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COlL. FOR MAGHNETIC INDUCTION TOMOGRAPHY IMAGING

The present disclosure relates generally to the field of magnetic induction
tomography imaging, and more particularly to a coil for magnetic induction

tomography imaging.

Magnetic induction tomography imaging can be used to image an
electromagnetic property distribution {(e.g. conductivity or permittivity) within human
tissues. More particularly, magnetic induction tomography technigues can provide
for the low cost, contactless measurement of electromagnetic properties of human
tissue based on eddy currents induced in tissues due to induction coils placed
adiacent {o the tissue.

Electromagnetic properties such as conductivity and permittivity vary
spatially in human tissue due to natural contrasts created by fat, bone, muscle and
various organs. As a result, a conductivity or permittivity distribution obtained
using magnetic induction tomography imaging technigues can be used to image
various ragions of the body, including lungs and abdominal regions, brain tissue,
and other regions of the body that may or may not be difficult to image using other
low cost biomedical imaging technigues, such as ultrasound. In this way, magnetic
induction tomography imaging can be useful in the biomedical imaging of, for
instance, wounds, ulcers, brain traumas, and other abnormal tissue siates.

Existing techniques for magnetic induction tomography imaging typically
involve the placement of a large number of coils (e.g. a coll array) near the sample
and building an image based upon the measured mutual inductance of coil pairs
within the large number of coils placed near the specimen. For instance, an array
of source coils and an array of detection coils can be placed adjacent the
specimen. One or more of the source coils can be energized using radiofrequency
energy and a response can be measured at the detfection coils. The conductivity
distribution {or permittivity distribution) of the specimen can be determined from the

response of the detection coils.
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SUMMARY

Aspects and advantages of embodiments of the present disclosure will be
set forth in part in the following description, or may be learned from the description,
or may be learned through practice of the embodiments.

One example aspect of the present disclosure is directed to a coll for
magnetic induction tomography imaging of human tissue. The coll includes a
plurality of first concentric conductive loops located within a first plane. The
plurality of first concentric conductive loops are connected in series. The coll
further includes a plurality of second concentric conductive loops located within a
second plane. The second plane is spaced apart from the first plane by g plane
separation distance. The plurality of second concentric conductive loops are
connected in series. The plurality of first concentric conductive loops are
connected in series with the plurality of second concentric loops. The plurality of
first concentric conductive loops and the plurality of second concentric conductive
loops are disposed such that each of the plurality of first concentric conductive
loops overlaps one of the plurality of second concentric conductive loops.

Another example aspect of the present disclosurs is directed to a method
for providing a coil for magnetic induction tomography imaging. The method
includes arranging a plurality of first concentric conductive loops in a first plane on
a multilayer printed circult board and arranging a plurality of second concentric
conductive ioops in a second plane on the multilayer printed circuit board. The
method further comprises coupling the plurality of first concentric conductive loops
in series using a plurality of first connection traces and coupling the plurality of
second concentric conductive loops located in serles using a plurality of second
connection traces. The plurality of first connection traces and the plurality of
second connection traces are radially aligned to connect the plurslity of first
concentric conductive loops and the plurality of second concentric conductive
loops in series such that a current flow of one of the plurality of first connection
traces is opposite a current flow of one of the plurality of second connection traces.

Yet ancther example aspect of the present disclosure is direcied to a
system for magnetic induction tomography imaging. The system includes an RF
energy source and a coil coupled to the RF energy source. The coil includes a
plurality of first concentric conductive loops located within a first plane. The
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plurality of first concentric conductive loops are connected in series with one
another. The coil further includes a plurality of second concentric conductive loops
located within a second plane. The plurality of second concentric conductive loops
connected in series with one another, The system further includes a measurement
circuit capable of obtaining & measurement of an electrical parameter of the coll
when the coil is placed adjacent 1o a specimen. The first plane and the second
plane are separated by a plane separation distance. The plane separation
distance is selected such that the plurality of first concentric conductive loops and
the plurality of second concentric conductive loops approximate a single plane of
concentric conductive loops in a model used for magnetic induction fomography
imaging.

Varigtions and modifications can be made to these example aspects of the
present disclosure.

These and other features, aspects and advantages of various embadiments
will become better understood with reference to the foliowing description and
appended claims. The accompanying drawings, which are incorporated in and
constitute 2 part of this specification, Hlustrate embodiments of the present
disclosure and, together with the description, serve to explain the related

principles.

BRIEF DESCRIPTION OF THE DRAWINGS
Detailed discussions of embodiments directed to one of ordinary skill in the

art are set forth in the specification, which makes reference to the appended
figures, in which:

FIG. 1 depicts an example systam for magnetic induction tomography
imaging using a single coil according to example embodiments of the present
disclosure:

FIGS. 2-3 depict example conductivity maps generaled according to
example embodiments of the present disclosure;

FIG. 4 depicts an example coil for magnetic induction tomography imaging
according fo example embodiments of the present disclosure;

FIG. 5 depicts example connection traces for a coil for magnetic induction
tomography imaging according to example embodiments of the present disclosure;
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FIG. 8 depicts a process flow diagram of an example method for providing a
coil for magnetic induction tomography imaging according to example
embodiments of the present disclosure;

FIG. 7 depicts a block diagram of an example circuit associated with a coil
used for magnetic induction tomography imaging sccording to example
embodiments of the present disclosurs;

FIG. 8 depicts a process flow diagram of an example method for magnetic
induction tomography imaging according to example embodiments of the present
disclosure;

FIGS. 9 and 10 depict experimental resuits for coll property measurements
obtained using an example according to example embodiments of the present
disclosure;

FIGS. 11 and 12 depict experimental results for coil property measurements
ohtained for a simulated conductivity distribution according to example
embodiments of the present disclosure.

DETAILED DESCRIPTION

.........

Reference now will be made in detail to embodiments, one or more
examples of which are illustrated in the drawings. Each example is provided by
way of explanation of the embodiments, not limitation of the invention. In fact, it
will be apparent to those skilled in the art that various modifications and variations
can be made to the embodiments without departing from the scope or spirit of the
present disclosure. For instance, features illustrated or described as part of one
embodiment can be used with ancther embodiment to yield a still further
embodiment. Thus, it is intended that aspects of the present disclosure cover such

modifications and variations.

