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IMPEDANCE BASED ANATOMY
GENERATION

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This is a continuation of U.S. application Ser. No.
14/259,384, filed Apr. 23, 2014, which is a continuation of
U.S. application Ser. No. 13/495,541, filed Jun. 13, 2012,
now U.S. Pat. No. 8,744,566, which is a continuation of U.S.
application Ser. No. 12/437,812, filed May 8, 2009, now
U.S. Pat. No. 8,571,647. All subject matter set forth in the
above referenced application is hereby incorporated by
reference into the present application as if fully set forth
herein.

TECHNICAL FIELD

[0002] This invention relates to the determination and
representation of anatomical information and/or physiologi-
cal information relating to a heart using, e.g., a non-contact
catheter.

BACKGROUND

[0003] Use of minimally invasive procedures, such as
catheter ablation, to treat a variety of heart conditions, such
as supraventricular and ventricular arrhythmias, is becoming
increasingly more prevalent. Such procedures involve the
mapping of electrical activity in the heart (e.g., based on
cardiac signals), such as at various locations on the endo-
cardium surface (“cardiac mapping”™), to identify the site of
origin of the arrhythmia followed by a targeted ablation of
the site. To perform such cardiac mapping a catheter with
one or more electrodes can be inserted into the patient’s
heart chamber.

[0004] Conventional 3D mapping techniques include con-
tact mapping and non-contact mapping. In contact mapping
techniques one or more catheters are advanced into the heart.
Physiological signals resulting from the electrical activity of
the heart are acquired with one or more electrodes located at
the catheter distal tip after determining that the tip is in
stable and steady contact with the endocardium surface of a
particular heart chamber. Location and electrical activity is
usually measured sequentially on a point-by-point basis at
about 50 to 200 points on the internal surface of the heart to
construct an electro-anatomical depiction of the heart. The
generated map may then serve as the basis for deciding on
a therapeutic course of action, for example, tissue ablation,
to alter the propagation of the heart’s electrical activity and
to restore normal heart rhythm. On the other hand, in
non-contact-based mapping systems a multiple electrodes
catheter is percutaneously placed in the heart chamber of
interest. Once in the chamber, the catheter is deployed to
assume a 3D shape. Using the signals detected by the
non-contact electrodes and information on chamber
anatomy and relative electrode location, the system provides
physiological information regarding the endocardium of the
heart chamber.

SUMMARY

[0005] In some aspects, a method includes inserting a
catheter into a heart, the catheter comprising three or more
electrodes. The method also includes moving the catheter to
each of multiple, different positions in the heart. The method
also includes for each of the different catheter positions,
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causing current to flow between at least some of the elec-
trodes and in response to current flow, measuring an elec-
trical signal at each of one or more of the electrodes. The
method also includes determining anatomical information
about the heart based on positions of the catheter electrodes
and the measured signals at the different catheter positions.

[0006] Embodiments can include one or more of the
following.
[0007] The determination of the anatomical information

accounts for a change in conductivity at the cardiac chamber
boundary. The determination accounts for a first conductiv-
ity inside the cardiac chamber boundary and a second
conductivity outside the cardiac chamber boundary. Deter-
mining the anatomical information can include determining
the anatomical information based at least in part on imped-
ance information generated based on the measured signals at
the different catheter positions. The impedance information
is based on a conductivity contrast between blood and
surrounding tissue.

[0008] The anatomical information can include a repre-
sentation of at least a portion of a boundary of the heart.

[0009] Determining the anatomical information can
include detecting a boundary of the heart. Determining the
anatomical information can include, for each of the different
catheter positions, determining a surface based on the mea-
sured signals, the surface representing a surface at which the
conductivity changes. The surface can be a closed and
parameterized surface around at least a portion of the
catheter. The surface can be an ellipsoid. The surface can be
a curvilinear surface. The surface can provide a boundary
between a region represented by a first conductivity inside
the surface and a region represented by a second conduc-
tivity outside the surface, the first conductivity being dif-
ferent from the second conductivity.

[0010] Determining the anatomical information can
include, for each of the determined surfaces selecting one or
more regions of the surface corresponding to a boundary of
a portion of the heart.

[0011] Selecting the one or more regions can include
selecting the one or more regions based at least in part on a
distance between a portion of the surface and the catheter.
Selecting the one or more regions can include selecting the
one or more regions based at least in part on a magnitude of
a distortion field, the distortion field being based at least in
part on a difference between a field calculated based on the
measurements and a field in a homogonous medium. Select-
ing the one or more regions can include selecting the one or
more regions based at least in part on an error calculation in
an optimization used to generate the surface. Determining
the anatomical information can include joining the regions
of the determined surfaces corresponding to an expected
chamber boundary to generate the anatomical information.
Joining the regions can include using a meshing algorithm.

[0012] The method can also include using the multiple
electrodes on the catheter to measure cardiac signals at the
catheter electrodes in response to electrical activity in the
heart.

[0013] The method can also include determining physi-
ological information at multiple locations of the boundary of
the heart based on the determined positions of the catheter
electrodes and the measured cardiac signals at the different
catheter positions.



US 2017/0086705 Al

[0014] The method can also include using one or more
electrodes on the catheter for delivering ablation energy for
ablating tissue.

[0015] Determining the anatomical information based on
the measured signals from the one or more electrodes can
include distinguishing electrical signals indicative of cardiac
electrical activity from those responsive to the injected
current.

[0016] The method can also include displaying at least a
portion of the anatomical information. Displaying at least a
portion of the anatomical information can include displaying
at least a portion of the boundary of the heart.

[0017] In some additional aspects, a method can include
inserting a catheter into a heart, the catheter comprising
multiple, spatially distributed electrodes including multiple
sets of electrodes each set comprising at least two electrodes.
The method can also include for each of the multiple
different sets of electrodes, causing current to flow between
at least some of the electrodes and in response to current
flow, measuring an electrical signal at each of one or more
measuring electrodes. The method can also include deter-
mining anatomical information based on the measured sig-
nals.

