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electrodes are described. In some embodiments, body surface electrodes are used to generate in-
tra-body electromagnetic fields sensed by intra-body probes for applications such as electrical
field-guided catheter navigation and/or dielectric property-based tissue lesion assessment. Sizes
and/or positions of body surtace electrodes are optionally selected based on the results of electro-
magnetic simulations. Criteria for selection include, for example, potential gradient uniformity
and/or intensity. In some embodiments, body surface electrode placement is performed under
automated optical guidance. For example, images are obtained and used to indicate and/or assess
body surface electrode placement. Optionally, indication is with respect to fiducial marks placed
on the body, to which an electromagnetic simulation is spatially registered.
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FIDUCIAL MARKING FOR IMAGE-ELECTROMAGNETIC FIELD

REGISTRATION

RELATED APPLICATIONS

This application claims the benefit of priority under 35 USC §119(e) of U.S.
Provisional Patent Application No. 62/160,080 filed May 12, 2015; U.S. Provisional
Patent Application No. 62/291,065 filed February 4, 2016; and U.S. Provisional Patent
Application No. 62/304,455 filed March 7, 2016; the contents of which are incorporated

herein by reference in their entirety.

This application is co-filed with International Patent Applications having
Attorney Docket Nos. 66011 SYSTEMS AND METHODS FOR TRACKING AN
INTRABODY CATHETER, 66012 LESION ASSESSMENT BY DIELECTRIC
PROPERTY ANALYSIS, 66142 CALCULATION OF AN ABLATION PLAN and
66013 CONTACT QUALITY ASSESSMENT BY DIELECTRIC PROPERTY

ANALYSIS, the contents of which are incorporated herein by reference in their entirety.

FIELD AND BACKGROUND OF THE INVENTION

The present invention, in some embodiments thereof, relates to the field of intra-
body navigation by and sensing of electrical fields, and more particularly, to the
formation of the sensed electrical fields.

Systems and methods have been developed for non-fluoroscopic tracking of
intra-body catheters, for example, for tracking a catheter during a cardiac procedure,
such as intra-cardiac ablation.

Frederik H. M. Wittkampf, in U.S. Patent No. 5,983,126 describes “A system
and method are provided for catheter location mapping, and related procedures. Three
substantially orthogonal alternating signals are applied through the patient, directed
substantially toward the area of interest to be mapped, such as patient's heart. The
currents are preferably constant current pulses, of a frequency and magnitude to avoid
disruption with ECG recordings. A catheter is equipped with at least a measuring
electrode, which for cardiac procedures is positioned at various locations either against
the patient's heart wall, or within a coronary vein or artery. A voltage is sensed between

the catheter tip and a reference electrode, preferably a surface electrode on the patient,



10

15

20

25

WO 2016/181320 PCT/IB2016/052692

2
which voltage signal has components corresponding to the three orthogonal applied

current signals. Three processing channels are used to separate out the three components
as X, y and z signals, from which calculations are made for determination of the three-
dimensional location of the catheter tip within the body.”

One form of catheter ablation known as RF ablation relies on heating caused by
the interaction between a high-frequency alternating current (e.g., 350-500 kHz)
introduced to a treatment region, and dielectric properties of material (e.g., tissue) in the
treatment region. One variable affecting the heating is the frequency-dependent relative

permittivity s of the tissue being treated. The (unitless) relative permittivity of a
material (herein, x or dielectric constant) is a measure of how the material acts to reduce

an electrical field imposed across it (storing and/or dissipating its energy). Relative
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permittivity is commonly expressed as ¥ = g, {sx} =
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The real part &', {¢s} is a measure of energy stored in the material (at a given
electrical field frequency and voltage), while the imaginary part £°_{«s} is a measure of

energy dissipated. It is this dissipated energy that is converted, for example, into heat for

ablation. Loss in turn is optionally expressed as a sum of dielectric loss =%.. and
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referred to herein as a dielectric parameter. The term dielectric parameter encompasses

also parameters that are directly derivable from the above-mentioned parameters, for

&y

example, loss tangent, expressed as tarz & = —, complex refractive index, expressed as

&2,
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(with § =~ —1).

R = 4{g,, and impedance, expressed as

Herein, a value of a dielectric parameter of a material may be referred to as a

dielectric property of the material. For example, having a relative permittivity of about
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100000 is a dielectric property of a 0.01M KCI solution in water at a frequency of 1

kHz, at about room temperature (20°, for example). Optionally, a dielectric property
more specifically comprises a measured value of a dielectric parameter. Measured
values of dielectric parameters are optionally provided relative to the characteristics
(bias and/or jitter, for example) of a particular measurement circuit or system. Values
provided by measurements should be understood to comprise dielectric properties, even
if influenced by one or more sources of experimental error. The formulation “value of a
dielectric parameter” is optionally used, for example, when a dielectric parameter is not
necessarily associated with a definite material (e.g., it is a parameter that takes on a
value within a data structure).

Dielectric properties as a function of frequency have been compiled for many
tissues, for example, C. Gabriel and S. Gabriel: Compilation of the Dielectric Properties
of Body Tissues at RF and Microwave Frequencies (web pages presently maintained at

/Mmiremf.ifac.cnr.it/docs/DIELECTRIC/home.html).

SUMMARY OF THE INVENTION

There is provided, in accordance with some exemplary embodiments, a method
of generating a target body surface electrode configuration for producing an
electromagnetic field within a region of interest within a living body, the method
comprising: simulating, for each of a plurality of candidate body surface electrode
configurations, a respective electromagnetic field, the simulating being based on an
electrical impedance model of the region of interest in the living body; evaluating each
of the respective electromagnetic fields according to at least one criterion of
electromagnetic field structure within the region of interest; and selecting the target
body surface electrode configuration from the candidate body surface electrode
configurations, based on the evaluating.

According to some embodiments, the candidate body surface electrode
configuration comprises respective positions of at least one pair of body surface
electrodes.

According to some embodiments, the region of interest comprises a region of a
heart.

According to some embodiments, the region of the heart comprises an atrium.
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According to some embodiments, the at least one criterion comprises a criterion

for evaluation of an electrical field gradient component passing through the region of
interest along a superior/inferior Z-axis of the living body.

According to some embodiments, electromagnetic fields are simulated for the
target body surface electrode configurations under conditions of supplying through the
body surface electrodes at least one frequency of alternating current between about 10
kHz and 100 kHz with a non-zero amplitude of less than 1 mA.

According to some embodiments, at least one simulated electromagnetic field
for a target body surface electrode configuration is simulated to extend between at least
one body surface electrode and a probe electrode within the body.

According to some embodiments, electromagnetic fields are simulated extending
between the at least one body surface electrode and the probe electrode within the body
under conditions of supplying through the electrodes at least one frequency of
alternating current between about 12.8 kHz and 1 MHz with a non-zero amplitude of
less than 1 mA.

According to some embodiments, simulated electromagnetic fields produced by
the target body surface electrode configuration comprise at least three frequencies in the
range between about 12.8 kHz and 1 MHz.

According to some embodiments, the body surface electrode configuration
includes specification of electrode surface shape and area.

According to some embodiments, the at least one criterion of electromagnetic
field structure is for evaluation of the linearity of the electrical field gradient within a
catheter-navigable lumen of the region of interest.

According to some embodiments, at least one criterion of electromagnetic field
structure is for evaluation of the dynamic range of the electrical field gradient within a
catheter-navigable lumen of the region of interest.

According to some embodiments, the evaluating comprises evaluating the
electrical field gradient at a frequency used with an associated electrode in intra-body
electrical field-guided catheter navigation.

According to some embodiments, the evaluating comprises evaluating the
electrical field gradient at a frequency used with an associated electrode in intra-body

electrical field-guided assessment of a lesion dielectric property.



10

15

20

25

30

WO 2016/181320 PCT/IB2016/052692

5
According to some embodiments, the simulating comprises evaluating

electromagnetic field equations for elements within the impedance model.

According to some embodiments, the impedance model comprises segmented
anatomical data, to which tissue-type dependent dielectric properties are assigned.

According to some embodiments, the anatomical data comprise 3-D images
taken by at least one imaging method of the group consisting of magnetic resonance
imaging and computed tomography imaging.

There is provided, in accordance with some exemplary embodiments, a method
of instructing the positioning of body surface electrodes on a living body carrying
fiducial marks, the method comprising: receiving a target configuration of comprising
positions of body surface electrodes, the target body surface electrode configuration
being defined in respect of an anatomical model of the living body; defining positions of
the target body surface electrode configuration in respect of the fiducial marks carried
on the living body; and providing instructions for positioning body surface electrodes
on the living body according to the target body surface electrode configuration, wherein
the instructions use the fiducial marks as references for the body surface electrode
positions.

According to some embodiments, the method comprises placing the fiducial
marks before acquisition of anatomical data on which the anatomical model is based.

According to some embodiments, the fiducial marks remain in place for at least
one day elapsing after the acquisition of anatomical data, and until the placement of the
electrodes.

According to some embodiments, the anatomical data comprise 3-D images
taken by at least one imaging method of the group consisting of magnetic resonance
imaging and computed tomography imaging.

According to some embodiments, the providing comprises displaying an
electrode position on a photographic image of a surface of the living body.

According to some embodiments, the electrode position and the photographic
image are updated on a real-time display.

According to some embodiments, displayed electrode position is determined
relative to the position of one or more of the fiducial marks within the photographic

image.
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There is provided, in accordance with some exemplary embodiments, a method

of adjusting a simulated electromagnetic field simulated to be excitable within a living
body by a target configuration of body surface electrodes, the adjusting being for
improving consistency of the simulated electromagnetic field with an excited
electromagnetic field, the method comprising: positioning surface electrodes in an
actual configuration on the living body, based on the target configuration; determining
at least one difference between the actual configuration of the surface electrodes and the
target configuration; and adjusting the simulation, based on the difference, to
approximate the simulated electromagnetic field to an electromagnetic field excited by
the actual configuration of the surface electrodes.

According to some embodiments, the adjusting the simulation comprises
interpolation between a plurality of electrical field simulations for electrode positions at
mutually different positions also different with respect to an electrode position in the
actual body surface electrode configuration.

According to some embodiments, the different positions are within 1 cm or less
of each other.

According to some embodiments, the adjusting comprises recalculation of the
electromagnetic field simulation based on evaluating electromagnetic field equations for
elements within an impedance model.

According to some embodiments, the determining comprises comparing the
position of an electrode within a photograph of the actual configuration to a
corresponding position specified by the target configuration.

According to some embodiments, the comparing comprises comparing of
positions described with reference to one or more fiducial marks previously placed on
the surface of the living body.

According to some embodiments, the adjusting comprises adjusting the
simulation of the electrical field within a region of the heart.

According to some embodiments, the region of the heart comprises an atrium.

There is provided, in accordance with some exemplary embodiments, a system
for instructing the positioning of electrodes on a living body, the system comprising at
least one processor configured to: receive an anatomical model of a portion of the living

body, the anatomical model comprising positions of anatomical landmarks; determine,
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based on the anatomical model, positions for body surface electrodes relative to the

positions of the anatomical landmarks; receive a photographic image of a portion of the
living body, the photographic image showing the anatomical landmarks; generate an
image showing the positions determined for the body surface electrodes on the portion
of the living body; and provide the image so generated to an image display.

According to some embodiments, the camera and display are integrated in a
single housing.

There is provided, in accordance with some exemplary embodiments, a system
for generating a target body surface electrode configuration for producing an
electromagnetic field within a region of interest within a living body, the system
comprising a digital computer configured to: simulate, for each of a plurality of
candidate body surface electrode configurations, a respective electromagnetic field, the
simulating being based on an electrical impedance model of the region of interest in the
living body; evaluate each of the respective electromagnetic fields according to at least
one criterion of electromagnetic field structure within the region of interest; select the
target body surface electrode configuration from the candidate body surface electrode
configurations, based on the evaluating; and provide the selected configuration with
electrode positions specified relative to the surface of the living body.