Qverview
Generally, example aspects of the present disclosure are directed to a coil
designed to facilitate magnetic induction tomography imaging of a specimen, such
as a human tissue specimen, using a single coil. Typical existing magnetic
induction tomography systems use a plurality of coils {(e.g. an array of source coils
and an array of detection coils) to generate conductivity maps of specimens, such
4
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as human tissue specimens. The use of multiple coils increases the complexity of
magnetic induction tomography systems. For instance, multiplexing can be
required to obtain measurements using the plurality of coils.

Efforts have been made fo reduce the number of coils necessary for
magnetic induction tomography imaging. For instance, fewer coils can be required
by using techniques for repositioning the coils relative to the specimen or by
repositioning the specimen relative to the coils. While it can be desirable fo reduce
the number of colls required for magnetic induction tomography imaging, it is still
desirable to obtain as many measurements as possible to improve the resolution
and accuracy of the images obtained using magnetic induction tomography.

A coll designed according o example aspscts of the prasent disclosure can
facilitate magnetic induction tomography imaging using a single coil. More
particularly, the present inventors have discovered a model that defines the
relationship between coil loss measurements obtainad using a single coil and an
electromagnetic property distribution of a specimen. In one implementation, the
modsl is a quantitative analytical model that describes the real part of 3 change in
impedance {e.g. ohmic loss) of a single planar multi-loop coil having a plurality of
concentric conductive loops, resulting from induced eddy currents when excited
with RF energy and placed near to arbitrarily shaped objects with arbifrary three-
dimensional conductivity distributions. A coll designed according to example
aspects of the present disclosure, can approximate the single plane of concentric
conductive loops provided for in the quantitative analytical model.

More particularly, the coil can include a plurality of concentric conductive
circular loops with spacing sufficient between the loops, or sufficiently different
radii, to reduce capacitive coupling with the specimen. The conductive loops can
be connected in series with connection traces without allowing the connection
fraces to distort the fields produced by the plurality of concentric conductive
circular loops. The plurality of congentric conductive loops can be arranged in
muttiple planes (e.g. on a multilayer printed circuit board) as a two layer stack.
The spacing between the planes or the plane separation distance can be selected
such that mathematically the plurality of conductive loops can be treated as being
located in a common plane for purposes of the quantitative analytical model. For
instance, the plane separation distance can be in the ranges of about 0.2 mmto
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about 0.7 mm, such as about 0.5 mm. As used herein, the use of the term “about”
with reference to a dimension or other characteristic is intended to refer to within
20% of the specified dimension or other characteristic.

According to one particular example implementation of the present
disclosure, the coil can include a plurality of first concentric conductive loops
located within a first plane and a plurality of second concentric conductive loops
located within a second plane. Each of the plurality of first conductive loops and
each of the plurality of second conductive loops can include gaps (e.g. gaps about
0.5 mm or less) in the conductive loops to facilitate connecting the conductive
loops in series. The plurality of gaps can be offset from one another to further
facilitate connection of the plurality of conductive loops in series.

A piurality of connection traces can connect the conductive loops in series.
For instance, a plurality of first connection fraces can connect the first conductive
loops in series and a plurality of second connection traces can connect the second
conductive loops in series. The first and second connection traces can be
arranged such that magnetic fields emanating from the connection traces oppose
gach other. Forinstance, one of the plurality of first connection traces can be
nearly radially aligned with one of the plurality of second connection traces such
that a current flow in the first connection trace is opposite a current flow in the
second connection trace.

The coil designed according to example aspects of the present disclosure
can be energized from an RF energy source (e.g. a 12.5 MHz RF energy source)
coupled to the coil. For instance, an innermost conductive loop of the plurality of
first conductive loops can be coupled to the RF energy source while an innermost
conductive loop of the plurality of second conductive loops can be coupled to a
reference node or electrical common. The magnstic field generated by the coll
when energized by the RF energy source can behave as though it were sourced
from a single plane of a plurality of concentric conductive loops.

Using the model, a three-dimensional electromagnetic property map can be
generated for human tissue using a plurality of coll loss measurements obtained
using the coll. More particularly, once a plurality of coll property measurements
and associated position data for the coil loss measurements have been obtained,
the measurements can be processed using the model to generate a three-
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dimensional map of the electromagnetic property distribution of the specimen,
such as a three-dimensional conductivity map of the specimen.

Example Systems for Magnetic Induction Tomoaraphy Imaging

FIG. 1 depicts an example system 100 for magnetic induction tomography
imaging of a specimen 110, such as a human tissue specimen. The system 100
includes a coil device 120 having a single coil 125 for obtaining coll property
measurements for magnetic induction fomography imaging according to example
aspects of the present disclosure. The coil 125 can be a single coil having a
plurality of concentric conductive loops disposed in one or more planes on a
printed circuit board. One example coil design for magnetic induction tomography
imaging according to example aspects of the present disclosure will be discussed
in more detail below with reference to FIGS, 4 and § below.

The coill device 120 of FIG. 1 can include an RF energy source {g.g. an
oscillator circuit) configured to energize the coil 125 with RF energy at a set
frequency (e.g. 12.5 MHz) when the coil 125 is placed adjacent to the speacimen
110. The energized coil 125 can generate magnetic fislds, which can induce eddy
currents in the specimen 110. These induced eddy currents in the specimen can
cause a coil loss {(e.g. a change in impedance) of the coll 125. The coll device 120
can include circuitry (e.g. a measurement circuit) for determining the coil loss
associated with the coil 125 during a coil property measurement at a particular
location relative to the specimen 110,

Coil property measurements can be obtainad using the single coil 125 of the
coil device 120 while the coil device 120 is positioned at a variety of different
iocations and orientations relative to the specimen 110. The collected coill property
measurements can be provided to the computing system 140 whers the coil
property measurements can be analyzed to generate a three-dimensional
electromagnetic property map of the specimen 110, such as a three-dimensional
conductivity map or a three-dimensional permittivity map of the specimen 110.