[0018] Embodiments can include one or more of the
following.
[0019] The determination of the anatomical information

can account for a change in conductivity at the cardiac
chamber boundary.

[0020] The determination can account for a first conduc-
tivity inside the cardiac chamber boundary and a second
conductivity outside the cardiac chamber boundary.

[0021] Determining the anatomical information can
include determining the anatomical information based at
least in part on impedance information generated based on
the measured signals. The impedance information can be
based on a conductivity contrast between blood and sur-
rounding tissue. The anatomical information can include a
representation of at least a portion of a boundary of the heart.

[0022] Determining the anatomical information can
include detecting a boundary of the heart. Determining the
anatomical information can include determining a surface
based on the measured signals, the surface representing a
surface at which the conductivity value changes. The surface
can be a closed and parameterized surface around at least a
portion of the catheter. The surface can be an ellipsoid. The
surface can be a curvilinear surface. The surface can provide
a boundary between a region represented by a first conduc-
tivity inside the surface and a region represented by a second
conductivity outside the surface, the first conductivity being
different from the second conductivity.

[0023] Determining the anatomical information can
include for each of the determined surfaces selecting one or
more regions of the surface corresponding to an expected
boundary of the heart. Selecting the one or more regions can
include selecting the one or more regions based at least in
part on a distance between a portion of the surface and the
catheter. Selecting the one or more regions can include
selecting the one or more regions based at least in part on a
magnitude of a distortion field, the distortion field being
based at least in part on a difference between a field
calculated based on the measurements and a field in a
homogonous medium. Selecting the one or more regions can
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include selecting the one or more regions based at least in
part on an error calculation in an optimization used to
generate the surface.

[0024] Determining the anatomical information can
include joining the regions of the determined surfaces cor-
responding to an expected chamber boundary to generate the
anatomical information. Joining the regions can include
using a meshing algorithm.

[0025] The method can also include using the multiple
electrodes on the catheter to measure cardiac signals at the
catheter electrodes in response to electrical activity in the
heart.

[0026] The method can also include determining physi-
ological information at multiple locations of the boundary of
the heart based on positions of the catheter electrodes and
the measured cardiac signals. The method can also include
using ore or more electrodes on the catheter for delivering
ablation energy for ablating tissue.

[0027] Determining the anatomical information based on
the measured signals from the one or more electrodes can
include distinguishing electrical signals indicative of cardiac
electrical activity from those responsive to the injected
current.

[0028] The method can also include displaying at least a
portion of the anatomical information.

[0029] In some aspects, a method includes inserting a
catheter into a heart, the catheter comprising three or more
electrodes. The method also includes causing current to flow
between at least some of the electrodes and in response to
current flow, measuring an electrical signal at each of one or
more of the electrodes. The method also includes determin-
ing a boundary of at least a portion of the heart based on the
measured electrical signals. The method also includes dis-
playing a portion of less than the entire boundary of the
heart.

[0030] Embodiments can include one or more of the
following.
[0031] The method can also include measuring cardiac

signals at the catheter electrodes in response to electrical
activity in the heart and determining physiological informa-
tion at multiple locations of the boundary of the heart based
the measured cardiac signals.

[0032] The method can also include displaying the physi-
ological information at multiple locations of the boundary of
the heart.

[0033] The method can also include displaying the physi-
ological information at multiple locations of the boundary of
the heart for only a determined valid area. Displaying the
boundary can include displaying the boundary for a portion
of less than all of the heart.

[0034] The determination of the boundary can accounts
for a change in conductivity at the cardiac chamber bound-
ary. The determination can account for a first conductivity
inside the cardiac chamber boundary and a second conduc-
tivity outside the cardiac chamber boundary.

[0035] Determining the boundary can include determining
the anatomical information based at least in part on imped-
ance information generated based on the measured signals.
The impedance information can be based on a conductivity
contrast between blood and surrounding tissue.

[0036] Determining the boundary can include determining
a surface based on the measured signals, the surface repre-
senting a surface at which the conductivity value changes.
The surface can be a closed and parameterized surface



US 2017/0086705 Al

around at least a portion of the catheter. The surface can
provide a boundary between a region represented by a first
conductivity inside the surface and a region represented by
a second conductivity outside the surface, the first conduc-
tivity being different from the second conductivity.

[0037] Determining the anatomical information can
include for each of the determined surfaces selecting one or
more regions of the surface corresponding to an expected
boundary of the heart. Selecting the one or more regions can
include selecting the one or more regions based at least in
part on a distance between a portion of the surface and the
catheter. Selecting the one or more regions can include
selecting the one or more regions based at least in part on a
magnitude of a distortion field, the distortion field being
based at least in part on a difference between a field
calculated based on the measurements and a field in a
homogonous medium. Selecting the one or more regions can
include selecting the one or more regions based at least in
part on an error calculation in an optimization used to
generate the surface.

[0038] Determining the anatomical information can
include joining the regions of the determined surfaces cor-
responding to an expected chamber boundary to generate the
anatomical information.

[0039] The method can also include determining a valid
area of the boundary and using a visual indicia to indicate
the determined valid area of the boundary. Displaying the
portion of less than the entire boundary of the heart can
include using a visual indicia to indicate a valid area of the
boundary.

[0040] The method can also include determining a valid
area of the boundary. Displaying the portion of less than the
entire boundary of the heart comprises using a visual indicia
to indicate the determined valid area of the boundary.
[0041] In some aspects, a system includes a catheter
comprising one or more electrodes configured to inject a
current and to measure electrical signals in response to the
injected current. The system also includes a device config-
ured to determine a position of the catheter electrodes. The
system also includes a processing unit configured to deter-
mine anatomical information about the heart based on
positions of the catheter electrodes and measured electrical
signals at different catheter positions.