According to some embodiments, the region of interest comprises a region of a
heart.

According to some embodiments, the at least one criterion comprises a criterion
for evaluation of an electrical field gradient vector component passing through the
region of interest along a superior/inferior Z-axis of the living body.

According to some embodiments, the body surface electrode configuration
includes specification of at least one of the group consisting of electrode position,
electrode surface shape, and electrode surface area.

According to some embodiments, the at least one criterion of electromagnetic
field structure is for evaluation of the linearity of the electrical field gradient within the
region of interest.

According to some embodiments, at least one criterion of electromagnetic field
structure is for evaluation of the dynamic range of the electrical field gradient within the

region of interest.
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There is provided, in accordance with some exemplary embodiments, a method

of selecting a target body surface electrode configuration for producing an
electromagnetic field within a region of interest within a living body, the method
comprising: matching a body morphology of a patient to a body morphology type in a
database comprising body morphology types associated to body surface electrode
configurations; and selecting the target body surface electrode configuration to be a
body surface electrode configuration from the database associated with the matched
body morphology type.

According to some embodiments, the body surface electrode configuration from
the database is associated with the body morphology type based on simulation in an
electrical impedance model of the region of interest in the living body, and selected
according to at least one criterion of electromagnetic field structure within the region of
interest.

According to some embodiments, the matching and selecting are performed on a
computer server at a location remote from the patient.

Unless otherwise defined, all technical and/or scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to which
the invention pertains. Although methods and materials similar or equivalent to those
described herein can be used in the practice or testing of embodiments of the invention,
exemplary methods and/or materials are described below. In case of conflict, the patent
specification, including definitions, will control. In addition, the materials, methods, and
examples are illustrative only and are not intended to be necessarily limiting.

As will be appreciated by one skilled in the art, aspects of the present invention
may be embodied as a system, method or computer program product. Accordingly,
aspects of the present invention may take the form of an entirely hardware embodiment,
an entirely software embodiment (including firmware, resident software, micro-code,
etc.) or an embodiment combining software and hardware aspects that may all generally

29 (13

be referred to herein as a “circuit,” “module” or “system.” Furthermore, some
embodiments of the present invention may take the form of a computer program product
embodied in one or more computer readable medium(s) having computer readable
program code embodied thereon. Implementation of the method and/or system of some

embodiments of the invention can involve performing and/or completing selected tasks
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manually, automatically, or a combination thereof. Moreover, according to actual

instrumentation and equipment of some embodiments of the method and/or system of
the invention, several selected tasks could be implemented by hardware, by software or
by firmware and/or by a combination thereof, e.g., using an operating system.

For example, hardware for performing selected tasks according to some
embodiments of the invention could be implemented as a chip or a circuit. As software,
selected tasks according to some embodiments of the invention could be implemented
as a plurality of software instructions being executed by a computer using any suitable
operating system. In an exemplary embodiment of the invention, one or more tasks
according to some exemplary embodiments of method and/or system as described
herein are performed by a data processor, such as a computing platform for executing a
plurality of instructions. Optionally, the data processor includes a volatile memory for
storing instructions and/or data and/or a non-volatile storage, for example, a magnetic
hard-disk and/or removable media, for storing instructions and/or data. Optionally, a
network connection is provided as well. A display and/or a user input device such as a
keyboard or mouse are optionally provided as well.

Any combination of one or more computer readable medium(s) may be utilized
for some embodiments of the invention. The computer readable medium may be a
computer readable signal medium or a computer readable storage medium. A computer
readable storage medium may be, for example, but not limited to, an electronic,
magnetic, optical, electromagnetic, infrared, or semiconductor system, apparatus, or
device, or any suitable combination of the foregoing. More specific examples (a non-
exhaustive list) of the computer readable storage medium would include the following:
an electrical connection having one or more wires, a portable computer diskette, a hard
disk, a random access memory (RAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash memory), an optical fiber, a
portable compact disc read-only memory (CD-ROM), an optical storage device, a
magnetic storage device, or any suitable combination of the foregoing. In the context of
this document, a computer readable storage medium may be any tangible medium that
can contain, or store a program for use by or in connection with an instruction execution

system, apparatus, or device.
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A computer readable signal medium may include a propagated data signal with

computer readable program code embodied therein, for example, in baseband or as part
of a carrier wave. Such a propagated signal may take any of a variety of forms,
including, but not limited to, electro-magnetic, optical, or any suitable combination
thereof. A computer readable signal medium may be any computer readable medium
that is not a computer readable storage medium and that can communicate, propagate,
or transport a program for use by or in connection with an instruction execution system,
apparatus, or device.

Program code embodied on a computer readable medium and/or data used
thereby may be transmitted using any appropriate medium, including but not limited to
wireless, wireline, optical fiber cable, RE etc., or any suitable combination of the
foregoing.

Computer program code for carrying out operations for some embodiments of
the present invention may be written in any combination of one or more programming
languages, including an object oriented programming language such as Java, Smalltalk,
C++ or the like and conventional procedural programming languages, such as the “C”
programming language or similar programming languages. The program code may
execute entirely on the user's computer, partly on the user's computer, as a stand-alone
software package, partly on the user's computer and partly on a remote computer or
entirely on the remote computer or server. In the latter scenario, the remote computer
may be connected to the user's computer through any type of network, including a local
area network (LAN) or a wide area network (WAN), or the connection may be made to
an external computer (for example, through the Internet using an Internet Service
Provider).

Some embodiments of the present invention may be described below with
reference to flowchart illustrations and/or block diagrams of methods, apparatus
(systems) and computer program products according to embodiments of the invention. It
will be understood that each block of the flowchart illustrations and/or block diagrams,
and combinations of blocks in the flowchart illustrations and/or block diagrams, can be
implemented by computer program instructions. These computer program instructions
may be provided to a processor of a general purpose computer, special purpose

computer, or other programmable data processing apparatus to produce a machine, such



10

15

20

25

30

WO 2016/181320 PCT/IB2016/052692

11
that the instructions, which execute via the processor of the computer or other

programmable data processing apparatus, create means for implementing the
functions/acts specified in the flowchart and/or block diagram block or blocks.

These computer program instructions may also be stored in a computer readable
medium that can direct a computer, other programmable data processing apparatus, or
other devices to function in a particular manner, such that the instructions stored in the
computer readable medium produce an article of manufacture including instructions
which implement the function/act specified in the flowchart and/or block diagram block
or blocks.

The computer program instructions may also be loaded onto a computer, other
programmable data processing apparatus, or other devices to cause a series of
operational steps to be performed on the computer, other programmable apparatus or
other devices to produce a computer implemented process such that the instructions
which execute on the computer or other programmable apparatus provide processes for
implementing the functions/acts specified in the flowchart and/or block diagram block

or blocks.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

Some embodiments of the invention are herein described, by way of example
only, with reference to the accompanying drawings. With specific reference now to the
drawings in detail, it is stressed that the particulars shown are by way of example, and
for purposes of illustrative discussion of embodiments of the invention. In this regard,
the description taken with the drawings makes apparent to those skilled in the art how
embodiments of the invention may be practiced.

In the drawings:

FIG. 1A schematically illustrates a system for production and intra-body sensing
of electrical fields, according to some exemplary embodiments of the invention;

FIGs. 1B-1C schematically illustrate simulated body surface electrode positions
relative to a simplified volume of tissue, according to some embodiments;

FIGs. 2A-2B show equipotential field lines for simulated conditions of different

body surface electrode placement, according to some embodiments;
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FIGs. 3A-3B show simulated voltage ranges in atrial heart chambers

(Figure 3A, right atrium; Figure 3B, left atrium), according to some embodiments;

FIGs. 4A—4B show simulated distributions of voltage potential gradient linearity
scores in a left atrial heart chamber, according to some embodiments;

FIG. 5 schematically represents a method of pre-planning to select a body
surface body surface electrode configuration for a procedure using intra-body electrical
field sensing, according to some embodiments;

FIG. 6 schematically represents a method of setting up a body surface electrode
configuration for a procedure using intra-body electrical field sensing, according to
some embodiments;

FIG. 7 schematically represents a method of using persistent fiducial marks to
set up a body surface electrode configuration for a procedure using intra-body electrical
field sensing, according to some embodiments;

FIGs. 8A-8C schematically illustrates placement of Z-axis body surface
electrodes, on a body, according to some embodiments;

FIG. 9A shows the relationship of body surface electrode placement fiducial
marks with body surface electrodes, according to some embodiments;

FIG. 9B shows an example of a shape for a fiducial mark, according to some
embodiments;

FIGs. 10A—-10E illustrate examples of different electrode configurations on the
body surface of a pig, according to some embodiments;

FIGs. 11A-11B each represent navigational resolution for four different
electrode configurations, according to some embodiments; and

FIG. 12 illustrates a body-centered coordinate system referred to herein,

according to some embodiments.

DESCRIPTION OF SPECIFIC EMBODIMENTS OF THE INVENTION

The present invention, in some embodiments thereof, relates to the field of intra-
body navigation by and sensing of electrical fields, and more particularly, to the

formation of the sensed electrical fields.
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Overview

A broad aspect of some embodiments relates to the generation of electrical fields
used in navigation (e.g., impedance-based navigation) and/or dielectric property-based
tissue assessment within a living body.

In some embodiments, electrodes are placed on a living body to produce fields
within the body for navigation of a catheter within it (the living body being, for
example, of a human patient). Such navigation is used, for example, to guide a catheter
probe to a particular location, such as a region of a human heart.

Optionally, the guided catheter probe includes an electrical field sensor to
facilitate the navigation. To allow a user to obtain information on the location of the
probe and to guide the probe to the target, a coordinate system is optionally provided by
defining X, Y, and/or Z navigation axes. Optionally, a navigation axis is defined by an
electrical field established between a pair of electrodes applied externally to the living
body. Optionally, the origin of each axis is set to the positions where there is a 0 Volt
potential difference with one of the body surface electrodes. The electrodes are
optionally applied as body surface electrodes (e.g., body surface electrodes covering
about 10x15 cm, or a larger or smaller body surface electrode area).

During navigation, in some embodiments, an intra-body probe senses
characteristics of the electrical fields that define the different navigation axes to provide
information about the location of the intra-body probe. This information may be used in
the navigation of the probe to a target location. Navigation relies on distinguishing
electric potential differences of only a few millivolts per centimeter, and on having good
knowledge of which position corresponds to which sensed voltage or voltages.

In some embodiments, measurements of electrical fields defining different
navigation axes are distinguished according to the frequency of fields generated
between different body surface electrode pairs. For example, there are optionally
provided between three such pairs three corresponding fields X, Y, Z which cross each
other within a region of navigational interest. The fields are generated at different
frequencies fx fy, {z. In the region of navigational interest, the time-varying voltage
sensed by an electrode at each of these frequencies corresponds to an isopotential
surface. Insofar as the locations of the three resulting isopotential surfaces are known in

space, the electrode can be located to the spatial position where they intersect.
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Optionally, the relative locations of a plurality of electrodes on the same probe are used

to establish an orientation of the probe.

According to some embodiments, features of an electrical field used for
navigation optionally include:

» steep gradient — a sufficiently high voltage gradient to allow voltage difference
measurements to clearly distinguish positions and/or motion within the field
(while remaining safe);

* predictable gradient — sufficient spatial uniformity (for example, linearity of
voltage gradient) to allow the sensed field characteristics to be readily translated
into electrode position within the field.

