For example,
let the respective Fourier transforms be represented by lower

case letters. Then we obtain,
u=(1,u,,u,) (20)

o gtz

which denotes the spatial Fourier frequencies. Further Eqns.
(17) to (19) have the following equivalent equations in the
Fourier domain:

b o))l () @1
by ()0 a0) (1) @2)
bW (Wh,7 (Wi (W) (23)

[0046] Inmatrix form, we may write the above equations as
b(w) = H' () j(u) (24)
where

bx(u) (25)
blu) = \by (u)]
b, (u)

0 b)) —hy(w) 26)
H@ws=|-h 0 h(ur)
hy@) —he@) 0

Jx(w) 27
Jl)y=| iy

()
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The equation
b()=H (u)j(xe) 28)

is under-constrained and cannot be solved uniquely unless an
additional constraint is employed. The determinant of H'(u)
can be verified to be zero.

[0047] The additional constraint we can use is the Kri-
choff’s current law at each voxel. The electric charge in a
voxel is conserved and therefore the total charge or current
flowing into any voxel from all neighboring voxels must be
zero. In the discrete domain this condition can be expressed
for a voxel with dimensions dxxdyxdz and d=0x=3y=0z by

S (PHi8) =T (r=i0)+J (#4]0) =T (r=jO)+J (r+k) =T (r—
k8)=0 29)

In the continuous domain, this condition can be expressed by

divergenceJ(r)=0, or (30)
B AJ(r)  dJy(r)  dJ,(r) B 3D

V= ax * dy * 0z =0
[0048] In the Fourier domain, using the Fourier transforms

of derivatives, the constraint divergence J(r)=0 becomes
(=270) (g () +ud () +s f.,))=0 €2

where i is the imaginary square root of —1. Using the above
equation and the equation b(u)=H'(w)j(u), we can solve for
J:(w), j,(u), j.(v) and therefore J(r). We can add the above
equation to each of the row in the matrix equation b(u)=H'(u)
j(u) to obtain an equivalent solvable equation to be

b(u) = H(u) j(u) (33)
where
Uy uy + R (1), — hy () 34
Hw) = | e — b () iy U, + By (1)
ty + 1y )y — () u,
The solution of course is
Je=H " w)b(w) 3%
and
Jr=FHjw)} (36).

where F~'{Ku)} is the inverse Fourier transform ofj(u). Thus
Eq. (36) provides a closed-form solution in the Fourier
domain. Having measured the three mutually perpendicular
components B,(r'), B,(r'), B;(t") of B(r), in the Fourier
domain, the solution for the 3D image reconstruction problem
is computed using Eqns. (35) and (36). These equations (33)
to (36) in fact constitute a theoretical proof of the existence of
the unique solution and a proof of the Field Image Principle,
in the case of MEG and MCG. Once the existence of a unique
solution is established as done here, either Fourier or spatial
domain techniques may be used to solve the problem.

[0049] Itis also possible to compute a solution in the spatial
domain by writing equations in the discrete spatial domain
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that are equivalent to Eq. (16) or Eqns. (17), (18), (19), and
Eq. (29). In this case one obtains a large system of linear
equations expressed as a vector matrix equation of the form

g)y=H(r', r)fir)+n(r) (37.1)
or, setting r1=r and r2=r', Eq. (37.1) becomes
g(r2)=H{(r1, r2)firl)+n(r2)

In Egs. (37.1) and (37.2), g(r") and g(r2) denote a column
vector of measured magnetic field intensity data or deriva-
tives of the intensity corresponding to B(r"); H(r',r) and H(r1,
r2) denote a system matrix related to the point spread function
(e.g.seeinEq. (10)) and Kirchoft’s current law (see Eq. (29));
f(r) and f(r1) denote a column vector of unknown current
density distribution corresponding to J(r) in Eq. (16) that
needs to be solved for; and, n(r') and n(r2) denote noise in the
measured data. The system matrix H(rl,r2) is affected by
sensor characteristics and geometry. Eq. (37.2) can be solved
using any one of many available techniques in the literature.
This solution is carried out in a computer 103 shown in FIG.
1, and then the reconstructed 3D image f(r1) or I(r) is dis-
played on a computer monitor or display 104.