[0042] Embodiments can include one or more of the
following.
[0043] The processing unit can be configured to account

for a change in conductivity at a cardiac chamber boundary
in the determination of the anatomical information.

[0044] The processing unit can be configured to account
for a first conductivity inside the cardiac chamber boundary
and a second conductivity outside the cardiac chamber
boundary.

[0045] The processing unit can be configured to determine
the anatomical information based at least in part on imped-
ance information. The impedance information can be based
on a conductivity contrast between blood and surrounding
tissue.

[0046] The anatomical information can include a repre-
sentation of at least a portion of a boundary of the heart.
[0047] The processing unit can be configured to determine
the anatomical information by determining a surface based
on the measured signals, the surface representing a surface
at which the conductivity changes.

Mar. 30, 2017

[0048] The processing unit can be configured to, for each
of the determined surfaces, select one or more regions of the
surface corresponding to a boundary of a portion of the
heart.

[0049] The processing unit can be configured to select the
one or more regions based at least in part on a distance
between a portion of the surface and the electrodes.

[0050] The processing unit can be configured to select the
one or more regions based at least in part on a magnitude of
a distortion fleld, the distortion field being based at least in
part on a difference between a field calculated based on the
measurements and a field in a homogonous medium.
[0051] The processing unit can be configured to select the
one or more regions based at least in part on an error
calculation in an optimization used to generate the surface.
[0052] The processing unit can be configured to join the
regions of the determined surfaces corresponding to an
expected chamber boundary to generate the anatomical
information.

[0053] The multiple electrodes can be further configured
to measure cardiac signals in response to electrical activity
in the heart.

[0054] The processing unit can be configured to determine
physiological information at multiple locations of the
boundary of the heart based on positions of the catheter
electrodes and measured cardiac signals.

[0055] In some aspects, a system includes a catheter
comprising multiple, spatially distributed electrodes includ-
ing multiple sets of electrodes each set comprising at least
two electrodes, the electrodes being configured to inject a
current and to measure electrical signals in response to the
injected current. The system also includes a processing umit
configured to determine anatomical information about the
heart based on the measured signals.

[0056] Embodiments can include one or more of the
following.
[0057] The processing unit can be configured to account

for a change in conductivity at the cardiac chamber bound-
ary in the determination of the anatomical information.
[0058] The processing unit can be configured to account
for a first conductivity inside the cardiac chamber boundary
and a second conductivity outside the cardiac chamber
boundary.

[0059] The processing unit can be configured to determine
the anatomical information based at least in part on imped-
ance information generated based on the measured signals at
the different catheter positions.

[0060] The impedance information can be based on a
conductivity contrast between blood and surrounding tissue.
[0061] The anatomical information can include a repre-
sentation of at least a portion of a boundary of the heart.
[0062] The processing unit can be configured to determine
the anatomical information by determining a surface based
on the measured signals, the surface representing a surface
at which the conductivity changes.

[0063] The processing unit can be configured to, for each
of the determined surfaces, select one or more regions of the
surface corresponding to a boundary of a portion of the
heart.

[0064] The processing unit can be configured to select the
one or more regions based at least in part on a distance
between a portion of the surface and the catheter.

[0065] The processing unit can be configured to select the
one or more regions based at least in part on a magnitude of
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a distortion field, the distortion field being based at least in
part on a difference between a field calculated based on the
measurements and a field in a homogonous medium.
[0066] The processing unit can be configured to select the
one or more regions based at least in part on an error
calculation in an optimization used to generate the surface.
[0067] The processing unit can be configured to join the
regions of the determined surfaces corresponding to an
expected chamber boundary to generate the anatomical
information.

[0068] The electrodes on the catheter can be further con-
figured to measure cardiac signals in response to electrical
activity in the heart.

[0069] The processing unit can be configured to determine
physiological information at multiple locations of the
boundary of the heart based on the determined positions of
the catheter electrodes and the measured cardiac signals.
[0070] In some aspects, a system includes a catheter that
includes two or more electrodes configured to inject a
current and to measure electrical signals. The system also
includes a processing unit configured to determine a bound-
ary of at least a portion of the heart based on the measured
electrical signals and a display device configured to display
a portion of less than the entire boundary of the heart.

[0071] Embodiments can include one or more of the
following.
[0072] The two or more electrodes can be further config-

ured to measure cardiac signals in response to electrical
activity in the heart and the processing unit can be further
configured to determine physiological information at mul-
tiple locations of the boundary of the heart based the
measured cardiac signals.

[0073] The display device can be further configured to
display the physiological information at multiple locations
of the boundary of the heart.

[0074] The system can be configured to display the physi-
ological information at multiple locations of the boundary of
the heart for only the determined valid area.

[0075] The processing unit can be configured to account
for a change in conductivity at the cardiac chamber bound-
ary in the determination of the boundary.

[0076] The processing unit can be configured to account
for a first conductivity inside the cardiac chamber boundary
and a second conductivity outside the cardiac chamber
boundary.

[0077] The processing unit can be configured to determine
the boundary based at least in part on impedance informa-
tion generated based on the measured signals at the different
catheter positions.

[0078] The impedance information can be based on a
conductivity contrast between blood and surrounding tissue.
[0079] The processing unit can be configured to determine
the boundary by determining a surface based on the mea-
sured signals, the surface representing a surface at which the
conductivity changes.

[0080] The processing unit can be configured to for each
of the determined surfaces select one or more regions of the
surface corresponding to a boundary of a portion of the
heart.

[0081] The processing unit can be configured to select the
one or more regions based at least in part on a distance
between a portion of the surface and the catheter.