The shape (e.g., the courses of isopotential lines which define voltage gradients)
of the electrical field is influenced by the patient's tissue in which the field is excited;
and by defined parameters of the field, for example, frequency, intensity, location,
shape, and size of the surface electrodes, efc. The body itself is irregular in surface
shape, and the surface shape moreover places constraints on the shape and positioning
of surface electrodes. Electrical fields set up in different patients potentially differ from
one another, according, for example, to size, weight, age, and/or gender of the patient.
Furthermore, dielectric properties of body tissues within which the field is established,
e.g., lung, bone, and muscle, may differ. These dielectric properties and their
distribution in turn also affect voltage gradients.

In some embodiments, body surface electrodes are used in the generation of
fields used for intra-body electrical field sensing applications other than navigation
(e.g., tissue assessment). For example, a body surface electrode is used for generation of
a field used in the assessment of tissue dielectric properties, which properties in turn
potentially correlate with characteristics such as scarring, lesion state, contact force
and/or quality, and/or temperature.

An aspect of some embodiments relates to the selection of body surface
electrode parameters for the creation of electrical fields optimized for one or more
parameters affecting electrode sensing of those fields. Electrode sensing is used, for
example, in navigation-guidance and/or tissue property measurement (e.g., for tissue

assessment).
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In some embodiments, a target body surface electrode configuration comprises

definition of one or more of the following: electrode placement on the body surface
(e.g., position and/or orientation), electrode size and/or shape, electrode electrical
contact with the body surface (e.g., impedance at the electrode/body surface interface,
optionally including specification of an electrolyte gel, gel layer, or other surface
treatment), electrode materials, and/or electrode number.

In some embodiments, electrode configurations are specified pairwise; for
example, one pair per function such as to produce an electromagnetic field used as an
axis of navigation and/or for sensing functions such as dielectric property sensing. In
some embodiments, an electrode configuration comprises at least three pairs of
electrodes; e.g., electrodes arranged to define electromagnetic fields defining three
navigation axes. In some embodiments, an electrode configuration comprises at least
four pairs of electrodes, of which one is optionally an electrode pair defined for
measurement of tissue properties such as tissue dielectric properties.

In some embodiments of the invention, fields produced by a particular body
surface electrode configuration are simulated using a model of dielectric properties of
the medium residing between the electrodes. This medium may include tissues of
variable types, and tissue of each type may have its own dielectric characteristics. A
dielectric characteristic is any characteristic quantifiable by a parameter relating to the
relative permittivity of the medium; for example, by the real part thereof, the imaginary
part thereof, the ratio between real and imaginary parts, efc. Optionally, modeling is
performed de novo for an individual, and/or approximated based on a reference model.
Optionally, CT and/or other anatomical data are used to create a model of tissue type
locations within a body, to which dielectric properties are assigned. Optionally, tissue
types in the model are assigned dielectric properties; for example, according to known
and/or estimated dielectric properties of blood, air, lung, heart, bone, skin and/or other
tissue and/or material types.

In some embodiments, one or more reference models are generated based on CT
and/or other anatomical data. For example, a reference model comprises a composite of
anatomical data from two or more individuals, and/or an interpolation between
anatomical data from two or more individuals. Optionally, a reference model is adjusted

to the specifics of an individual (for example, adjusted for weight, size, and/or body fat).
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In some embodiments, simulated fields within the body (more particularly,

within a targeted region of the body) are evaluated from models of two or more body
surface electrode configurations. Optionally, evaluation comprises computerized
application of the electromagnetic field equations to a dielectric property model, in
combination with parameters of body surface electrode placement, size and/or
operation. Optionally, evaluation takes into account temperature differences through the
simulated anatomy (e.g., differences which potentially affect dielectric properties).
Parameters of electrode operation may include, for example, frequency of field set up
between the electrodes, potential difference between electrodes, efc.

In some embodiments, a body surface electrode configuration is selected from
among the plurality of evaluated configurations for use in a procedure, based on
properties of the simulated fields which the body surface electrode configuration would
produce within the body. Field properties used as a basis for selection optionally
include, for example, electrical potential gradient strength, and/or electrical potential
gradient uniformity (for example, linearity).

In some embodiments, parameters of body surface electrode placement, size,
and/or shape are selected to optimize field potential gradient linearity and/or gradient
strength. Optionally, the optimization is targeted to a particular region of the body (for
example, the heart). Optionally, the optimization is targeted more specifically at a
portion of the particular region of the body, e.g., a portion targeted for treatment (for
example, more particularly at a region near a left atrial appendage). Optionally, the
optimization is targeted to one or more particular phases of respiration and/or heartbeat,
for example, end expiratory end systolic, which may be phases used in 3-D image
acquisition and/or reconstruction.

In some embodiments, electrical field-guided navigation of a probe is performed
within the body; the navigation comprising assessment of probe position in space based
on electrical field measurements. Typically, potential gradient position within respective
X, Y, and Z electrical fields dominates the measurement of spatial position along a
respective cardinal spatial axis. The fields as a whole are not necessarily homogenous or
mutually orthogonal, but do establish field components falling along the orthogonal
spatial axes. Herein, unless otherwise noted, the X and Y fields are considered to cross

in the transverse plane of the body. Optionally, The X field extends across the body left
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and right, while the Y field extends between ventral and dorsal positions. Optionally—

and particularly for sensing in the thoracic and abdominal cavities—body surface
electrode positions are selected so that fields cross the body in about the cardinal
directions, between electrode positions bracketing the region of interest as closely as
possible. Nevertheless, the simple positioning rules just described for X and Y electrode
pairs are not necessarily optimal with respect to any given internal region of interest,
and potentially benefit from adjustment as described herein.

Determination of an optimal Z-field configuration is optionally subject to further
considerations. For example, there are potentially several surface placement options for
electrodes which can establish a field having a Z-axis component (component along the
superior/inferior body axis) that extends through the heart region—but there may be
none which distinguish themselves as optimal based on simple positioning rules. For
example, one body surface electrode could be placed on the upper back (centered or on
either shoulder), while the second could be placed on the lower ventral abdomen where
a line extending between the two body surface electrodes intersects the heart (left, right,
and/or center). Alternatively, lower back/upper chest regions could be selected.

Which positioning is best for a given set of optimization criteria (e.g., steepest
potential gradient and/or most linear in field potential generated through the heart
region) is potentially affected by details of individual patient anatomy. For example, the
further apart the two Z electrodes are, the lower the field potential gradient. However,
depending on body shape and/or size, more distant positioning potentially also brings
the field orientation closer to the superior/inferior body axis, maximizing the magnitude
of the gradient useful for navigation along that direction. It can also be understood that
the electrode positioning which creates the steepest potential gradient is not necessarily
the same as the positioning that creates the most linear potential gradient.

In some embodiments, external surface electrodes are positioned for use in
measurement of tissue properties. For example, one or more catheter probe electrodes
(for example as described in relation to Figure 1A, herein) are introduced internally
(e.g., to a heart chamber), and used in combination with one or more surface electrodes
to measure dielectric properties of tissue in between them. Optionally, probe electrodes
are dedicated to the creation of fields used in tissue dielectric property measurement,

rather than in spatial position measurement. It is a potential advantage to position the
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external surface electrodes where tissues of interest for measurement are localized in a

region where fluctuations affecting sensing (for example, due to respiratory or cardiac
movement) and/or positioning have the lowest effect on measured result. In some
embodiments, another external body surface positioning electrode parameter which is
optimized is the relative impedance of electrodes used in the measurement of dielectric
properties of tissues. For example, such electrodes are placed with sizes and/or
electrolytic surface treatments (e.g., gels) which give them a lower relative impedance
compared to other electrodes in the overall body surface electrode configuration.

In some embodiments, options for electrode position parameters for a patient are
selected based on similarity between the patient's anatomy and a modeled anatomy
selected from a bank of modeled anatomies (based, e.g., on a database of actual patient
anatomies) for which electrical field simulations have been previously created. In some
embodiments, a modeled anatomy used in producing an electrical field simulation is
matched to known anatomy; for example, by scaling and/or morphing. Optionally, the
simulation from the simulation bank where the simulation anatomy most closely
matches (e.g. needs the least changes to match) the patient anatomy is selected as the
simulation basis. In some embodiments, non-image data is used (optionally, used
exclusively or together with image data) to select simulation from the simulation bank:
for example, the patient is matched to an existing simulation based on parameters of
weight, age, gender, physical size, and/or another parameter). Where a specific region is
of interest (for example, the heart), selection is optionally weighted based on anatomy in
that region in particular (for example, a degree of ventricular hypertrophy).

An aspect of some embodiments relates to use of fiducial marks located on a
body as a reference for the positioning of body surface electrodes to match a simulated
target configuration.

In some embodiments, fiducial marks are used to guide the body surface
placement of body surface electrodes used to produce sensed electrical fields during an
intra-body procedure. Optionally, once placed, the fiducial mark is persistent; for
example, for at least a day, at least a week, at least 4 weeks, or for another longer,
shorter, or intermediate period. Optionally, the time of persistence is long enough to
span the time between initial 3-D imaging (e.g., CT or MRI imaging) producing data

used in electromagnetic simulation for catheter procedure pre-planning, and the catheter
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procedure itself. Persistent fiducial marks provide the potential advantage of

unambiguously allowing alignment between an electromagnetic simulation and 3-D
image data to be accurately transferred back to electrode positions on the actual body of
a patient.

In some embodiments, target body surface electrode positions are selected based
on use of an electromagnetic simulation which is based on and/or registered relative to
anatomical data (for example, 3-D image data) of a patient. Optionally, the target body
surface electrode positions are specified in advance of the beginning of a catheterization
procedure (pre-planned). Optionally, the anatomical data itself is registered relative to
the positions of fiducial marks locatable (for example, visually or by electronic sensing)
after 3-D imaging completes. Optionally, the fiducial marks are persistently placed
markings. Optionally, the selected target body surface electrode locations are described
(for example, by automatically produced instructions for placement provided to a
technician) relative to the locations of the fiducial marks. Optionally, the description is
relative to the surface of the patient body; for example in terms of distances and/or
directions along a body surface.

In some embodiments, a method of aligning sensed voltages within a generated
electrical potential field gradient to spatial position within a patient body comprises
selecting, relative to positions defined in 3-D imaging data, the body surface electrode
positions expected to produce the electrical potential field gradient; selecting, relative to
positions defined in the 3-D imaging data, the positions of fiducial marks on a patient
body surface; calculating positions on the patient body surface relative to the fiducial
marks which correspond to the body surface electrode positions; providing descriptions
of those relative positions along the patient body surface which can be measured out to
find correct positioning of the body surface electrodes; and placing the body surface
electrodes themselves in those positions.

In some embodiments, a placed fiducial mark comprises a temporary tattoo. The
temporary tattoo comprises, for example, an ink marking, an injected marker, and/or a
peel-off temporary tattoo. Optionally, the temporary tattoo comprises an electronic
identification component, such as an RFID chip assembly. The placed fiducial mark is
optionally of any suitable shape, but preferably has at least one focus which is readily

identified (such as the intersection region of a cross-hair). Optionally, the fiducial mark
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also has a clearly distinguishable orientation (for example, the orientation defined by a

line orientation, and/or by the relative orientation of two or more separated foci). Where
a fiducial mark comprises an RFID or other electronic tag, a tag ID can be used to
ensure that fiducial marks are correctly distinguished and identified. Optionally, the
location of the tag itself is detected by an electronic message exchange (for example, an
RFID response and/or a scanner detection is optionally triggered when the scanner is
immediately over the electronic tag). Optionally, the tag ID comprises a resonance
circuit configured so that the tag is distinguished by its resonant frequency.