[0050] A regularized inverse filter such as a Weiner filter or
a spectral filter can also be used for computing f using the
above equations.

[0051] Although Equation (36) provides a solution, in prac-
tice, due to the interference of the Earth’s magnetic field with
the magnetic field produced by electric current in a body
tissue, a minor change is needed. The effect of Earth’s mag-
netic field can be cancelled by measuring spatial derivatives
of B(r") in Equations (16) to (19) instead of just B(r') and
specified by its components. SQUIDS (Superconducting
Quantum Interference Devices) can directly measure such
spatial derivatives of magnetic fields. For example, the fol-
lowing equations can be used instead of Eqs. (17) to (19):

(37.2).

aB’—aJH’ LWH, (7 = r)dV 38
e X<r)—afv< WH =) = L()Hy (7 = 1)
d d (39
—B,(r) = —f(Jz(r)Hx(r’—r)—Jx(r)Hz (" =rav
dy dyJy

(40)

a g a g g
a—sz(r)= a—zfv(Jx(r)Hy(r =N =Jy(NH (7 =r)dV

Therefore, taking the Fourier transform on either side of Egs.
(38) to (40), using the property of the Fourier transforms of
derivatives, and using suitable notation, the following equa-
tions can be derived:

b2 y=(=i2mu) (G, ()b ()7 (), (1)) (41)
b7 ay=(=i2mu) (G () ()7 () (1)) (42)
b 2 ()=(=i2mu, )G () ()~ ()P (14)) (43)

The above equations along with Eq. (32) can be used to solve
for I(r)=F~! {j(u)}. Equations equivalent to (41) to (43) and
(32) can be written in the spatial domain in the form g(r2)=H
(r1,r2) f(r1)+n(r2) and solved.

[0052] An important advantage of the present invention is
the measurement and exploitation of all available informa-
tion. This results in better accuracy and higher spatial and
temporal resolution of reconstructed 3D tomographic
images. A novel feature of this invention is the measurement
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of magnetic field pattern not just on a thin surface butina 3D
volume space that extends substantially along the radial
direction in addition to two other mutually perpendicular
directions. At each point in the 3D volume space, measure-
ments should be made along 3 mutually perpendicular direc-
tions. The method of the present invention processes this 3D
volume data to reconstruct 3D current patterns that reveal the
location and intensity of electrical activity in the brain or heart
or any target object.

6.1 Apparatuses of the Invention

[0053] The present invention includes an apparatus for
measuring magnetic field intensity characteristics around a
biological tissue enclosed in a 3D volume space V1. This
apparatus could be used in applications such as magnetoen-
cephalography (MEG) and magnetocardiography (MCG). A
certain embodiment of this apparatus is shown in FIG. 1.
[0054] The apparatus includes a means 101 for measuring
magnetic field intensity characteristics of magnetic fields. For
example, it could be a 3D array of SQUIDS surrounding the
biological object 102. It could also be a 2D array of SQUIDS
that is moved to cover a 3D volume space around the biologi-
cal object and measure the magnetic field characteristics at
different points in the 3D volume space. The sensor array 101
measures the magnetic field generated by the electric current
pattern in the biological tissue 102 such as the animal/human
brain/heart. The electrical current pattern in the biological
tissue can have a 3D spatial density distribution of f(r1) cor-
responding to j(r). The sensor array for measuring magnetic
field intensity characteristics must specifically be capable of
measuring at a set of points r2 in a 3D volume space V2
around the biological object 102. This volume space V2 in
particular extends substantially along the radial direction
pointing away from the approximate center of the biological
tissue/object. This is the key distinguishing feature of the
apparatus of the present invention that is not found in prior art.
This feature was not introduced in prior art as the field para-
digm and the field image principle disclosed here were not
known in prior art. This apparatus is further capable of record-
ing measured data as a function of position r2 of points in the
3D volume space V2 as g(r2) corresponding to B(r).