[0082] The processing unit can be configured to select the
one or more regions based at least in part on a magnitude of
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a distortion field, the distortion field being based at least in
part on a difference between a field calculated based on the
measurements and a field in a homogonous medium.
[0083] The processing unit can be configured to select the
one or more regions based at least in part on an error
calculation in an optimization used to generate the surface.
[0084] The processing unit can be configured to join the
regions of the determined surfaces corresponding to an
expected chamber boundary to generate the anatomical
information.

[0085] The two or more electrodes can be further config-
ured to measure cardiac signals in response to electrical
activity in the heart.

[0086] The processing unit can be configured to determine
physiological information at multiple locations of the
boundary of the heart based on the determined positions of
the catheter electrodes and the measured cardiac signals.
[0087] Embodiments of the system may also include
devices, software, components, and/or systems to perform
any features described above.

[0088] Embodiments of the methods and systems gener-
ally disclosed herein can be applied to determining the
position of any object within an organ in a patient’s body
such as the patient’s heart, lungs, brain, or liver.

[0089] As used herein, the “position” of an object means
information about one or more of the 6 degrees of freedom
that completely define the location and orientation of a
three-dimensional object in a three-dimensional coordinate
system. For example, the position of the object can include:
three independent values indicative of the coordinates of a
point of the object in a Cartesian coordinate system and three
independent values indicative of the angles for the orienta-
tion of the object about each of the Cartesian axes; or any
subset of such values.

[0090] As used herein, “heart cavity” means the heart and
surrounding tissue.

[0091] As used herein, the “anatomical information”
means information about an anatomy of an organ, informa-
tion about a boundary of an organ, and/or information about
an anatomy for ablation.

[0092] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. In case of conflict with documents incor-
porated herein by reference, the present document controls.
[0093] The details of one or more embodiments of the
invention are set forth in the accompanying drawings and
the description below. Other features, objects, and advan-
tages of the invention will be apparent from the description
and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0094] FIG. 1 is an exemplary schematic diagram of an
arrangement for positioning electrodes in a patient’s heart.
[0095] FIGS. 2a-2c show perspective, end, and side views,
respectively, of a deployed catheter with multiple current
injection electrodes (CIE) and multiple potential measuring
electrodes (PME).

[0096] FIGS. 3A and 3B are schematic diagrams of two
current injection electrodes (CIE) pair constellations.
[0097] FIGS. 4A-4E are schematic diagrams of a process
for generating anatomical information including a recon-
structed anatomy.
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[0098] FIG. 5 is a schematic diagram of a model for
determining a parameterized surface.
[0099] FIG. 6 is a schematic diagram of a process for
determining a parameterized surface.

[0100] FIG. 7 is an exemplary graph of a confidence
model.
[0101] FIG. 8 is a schematic diagram of a dipole at a

distance from an infinite plane.

[0102] FIG.9is a schematic diagram of a partial boundary
determination.
[0103] FIG. 10 is a schematic diagram of an ellipsoidal

local parameterized surface.

[0104] FIG. 11 is a schematic diagram of a curvilinear
local parameterized surface.

[0105] FIG. 12 is a schematic diagram of valid patches
relative to a catheter location.

[0106] FIGS. 13A-13D show exemplary anatomical infor-
mation.
[0107] Like reference symbols in the various drawings

indicate like elements.

DETAILED DESCRIPTION

[0108] Embodiments disclosed herein include a method
and system for generating patient specific anatomical infor-
mation such as cardiac anatomy. The patient specific cardiac
anatomy can be used, for example, during the generation of
an electroanatomical map (EAM) of heart tissue which can
be used to identify the site of origin of an arrhythmia
followed by a targeted ablation of the site. While patient
specific anatomy is a necessary component in the generation
of an EAM for the catheter ablation treatment of arrhythmia,
accurate representation of cardiac anatomy is useful for
other medical applications such as congestive heart failure,
injection of biologics into the heart and scar tissue, anatomi-
cal guidance of biopsies, minimally invasive valve repair
and replacement, and the like.

[0109] Embodiments disclosed herein include methods
and systems for generating anatomical information includ-
ing patient specific anatomy by deriving impedance based
information from a tracked multi-electrode array (MEA)
catheter. FIG. 1 shows a schematic diagram of an exemplary
embodiment of an anatomy generation system 200. The
system 200 includes a moveable catheter 210 having mul-
tiple spatially distributed electrodes (described below). Dur-
ing the anatomy generation process, a physician or medical
professional 202 inserts the catheter 210 into a chamber of
interest (e.g., the heart 212) of a patient 214. The catheter
210 is displaced to one or multiple locations within the
chamber of interest (e.g., the heart 212). In some embodi-
ments, the distal end of the catheter 210 is fitted with
multiple electrodes spread somewhat uniformly over the
catheter (e.g., as described in more detail below). The
catheter 210 includes both current injection electrodes (CIE)
and potential measuring electrodes (PME). In the example
of anatomy generation for the heart chamber, due to the
conductivity contrast between blood and the myocardium
and surrounding tissue, the measurements collected by the
catheter 210 can be analyzed to detect chamber boundary in
the vicinity of the catheter 210. In order to reconstruct the
chamber anatomy, system 200 includes a processing umt
206 which performs operations pertaining to anatomy deter-
mination based on a location of the catheter 210 (e.g., a
location provided by a tracking system) and the measure-
ments from the electrodes on the catheter 210. As the tracked
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catheter 210 is moved inside the chamber, a partial or
complete representation of the chamber anatomy is con-
structed. For example, a representation of the boundary of
the chamber can be constructed. The chamber anatomy 208
can be displayed on a display device 204 which is connected
to the processing unit 206. In addition, embodiments dis-
closed herein include methods and systems for generating an
EAM using the generated anatomy.

[0110] In addition, embodiments disclosed herein include
methods and systems for generating partial chamber bound-
ary EAM. The partial chamber boundary EAM provides
physiological information about a portion (e.g., a portion of
less than the entire) of a chamber such as the heart. Partial
chamber boundary EAM can be useful to quickly obtain an
EAM in a known area of interest. The construction of partial
EAM is enabled by the ability to reconstruct the anatomy of
a part of the chamber coupled with knowledge of valid and
invalid zones obtained by using the disclosed impedance
scheme.