In some embodiments, 3-D imaging fiducial marks are optionally placed at the
same location as a persistent fiducial mark during 3-D imaging, and then removed.
Optionally, the persistent fiducial mark is itself visualizeable during 3-D imaging.
Optionally, the placed fiducial mark comprises two or more parts: a persistent part, and
a non-persistent part which is removed after imaging.

An aspect of some embodiments relates to using feedback from observed body
surface electrode positioning to refine an electromagnetic simulation for use in intra-
body electrical field sensing applications.

In some embodiments, target parameters for sizing and placement of body
surface electrodes are initially selected; for example, based on simulation of
electromagnetic fields set up in the body of a patient from simulated body surface
electrodes. In some embodiments, body surface electrodes are placed according to the
target parameters (optionally guided by fiducial markings, for example as described
herein). Assuming actual placement matches target placement, electromagnetic
simulation is optionally then used in the conversion of subsequent intra-body electrical
field sensing data to parameters of interest. The parameters of interest comprise, for
example, position of a probe and/or characteristics of tissue near the probe.

However, actual body surface electrode positions and/or sizes used in a
procedure are potentially different from those reflected in the initial intra-body
electromagnetic simulation. This can occur, for example, simply because of placement
uncertainty, because of placement constraints encountered during patient preparation,
and/or due to judgment exercised at the time of the procedure. In this situation,

adjustment of the simulation itself is optionally performed.
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In some embodiments of the invention, body surface electrode positioning is

verified and/or remeasured after placement, for example by optical photography.
Optionally, positioning is measured with respect to persistent fiducial marks. Optionally,
the actual positions are compared to the intended positions, and a determination made as
to whether they are the same (or effectively the same) as planned, or not. In some
embodiments of the invention, two or more optical photographs used to measure body
surface electrode location are processed by a 3-D stereoscopic algorithm to locate the
body surface electrodes in space, and/or to help ensure accurate measurements of
distances relative to landmarks (such as fiducial marks).

In some embodiments, actual body surface electrode positioning is used in
adjusting and/or recalculating a simulation of an electrical field within the body.
Optionally, a sufficiently large mismatch in some position parameter for one or more of
the electrodes (e.g., position difference between planned and actual body surface
electrode positions which is larger than a threshold) results in a warning to the operator.
Optionally, the threshold for warning is, for example, 1 mm, 2 mm, 5 mm, 10 mm or
another larger, smaller, or intermediate position difference. Additionally or alternatively,
the electrical field simulation for the planned body surface electrode positioning is
updated according to the actual body surface electrode positions. Optionally, a warning
is raised to the operator if the field characteristics of the updated electrical field
simulation are too far from the targeted characteristics (for example, if the field strength
and/or linearity simulated to be obtained with the actual positions is smaller than the
field strength and/or linearity simulated to be obtained with the actual electrode
positions by more than a predetermined factor).

In some embodiments, the updated field simulation is produced from the original
field simulation by a computationally efficient method, for example a “morphing”
distortion of the original simulation to match the actual characteristics, a re-calculation
beginning from the known simulation result (rather than de novo), or another method of
partial recalculation based on relatively low computational cost transformation rules. A
potential advantage of this is to avoid computationally expensive full recalculation.
Optionally, a warning is raised if the morphing requires too large a change to produce a
reliable result. In some embodiments, no updating adjustment is made for differences

below a threshold of, for example, about 1 mm, 2 mm, or another larger, smaller, or
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intermediate value. Potential causes of initial mismatch between modeled and actual

field voltages include, for example, variations in electrical contact between probe and
skin surface, which may be due more specifically (for example) to problems with the
age or production of a gel used in electrode placement, and/or to hydrosis state of the
patient (potentially affected by temperature, stress, and/or drug reactions).

Before explaining at least one embodiment of the invention in detail, it is to be
understood that the invention is not necessarily limited in its application to the details of
construction and the arrangement of the components and/or methods set forth in the
following description and/or illustrated in the drawings. The invention is capable of

other embodiments or of being practiced or carried out in various ways.

Example of a System for Intra-body Electrical Field Production and Sensing

Reference is now made to Figure 1A, which schematically illustrates a system 1
for production and intra-body sensing of electrical fields 4, according to some
exemplary embodiments of the invention.

In some embodiments, intra-body electric fields are sensed for field-guided
navigation of a catheter probe 11. In some embodiments, intra-body electric fields are
sensed for the detection, planning, creation, and/or assessment of tissue lesions and/or
quality of contact with tissue (optionally including tissue targeted for lesioning). In
some embodiments, assessed lesions are for treatment, for example, of atrial fibrillation,
hypertrophic obstructive cardiomyopathy, euro modulation, and/or tumors.

In some embodiments, system 1 comprises an electrical field generator and
measurement device 10, connected to drive current to and/or sense potentials
experienced by one or more catheter electrodes 3, and a set of body surface electrodes 5
to generate at least one time-varying electrical field 4 therebetween. In some
embodiments, a catheter probe 11 comprising the catheter electrodes 3 is introduced to
the region of a tissue to be ablated by means of a catheter 9. In some embodiments, the
body surface electrodes S are externally applied, for example, to the body of a patient.
As a result, field 4 is induced in tissue 2 (for example, tissue of a patient’s body)
separating two or more body surface electrodes 5, and/or the catheter electrodes 3 and

the body surface electrodes 5.
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Optionally, the region through which the field 4 extends also includes a target

tissue region 6. Target region 6 is optionally targeted for one or both of lesion
assessment and/or ablation (lesion formation). As described, for example, in relation to
Figure 2, measurements of impedance between pairs of electrodes 3, S reflect electrical
properties of tissue in the field region between them (in particular, dielectric properties).
The dielectric properties of the tissue in turn are affected, for example, when tissue
undergoes lesioning, and/or as a function of a quality of contact (which may correlate,
for example, with contact force) between an electrode and the tissue.

Optionally, the number of catheter electrodes is, for example 2, 3, or 4
electrodes. Optionally, the number of body surface electrodes is, for example, 4, 6, or 8
electrodes. Optionally, electrodes are configured through connecting circuitry to allow
electrical interconnection in combinations defining a plurality of electrode pairs. In
some embodiments, at least some body surface electrode pairs are arranged to generate
a one or more electrical fields defining a spatial axis for navigation of the catheter.
Optionally or additionally, one or more electrodes are used in sensing of tissue
properties for tissue assessment. More particularly, in some embodiments, one or more
electrodes are used in a pairing with an intra-body probe electrode for sensing of tissue
dielectric properties: for example, relative permittivity (optionally, apparent relative
permittivity within the context of the circuit set up by the electrodes and field
generator), dielectric conductivity, phase and/or loss components associated with the
complex values (imaginary/real) of a measure of permittivity, dielectric dispersion,
dielectric relaxation, or another measure which comprises a measure of one or both
components of the complex-valued, frequency-dependent relative permittivity of the
tissue.

Optionally, the characteristics of the time-varying electrical field are chosen to
be appropriate to a measurement function which is to be performed. Typically (for
measurement functions), the frequencies of the electrical field used are in the range of
40 kHz to 2 MHz. In some embodiments, use of multiple frequencies allows sampling
of frequency-dependent impedance properties throughout a frequency range. Optionally,
the number of frequencies used is, for example, 10 or fewer frequencies. Optionally, the
number of frequencies used is, for example, 5 or fewer, 15 or fewer, 20 or fewer, or 30

or fewer.
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Optionally, the frequencies are distributed evenly throughout the full range of

frequencies chosen. Optionally, frequencies chosen are concentrated in some particular
range. For example, for lesion assessment, frequencies in the upper portion of this range
are optionally used (for example, frequencies in the range of 1 MHz to 2 MHz). Applied
voltages are preferably in the safe range for use in humans, for example, 50-500
millivolts. In particular, a typical maximum safe current is about 1 milliamp, with a
typical circuit resistance of about 100 Q. Resulting field strengths are in the range, for
example of a several millivolts per centimeter; for example, 10 mV/cm, 20 mV/cm, 30
mV/cm, or another larger, smaller, or intermediate value. In some embodiments, the
field gradient required to achieve reliable navigation is determined by the ability to
distinguish between at least two electrodes (e.g., the two electrodes positioned furthest
from one another) on a navigating catheter probe. In some embodiments, for example,
distinct voltages measured between at least two such electrodes are used to determine of
an orientation of the electrode-carrying probe. In some embodiments, a minimum
voltage distinguishable between the two most mutually distant electrodes on an
electrode-carrying probe (for some suitable assumption of signal-to-noise conditions)
defines a lower bound for an acceptable field strength.

In some embodiments, configuration of body surface electrodes 5 (size and
position, for example) is according to parameters which are selected as part of
procedure planning. Optionally, electromagnetic simulation (EM simulation) is used at
least in part for selection of these parameters. Optionally, the same or a related EM
simulation is also used during a catheterized procedure, for example in order to guide
the catheter probe 11. In some embodiments, an EM simulator module 30 is provided as
part of the system. Optionally, the EM simulator 30 is configured to perform simulation
based on anatomical data obtained from the patient (3-D CT or MRI image data, for
example). Exemplary commercially available simulation tools that may be used as a
framework for generating simulations described herein include: Sim4Life (available
from Zurich Med Tech), COMSOL Multiphysics®, and CST Design Studio™.

In some embodiments, a method of correlation is optionally used to relate
measured electrical properties (dielectric-related properties in particular) of tissue to
lesion results (such a method is explained, for example, in relation to Figure 3). It can

be understood that any sufficiently dense sampling of frequencies may be initially
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measured with respect to a particular system and set of tissue conditions as a basis for

selecting which frequencies show the most useful results. The reduction to a number
practical for field use can be based on which frequencies yield data having the greatest
statistical correlation with results. It has been found by the inventors that ten or fewer
frequencies, from range of 40 kHz to 2 MHz are useful to allow tissue state assessment
(for example, lesion size assessment). In some embodiments, the frequencies used
include at least three frequencies in a range from about 12.8 kHz to about 1 MHz.
Frequencies of about 10-100 kHz are typically used in electrical field-based intra-body
navigation applications. It should be noted that published permittivity and conductivity
values of many tissues, including heart, are roughly linear in log:log plots over ranges of
a few hundred kHz within the range mentioned, which potentially allows distinctions
among tissue types to be made without a requirement for dense frequency sampling.

In some embodiments, catheter probe 11 is optionally used for ablation by RF
ablation energies delivered (for example, at about 500 kHz) through the catheter
electrodes 3; optionally these electrodes are also used for measurements. In some
embodiments, other electrodes, another catheter probe and/or another ablation method is
used, for example, cryoablation, ultrasound ablation, laser ablation, electroporating
ablation, or another form of ablation. Catheter probe 11 optionally comprises at least
one catheter electrode 3 which is used in sensing electrical field 4 for navigation.
Optionally, an electrode 3 is configured for use in any one or more of the functions of
navigation, ablation, and tissue measurement. Optionally, one or more of these functions
is separately isolated to one or more designated electrodes.

In some embodiments, the electrical field generation and measurement device 1
is under the control of controller 20, which itself is optionally under user control
through user interface 50. Controller 20 optionally comprises a computer with CPU or
other digital hardware operating according to programmed code. Controller 20 is
described herein as a multi-functional module; however, it is to be understood that
functions of controller 20 are optionally distributed among two or more modules of the
system.

Electrical field generation by device 1, for example, to establish navigation
fields and/or probe dielectric properties of tissue by means of impedance measurements,

is under the control of controller 20. Optionally, measurements from device 1, for
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example, those for use in measuring dielectric properties and/or field position sensed by

catheter electrodes 3, are communicated back to the controller 20. In some
embodiments, controller 20 is also an ablation controller. Ablation is optionally via
electrical fields (e.g., RF electrical fields) generated by device 1, or by another ablation
method, for example as described herein.