The apparatus described above may further include a means
such as a digital computer 103 for setting up a vector-matrix
equation of type g(r2)=H(rl,r2) f(r1)+n(r2) where H(rl,r2)
represents a system matrix. This matrix H(rl,r2) specifies
magnetic field intensity at point r2 produced by an electric
current density of unit strength located at point r1. Further, the
term n(r2) represents noise in measured data at point r2. This
computer is further provided with a software or hardware
means for solving the vector-matrix equation g(r2)=H(r1,r2)
f(r1)+n(r2) and estimating a solution f1(r1) for the 3D image
f(r1). This means for estimating the solution for f(rl) is such
that it reduces the effect of noise n(r2) so that estimated
solution f1(rl) is close to desired solution f(r1). Many stan-
dard systems are available for this purpose including those
based on regularization.

[0055] In the apparatus described above, the means for
solving the vector-matrix equation g(r2)=H(rl,r2) f(rl)+n
(r2) can further include a means for computing Discrete Fou-
rier transforms and inverse filtering. This part can be used in
solving the vector-matrix equation g(r2)=H(rl,r2) f(rl)+n
(r2) in the Fourier domain.

[0056] The apparatus above can be made in a shape suitable
for different biological objects. For example, in the case of
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human brain and MEG, the sensor array 101 can have a shape
suitable for enclosing a human head. It may take the shape of
a very thick helmet. The apparatus can also have a shape
suitable for surrounding a human chest for MCG. In this case,
electrical activity of the heart can be measured. The 3D sensor
array in this case may have the shape of a thick cylinder.

6.2 METHODS OF THE INVENTION

[0057] The present invention provides methods for 3D
imaging of electrical activity in any biological tissue such as
brain, heart, etc, in MEG, MCG, and related applications. It
includes a method of reconstructing a 3D image f(rl) that
specifies a spatial density distribution J(r) of electrical cur-
rents in a biological tissue in a 3D volume space V1 at each
point r1. This method comprises the following steps.

[0058] In the first step, three components of magnetic field
intensity characteristics in Equations (17) to (19) or Eqns.
(38) to (40) are measured. These magnetic field intensity
characteristics are produced in a 3D volume space V2 by the
electrical current patterns in the biological tissue. The mea-
surements are made in the 3D volume space V2 at a set of
points r2 that in particular extends substantially along a radial
direction pointing away from the approximate center of the
biological tissue. The extension of the measurement volume
space along the radial direction is unlike that in prior art and
it facilitates capturing almost all available information for 3D
image reconstruction. In particular, this captures information
provided by the field decay along the radial direction which is
not realized, recognized, or exploited in prior art. This mea-
sured data is recorded as a function g(r2) of measurement
position r2 in a 3D volume space V2.

[0059] In the next step, a system matrix H(rl,r2) is deter-
mined which specifies magnetic field intensity characteristics
at point r2 produced by an electric current source of unit
length located at point rl. H(rl,r2) also includes Kirchoff’s
current law in Eq. (29). This field matrix H(r1,r2) is deter-
mined based on magnetic field generation characteristics as
well as magnetic field measurement apparatus characteris-
tics. For example, Equation (10) and Eq. (29) together specify
H(r1,r2) in a simple case. Next the unknown current density
J(r) in Equation (16) is represented by a vector f(rl) by lexi-
cographic ordering of J(r) based on row, column, and frame
order of data. Then the vector-matrix equation g(r2)=H(r1,r2)
f(r1)+n(r2) is set up where n(r2) represents noise in measured
data at point r2. This equation effectively represents the dis-
crete version of Equation (16) or Eqns. (17) to (19) and Eqn.
(29). Alternately, in order to cancel the effect of earth’s mag-
netic field, this equation g(r2)=H(r1,r2) f(r1)+n(r2) can effec-
tively represent the discrete equivalent of Equations (38) to
(40) and Eq. (29).