[0111] As described herein, due to the conductivity con-
trast between blood and the myocardium and surrounding
tissue, measurements collected by catheter 210 located
inside the heart 212 of a patient 214 can be analyzed to
detect a chamber boundary in the vicinity of the catheter
212. These measurements can be used to generate anatomi-
cal information representing the anatomy of the heart. Other
exemplary methods for generating an anatomy of the heart
(or other organ) include point collection, ultrasound, rota-
tional angiography, computed tomography (CT) and mag-
netic resonance (MR). In general, point collection is a
method 1n which a tracked catheter is moved inside the heart
and numerous catheter locations are collected. Over time the
outline of the heart is traced based on the collection of
points. Exemplary drawbacks of point collection for gen-
eration of an anatomy can include that the process is time
consuming and can suffer from limited accuracy and uncer-
tainty. Ultrasound is a method in which a tracked intra
cardiac ultrasound/echo catheter is moved inside the heart,
the 2D images collected with the catheter are segmented to
identify chamber boundary and combined using the 3D
tracking data. Exemplary drawbacks of ultrasound for gen-
eration of an anatomy can include that the process can be
time consuming, segmentation is manual, and a proprietary
ultrasound catheter must be introduced into the organ solely
for determining anatomy. Rotational Angiography is a
method in which a contrast agent is injected into chamber of
interest and a fluoroscopy c-arm is rotated to obtain volu-
metric representation. Segmentation is used to detect endo-
cardial boundary. Exemplary drawbacks of rotational
angiography can include that its use can lengthen procedure
time, may suffer from limited accuracy, it can be difficult to
image all chambers, and/or excessive injection of contrast
may be toxic. When CT & MR are used, a volumetric
chamber representation is acquired ahead of procedure,
volume segmentation provides cardiac chamber of interest,
and registration to tracking system is performed during
procedure. Exemplary drawbacks of CT and MR can include
that the anatomy is generated prior to the procedure which
may lead to inaccuracy in anatomy at the time of the
procedure, the process often requires use of contrast agent,
and/or not all chambers can easily be imaged.

[0112] Tt is believed that generating the anatomy based on
measurements collected by a catheter located inside the
heart of a patient and calculations based on the conductivity
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contrast between blood and the myocardium and surround-
ing tissue (e.g., as described herein) can provide one or more
of the following advantages. The generation of the anatomy
can be relatively fast, since a large area of the anatomy can
be acquired in each heartbeat. In another example, the
anatomy information is acquired (and may be re-acquired)
during the procedure as opposed to being acquired prior to
the procedure. In another example, these methods can pro-
vide the advantage enabling the same catheter to be used for
anatomy generation, electrical reconstruction, and/or track-
ing.

[0113] Insome embodiments, a patient specific anatomy is
generated using impedance based information from a
tracked multi-electrode array (MEA) catheter. The system
includes an MEA catheter that provides mechanical support
for an array of current injecting electrodes (CIE) and poten-
tial measuring electrodes (PME). For example, the catheter
may be configured with multiple electrodes and used for
cardiac mapping, such as described in commonly owned
patent application Ser. No. 11/451,898, entitled “NON-
CONTACT CARDIAC MAPPING, INCLUDING MOV-
ING CATHETER AND MULTI-BEAT INTEGRATION”
and filed Jun. 13, 2006, application Ser. No. 11/451,908,
entitled “NON-CONTACT CARDIAC MAPPING,
INCLUDING PREPROCESSING” and filed Jun. 13, 2006,
application Ser. No. 11/451,871 entitled “NON-CONTACT
CARDIAC MAPPING, INCLUDING RESOLUTION
MAP” and filed Jun. 13, 2006, and application Ser. No.
11/672,562 entitled “IMPEDANCE REGISTRATION AND
CATHETER TRACKING” and filed Feb. 8, 2007, the
contents of each of which are incorporated herein by refer-
ence. The system also includes electronics for driving cur-
rent and measuring potential, a tracking system that provides
3D location of catheter electrodes, and a computer with
appropriate software algorithm to collect data and process
the data in order to construct a 3D representation of the
chamber anatomy.

The MEA Catheter

[0114] The MEA catheter can be normally introduced
through a femoral vein or artery and advanced into the heart
through the vascular system. The MEA catheter has a
multitude of electrodes that deploy into a three dimensional
shape. For example, the MEA catheter may have 64 elec-
trodes and deploy into a relatively spherical shape with a
diameter of about 2 cm. The MEA catheter may be used to
collect cardiac signals, tracking signals, as well as to gen-
erate and collect the signals necessary determining anatomi-
cal information such as the boundary of an organ such as the
heart.

[0115] To generate the excitation pattern necessary for
anatomy construction, a sequence of linearly independent
current injection patterns are generated by utilizing current
injecting electrodes (“CIE”) on the catheter. Simultaneously
potential measurement is performed on potential measuring
electrodes (“PME”), also mounted on the catheter. It should
be noted that PME and CIE may be one and the same.
[0116] FIGS. 2a-c show different views for one embodi-
ment of the catheter 110, which includes a base sleeve 112,
a central retractable inner member 114, and multiple splines
116 connected to base sleeve 112 at one end and inner
member 114 at the other end. When inner member 114 is in
an extended configuration (not shown), splines 116 are
pulled tight to the inner member so that catheter 110 has a
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narrow profile for guiding it through blood vessels. When
inner member 114 is retracted (as shown in FIGS. 2a-b),
splines 116 are deployed and pushed into an outward “olive”
shaped configuration for use in the heart cavity. As explained
in more detail below, the splines 116 each carry electrodes,
so when the inner member is in the retracted configuration,
the electrode are deployed in the sense that they are distrib-
uted over a greater volume.