In some embodiments, controller 20, comprises a measurement analyzer 21
(optionally, a separate measurement analyzer is provided), relating measurements to one
or more additional parameters.

In some embodiments, controller 20 comprises a measurement analyzer 21.
Alternatively or optionally, measurement analyzer 21 is external to controller 20, and in
some embodiments, external to system 1.

In some embodiments, measurement analyzer 21 relates received electrical
measurements to one or more additional parameters. For example, EM simulator 30
optionally provides to analyzer 21 simulated electrical field data, on the basis of which
sensed electrical field data is converted into position(s) of catheter electrode 3.
Optionally the conversion is also based on information about the positions of body
surface electrodes 5, and/or anatomical data 31 describing electrical field propagation
properties of tissue 2 and/or target region 6. In some embodiments, anatomical data 31
comprise image data allowing specification of tissue types present in regions through
which field 4 is induced. Optionally, anatomical data 31 comprise a dielectric property
model of the anatomy, for example, dielectric properties inferred from image data
and/or typical dielectric properties of different tissue types. Optionally, the model is
refined by additional data received by electrode sensing, for example, sensing from
catheter electrodes 3 and/or body surface electrodes 5. Electrical field simulation based
on these inputs is carried out by EM simulator 30. In some embodiments, user interface
50 is provided with controls allowing selection of how controller 20 uses the other
inputs to the analysis—for example, to review and/or correct alignment, adjust model
parameters, and the like. The interface is also optionally used for controlling and/or
displaying information from EM simulator 30.

In some embodiments, one or more optical cameras 40 are used to assist in the
placement of body surface electrodes 3. Optionally, images from the optical camera 40

are used to guide placement of surface electrodes 5 against tissue 2. Optionally, the
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images verify placement. Optionally, images show a difference between targeted and

actual placement, which can be communicated to the EM simulator to allow adaptation
of the simulation results it produces. In some embodiments, fiducial marks 902 are
placed on the surface of tissue 2. Optionally optical guidance of body surface electrode
placement comprises imaging of fiducial marks 902 by optical camera 40. The fiducial
mark 902 positions in the resulting images are used to guide where surface electrodes 5

are to be placed, and/or actually are placed.

Anatomy and Electrode Pad Modeling and Electromagnetic Field Simulation

Reference is now made to Figures IB—1C, which schematically illustrate
simulated body surface electrode positions relative to a simplified volume of tissue 102,
according to some embodiments.

Figure 1B—1C illustrate two different positionings of the Z-field body surface
electrodes 120, 121, relative to a simplified volume of tissue 102. The Z-field body
surface electrodes 120, 121, establish an electrical field having a component running
generally in the direction of the superior/inferior body axis, although the field overall is
constrained to be somewhat diagonal to this axis due to limitations of body surface
geometry. Also shown is one of the Y-field body surface electrodes 110; X-field body
surface electrodes are not shown.

Tissue volume 102 comprises three sections 103, 105, 107. The middle section
105 comprises the region of navigational interest in this case (e.g., the heart). Region
103 corresponds to the upper spine and shoulders, and region 107 comprises the lower
abdominal area. Examples shown are taken from a CT image-based porcine model.

In Figure 1B, Z-field body surface electrode 120 is positioned over the left-
lower abdominal region. Z-field body surface electrode 121 (hidden) is placed over the
right-back shoulder. Connection 130 and signal generator 131 are schematically
represented as a part of the circuit driving the electrodes at 10 kHz with a 1 V voltage
amplitude.

In Figure 1C, Z-field body surface electrode 120 is positioned over the mid-
lower abdominal region. Z-field body surface electrode 121 (hidden) is placed over the

spine in the nuchal region.
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Reference is now made to Figures 2A-2B, which show equipotential field lines

for simulated conditions of different body surface electrode placement, according to
some embodiments. Reference is also made to Figure 12, which illustrates a body-
centered coordinate system referred to herein, according to some embodiments. A torso
1200 is shown for reference, crossed by three orthogonal planes: the median or sagittal
plane 1202; the frontal or coronal plane 1204, and the transverse or axial plane 1206. X,
Y, and Z axes shown with arrows indicate the orientations of coordinate axes referred to
by the same letters with respect, for example, to electrical fields established by body
surface electrode pairs.

Figures 2A—2B show simulated equipotential lines 204, 205 in the area of and
within a Y-Z plane cross-section of the left atrium 202 (total sectional area shown is 200
mm by 200 mm). The distance between equipotential lines 204, 205 is 10 mV in each
figure. In Figure 2A, the equipotential lines within the left atrium run generally at a
large angle ( for example, at least 45°, 60°, 80°, or another larger, smaller, or
intermediate angle) to the anatomical Z-axis, allowing their use to indicate position
along this axis. In Figure 2B, the equipotential lines run generally at a small angle to the
anatomical Z-axis, making them less useful position sensing along this axis. However,
they do establish a gradient which is potentially useful for sensing of anatomical Y-axis
position.

The field lines shown here are simulated for a driving frequency of 10 kHz. In
some embodiments, simulated driving frequency is within, for example, about 10 kHz-
100 kHz. At such frequencies, wavelengths are many orders of magnitude larger than
the body. This allows simplifying the simulations to be solved under the well-known
quasistatic approximation (allowing, for example, relativistic propagation effects to be
ignored).

Also at these frequencies, the dielectric constants of many body tissues are in the
range of a few hundred to a few thousand, higher than other materials (for example,
metallic leads and electrodes) in the circuit; similarly, electrical conductivity is low
compared to these materials, at about 0-1 S/m. This helps to cause more of the electrical
field’s potential drop (and thus more of the equipotential lines) to exist within the body.

In some embodiments, simulation results are obtained by applying the well-

known electromagnetic field formulae to a volume modeled to contain material having
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the dielectric properties associated with the tissues imaged in the CT scan (or other

anatomical data). In some embodiments, tissue type identity is assigned based on
automatic segmentation of the image results. It is a potential advantage to use a higher-
resolution scan (for example, a CT scan with slices of between 1 mm—3 mm, or higher
resolution should it be available, is preferable) as a basis of the segmentation, as this
sets the conditions of the field simulation more nearly to the actual situation. In some
embodiments, post-processing, optionally manually guided, is performed to remove
segmentation artifacts. Optionally, post-processing, e.g., for cleaning up segmentation,
uses capabilities of commercially available imaging system, such as a Carto or Insight
system. In some embodiments, post-processing is performed under the guidance of an
imaging technician experienced in tasks of anatomical segmentation. In general, results
of the electromagnetic simulation are dependent on the degree of care devoted to
obtaining accurate, high-resolution anatomical data. This resolution should also be
preserved in the simulation modeling itself.

In some embodiments, simulated fields reflect a particular respiratory and/or
heartbeat phase, for example, the phase associated with anatomical image acquisition
and/or reconstruction. Optionally, simulations are adjusted to approximate field
conditions in one or more other phases, for example, by re-spacing isopotential lines
according to anatomical changes (lungs filling with air, heart chambers filling with
blood) that occur during respiration and/or heartbeat.

Rules of thumb potentially observable in simulation results include: voltage
dynamic range is typically increased by closer placement of body surface electrodes to
the region of interest, positioning of body surface electrodes on a line crossing the
region of interest, placement with the body surface electrodes facing one another across
the body, and/or by use of body surface electrodes with a smooth contour (avoiding
protrusions and/or sharp corners, for example). Linearity is typically enhanced when the
body surface electrodes are larger, more distant from each other, and/or more distant
from the region of interest. It may be understood from this that an optimal choice of
placement parameters is dependent in part on the relative weighting given to linearity
vs. dynamic range.

Notwithstanding these rules of thumb, both linearity and dynamic range are

affected to a large extent by body habitus (physique), organ size and tissue composition.
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Electromagnetic simulation potentially allows selecting body surface electrode

positionings which take these differences into account.

Scoring Electromagnetic Field Simulation Results

Reference is now made to Figures 3A—3B, which show simulated voltage ranges
in atrial heart chambers (Figure 3A, right atrium; Figure 3B, left atrium), according to
some embodiments.

In some embodiments of the invention, selection of body surface electrode
positioning conditions is accomplished by comparison of simulated field results scored
for one or more criteria.

Figures 3A—3B show examples of scores of voltage range for different body
surface electrode configurations within two regions of interest: the left atrium, and the
right atrium. Voltages along the X, Y, and Z axes are represented at VX, VY, and VZ,
respectively. In case shown, only parameters affecting VZ are changed among the
various conditions. Optionally, scoring is based on the largest and smallest potential
values seen within each chamber, based on the voltage range across a particular path
crossing each chamber, or by another scoring method. Of the conditions shown, one
(indicated by an open diamond symbol) consistently has a higher range in both heart
chambers, and so is preferable under this criterion. It is also possible for different
regions to have maximal ranges for different conditions. Optionally, the choice is made
by a weighting. Potentially, the condition chosen is not maximal in either region, but is
sufficiently large in both. Optionally, body surface electrodes are placed to allow
navigation by one body surface electrode pair in one chamber (or other region), and a
different body surface electrode pair in another.

Reference is also made to Figures 4A-4B, which show simulated distributions of
field potential gradient linearity scores in a left atrial heart chamber, according to some
embodiments.

Figures 4A—4B show examples of distributions of linearity in the left atrium for
two different body surface electrode configurations. Optionally, linearity is scored
according to the characteristics of an error distribution (e.g., standard deviation) which

represents the difference in millivolts from a best linear fit for each axis and at each
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sample point within a region of interest. It should be understood that a different criterion

of potential gradient uniformity is optionally applied.

In the graphs shown, the X- and Y-axis linearity distributions are similar for each
configuration, but there is a substantial difference for the Z-axis distributions, which are
relatively spread out in Figure 4B compared to Figure 4A.

Reference is now made to Table I and Table 2, which give overall score results
for two different configurations (A and B) in two different heart chambers (left and right

atria).

Table 1: Left Atrium Scores

CONFIGURATION A CONFIGURATION B
RANGE SCORE (V) 0.35 0.1
LINEARITY STD. DEV. (MV) 7.7 6.1

Table 2: Right Atrium Scores

CONFIGURATION A CONFIGURATION B
RANGE SCORE (V) 0.3 0.2
LINEARITY STD. DEV. (MV) 7.8 4.6

It can be seen that Configuration B provides an increased linearity but smaller
dynamic range compared to Configuration A in both heart chambers. Optionally, a
choice from among the two configurations is made by a weighting function (for
example, linearity is weighted more heavily than range, or vice versa). Optionally, the
weighting function is linear. Optionally, the weighting function comprises a non-
linearity such as a threshold. For example, if a dynamic range score of at least 0.3 V is
considered to be a requirement for accurate navigation, then no weight is assigned to a

configuration which cannot achieve this.
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Method of Electrode Pad Placement Planning Using Electromagnetic Field

Simulation

Reference is now made to Figure 5, which schematically represents a method of
pre-planning to select a body surface electrode configuration for a procedure using
intra-body electrical field sensing, according to some embodiments.

At block 502, in some embodiments, at least one electromagnetic simulation
(EM simulation) corresponding to a patient is obtained. The model optionally comprises
an anatomical description with dielectric properties (an electrical impedance model)
described corresponding to tissue type at different anatomical regions.