[0060] The last step in the method of the present invention
is to solve the vector-matrix equation g(r2)=H(r1,r2) f(r1)+n
(r2) and estimate a solution f1(r1) for the 3D image f(r1). This
solving is carried-out using a method that reduces the effect of
noise n(r2) so that the estimated solution f1 (r1) is close to
desired solution f{(r1). Any standard technique that reduces
the effect of noise such as a regularization technique can be
used.

[0061] The biological tissue in the above method can be
that of a mammal brain including humans and some animals.
In this case the method is for magnetoencephalography or
MEG. If the biological tissue is that of a mammal/human
heart then the method is for magnetocardiography or MCG.
In this method, the measured magnetic field characteristics
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can include the spatial derivatives of the magnetic filed as in
Equations (38) to (40). Measuring spatial derivatives of mag-
netic field intensity instead of actual intensity eliminates the
effects of the background magnetic field of the earth.

[0062] In the above method, the vector-matrix equation
g(r2)=H(r1,r2) f(r1)+n(r2) may involve the convolution of
H(r1,r2) and f(r1). For example, Equations (16) or (17)to (19)
are convolutions. In that case, solving the equation g(r2)=H
(r1,r2) f(r1)4n(r2) can be done in the Fourier domain. The
equivalent Fourier domain equations are given by Eqns. (32)
to (36). When the spatial derivatives on the magnetic field are
used to cancel the effect of the earth’s magnetic field, then
Equations (41) to (43), and Eqn. (32) can be used. In this
method, forward and inverse discrete Fourier transforms are
computed using the Fast Fourier Transform algorithm. A
regularization approach such as the Weiner filtering approach
can be used in the Fourier domain method of solving the
equation g(r2)=H(r1,r2) f(r1)+n(r2). This reduces the effect
of noise in the estimated solution.

8. CONCLUSION, RAMIFICATIONS AND
SCOPE OF THE INVENTION

[0063] The present invention provides a novel approach
based on Field Paradigm for MEG, MCG, and related appli-
cations. The present invention is also applicable to objects
that are not biological objects. While the description here of
the methods, apparatuses, and applications contain many
specificities, these should not be construed as limitations on
the scope of the invention, but rather as exemplifications of
preferred embodiments thereof. Further modifications and
extensions of the present invention herein disclosed will
occur to persons skilled in the art to which the present inven-
tion pertains, and all such modifications are deemed to be
within the scope and spirit of the present invention as defined
by the appended claims and their legal equivalents thereof.

What is claimed is:

1. A method of reconstructing a 3D image f(r1) that speci-
fies a spatial density distribution of electrical currents in a
biological tissue in a 3D volume space V1 at each point rl,
said method comprising the steps of:

(a) measuring up to three components of magnetic field

intensity characteristics generated by electrical currents
in said biological tissue, measurement being made in a
3D volume space V2 that in particular extends substan-
tially along a radial direction pointing away from the
approximate center of said biological tissue thereby cap-
turing almost all available information for 3D image
reconstruction, and recording this measured data as a
function of position r2 of points in said 3D volume space
V2 as g(r2);

(b) determining a system matrix H(rl,r2) that specifies
magnetic field intensity characteristics at point r2 pro-
duced by an electric current source of unit strength
located at point rl and Kirchoftf’s current law, said field
matrix H(rl,r2) determined based on magnetic field gen-
eration characteristics, Kirchoff’s current law, as well as
magnetic field measurement apparatus characteristics;

(c) setting up a vector-matrix equation g(r2)=H(rl,r2)
f(r1)+n(r2) where n(r2) represents noise in measured
data at point r2; and

(d) solving said vector-matrix equation g(r2)=H(rl,r2)
f(r1)+n(r2) and estimating a solution f1(r1) for said 3D
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image f(rl) using a method that reduces the effect of
noise n(r2) so that estimated solution f1(r1) is close to
desired solution f(r1).