[0117] Anumber (>6) of current injecting electrodes (CIE)
are mounted on catheter 110. For example, 3 orthogonal CIE
pairs may be mounted on the catheter.

[0118] The CIE are designated 119, while electrodes 118
are used as potential measuring electrodes (PME). The
purpose of the CIEs is to inject current into the heart cavity.
For example, each CIE pair can define a source and sink
electrode, respectively, for injecting current into the heart
cavity.

[0119] It should be noted that any low impedance elec-
trode can be used for current injection and in a case where
many or all electrodes are capable of injecting current the
designation of such electrodes as CIE on the catheter only
indicates that these electrodes are actually being used for
current injection. It should be further appreciated that other
configuration sets of CIE are possible as long as these
configurations are known and can be accounted for.
Examples of such configurations could be quadruples
involving 4 CIE, or even a non-symmetrical configuration
involving 3 CIE in known positions on the catheter. For
simplicity the method of using electrode pairs will be
explained, but the same method can be applied using other
configurations.

[0120] It should be appreciated that configurations other
than orthogonal pairs may be used for either method, and
that more than 2 CIE may participate in current injection at
a given time. FIGS. 3A and 3B show two different CIE pair
constellations. FIG. 3B shows the 3 pair constellation
described above while FIG. 3A shows 7 pairs. The 7 pairs
are the same 3, plus 4 additional diagonal pairs.

Electronics

[0121] The MEA catheter is connected to electronics hard-
ware capable of driving the necessary current and detecting
both signals originating from the heart as well as those used
for anatomy construction. There is a need to distinguish
between the two signals in order to separate the signal being
used for the anatomy determination from the cardiac signal.
The CIE are therefore coupled to electronics injecting the
current at a frequency higher than cardiac activation (cardiac
activation<2 kHz, CIE>4 kHz, e.g. 5 kHz) such that the two
types of signals can be easily distinguished using frequency
analysis. It should be noted that other methods for distin-
guishing between the CIE signal and the cardiac activation
signal can be used, such as injecting a spread-spectrum
signal having a low energy level in the frequency range of
the cardiac activation signal, and detecting this spread-
spectrum signal in the signal collected by the all PME.

[0122] A multitude of separate known configurations of
CIE need to inject current in order to interrogate the
medium. There is a need to determine the source of the
injected signal and to trace it to a specific CIE configuration.
For example, 3 pairs of CIE can inject the current sequen-
tially, one pair at a time, so that it is possible to trace the
source of the measured PME signals to a specific pair. This
is called time division multiplexing. In the case of time
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division multiplexing, CIE are activated in sequence such
that at one point in time one pair is activated and at the next
point in time another pair is activated. The switching
between pairs may occur every cycle (e.g., 5 kHz=200 ps)
or every few cycles (e.g., 20 cycles, 20x200 ps=4 mS). Tt
should be noted that frequency or code division (spread
spectrum) multiplexing, rather than time division may be
used to separate the signals emanating from different CIE
pairs. In the case of frequency multiplexing all CIE pairs
may inject the current at the same time, but each pair uses
a different carrier frequency. The signal collected at the PME
is filtered according to the frequency, and the signal mea-
sured in each frequency is then associated with the appro-
priate originating pair.

[0123] The amount of current injected needs to be large
enough to provide a reasonable signal to noise ratio, while
also small enough not to stimulate cardiac tissue. A current
level of 50 pA at 5 kHz is believed to be appropriate.

Tracking System

[0124] In order to combine information collected from
multiple catheter locations, the MEA electrode locations are
tracked relative to the cardiac chamber in three dimensional
space. This task is accomplished by a tracking subsystem.
Such subsystems have been shown previously and may
include any of a magnetic, impedance, x-ray and ultrasound
subsystems. For example, the tracking system can be a
tracking system such as described in commonly owned
patent application Ser. No. 12/061,297, entitled “Intracar-
diac Tracking System” and filed Apr. 2, 2008, the contents
of which is incorporated herein by reference.

[0125] In case of impedance tracking the tracking signals
may be multiplexed onto the same medium either by a time
division multiplexing scheme where time slots are added
specifically for tracking, or using frequency division multi-
plexing by modulating the tracking signals on a different
frequency. In some cases the same CIE pairs may be used
simultaneously for tracking and anatomy construction
thereby not adding time slots beyond those necessary for
tracking.

Data Processing

[0126] The system includes software for processing data
collected by the MEA catheter and tracking system to
generate anatomical information such as a chamber anatomy
or representation of a boundary of the chamber.

[0127] Referring to FIGS. 4A-4D, a process for generating
anatomical information such as a chamber anatomy is
shown. In general, when the catheter is in the heart, the
signals measured by the PME are different from that of the
homogenous case, that is, when the entire domain is filled
with blood. These differences carry the particular informa-
tion about the inhomogeneous distribution of the material
property due to the anatomical features around the catheter.
This impedance characterization does not gather reliable
information from great distances due to the smoothing effect
of the Laplace’s equation which governs potential distribu-
tion in the medium: the injected current will not diffuse
substantially into regions far from the catheter. As such, the
system generates information about local anatomical fea-
tures by detecting and recognizing differences based on the
inhomogeneous distribution. In order to reconstruct the
entire chamber anatomy, the catheter is moved around the
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chamber’s interior and the impedance characterization is
repeated in several locations. Finally, the collected local
anatomical information belonging to the different locations
is merged to form the anatomy of the entire chamber.