In some particular implementations, the coil device 120 can be mounted fo
a transiation device 130. The translation device 130 can be a robotic device
controlied, for instance, by the computing system 140 or other suitable control
device, to translate the coil device 120 along x-, y-, and —z axes relative to the
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specimen 110 in order {o position the coil 125 at a plurality of different discrete
locations relative to the specimen 110. The coll device 120 can be controlled (e.g.
by the computing system 140) to obiain a coil property measurement using the coil
125 at each of the plurality of discrete locations.

Alternatively, the coll device 120 can be manually positioned at the plurality
of discrete locations for performance of the coll property measurement. For
instance, a medical professional can manually position a hand held coil device 120
relative to the specimen 110 to obtain coil property measurements at a plurality of
discrete locations relative to the specimen 110.

To generate an accurate three-dimensional electromagnetic property map
of the specimen 110, position data needs 1o be associated with each of the
obtained coil property measurements. The position data can be indicative of the
position (e.g. as defined by an x-axis, y-axis, and a z-axis relative to the specimen
110) of the coil 125 as well as an orientation of the coil 125 (e.g. a {ilt angle relative
to the specimen 110). When using a transiation device 130 to position the cotl
125, the position and orientation of the coil 125 can be determined based at least
in part on positioning control commands that control the transiation device 130 o
be positioned at the plurality of discrete locations.

In one embodiment of the present disclosure, images captured by a camera
135 positioned above the specimen 110 and the coil device 120 can be processed
in conjunction with signals from various sensors associated with the coil device
120 to determine the position data for each coil property measurement. More
particularly, the coil device 120 can include one or more motion sensors 126 (e.g.
a three-axis accelerometer, gyroscope, and/or other motion sensors) and a depth
sensor 128 The orientation of the single coil 128 relative {o the surface can be
determined using the signals from the motion sensors 126. For instance, signals
from a three-axis accelerometer can be used to determine the orientation of the
single coll 125 during a coll property measuremeant.

The depth sensor 128 can be used o determine the distance from the
single coil to the specimen 110 {e.g. the position along the z-axis). The depth
sensor 128 can include one or more devices configured to determine the location
of the coil 125 relative to a surface. For instance, the depth sensor 128 can
include one or more laser sensor devices and/or acoustic location sensars. In

8



10

18

20

25

30

WO 2015/128705 PCT/IB2014/063152

another implementation, the depth sensor 128 can include one or more cameras
configured to capture images of the specimen 110. The images can be processed
to determine depth to the specimen 110 using, for instance, structure-from-motion
technigues,

images captured by the camera 135 can be used to determine the position
of the coil 125 along the x-axis and y-axis. More particularly, the coil device 120
can also include a graphic located on a surface of the coil device 120. As the
plurality of coil property measurements are performed, the image capture device
135 can capture images of the graphic. The images can be provided to the
computing system 140, which can process the images based on the location of the
graphic to determine the position along the x-axis and y-axis relative to the
specimen 110. In particular implementstions, the camera 135 can include a
telecentric lens to reduce error resulting from parallax effects.

The computing system 140 can receive the coll property measurements,
together with coll location and origntation data, and can process the data {o
generate a three-dimensional electromagnetic property map of the specimen 110,
The computing system 140 can include one or more computing devices, such as
one or more of a desktop, laptop, server, mobile device, display with one or more
nrocessors, or other suitable computing device having one or more processors and
one or more memory devices. The computing system 140 can be implemented
using one or more networked computers (e.g., in a cluster or other distributed
computing system). For instance, the computing system 140 can be in
communication with one or more remote devices 160 (e.g. over a wired or wireless
connection or network).

The computing system 140 includes one or more processors 142 and one
or more memory devices 144, The one or more processors 142 can include any
suitable processing device, such as a microprocessor, microcantroller, integrated
circuit or other suitable processing device. The memory devices 144 can include
single or multiple portions of one or more varieties of tangible, non-transitory
compuier-readable media, including, but not limited to, RAM, ROM, hard drives,
flash drives, optical media, magnetic media or other memory devices. The
computing system 140 can further include one or more input devices 162 (e.g.
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keyboard, mouse, touchscreen, touchpad, microphone, etc.) and one or more
output devices 164 {e.g. display, speakers, elc.).

The memory devices 144 can store instructions 146 that when executed by
the one or more processors 142 cause the one or mors processars 142 to perform
operations. The computing device 140 can be adapted to function as s special-
purpose machine providing desired functionality by accessing the instructions 146.
The instructions 148 can be implemented in hardware or in software. When
software is used, any suitable programming, scripting, or other type of language or
combinations of languages may be used to implement the teachings contained
herein,

As illustrated, the memory devices 144 can store instructions 146 that when
executed by the one or more processors 142 cause the one or more processors
142 to implement a magnetic induction tomography ("MIT") module 148. The MIT
module 148 can be configured to implement one or more of the methods disclosed
herein for magnetic induction tomography imaging using a single coll, such as the
method disclosed in FIG, 8.

The one or more memory devices 144 of FIG. 1 can also store data, such
as coil property measurements, position data, three-dimensional slectromagnetic
property maps, and other data. As shown, the one or more memory devices 144
can store data associated with an analytical model 150, The analytical model 150
can define a relationship between coll property measurements obtained by a single
coll and an electromagnstic property distribution of the specimen 110, Features of
an example analytical model will be discussed in more detall below.

MIT module 148 may be configured to receive input data from input device
162, from coil device 120, from transiation device 130, from data that is stored in
the one or more memory devices 144, or other sources. The MIT module 148 can
then analyze such data in accordance with the disclosed methods, and provide
useable output such as three-dimensional electromagnetic property maps to a user
via outpul device 164. Analysis may alternatively be implemented by ong or more
remote device(s) 160.