In some embodiments, an EM simulation is generated de novo from the
anatomical data of the patient. In some embodiments, the EM simulation is selected
from a bank of models corresponding to different human body types. An exemplary
bank of models is the commercially available XCAT visual human data library, which
provides the ability to model a large range of male and female body morphologies with
different body mass indexes, characteristics for fat capacity, size of the bones, size of
the lungs, efc.. As an example of relevant differences among humans with normal
cardiovascular structures: tall and thin men typically have more apically pointed hearts,
while men with heavier builds may have a heart located lower down on the diaphragm,
across the chest. In another example, the cardiothoracic ratio between patients is very
variable. In some embodiments, age, height, weight and cardiothoracic ratio from X-ray
provide enough information to build a simulated anatomy, for example, from the XCAT
library. In some embodiments, EM simulation and/or matching to select an EM
simulation is performed as a remote service; for example, patient parameters and/or
anatomical data are uploaded to a server. After body type selection from a library, and/or
simulation based on the anatomy of the patient, a suitable electrode configuration is
generated, and returned to the origin of the request.

Optionally, an EM simulation is selected, for example, according to age, heart
state, breathing state, physical condition, size, weight, sex, and/or according to other
criteria. Optionally, a bank-selected model is adjusted to more closely fit the particular
anatomical details of the patient, for example by geometrical morphing of tissue type

boundaries to match those of patient 3-D imaging data. A potential advantage of using a
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type-selected EM simulation is reduced complexity and/or resources required for

simulation setup, compared to a de novo model.

At block 504, in some embodiments, simulated body surface electrodes are
configured. Optionally, configuration comprises selection of the position and/or size of
body surface electrodes to be used. Optionally, the configuration is selected from a
range of preconfigured options. Available options are optionally associated with a
banked EM simulation from which the current patient model is derived. Optionally
(after a first round of simulations is performed), the configuration comprises iterative
modification of a previously selected condition, for example, a displacement or a
resizing of one or more body surface electrodes. Modification is optionally performed
according to a suitable algorithm for searching body surface electrode configuration
parameter space, for example, gradient descent and/or searching through a parameter
range of at intervals. Optionally, typical placements are used for some body surface
electrodes (for example, X-and/or Y-axis electrodes), and simulation is performed just
for relatively problematic and/or sensitive electrodes, such as Z-axis positioning body
surface electrodes, and/or body surface electrodes used for another sensing application
such as tissue lesion assessment.

At block 506, in some embodiments, electromagnetic simulation (EM
simulation) using the EM simulation together with simulated body surface electrodes is
performed, for example as described in relation to Figures 2A—2B. Optionally, some
simulations are run as “crude” simulations (for example, at low resolution), in order to
rule out particularly poor body surface electrode configurations. Additionally or
alternatively, for example, as configuration parameters converge, at least some
simulated conditions are evaluated as partially modified versions of one or more full
simulations. For example, simulation results are evaluated from an interpolation
between two full simulations run under conditions that bracket the -current
configuration.

At block 507, in some embodiments, the EM simulation results are scored.
Optionally, scoring comprises evaluation for criteria applicable to the structure of the
electromagnetic field, such as potential gradient uniformity and/or dynamic range, for
example as described in relation to Figures 3A—4B and Tables 1-2 herein. More

generally, reference to the structure of an electromagnetic field should be understood to
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encompass the distribution of magnitudes and/or directions of vector values of the

electromagnetic field. Optionally, scoring includes validation of the simulation results,
for example, against previously calculated results and/or to ensure that the simulation
results are reasonable in view of some other set of one or more constraints.

At block 508, in some embodiments, an evaluation is made as to whether the
procedure should continue with further simulations by returning to block 505. For
example, if all of an initial set of body surface electrode configurations have been
searched, the simulation series is stopped. Additionally or alternatively, searching is
stopped when a stopping condition such as minimal change in EM simulation score is
reached.

If there are no more simulations to run, the simulation phase ends. At block 510,
in some embodiments, a body surface electrode placement configuration (one of those
modeled and scored) is selected for use in an actual procedure. Generally, the selected
configuration is the one which is optimal according to the scoring procedure of block
507. When workflow resumes, it is optionally with a setup procedure, for example as

described in relation to Figure 6.

Methods of Electrode Pad Placement and/or Electromagnetic Field Simulation
Adjustment

Reference is now made to Figure 6, which schematically represents a method of
setting up a body surface electrode configuration for a procedure using intra-body
electrical field sensing, according to some embodiments.

At block 602, in some embodiments, the procedure begins, and body surface
electrode configuration parameters are received. Optionally, the configuration
parameters are defined by the parameters of the optimal electrode configuration selected
in the procedure outlined in relation to Figure5. In some embodiments, the
configuration is also associated with an EM simulation which is used in other aspects of
the procedure (for example, in electrical field-guided intra-body navigation, tissue
lesion assessment, or another procedure aspect).

At block 604, in some embodiments, body surface electrodes are placed. In a
first iteration, the electrodes are placed according to the received configuration. After

the first iteration, the electrodes may be placed according to other currently specified
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configuration parameters (for example, if new configuration parameters are provided

from a simulation at block 608 or 610). Optionally, electrodes are placed with the
assistance of fiducial marks, for example as described in relation to Figure 7, herein.

At block 606, in some embodiments, the body surface electrode placements
relative to the anatomy of the patient are measured. In some embodiments, for example,
the measurement comprises optical photography of the body surface electrodes in situ.
Optionally, the measurement comprises measuring body surface electrode positions
relative to landmarks on the body. Optionally, the landmarks are fiducial marks placed
previously (for example as described in relation to Figure 7, herein). In some
embodiments, the measurement of body surface electrode position relative to the
anatomy of the patient is further registered to an anatomical model configured to
simulate intra-body electrical fields. In some embodiments, measurement of the actual
body surface electrode configuration comprises operating of the body surface electrodes
to establish electrical properties such as the impedance between one or more electrode
pairs.

Optionally at block 608, in some embodiments, electrical fields are simulated for
the body surface electrode positions measured at block 606 (and optionally also for the
actual electrical properties measured, such as actual impedance), based on the
anatomical model and electrical field simulation; for example as described in relation to
Figures 2A—2B. Optionally, this simulation is used as input to block 610 for deciding
whether the electrode placement should be accepted. Optionally, this simulation is used
to refine and/or replace the body surface electrode configuration parameters received at
block 602. For example, further EM simulations are optionally performed for body
surface electrode placements near to the current placement (e.g., near to may be
spatially near, near in the sense of requiring adjustment of just one electrode, and/or
near in the sense of assuming a different impedance of body surface electrode contact
with skin).

At block 610, in some embodiments, adequacy of the body surface electrode
placement of block 606 is evaluated. In some embodiments, evaluation of adequate
placement comprises placement within a specified tolerance of a pre-planned position.
For example, a body surface electrode is within a placement tolerance of 5 mm, 10 mm,

15 mm, or another greater, lesser, or intermediate distance from pre-planned position. In
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some embodiments, evaluation of adequate placement comprises evaluating if a

simulated electrical field, simulated under conditions of the measured actual body
surface electrode placements, produces electrical field properties satisfying criteria such
as those used in pre-planning simulation. For example, simulated fields produced by the
actual body surface electrode placement are found to have a field linearity score (or
other criterion score) no less optimal than the planned body surface electrode
placement, or than another preset value. Optionally, some degradation is allowed; for
example, the criterion score is allowed to be degraded by up to 10%, 20%, 30%, or
another larger, smaller, or intermediate degree of degradation. Optionally, additional
simulations produced at block 608 are used as a basis for evaluating the adequacy of the
current placement (e.g., to evaluate if a better "nearby” positioning can be suggested).

If the actual placement is considered to be adequate, the body surface electrode
placement procedure ends, optionally continuing with the main catheter procedure itself.
Optionally, if a new simulation was produced at block 608, electrode placement
parameters associated with this simulation replace the parameters originally received at
block 602. If placement is inadequate, the procedure optionally returns to block 604, at
which body surface electrode positioning is adjusted.

Reference is now made to Figure 7, which schematically represents a method of
using persistent fiducial marks to set up a body surface electrode configuration for a
procedure using intra-body electrical field sensing, according to some embodiments.

In some embodiments, the method described in relation to Figure 6 is part of a
larger procedure by means of which persistent fiducial marks are used to assist in
achieving a sufficient alignment between simulated electrical fields and actual electrical
fields produced intra-body. Operations of the blocks of Figure 7 involving simulations,
imaging, and/or image processing are optionally performed by the use of a computer
processor; optionally operations are distributed among a plurality of processors; for
example, a server machine and a portable device such as a cell phone, tablet, and/or
laptop.

At block 702, in some embodiments, persistent fiducial marks are placed on the
body surface of a patient. The fiducial marks are placed, for example, as described in
relation to Figure 9A, herein. Examples of fiducial mark embodiments are also

described in relation to Figure 9B. Optionally, the fiducial marks on the patient body
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surface are “persistent”, at least in the sense that they persist between an initial 3-D

anatomical imaging session (for example, CT), and a later session where the fiducial
marks are used to align a simulated electrical field to the patient anatomy during intra-
body probe sensing, for example, for electrical field-guided navigation and/or lesion
assessment. Optionally, instead of or in addition to placing exogenous fiducial marks,
the native appearance of the patient’s skin surface (including, for example,
distinguishing areas of skin coloration and/or shape) is recorded relative to temporary
fiducial marks. Distinctive regions of the native skin surface are thereafter treated as
persistent fiducial marks.

At block 704, in some embodiments, 3-D imaging is performed (for example, by
CT or MRI), wherein the persistent fiducial mark positions are included in the 3-D
imaging data. Optionally, this is by the persistent fiducial marks themselves being
visible under the imaging methodology used. Optionally, temporary fiducial marks
(visible in the selected 3-D imaging modality) are in position at the region of the
persistent fiducial mark during imaging. Optionally, the temporary fiducial marks are in
position at other locations, but with a relationship to the persistent fiducial marks such
that the locations of the persistent fiducial marks can be calculated based on the
temporary marks. It should be noted that fiducial marks used in 3-D imaging are often
relatively large and obtrusive, so that they are not suitable for extended attachment to a
body. However, fiducial marks used for the present method are optionally sufficiently
small and/or flat that they can be worn for an extended period without significant
discomfort.

At block 706, in some embodiments, one or more simulated electromagnetic
fields are generated, based at least in part on the anatomical data obtained at block 704.
The simulation (EM simulation) is performed, for example, as described in relation to
Figure 5, herein.

At block 708, in some embodiments, body surface electrode positions (for
example, as calculated in the method of Figure 5) are provided in an instruction format
that describes positions relative to the persistent fiducial marks (optionally, this is a
particular embodiment of how electrode parameters are provided at block 602 of
Figure 6). The format can comprise, for example, a demonstration movie, a physical

template, written/graphical instructions, and/or an augmented reality display (display of
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an overlay indicating target body surface electrode position on a live image). Examples

of such formats are also described in relation to Figures 9A-9B.

At block 710, in some embodiments, the body surface electrodes are placed,
based on the instructions provided at block 708. In some embodiments, placement of the
electrodes comprises a first step of visually aligning the electrode to a particular
position which it should cover (e.g., visualized through a window comprising a hole,
cutaway, and/or grating in the electrode itself), and then a second step of exposing
adhering material around the visualizing window so that the electrode can be firmly
secured.

At block 712, in some embodiments, body surface electrode positions are
verified. In some embodiments, augmented reality positioning provides live feedback
about positioning, such that it is immediately apparent to an operator using the feedback
if a body surface electrode is in a correct position or not. In some embodiments,
photography is otherwise used to verify body surface electrode position relative to
fiducial marks or other landmarks (e.g., feedback is given as an offline result, rather
than shown on a live display). Potentially, however, there are exigencies at the time of
body surface electrode placement that interfere with placement as planned; for example,
skin condition, placement of other leads and/or equipment, and/or availability of the
planned size and/or shape of electrodes in clinical stores. In some embodiments,
verification comprises sending electrical signals through body surface electrodes, which
are optionally confirmed (in block 714) as sufficiently or insufficiently corresponding to
those predicted by the electromagnetic simulation.