[0128] FIG. 4A shows a schematic description of true
chamber boundary 250, a single catheter 254 and a local
parameterized surface 252 reconstructed from the single
catheter position. The local parameterized surface 252 is
generated based on measurements collected by the PME on
catheter 254. As described above, impedance characteriza-
tion does not gather information from great distances and
therefore the local parameterized surface 254 provides only
a portion of the chamber anatomy. More particularly, since
a single catheter location cannot detect the entire chamber
anatomy, the local parameterized surface 242 is a surface
that provides a best fit to PME measurements at a particular
catheter location (e.g., as described in more detail below).
As shown in FIG. 4B, after the local surface 252 is generated
for a particular catheter location, the system detects and
marks regions of the local parameterized surface 252 that are
valid. Valid regions of the local surface 252 are region(s) that
are expected to lie on the true chamber boundary 250. These
regions are detected and marked as valid patches (e.g.,
patches 256a and 2565). As shown in FIG. 4C, the catheter
254 is then moved to another location (e.g., moved from
location 258« to location 2585) and the process of construc-
tion of local anatomy and detection of valid patches is
repeated. As shown in FIG. 4C, the system detects another
valid patch 256¢ based on the information collected by
catheter 254 at location 258b. As shown in FIG. 4D, to
reconstruct the entire chamber anatomy or portion of interest
(e.g., a portion of the chamber anatomy, but not the entire
chamber anatomy), the catheter is moved to multiple loca-
tions, using the tracking system for position information in
each location. At each location, the system detects additional
valid patches corresponding to additional region(s) that are
expected to lie on the true chamber boundary 250. As shown
in FIG. 4E, once the catheter has been moved around the
entire chamber or the portion of interest, the chamber
boundary 260 is reconstructed by connecting the valid
patches. In some embodiments, the valid patches can be
connected using a surface meshing algorithm such as the
algorithm described in U.S. Pat. No. 6,226,542, the contents
of which are hereby incorporated by reference.

[0129] Cardiac contraction changes the anatomy of the
chamber. For that reason, in some embodiments, the
anatomy generation is gated according to the cardiac cycle.
Gating information can be obtained from electrical measure-
ments of the cardiac cycle (e.g., by the use of surface ECG
or intracardiac signal from a stable location) and triggering
on a constant marker in the cardiac phase (e.g., using an
R-wave detection algorithm, a threshold criterion, a maxi-
mum criterion or correlation to a template). Another option
is to use a measurement that is affected directly by the
mechanical movement of the heart, such as the measurement
of the impedance between CIE, and triggering on a constant
marker in the cycle. Once a trigger is determined, the cardiac
cycle is divided into m slices (e.g., m=10), and the men-
tioned process is repeated for each slice separately. Alter-
natively, a particular slice of interest may be chosen (e.g.,
end diastole) and other data is not collected and/or is
discarded. It is also important to note that all CIE sets may
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be scanned quickly enough (e.g., 4 mS) such that it can be
assumed that the heart did not move substantially in that
period.

[0130] Though sinusoidal signals are used to modulate the
signal such that it does not interfere with cardiac signal, the
frequency is relatively low, and so the validity of the
quasi-static approximation via the Laplace’s equation
remains intact:

V-(o+jwe)VH=0 (Eq. 1)

[0131] Where ¢ describes the electric potential field, o is
the conductivity, € is the permittivity and W is the angular
frequency.

Inverse Problem Approach

[0132] The anatomical information provides a three
dimensional distribution of the electrical conductivity of the
surrounding media. The goal of the algorithm is to find the
location and orientation of the internal boundary of the heart
chamber, that is, to find the boundary where the conductivity
value changes from the value associated with blood. For
example, on average the conductivity contrast between
blood o, and surrounding tissue o, is 0,/0,=2.5. Theoreti-
cally, an impedance tomography technique, which is able to
provide the distribution of the conductivity surrounding the
medium, could be used to detect the anatomical features.
However, due to the smoothing effect of current’s distribu-
tion in material as governed by Laplace’s equation, imped-
ance tomography techniques provide blurry representation
of the medium and therefore are not ideal for the anatomy
reconstruction process. For example the impedance tomog-
raphy techniques often employ a Tikhonov regularization
operator as part of the inverse solution for conductivity. This
type of regularization promotes limited change in electrical
conductivity over a neighborhood and therefore contributes
to the blurriness of the final representation. In general,
regularization techniques in inverse problems usually intro-
duce extra equations or terms, which express a priory
expectation about the solution and at the same time math-
ematically convert the underlying equation system from
underdetermined to over determined, thereby making it
solvable. In other words, regularization techniques are
needed in inverse problems to handle the overly high
number of unknown degrees of freedom, which is used to
represent the conductivity distribution.

[0133] Instead of using an overly high number of degrees
of freedom, in some embodiments the abrupt conductivity
distribution is represented in a way that uses only a few
parameters. For example, as shown in FIG. 5, this can be
achieved by an explicit representation of a closed and
parameterized local surface 276 around the catheter 278.
This representation divides the 3D space into two regions
274 and 272. The region 274 in which the catheter 278 is
located is associated with the conductivity of blood (€,,,,.)
while the outside region 272 is associated with an unknown
conductivity (Q_.,.,,..;) since it varies from patient to patient
and between different regions in the cardiac chamber. This
local parameterized surface 276 and the conductivity values
(Qp00q and Q... constitute a local forward model used
in the inverse solver. This model aims to reconstruct the
shape and value of the conductivity distribution. This
inverse problem is nonlinear and requires the use of an
iterative solver. The inverse solver is an optimizer that
determines both the surface’s parameters as well as the
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unknown external conductivity (€2,,.,,...)- The choice of the
local parameterized surface 276 is only limited by its
number of parameters or degrees of freedom. For example,
a fully parameterized 3D ellipsoid introduces nine degrees
of freedom: three axial parameters and six parameters for
rigid body translation and rotation. It is also possible to use
polynomial representation, Bezier, NURBS or curvilinear
finite elements to represent the parameterized surface 276.

[0134] FIG. 6 shows a system and method for generation
of a local parameterized surface including the measurement
hardware 284 along with the inverse solver 290 (e.g.,
software) which reconstructs the local parameterized surface
276.