The technology discussed hersin makes reference to computing systems,
servers, databases, software applications, and other computer-based systems, as
well as actions taken and information sent to and from such systems. One of

10



10

15

20

25

30

WO 2015/128705 PCT/IB2014/063152

ordinary skill in the art, using the disclosures provided herein, will recognize that
the inherent flexibility of computer-based systems allows for a great varisty of
possible configurations, combinations, and divisions of tasks and functionality
between and among components. Forinstance, processes discussed hersin may
be implemented using a single computing device or multiple computing devices
working in combination. Databases and applications may be implemented on a
single system or distributed across multiple systems. Distributed components may
operate sequentially or in parallel.

FIG. 2 depicts one example conductivity map 180 that can be generated by
the system 100 from a plurality of coil property measurements using a single coil
according to an example embodiment of the present disclosure. The conductivity
map 180 can provide a two-dimensional view of a cross-section of a three-
dimensional conductivity map generated by the MIT module 148 of FIG, 1 based
on measurements obtained by the coil device 120. The conductivity map 180 of
FIG. 2 can be presented, for instance, on the output device 1684 of the computing
system 140 of FiG. 1.

The conductivity map 180 of FIG. 2 provides a transverse view of a spinal
column of a patient, transecting and revealing the spinal canal. The conduetivity
map 180 plots conductivity distribution along x-, y-, and z-axes in units of
centimsters. The conductivity map 180 includes a scale 182 indicative of grey
scale colors associated with varying degrees of conductivity in units of S/m. As
shown, the conductivity map 180 shows the contrasting conductivity of regions of
human tissue in the spinal region and can provide an image of the spinal region of
the patient.

FiG. 3 depicts another example conductivity map 190 that can be generated
by the system 100 from a plurslity of coil property measurements using a single
coil according to example embodiments of the present disclosure. The
conductivity map 180 can be a two-dimensional view of a cross-section of a threg-
dimensional conductivity map generated by the MIT module 148 of FIG. 1 based
on measurements obtained by the coll device 120, The conductivity map 190 of
FiG. 3 can be presented, for instance, on the output device 164 of the computing
system 140 of FIG. 1.
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The conductivity map 180 of FIG. 3 provides a sagitial view of the spinal
region of a patient, offset but parallel to the spinal column. The conductivity map
180 plots conductivity distribution along x-, y-, and z-axes in units of centimeters.
The conductivity map 190 includes a scale 182 indicative of grey scale colors
assoclated with varying degrees of conductivity, in units of 8/m. As shown, the
conductivity map 180 shows the contrasting conductivity of regions of human
tissue in the spinal region and can provide an image of the spinal region of the
patient. This slice transects and reveals the struciure associated with the
connection of ribs to transverse processes of the vertebrae. The conductivity map
180 and the conductivity map 190, together with other views, can provide varying
images of the spinal region of the patient for diagnostic and other purposes.

An example guantitative analytical model for obtaining a three-dimensional
conductivity map from a plurality of coil property measurements obtained by a
single coil will now be set forth. The quantitative model is developed for an
arbitrary conductivity distribution, but with permittivity and magnetic permeability
treated as spatially uniform. The guantitative analytical model was developed for a
coil geometry that includes a plurality of concentric circular loops, all lying within a
common plane and connected in series, with the transient current considered o
have the same value at all points along the loops. A conductivity distribution is
permitted to vary arbitrarily in space while a solution for the electric field is pursued
with a limit of small conductivity (<10 8/m). Charge free conditions are assumed {o
hold, whereby the electrical field is considered to have zerp divergence. Under
these conditions, fields are due only to external and eddy currents.

The quantitative analytical model can correlate a change in the real part of
impedance {e.g. ohmic loss) of the coll with various parameters, including the
conductivity distribution of the specimen, the position and orientation of the single
coil relative o the spacimen, coil geometry (e.g. the radius of each of the plurality
of concentric conductive loops) and other parameters. One example modsel is

provided below:

12



10

15

20

25

WO 2015/128705 PCT/IB2014/063152

re%sz’MW

-8Z 18 the coll property measurement (e.g. the real part of the impedance loss of

Qx(ﬁ;)@ziﬁk)

the coil). u is the magnetic permeability in free space. w is the excitation
frequency of the coil. p, and pyare the radii of each conductive loop jand & for
each interacting loop pair /& The function Qqx is known as a ring function or
toroidal harmonic function, which has the argument #; and » as shown here:

With reference to a coordinate system placed at the center of the concentric loops,
such that loops all lie within the XY-plane, p measures radial distance from coil
axis to a point within the specimen while z measures distance from the coil plane
fo the same point within the specimen.

The model introduces electrical conductivity F(7) as a function of position.
The integrals can be evaluated using a finite element mesh (e.g. with tetrahedral
elements) to generate the conductivity distribution for a plurality of coil property
measurements as will be discussed in more detail below.

Example Coil Device for Magnetic Induction Tomography Imaging

As demonstrated above, the inventors have developed a quantitative
analytical mode! that defines a relationship between g plurality of coll property
measurements obtained by a single coll having a plurality of concentric conductive
loops connected in series and a conductivity distribution of a specimen. An
example coil design that approximates the coll contemplated by the example
guantitative model will now be set forth

A coil according to example aspects of the present disclosure can include a
plurality of concentric conductive loops arranged in two-planes on a multilayer
printed circult board. The plurality of concentric conductive loops can include &
plurality of first concentric conductive loops located within a first plane and a

plurality of second concentric conductive loops located in a second plane. The
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second plane can be spaced apart from the first plane by a plane separation
distance. The plane separation distance can be selected such that the coil
approximates the single plane coil contemplated in the example quantitative
analvtical model for magnetic induction tomography imaging disclosed herein.

in addition, the plurality of conductive loops can be connected in series
using a plurality of connection traces. The plurality of connection traces can be
arranged so that the contribution {o the fislds generated by the connection traces
can be reduced. In this manner, the coil according to examgple aspects of the
present disclosure can exhibit behavior that approximates a plurality of circular
loops arranged concentric to one another and located in the same plane.