At block 714, in some embodiments, a determination is made as to whether or
not body surface electrode placement is adequate, for example, as described in relation
to block 610 of Figure 6. Optionally, results are indicated to an operator (for example,
on a screen display, and/or by another alert method). Optionally, if positioning is
inadequate, the procedure returns to block 710 for adjustment. Preferably, adjustment
continues until positioning is accurate to within resolution of no more than about 10
mm. In some embodiments, the final placement of the body surface electrodes is used in
the generation of a final EM simulation (optionally either de novo or by adjusting the

current EM simulation).
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Examples of Electrode Pad Placement

Reference is now made to Figures SA-8C, which schematically illustrates
placement of Z-axis body surface electrodes 802, 804 on a body 800, according to some
embodiments.

In some embodiments, body surface electrodes 802, 804 define a Z-axis
electrical field through a region of interest 801 (for example, the heart). Optionally, the
body surface electrodes 802, 804 are positioned depending, for example, on particulars
of patient anatomy. As shown, body surface electrode 802 is on the back (dorsal side),
while body surface electrode 804 is on the front (ventral side). Figures 8A—8C
schematically illustrate three different (non-exhaustive) general options: back-right
shoulder/front-lower-left abdomen, back-left shoulder/front-mid-right abdomen, and
center-back/front-lower-center abdomen, respectively. Optionally, front/back are
inverted. Optionally (and as illustrated), the area of interest 801 is slightly offset from
center, and body surface electrode placements are optionally offset likewise.

Due, for example, to individual variations in anatomy, it is not necessarily
known without further investigation which general body surface electrode configuration
provides the most nearly optimal field conditions in the region of interest. Optionally,
EM simulations (for example, as described with respect to Figures 2A-2B) are used to
determine which configuration is preferred.

Optionally, further refinements in body surface electrode position are made as a
result of EM simulation. Figure 8C shows examples of optional variations in size for
body surface electrode 802 in the form of larger body surface electrode 802A, and
smaller body surface electrode 802B. Variation can be accomplished, for example, by
selection from a range of standard sizes, and/or by trimming of a body surface electrode.
Figure 8C also shows various offsets for body surface electrode 804, for example, offset
positions 804A and 804B. It is to be understood that offsets can be in any direction, and
optionally combined with adjustments in body surface electrode size.

Reference is now made to Figure 9A, which shows the relationship of body
surface electrode placement fiducial marks 902A, 902B, 902C, 902D, 902E, and 902F
with body surface electrodes 802, 804, according to some embodiments. Reference is
also made to Figure 9B, which shows an example of a shape for a fiducial mark 902,

according to some embodiments.
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In some embodiments of the invention, fiducial marks 902A—-902F are used to

assist in the positioning of body surface electrodes 802, 804 in preparation for the
generation of intra-body electrical fields used in intra-body field sensing. Electrical
field-guided intra-body navigation in particular potentially benefits from strict
registration between a simulated (or otherwise predicted) intra-body electrical field, and
the actual intra-body electrical field which is produced. A method of achieving this is
described, for example, in relation to Figure 7, herein.

In some embodiments, groups of fiducial marks such as 902A-902C and/or
902D-902F are placed on a body in the course of measurements made to obtain
anatomical information about the patient (for example, 3-D imaging such as CT or
MRYI). Optionally, the marks are placed as a group (for example, the back-located group
of fiducial marks 902A-902C) which roughly surrounds a limited region where
experience suggests that the body surface electrode 802 is likely to be located for the
eventual invasive procedure. Optionally, a looser grouping is used (such as shown for
front-located group of fiducial marks 902D-902F). Where feasible, it is a potential
advantage for fiducial marks to be located so that the final body surface electrode
positions are likely to be close by, to reduce the magnitude of measurement error.

In some embodiments, a fiducial mark comprises a marking which can
potentially persist for days or weeks on the patient body. The fiducial marking
comprises, for example, a temporary “tattoo”, which can comprise, for example, an
appliqué, peel-off sticker, ink marking, injected marker, electronic identification
component, and/or another form of marker. In some embodiments, the marking includes
features to assist in clearly indicating position; for example, fiducial mark 902
comprises two distinctly shaped pointers 915, 913, which converge to indicate a central
reference region 911. Distinct shaping allows clear marking of direction, as well as of
position.

In some embodiments, body surface electrode placement is performed according
to instructions expressed in terms of the fiducial mark positions and/or orientations.
Optionally, the instructions are textual and/or graphical; for example, printed and/or
displayed on a screen. Optionally the instructions comprise a measuring template, for
example, a printed template, which can be physically aligned to two or more of the

fiducial marks 902A-902F to indicate where a body surface electrode 802, 804 should
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be placed. Optionally, the body surface electrode 802, 804 is temporarily attached to the

template so that placement of the template itself comprises placement of the body
surface electrode 802, 804. Optionally, the instructions comprise indications in an
“augmented reality” display. For example, target body surface electrode positions are
superimposed on a live optical image of the patient’s body, where the alignment is made
relative to fiducial marks also visible in the live optical image. The live optical image
and positioning indication are performed, for example, using a position-sensitive head-
mounted display, a hand-held integrated camera and display (such as a computerized
cell phone or tablet), or another means of integrating optical data, position information,
and the calculated target piston of a body surface electrode.

Reference is now made to Figures I0A—I10E, which illustrate examples of
different electrode configurations 1010, 1020, 1030, 1040, 1050 on the body surface of
a pig 100, according to some exemplary embodiments of the invention.

Shown are examples of electrodes of different size, shape, and/or relative
placement, viewed from the ventral surface of a pig. In electrode configuration 1010 of
Figure 10A, left and right electrodes 1014 and 1012 are shown in different rectangular
sizes, located under the forelimb shoulders of the animal. A relatively large chest
electrode 1016 is shown, while abdominal electrode 1018 is relatively small. This would
tend to favor a low impedance for electrode 1016, which is a potential advantage, for
example, for making dielectric property measurements of tissues near the heart.
However, electrical fields generated using relatively small square electrodes such as
1018 are typically less uniform.

In electrode configuration 1020 of Figure 10B, larger rectangular pads 1022,
1024, 1026, and 1028 are used in all positions, tending to invert the relative potential
advantages and/or disadvantages of configuration 1010.

Electrode configuration 1030 of Figure 10C uses round electrodes 1032, 1034,
1036, 1038 in the same placement positions. Although smaller (and thus having a
tendency to focus the field lines near the electrodes), the cornerless design potentially
removes a source of electrical field anisotropy. Electrode configuration 1040 of
Figure 10D uses the same electrode design for electrodes 1042, 1044, 1046, 1048; but
with abdominal electrode 1048 placed lower than corresponding electrode 1038. This

potentially tends to make the electrical field lines running near the heart more nearly
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isotropic (since they are more distant from the electrode source), but at the cost of

decreasing field strength.

Finally, electrode configuration 1050 of Figure /10F is a mix of configurations
1010 and 1020; with electrodes 1054, 1052, and 1056 sized and placed like those of
configuration 1010, but with abdominal electrode 1058 being of the same placement
and large design as electrode 1028 of Figure 10B. Potentially, this results in a
compromise between the relative potential advantages and disadvantages of
configurations 1010 and 1020.

It should be noted, in comparison to the simulation configuration of Figures 1B—
1C, that the electrodes are shown conforming to the body surface of the animal, even in
locations where the surface is convoluted (e.g., under the forearm shoulders). This is
advantageously implemented as a feature of the simulation itself, potentially resulting in
more realistic structure of the simulated field, compared to the block-like electrodes of
Figures IB—1C. In some embodiments electrodes are electrically simulated as an
equipotential surface. Optionally, electrode simulation takes into account structure and
internal electrical properties (such as resistivity) of the electrode itself, allowing
simulation of voltage variations across the surface of the electrode.

In some embodiments, the simulation is further augmented to include simulation
of the conductive properties of a gel or other electrolyte layer, positioned between the
electrode itself and the skin. In some embodiments, an electrode gel layer is specified,
for example, to have a thickness of about 0.8 mm. Optionally another thickness of the
gel layer is specified; for example: about 0.4 mm, 0.6 mm, 1.0 m, 1.2 mm, or another
larger, smaller, or intermediate thickness. In some embodiments, a resistivity of a gel
layer is specified with a resistivity, for example, of about 1500 Q-cm. Optionally
another resistivity of the gel layer is specified; for example: about 1000 Q-cm, about
1250 Q-cm, about 1750 Q-cm, about 2000 Q-cm, or another larger, smaller, or
intermediate resistivity.

Reference is now made to Figures 11A—11B, which each represent navigational
resolution for four different electrode configurations, according to some exemplary
embodiments of the invention.

In each figure, four overlaid segmentations of the same porcine atrium (left

atrium in Figure 11A; right atrium in Figure 11B) and associated blood vessels are
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shown. The four segmentations are scaled according to the millivolts per centimeter

which simulation predicts at the different positions within the segmentation, as a result
of the use of four different body surface electrode configurations. Larger scaling thus
reflects the availability of higher navigational resolution, and is preferred.

All four segmentations are aligned at region 1103 (Figure 11A) or region 1113
(Figure 11B). To assist in distinguishing the various shades of gray by which different
segmentations are indicated, a few landmarks are correspondingly marked as well. In
Figure 11A, vascular branches 1102A-1102D are all corresponding, as are vascular
branches 1101A-1101D. In Figure 11B, vascular branches 1112A-1112D are all
corresponding, as are vascular branches 1111A—-1111D. Branches marked with the same
letter in the same figure belong to the same segmentation. In Figure 11A, the
segmentation comprising landmarks 1101D and 1102D was generated using a default
body surface electrode configuration. Larger body surface electrodes in new positions
for one axis were used to generate the electrical field used in scaling the segmentation
comprising landmarks 1101B and 1102B. The scaled segmentation is correspondingly
larger in one dimension (height, in the view shown).

In the simulation which scales the segmentation comprising landmarks 1101A,
1102A, a further substitution was made, using larger pads for the X-axis (horizontal
width, in the view shown). This turned out to be the optimal configuration of those
tested, for providing the highest resolution for navigation. A forth body surface
electrode configuration comprising landmarks 1101C, 1102C used round electrodes in
the same positions as for the segmentation comprising landmarks 1101A, 1102A; but
was found to be significantly poorer in X-axis resolution than any of the alternatives.

The same descriptions apply also to Figure 11B, changed as necessary to
indicate the corresponding landmarks of Figure /1B (landmark 1111A instead of 1101A;
landmark 1112D instead of 1102D, erzc.).

As used herein with reference to quantity or value, the term “about” means

“within £10% of”.

29 (13
2

2 (19 29 (19

, “includes”, “including

2 (13
2

The terms “comprises”, “comprising having” and
their conjugates mean: “including but not limited to”.

The term “consisting of” means: “including and limited to”.
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The term “consisting essentially of” means that the composition, method or

structure may include additional ingredients, steps and/or parts, but only if the
additional ingredients, steps and/or parts do not materially alter the basic and novel
characteristics of the claimed composition, method or structure.

As used herein, the singular form “a”, “an” and “the” include plural references
unless the context clearly dictates otherwise. For example, the term “a compound” or
“at least one compound” may include a plurality of compounds, including mixtures
thereof.

The words “example” and “exemplary” are used herein to mean “serving as an
example, instance or illustration”. Any embodiment described as an “example” or
“exemplary” is not necessarily to be construed as preferred or advantageous over other
embodiments and/or to exclude the incorporation of features from other embodiments.