2. The method of claim 1 wherein said biological tissue is
that of amammal brain and therefore said method is a method
for magnetoencephalography.

3. The method of claim 2 wherein said mammal is a human
being.

4. The method of claim 1 wherein said biological tissue is
that of a mammal heart and therefore said method is a method
for magnetocardiography.

5. The method of claim 4 wherein said mammal is a human
being.

6. The method of claim 1 wherein magnetic field intensity
characteristics includes spatial derivatives of magnetic field
intensity.

7. The method of claim 1 wherein said vector-matrix equa-
tion g(r2)=H(rl,r2) f(r1)+n(r2) involves convolution of H(r1,
r2) and f(r1) and Step (d) is carried-out in the Fourier domain
by computing the Fourier transforms of g(r2), and H(r1,r2),
and f1(r1) is computed using inverse Fourier transform and
inverse filtering in the Fourier domain.

8. An apparatus for measuring magnetic field intensity
characteristics around a biological tissue enclosed in a 3D
volume space V1, said apparatus comprising a means for
measuring magnetic field intensity characteristics of mag-
netic field generated by an electric current pattern having a 3D
spatial density distribution f(r1) in said biological tissue, said
means for measuring magnetic field intensity characteristics
specifically capable of measuring at a set of points r2 in a 3D
volume space V2 that in particular extends substantially along
a radial direction pointing away from the approximate center
of said biological tissue, and said means for measuring mag-
netic field intensity characteristics further capable of record-
ing measured data as a function of position r2 of points in said
3D volume space V2 as g(r2).

9. The apparatus of claim 8 which further includes

(a) a means for setting up a vector-matrix equation of type

g(r2)=H(r1,r2) f(r1)+n(r2) where H(r1,r2) represents a
system matrix that specifies magnetic field intensity at
point r2 produced by an electric current density of unit
strength located at point r1, and n(r2) represents noise in
measured data at point r2; and

(b) a means for solving said vector-matrix equation g(r2)

=H(r1,r2) f(r1)+n(r2) and estimating a solution f1(r1)
for said 3D image f(r1) using a method that reduces the
effect of noise n(r2) so that estimated solution f1(r1) is
close to desired solution f(r1).

10. The apparatus of claim 9 wherein said means for solv-
ing said vector-matrix equation g(r2)=H(r1,r2) f(r1)+n(r2)
includes a means for computing Discrete Fourier transforms
and inverse filtering.

11. The apparatus of claim 8 wherein said biological tissue
is a brain being imaged in Magentoencephalography.

12. The apparatus of claim 8 wherein said biological tissue
is a heart being imaged in Magentocardiography.

13. The apparatus of claim 9 wherein said biological tissue
is a brain being imaged in Magentoencephalography.

14. The apparatus of claim 9 wherein said biological tissue
is a heart being imaged in Magentocardiography.

15. The apparatus of claim 10 wherein said biological
tissue is a brain being imaged in Magentoencephalography.
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16. The apparatus of claim 10 wherein said biological
tissue is a heart being imaged in Magentocardiography.

17. The apparatus of claim 8 which further includes a
computer and a display monitor.

18. The apparatus of claim 8 wherein said means for mea-
suring magnetic field intensity characteristics includes a 3D
array of SQUIDS.
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19. The apparatus of claim 8 wherein said means for mea-
suring magnetic field intensity characteristics includes a 2D
array of SQUIDS which can move to different positions to
cover a 3D volume space V2 and measure magnetic field
intensity characteristics.
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