FIG. 4 depicts an example coil 200 used for magnetic induction tomography
imaging according to example aspects of the present disclosure. As shown, the
coil 200 includes ten concentric conductive loops. More particularly, the coil 200
includes five first concentric conductive loops 210 disposed in a first plane and five
second concentric conductive loops 220 disposed in a second plane. The first and
second concentric conductive loops 210 and 220 can be 1 mm or 0.5 mm copper
tfraces on a multilayer printed circuit board. In one example implementation, the
radii of the five concentric conductive loops in either plane are set at sbout 4mm, 8
mm, 12 mm, 168 mm, and 20 mm respectively. Other suitable dimensions and
spacing can be used without deviating from the scope of the present disclosure.

As shown, each of the plurality of first concentric conductive loops 210 is
disposed such that it overlaps one of the plurality of second concentric conductive
loops 220. In addition, the first concentric conductive loops 210 and the second
concentric conductive loops 220 can be separated by a plane separation distance.
The plane separation distance can be selected such that the coil 200 approximates
a single plane of concentric coils as contemplated by the quantitative analytical
model. For instance, the plane separation distance can be in the range of about
0.2 mm to about 0.7 mim, such as about 0.5 mm.

The plurality of first conductive loops 210 can include a first innermost
conductive loop 214. The first innermost conductive loop 214 can be coupled to
an RF energy source. The plurality of second conductive loops 220 can include a
second innermost conductive loop 224. The second innenmost conductive loop
224 can be coupled to a reference node (e.g. a ground node or common node).
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The coil further includes a plurality of connection traces 230 that are used to
connect the first concentric conductive loops 210 and the second concentric
conductive loops 220 in series. More particularly, the connection traces 230
couple the plurality of first concentric conductive loops 210 in series with one
another and can couple the plurality of second concentric conductive loops 220 in
series with one another. The connection traces 230 can also include a connection
frace 235 that couples the outermost first concentric conductive loop 212 with the
outermost second concentric conductive loop 214 in series.

As shown in more detail in FIG. 5, the connection fraces 230 can be
arranged such that fields emanating from the connection traces oppose each
other. More particularly, the connection traces 230 can be radislly sligned such
that & current flow of one of the plurality of connection traces located in the first
plang is opposite to a current flow of one of the plurality of connection traces
focated in the second plane. For instance, referring to FIG. 5, connection trace
232 arranged in the first plane can be nearly radially aligned with connection trace
234 in the second plane. A current flowing in connection trace 232 can be
opposite to the current flowing in connection trace 234 such that fields generated
by the connection traces 232 and 234 oppose or cancel each other.

As further illustrated in FIG. B, each of the plurality of first conductive loops
210 and the second conductive loops 220 can include a gap 240 to facilitate
connection of the conductive loops using the connection traces 230. The gap can
ba in the range of about 0.2 mm to about 0.7 mm, such as about 0.5 mm.

The gaps 240 can be offset from one another to facilitate connection of the
plurality of concentric conductive loops 210 and 220 in series. Forinstance, a gap
associated with one of the plurality of first concentric conductive loops 210 can be
offset from a gap associated with another of the plurality of first concentric
conductive loops 210. Similarly, a gap sssociated with one of the plurality of
second concentric conductive loops 220 can be offset from a gap associated with
another of the plurality of second concentric conductive loops 220. Agap
associated with one of the first concentric conductive loops 210 can also he offset
from a gap associated with one of the plurality of second concentric conductive
loops 220. Gaps that are offset may not be along the same axis associated with
the coil 200.

15



10

15

20

25

30

WO 2015/128705 PCT/IB2014/063152

As shown in the experimental results that follow, the coil 200 of FIGS. 4 and
5 can provide a good approximation of the coil contemplated by the quantitative
analytical model for magnetic induction fomography imaging. In this way, coll
property measurements using the coll 200 can be used fo generate three-
dimensional electromagnestic property maps of specimens of interest (e.g. human
tissue specimens).

FiG. 8 depicts a process flow diagram of an example method (300) for
providing a coit for magnetic induction tomography imaging according to example
aspects of the present disclosure. FIG. 6 depicts steps performed in a particular
order for purposes of illustration and discussion. Those of ordinary skill in the art,
using the disclosures provided herein, will understand that the steps of any of the
methods disclosed hersin can be modified, omitted, rearranged, adapted, or
expanded in various ways without deviating from the scope of the present
disclosure.

At (302}, a plurality of first concentric conductive loops are arranged in a
first plane. For instance, the plurality of first concentric conductive loops 210 of the
coll 200 of FIG. 4 are arranged on a first plane of a multilayer printed circuit board.
At (304) of FIG. 8, a plurality of second concentric conductive loops are arranged
in & second plane. For instance, the plurality of second concentric conductive
loops 220 of FIG. 4 are arranged on a second plane of a multilayer printed circuit
board.

The first plane and the second plane can be separated by a plane
separation distance. The plane separation distance can be selected such that the
coil approximates a single plane of concentric conductive loops in the analytical
model for magnetic induction tomography disclosed herein. For instance, the
plane separation distance can be selected to be in the range of 0.2 mm to 0.7 mm.

At (308), the plurality of first concentric conductive loops are coupled in
series using a plurality of first connection traces in the first plane. At {308) of FIG.
8, the plurality of second concentric conductive loops are coupled in series using a
plurality of second connection traces in the second plane. The connection traces
can be radially aligned such that fields generated by the connection traces oppose
gach other. For instance, the connection traces can be arranged such that the
plurality of first connection traces and the plurality of second connection traces are
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radially aligned to connect the plurality of first concentric conductive loops and the
plurality of second concentric conductive loops in series such that a current flow of
one of the plurality of first connection traces is opposite a current flow of ona of the
plurality of second connection traces.

At (308), the method can include coupling 3 first outermost conductive loop
located in the first plane with a second outermost conductive loop in the second
plane such that the plurality of first concentric conductive loops and the plurality of
second concentric conductive loops are coupled in series. For instance, referring
to FIG. 4, first outermost conductive loop 212 can be coupled in series with the
sacond outermost conductive loop 222.