The word “optionally” is used herein to mean “is provided in some embodiments
and not provided in other embodiments”. Any particular embodiment of the invention
may include a plurality of “optional” features except insofar as such features conflict.

As used herein the term “method” refers to manners, means, techniques and
procedures for accomplishing a given task including, but not limited to, those manners,
means, techniques and procedures either known to, or readily developed from known
manners, means, techniques and procedures by practitioners of the chemical,
pharmacological, biological, biochemical and medical arts.

As used herein, the term “treating” includes abrogating, substantially inhibiting,
slowing or reversing the progression of a condition, substantially ameliorating clinical
or aesthetical symptoms of a condition or substantially preventing the appearance of
clinical or aesthetical symptoms of a condition.

Throughout this application, embodiments of this invention may be presented
with reference to a range format. It should be understood that the description in range
format is merely for convenience and brevity and should not be construed as an
inflexible limitation on the scope of the invention. Accordingly, the description of a
range should be considered to have specifically disclosed all the possible subranges as
well as individual numerical values within that range. For example, description of a
range such as “from 1 to 6” should be considered to have specifically disclosed

subranges such as “from 1 to 37, “from 1 to 47, “from 1 to 57, “from 2 to 4”, “from 2 to
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67, “from 3 to 67, etc.; as well as individual numbers within that range, for example, 1,

2,3,4,5, and 6. This applies regardless of the breadth of the range.

Whenever a numerical range is indicated herein (for example “10-15”, “10 to
157, or any pair of numbers linked by these another such range indication), it is meant to
include any number (fractional or integral) within the indicated range limits, including
the range limits, unless the context clearly dictates otherwise. The phrases
“range/ranging/ranges between” a first indicate number and a second indicate number
and “range/ranging/ranges from” a first indicate number “to”, “up to”, “until” or
“through” (or another such range-indicating term) a second indicate number are used
herein interchangeably and are meant to include the first and second indicated numbers
and all the fractional and integral numbers therebetween.

Although the invention has been described in conjunction with specific
embodiments thereof, it is evident that many alternatives, modifications and variations
will be apparent to those skilled in the art. Accordingly, it is intended to embrace all
such alternatives, modifications and variations that fall within the spirit and broad scope
of the appended claims.

All publications, patents and patent applications mentioned in this specification
are herein incorporated in their entirety by reference into the specification, to the same
extent as if each individual publication, patent or patent application was specifically and
individually indicated to be incorporated herein by reference. In addition, citation or
identification of any reference in this application shall not be construed as an admission
that such reference is available as prior art to the present invention. To the extent that
section headings are used, they should not be construed as necessarily limiting.

It is appreciated that certain features of the invention, which are, for clarity,
described in the context of separate embodiments, may also be provided in combination
in a single embodiment. Conversely, various features of the invention, which are, for
brevity, described in the context of a single embodiment, may also be provided
separately or in any suitable subcombination or as suitable in any other described
embodiment of the invention. Certain features described in the context of various
embodiments are not to be considered essential features of those embodiments, unless

the embodiment is inoperative without those elements.
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WHAT IS CLAIMED IS:

1. A method of generating a target body surface electrode configuration for
producing an electromagnetic field within a region of interest within a living body, the
method comprising:

simulating, for each of a plurality of candidate body surface electrode
configurations, a respective electromagnetic field, the simulating being based on
an electrical impedance model of the region of interest in the living bodys;

evaluating each of the respective electromagnetic fields according to at least
one criterion of electromagnetic field structure within the region of interest; and

selecting the target body surface electrode configuration from the candidate

body surface electrode configurations, based on the evaluating.

2. The method of claim 1, wherein the candidate body surface electrode
configuration comprises respective positions of at least one pair of body surface

electrodes.

3. The method of any one of claims 1-2, wherein the region of interest

comprises a region of a heart.

4. The method of claim 3, wherein the region of the heart comprises an

atrium.

5. The method of any one of claims 1-4, wherein the at least one criterion
comprises a criterion for evaluation of an electrical field gradient component passing

through the region of interest along a superior/inferior Z-axis of the living body.

6. The method of claim 5, wherein electromagnetic fields are simulated for
the target body surface electrode configurations under conditions of supplying through
the body surface electrodes at least one frequency of alternating current between about

10 kHz and 100 kHz with a non-zero amplitude of less than 1 mA.
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7. The method of any one of claims 1-5, wherein at least one simulated

electromagnetic field for a target body surface electrode configuration is simulated to
extend between at least one body surface electrode and a probe electrode within the

body.

8. The method of claim 7, wherein electromagnetic fields are simulated
extending between the at least one body surface electrode and the probe electrode
within the body under conditions of supplying through the electrodes at least one
frequency of alternating current between about 12.8 kHz and 1 MHz with a non-zero

amplitude of less than 1 mA.

9. The method of claim 8, wherein simulated electromagnetic fields
produced by the target body surface electrode configuration comprise at least three

frequencies in the range between about 12.8 kHz and 1 MHz.

10. The method of any one of claims 1-9, wherein the body surface electrode

configuration includes specification of electrode surface shape and area.

11. The method of any one of claims 1-10, wherein the at least one criterion
of electromagnetic field structure is for evaluation of the linearity of the electrical field

gradient within a catheter-navigable lumen of the region of interest.

12. The method of any one of claims 1-10, wherein at least one criterion of
electromagnetic field structure is for evaluation of the dynamic range of the electrical

field gradient within a catheter-navigable lumen of the region of interest.

13. The method of any one of claims 1-12, wherein the evaluating comprises
evaluating the electrical field gradient at a frequency used with an associated electrode

in intra-body electrical field-guided catheter navigation.
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14. The method of any one of claims 1-13, wherein the evaluating comprises

evaluating the electrical field gradient at a frequency used with an associated electrode

in intra-body electrical field-guided assessment of a lesion dielectric property.

15. The method of any one of claims 1-14, wherein the simulating comprises

evaluating electromagnetic field equations for elements within the impedance model.

16. The method of any one of claims 1-15, wherein the impedance model
comprises segmented anatomical data, to which tissue-type dependent dielectric

properties are assigned.

17. The method of claim 16, wherein the anatomical data comprise 3-D
images taken by at least one imaging method of the group consisting of magnetic

resonance imaging and computed tomography imaging.

18. A method of instructing the positioning of body surface electrodes on a
living body carrying fiducial marks, the method comprising:

receiving a target configuration of comprising positions of body surface
electrodes, said target body surface electrode configuration being defined in
respect of an anatomical model of the living body;

defining positions of the target body surface electrode configuration in
respect of the fiducial marks carried on the living body; and

providing instructions for positioning body surface electrodes on the living
body according to the target body surface electrode configuration, wherein the
instructions use the fiducial marks as references for the body surface electrode

positions.

19. The method of claim 18, comprising placing the fiducial marks before

acquisition of anatomical data on which the anatomical model is based.
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20. The method of claim 19, wherein the fiducial marks remain in place for

at least one day elapsing after the acquisition of anatomical data, and until the

placement of the electrodes.

21. The method of claim 19, wherein the anatomical data comprise 3-D
images taken by at least one imaging method of the group consisting of magnetic

resonance imaging and computed tomography imaging.

22. The method of any one of claims 18-21, wherein the providing comprises

displaying an electrode position on a photographic image of a surface of the living body.

23. The method of claim 22, wherein the electrode position and the

photographic image are updated on a real-time display.

24. The method of any one of claims 22-23, wherein displayed electrode
position is determined relative to the position of one or more of the fiducial marks

within the photographic image.

25. A method of adjusting a simulated electromagnetic field simulated to be
excitable within a living body by a target configuration of body surface electrodes, said
adjusting being for improving consistency of the simulated electromagnetic field with
an excited electromagnetic field, the method comprising:

positioning surface electrodes in an actual configuration on the living body,
based on the target configuration;

determining at least one difference between the actual configuration of the
surface electrodes and the target configuration; and

adjusting the simulation, based on the difference, to approximate the
simulated electromagnetic field to an electromagnetic field excited by the actual

configuration of the surface electrodes.

26. The method of claim 25, wherein the adjusting the simulation comprises

interpolation between a plurality of electrical field simulations for electrode positions at
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mutually different positions also different with respect to an electrode position in the

actual body surface electrode configuration.

27. The method of claim 26, wherein the different positions are within 1 cm

or less of each other.

28. The method of claim 25, wherein the adjusting comprises recalculation
of the electromagnetic field simulation based on evaluating electromagnetic field

equations for elements within an impedance model.

29. The method of any one of claims 25-28, wherein the determining
comprises comparing the position of an electrode within a photograph of the actual

configuration to a corresponding position specified by the target configuration.

30. The method of claim 29, wherein the comparing comprises comparing of
positions described with reference to one or more fiducial marks previously placed on

the surface of the living body.

31. The method of any one of claims 25-26, wherein the adjusting comprises

adjusting the simulation of the electrical field within a region of the heart.

32. The method of claim 31, wherein the region of the heart comprises an

atrium.

33. A system for instructing the positioning of electrodes on a living body,
the system comprising at least one processor configured to:
receive an anatomical model of a portion of the living body, the anatomical
model comprising positions of anatomical landmarks;
determine, based on the anatomical model, positions for body surface
electrodes relative to the positions of the anatomical landmarks;
receive a photographic image of a portion of the living body, said

photographic image showing said anatomical landmarks;
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generate an image showing the positions determined for the body surface

electrodes on the portion of the living body; and

provide the image so generated to an image display.

34. The system of claim 33, comprising a camera used to obtain the
photographic image, and wherein the camera and display are integrated in a single

housing.

35. A system for generating a target body surface electrode configuration for
producing an electromagnetic field within a region of interest within a living body, the
system comprising a digital computer configured to:

simulate, for each of a plurality of candidate body surface electrode
configurations, a respective electromagnetic field, the simulating being based on
an electrical impedance model of the region of interest in the living bodys;

evaluate each of the respective electromagnetic fields according to at least
one criterion of electromagnetic field structure within the region of interest;

select the target body surface electrode configuration from the candidate
body surface electrode configurations, based on the evaluating; and

provide the selected configuration with electrode positions specified relative

to the surface of the living body.

36. The system of claim 35, wherein the region of interest comprises a

region of a heart.

37. The system of any one of claims 35-36, wherein the at least one criterion
comprises a criterion for evaluation of an electrical field gradient vector component

passing through the region of interest along a superior/inferior Z-axis of the living body.

38. The system of any one of claims 35-37, wherein the body surface
electrode configuration includes specification of at least one of the group consisting of

electrode position, electrode surface shape, and electrode surface area.
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39. The system of any one of claims 35-38, wherein the at least one criterion

of electromagnetic field structure is for evaluation of the linearity of the electrical field

gradient within the region of interest.

40. The system of any one of claims 35-39, wherein at least one criterion of
electromagnetic field structure is for evaluation of the dynamic range of the electrical

field gradient within the region of interest.

41. A method of selecting a target body surface electrode configuration for
producing an electromagnetic field within a region of interest within a living body, the
method comprising:

matching a body morphology of a patient to a body morphology type in a
database comprising body morphology types associated to body surface
electrode configurations; and

selecting the target body surface electrode configuration to be a body surface
electrode configuration from the database associated with the matched body

morphology type.

42. The method of claim 41, wherein the body surface electrode
configuration from the database is associated with the body morphology type based on
simulation in an electrical impedance model of the region of interest in the living body,
and selected according to at least one criterion of electromagnetic field structure within

the region of interest.

43. The method of any one of claims 41-42, wherein the matching and

selecting are performed on a computer server at a location remote from the patient.
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