At (310) of FIG. 8, the method can include coupling a first innermost
conductive loop fo an RF energy source. Forinstance, referring to FIG. 4, an
innermost conductive loop 214 of the plurality of first concentric conductive loops
210 can be coupled to an RF energy source. At (312) of FIG. 8, a second
innermost conductive loop can be coupled to a reference node {8.g. a ground node
or & common node). For instance, referring to FIG. 4, an innermost conductive
ivop 224 of the plurality of second concentric conductive loops 220 can be coupled

to a reference nods,

Example Circuit for Obtaining Coll property measurements

FIG. 7 depicts a diagram of an example circuit 400 that can be used o
obtain coil property measurements using the coll 200 of FIGS. 4 and 5. As shown,
the circuit 400 of FIG. 7 includes an RF energy source 410 {e.g. an oscillator
circuit) configured to energize the coil 200 with RF energy. The RF energy source
410 can be a fixed frequency crystal oscillator configured to apply RF energy at a
fixed frequency fo the coil 200. The fixed frequency can be, for instance, about
12.5 MHz. In one example embodiment, the RF energy source 410 can be
coupled to an innermost concentric conductive loop of the plurality of first
concentric conductive loops of the coll 200. The innermost concentric conductive
ioop of the plurality of second concentric conductive loops of the coil 200 can be
coupled to a reference node (e.g. common or ground).

The circuit 400 can include one or more processors 420 to control various
aspects of the circuit 400 as well as to process information obtained by the circuit
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400 (e.g. information obtained by measurement circuit 430). The one or more
processors 420 can include any suitable processing device, such as digital signal
processor, microprocessor, microcontroller, integrated circuit or other suitable
processing device.

The one or more processors 420 can be configured to control various
components of the circuit 400 in order to capture a coll loss measurement using
the coil 200. For instance, the one or more processors 420 can control a varactor
415 coupled in parallel with the coil 200 so as to drive the coil 200 to resonance or
near resonance when the coil 200 is positioned adjacent a specimen for a coil
property measurement. The one or more processors 420 can also control the
measurement circuit 430 to obtain a coil property measurement when the coil 200
is positioned adjacent the specimen.

The measurement circuit 430 can be configured to obtain coll property
measurements with the coil 200, The coll property measurements can be
indicative of coil losses of the coil 200 resulting from eddy currents induced in the
specimen. in one implementation, the measurement circuit 430 can be configured
to measure the real part of admittance changes of the coll 200. The real part of
admittance changes of the coil 200 can be converted to real part of impedance
changes of the coil 200 as the inverse of admittance for purposes of the analytics
model.

The admittance of the coil 200 can be measured in a varisty of ways. In
one embodiment, the measurement circuit 430 measures the admittance using a
phase shift measurement circuit 432 and a voltage gain measurement circuif 434.
For instance, the measurement circuit 430 can include an AD8302 phase and gain
detector from Analog Devices. The phase shift measurement circuit 432 can
measure the phase shift between current and voltage associated with the coit 200
The voltage gain measurement circuit 434 can measure the ratio of the voltage
across the coil 200 with a voltage of 8 sense resistor coupled in series with the coil
200. The admittance of the coil 200 can be derived (e.9. by the one or more
processors 420) based on the phase and gain of the coil 200 as obtained by the
measurement circuit 430.

Once the coll property measurements have been obtained, the one or more
processors 420 can store the coll property measurements, for instance, ina
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memory device. The one or more processors 420 can also communicate the coil
property measurements to one or more remote devices for procgssing to generate
a three-dimensional electromagnetic property map of the specimen using
communication device 440. Communication device 440 can include any suitable
interface or device for communicating information to a remote device over wired or

wireless connections and/or networks.

Example Methods for Magnetic Induction Tomography Imaging

FIG. 8 depicts a process flow diagram of an example method (500} for
magnetic induction tomography imaging according to example aspects of the
present disclosure. The method (500) can be implemented by one or more
cemputiﬁg devices, such as one or more computing devices of the computing
system 140 depicted in FIG. 1. In addition, FIG. 8 depicts steps performedin g
particular order for purposes of illustration and discussion. Those of Qrdis‘iary skill
in the art, using the disclosures provided hersin, will understand that the steps of
any of the methods disclosed herein can be modified, omitted, rearranged,
adapted, or expanded in various ways without deviating from the scope of the
present disclosure.

At (502), the method can include accessing a plurality of coll property
measurements obiained using a single coil at a plurality of different discrete
iocations relative to the specimen. For instance, the plurality of coll property
measurements can be accessed from a memory device or can be received from a
coil device having a single coil configured for obtaining the coil property
measurements. The coil properly measurements can be coll loss measurements
captured by a single coll when the single coil is energized with RF energy and
placed adjacent a specimen at one of the plurality of discrete locations,

in one implementation, the single coil can include a plurality of concentric
conductive loops. For instance, the single coll can have a plurality of first
concentric conductive loops arranged in 3 first plane and a plurality of second
cancentric conductive loops arranged in a second plane. The plurality of
concentric conductive loops can be connected using connection traces arranged
50 @s to have a reduced impact on the field created by the coil. For example, the
single coil can have the coil geometry of the coil 200 depicted in FIGS. 4 and 5.
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The coil property measurements can be obtained at a plurality of discrete
positions relative to the specimen. Each coll property measurement can be taken
at a different discrete position relative to the specimen. A greater number of coll
property measurements can lead to increased accuracy in generating a three-
dimensional electromagnetic property map from the coil property measurements.

in a particular embodiment, the coll property measurements can include a
plurality of different data sets of coll property measurements, Each of the data
sets can be built by conducting a plurality of coil property measurements using a
single coil. The single coll can be different for each dats set. Forinstance, each
data set can be associated with a single coil having a different overall size and/or
outer diameter, relative to any of the other single colls associated with the other
data sets. The data sets can be obtained at different times. The data sets can be
collectively processed according to example aspects of the present disclosure fo
generate a three-dimensional electrical property distribution of the specimen as
discussed below.

At (504) of FIG. 8, the method includes associating position data with each
of the plurality of coil property measurements. The position data for each coil
property measurement can be indicative of the position and orientation of the
single coil relative to the specimen when the coil property measurement was
performed. The position data can be associated with each coil property
measurement, for instance, in a memory device of a computing system.

The position data can be obtained in a variety of ways. In one
implementation, the position data can be obtained for each measurement from
data associated with a transiation device used {o position the single coil relative to
the specimen at the plurality of discrete locations relative to the specimen, For
example, the translation device can be controlled to position the single coil at a
plurality of defined locations relative to the specimen. The position data can be
determined from these defined locations.

Signals from one or more sensors (e.g. one or more motion sensors and
one or more depth sensors) associated with the single coil can be also used to
determine the position data for a coil property measurement. Images can also be
captured of the coil device containing the single coil as the plurality of coil property
measurements is performed. The position of the single coll can be determined for
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instance, based on the position of a graphic on the surface of the coll device
depicted in the images.

At (508), the method includes accessing an analytical model defining a
relationship between coll property measurements obtained by the single coll and
an slectromagnetic property of the specimen. For instance, the analytical modsl
can be accessed, for instance, from a memory device. in one particular
implemeantation, the analytical model correlates a change in impedance of single
coil having a plurality of concentric conductive loops with a conductivity distribution
of the specimen, More particularly, the analytical model can correlate the change
in impedance of 8 single coil with a variety of parameters. The paramelers can
include the conductivity distribution of the specimen, the position and orientation
associated with each coil loss measurement, and the geometry of the coil (e.g. the
radius of sach of the concentric conductive loops). Details concerning an example
guantitative mode! were provided in the discussion of the example quantitative
analytical model for a single coll discussed above.

At (508), the method includes evaluating the analytical model based on the
plurality of coil property measurements and associated position data. More
particularly, an inversion can be performed using the model to determine a
conductivity distribution that most closely teads to the plurality of obtained coil
property measurements. In one example aspect, the inversion can be performed
by discretizing the specimen into a finite element mesh. The finite element mesh
can include a plurality of polygonal elements, such as tetrahedral elements. The
shape and resolution of the finite element mesh can be tailored to the specimen
being analyzed. As a matter of practicality, the coil location data can be used to
avoid meshing those regions of space visited by the coll, improving efficiency.
Once the finite element mash has been generated for the specimen, a conductivity
distribution for the finite element mesh can be computed using a non-linear or
constrained least squares solver.

More particularly, a plurality of candidate electromagnetic property
distributions can be computed for the finite element mesh. Each of these
candidate slectromagnetic property distributions can be evaluated using a cost or
objective function, such as the root mean square error. The cost or objective
function can assign a cost to each candidate slectromagnetic property distribution
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based at least in part on the difference between the obtained coll property
measurements and theoretical coil property measurements using the model. The
candidate electromagnetic property distribution with the lowest cost can be
salected as the electromagnetic property distribution for the specimen. Those of
ordinary skill in the art, using the disclosures provided herein, will understand that
other suitable technigues can be used {0 determine an slectromagnetic property
distribution using the analytical model without deviating from the scope of the
present disclosure.

At (510), a three-dimensional electromagnetic property map can be
generated based on the electromagnetic property distribution identified using the
inversion algorithm. The three-dimensional property map can provide an
electromagnetic property distribution {e.g. a conductivity distribution) for a plurality
of three-dimensional points associated with the specimen. Two-dimensional views
along cross-sections of the three-dimensional electromagnetic property map can
then be captured and presented, for instance, on a display device. Thres-
dimensional views of the electromagnetic property map can also be generated,

rotated, and presented, for instance, on a display device.

Two coils having a coil geometry of the coil 200 depicted in FIGS. 4 and 5
were constructed. Coill "‘R” had a 1 mm frace width. Coil *S” had 8 0.5 mm trace
width. Each trace was built with 2 oz. copper. The traces on coil “R” had an
equivalent circular wire diameter of 0.68 mm, equivalent in the sense of having
identical perimeters. The traces on coil "S” had an equivalent circular wire
diameter of 0.38 mm.

The coil was positioned at a plurality of discrete locations relative to a
specimen including a 30 cm x 30 cm x 13 cm deep tank of agueous KCI having
known conductivity. Admittance change relative to free space was measured and
then used to compute loss. This was then compared fo theoretical losses
computed using the quantitative analytical model discussed above.

FIG. 9 depicts a comparison of theoretical losses versus observed losses
for coil “R". FIG. 9 plots depth from, or distance above, the specimen along the
abscissa and coil losses along the ordinate. Curve 802 depicts the observed
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losses for coil “R”. Curve 604 depicts theoretical losses for an infinite slab 13 cm
thick. Curve 606 depicls theoretical losses for a finite slab.

FIG. 10 depicts a comparison of theoretical losses versus observed losses
for coll “8". FIG. 10 plots depth from, or distance above, the specimen along the
abscissa and coil losses along the ordinate. Curve 612 depicts the observed
losses for coll °S”. Curve 614 depicts theoretical losses for an infinite slab 13 am
thick. Curve 616 depicts theorstical losses for a finite slab.

As demonstrated in FIGS. 9 and 10, coil property measurements obtained
using the coil geometry of the coil 200 of FIGS. 4 and 5 closely track theorstical
chmic losses using the example quantitative analytical model disclosed herein. As
a result the coll 200 of FIGS. 4 and 5 can be effectively used for magnetic
induction tomography imaging using a single coil according to example aspects of
the present disclosure.

Experimental Results #2

To test the example quantitative analytical medel according to example
aspects of the preset disclosure, a spaecimen including slab with dimensions 8 em x
8 om square and 2 om thick was subdivided into two layers. A finite element mesh
was generated for the specimen consisting of 380 pentahedral elements and 342
nodes. Electrical conductivity is distributed over the mesh nodes varying in
conductivity from 1.0 8/m near the corners to 3.0 8/m near the center. FIG. 10
shows the theoretical conductivity distribution 620 defined for the specimen
according to the following:

&, y) =1 + sin® (ig.) £ & @

Nine virtual coll property measurements were simulated using a single coil
at nine discrete coll positions. An inversion was performed using the quantitative
analytical model based at least in part on the nine coil property measurements.
FIG. 11 depicts the resulting three-dimensional conductivity map 630 determined
using the inversion. As demonstrated, the three-dimensional conductivity map 630
approximates the true conductivity distribution 820 and is determined using only
nine coil property measurements by a single coil at discrete positions relative to
the specimen.
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While the present subject matter has been described in detail with respect
to specific example embodiments thereof, it will be appreciated that those skilled in
the arl, upon attaining an understanding of the foregoing may readily produce
alterations to, variations of, and equivalents {o such embodiments. Accordingly,
the scope of the present disclosure is by way of example rather than by way of
limitation, and the subject disclosure does not preclude inclusion of such
modifications, variations and/or additions to the present subject matter as would be
readily apparent to one of ordinary skill in the art.
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WHAT IS CLAIMED 1S

i NN N

1. A coil for magnetic induction tomography imaging of human tissue,
comprising:

a plurality of first concentric conductive loops located within a first
plane, the plurality of first concentric conductive loops connected in series; and

a plurality of second concentric conductive loops located within a
second plane, the second plane spaced apart from the first plane by a plane
separation distance, the plurality of second concentric conductive loops connected
in serigs;

wherein the plurality of first concentric conductive loops are
connected in series with the plurality of second concentric conductive loops, the
plurality of first concentric conductive loops and the plurality of second concentric
conductive loops being disposed such that each of the plurality of first concentric
conductive loops overlaps one of the plurality of second concentric conductive
loops.

2. The coil of claim 1, wherein the plane separation distance is selected
such that the plurality of first concentric conductive loops and the plurality of
second concentric conductive loops approximate a single plane of concentric
conductive loops in 2 model used for magnetic induction tomography imaging.

3. The coll of claim 1, wherein the plane separation distance is in the
range of 0.2 mm to 0.7 mm.

4, The coil of claim 1, wherein the plurality of first concentric conductive
loops and the plurality of second conceniric conductive loops are connected in
series using a plurality of connection traces.

5. The coil of claim 4, wherein the plurality of connection traces are
arranged such that fields emanating from the connection traces oppose each
other.

G. The coil of claim 4, wherein the plurality of connection fraces are
radially aligned to connect the plurality of first concentric conductive loops and the
plurality of second concentric conductive loops in seres such that a current flow of
one of the plurality of connection fraces located in the first plane is opposite a
current flow of one of the plurality of connection traces located in the second plane.
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7. The coil of claim 1, wherein each of the plurality of first concentric
conductive loops has a gap to facilitate series connection of the plurality of first
concentric conductive loops.

8. The coil of claim 7, whersin each of the plurality of second concentric
conductive loops has a gap to facilitate series connection of the plurality of second
concentric conductive loops.

8. The coil of claim 8, wherein the gap associated with one of the
plurality of first concentric conductive loops is offset from the gap associated with
one of the plurality of second concentric conductive loops.

10.  The coil of claim 1, wherein a first innermost conductive loop of the
plurality of first concentric conductive loops is coupled fo an RF energy source and
a second innermost conductive loop of the plurality of second concentric
conductive loops is coupled to a reference node.

11. The coil of claim 1, wherein the coil is coupled {o a measurement
circuit capable of determining a8 change in impedance of the coll.

12. A method for providing a coil for magnetic induction tomography
imaging, the method comprising:

arranging a plurality of first concentric conductive loops in a first
plane on a multilayer printed circuit board;

arranging a plurality of second concentric conductive loops in a
second plane on the multilayer printed circuit board;

coupling the plurality of first concentric conductive loops in serigs
using a plurality of first connection traces; and

coupling the plurality of second concentric conductive loops in series
using a plurality of second connection traces;

wherein the plurality of first connection traces and the plurality of
second connection traces are radially aligned to connect the plurality of first
‘cencentric conductive loops and the plurality of second concentric conductive
loops in series such that a current flow of one of the plurality of first connection
fraces is opposite a current flow of one of the plurality of second connection traces.

13.  The method of claim 12, wherein the first plane and the second plane
are separated by a plane separation distance.
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14.  The method of claim 13, wherein the plane separation distance is
selected such that the plurality of first concentric conductive loops and the plurality
of second concentric conductive loops approximate a single plane of concentric
conductive loops in a model used for magnetic induction tomography imaging.

18.  The method of claim 14, wherein the plane separation distance is
selected to be in the range of about 0.2 mm to about 0.7 mm.

168.  The method of claim 12, wherein the method comprises coupling a
first innermost conductive loop of the plurality of first concentric conductive loops to
an RF energy source and coupling a second innermost conductive loop of the
plurality of second concentric conductive loops to a reference node.

17. A system for magnetic induction tomography imaging, comprising:

an RF enargy source;

a coil coupled to the RF energy source, the coil comprising a plurality
of first concentric conductive loops located within a first plane, the plurality of first
goncentric conductive loops connected in series with one another; the coll further
comprising a plurality of second concentric conductive loops located within a
second plane, the plurality of second concentric conductive loops connected in
series with one another; and

a measurement circuit capable of obtaining a measurement of an
electrical parameter of the coil when the coil is placed adjacent to a specimen;

wherein the first plane and the second plane are separated by a
plane separation distance, the plane separation distance selected such that the
plurality of first concentric conductive loops and the plurality of second concendric
conductive ioops approximate a single plane of concentric conductive loops in a
model used for magnetic induction tomography imaging.

18.  The system of claim 17, wherein the measurement circuit comprises:

a phase measurement circuit configured to measure a phase angle
petween a current and a voltage associated with the coil; and

a voltage gain measurement circuit configured to measure a voltage
gain based at least in part on the voltage associated with the coil and a voltage
across a sense resistor coupled in series with the coil.

18.  The system of claim 17, wherein the RF energy source is coupled to
an innermost conductive loop of the plurality of first concentric conductive loops.
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20.  The system of claim 18, wherein the coll comprises a plurality of
radially aligned connection traces connecting the plurality of first concentric
conductive loops and the plurality of second concentric conductive loops in series
such that a current flow of one of the plurality of connection traces located in the
first plane is opposite a current flow of one of the plurality of connection traces

located in the second plans.
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