[0135] The measurement hardware 284 is connected to a
catheter 280 placed within a patient’s heart 282. The mea-
surement hardware 284 collects potential measurements and
electrode location 286 from the catheter 280. The inverse
solver 290 uses these potential measurements and electrode
location information 286 in the determination of the local
parameterized surface.

[0136] The inverse solver 290 utilizes a search algorithm
in the parameter-domain in order to minimize the difference
between the measured electrode-potentials (e.g., potential
measurements 286) provided by the measurement hardware
284 and the estimates of the electric potential field 296,
provided by the local forward model 288. These later
samples are taken at the corresponding locations of the
measuring electrodes on catheter 280. An exemplary mini-
mization equation is shown below:

min|lu - p(p)II?
) )

[0137] Where p is the vector of measured electrode poten-
tials 286, ¢ is the vector of potential samples predicted by
the forward model 296 and dependent on p, which is the
vector of various parameters of the forward model 288 itself.
During the measurement phase it is assumed that neither the
location nor the orientation of the catheter is changing
significantly, therefore the local forward model 288 assumes
steady position and orientation of the catheter 280. Both the
measured potentials 286 and predicted potential values 296
can be arranged in structured vectors and so the measure of
difference can be defined by the sum of squares of corre-
sponding differences. Minimization problems of this type
can be efficiently solved by the Levenberg-Marquardt (LM)
method (e.g., using LM optimizer 294). The LM algorithm
is formulated in terms of the residual vector and the first
derivative of this vector, which is called the Jacobian.
During the search for the optimal parameter values, the
forward solver 292 repeatedly solves for the ever changing
local forward model 288. The solution of the forward model
288 is governed by the Laplace’s equation and provides the
potential distribution for the domain defined by the local
forward model 288, and so the potential values at the
electrodes of the model-catheter as well. Different approxi-
mation methods such as Spherical Harmonics, Finite Ele-
ments, Boundary Elements or Multiple MultiPoles can be
used to discretize Laplace’s equation, resulting in an alge-
braic linear equation system in Equation 2.

Kx=f (Equaticn 2)
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[0138] The solution of the linear equation system provides
the values for the so called degree of freedoms (x), which in
turn along with the corresponding field approximation func-
tions constitute the overall approximation of the electrical
field. K is the so called stiffness matrix collecting the
contribution from the discretized differential operator, f
represents excitation due to sources or boundary conditions.
[0139] The LM algorithm requires the derivatives of the
residual vector in terms of the parameters of the local
forward model. There are two possible approaches to obtain-
ing the derivatives. They can be estimated using finite
differentiation techniques, or using a direct differentiation
method in the forward solver. In testing the direct approach
was shown to be superior in terms of speed and accuracy due
to the larger approximation error of the finite differentiation
technique.

Valid Patch Selection

[0140] After successful optimization of the local param-
eterized surface 276, the local parameterized surface 276 is
expected to be similar or partially similar to a portion of the
true chamber boundary (e.g., as shown above in FIGS.
4A-4E). The region of the local parameterized surface that
approximates the chamber boundary with sufficient accu-
racy is described herein as a valid patch. The rest of the local
parameterized surface bears no significant influence on the
electric field-pattern predicted by the local forward model.
Such surface regions may be present in a relatively distant
location from the catheter because, as explained earlier, the
injected current pattern will not diffuse sufficiently into
those far regions and so the field pattern will not be
influenced by features located in those regions.

[0141] The parts of the local parameterized surface that
are less likely to approximate the true chamber boundary are
filtered out so only the valid patches remain that are most
responsible for the field pattern measured by the electrodes
and reconstructed by the optimized local forward model.
The final boundary of the chamber is reconstructed by
forming a surface (e.g., a triangular-mesh based surface) so
that it fits the set of previously obtained valid patches while
also maintaining reasonable surface-smoothness properties.
[0142] The selection of the valid patches can be a mostly
a heuristic procedure. In some embodiments, the local
parameterized surface is subdivided and only certain regions
are kept for the final reconstruction step as valid patches.
The main criterion for selecting the valid patches is based on
the strength of a distortion field. The distortion field is the
difference between the field in presence of inhomogeneity
and the field which corresponds to the homogenous medium.
The higher the strength of the distortion field on a certain
location of the local parameterized surface, the more the
field pattern resulting on the PME is sensitive to the location
and orientation of that surface location. Therefore, the
distortion field strength is believed to be a good indicator of
the surface location’s validity (strength of influence). The
main criterion is then simply to select patches that exhibit
higher distortion field than a certain threshold (df,..;0)-
This criterion is then combined with additional side-criteria
in order to increase the certainty of the decision. In some
embodiments, two side-criteria are used: one criteria is
based on the distance of the surface location from the center
of the catheter, and the other criteria is based on the final
residual error of the LM optimization. It should be noted that
additional quantities may also contribute to the accuracy of
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the filtering process. The side criteria are formulated and
combined via the fuzzy logic approach.

[0143] FIG. 7 shows an exemplary graph 300 of “Mem-
bership functions” of “confidence” in which the x-axis 304
represents the distance or residual while the y-axis 302
represents the confidence that can be used which can be
represented by:

1

ot 0= e

[0144] Where t and a are parameters of the membership
function; t is the turn-point 306 and ¢ determines the slope
of the membership function at the turnpoint 306.

[0145] After proper normalization of the quantities
involved in the side criteria, the evaluation of the member-
ship functions result in confidence factors for each criterion
(Crosizuar M4 Copinee)- These factors are then used as
multipliers of the distortion field strength (df) in the final
acceptance criterion for valid patch selection:

AfXC,esiuai* Caistance”™ Whreshold

[0146] Once the above criterion is satisfied for a surface
location, the surface location will become a candidate for
selection for a valid patch. The final set of surface locations
is limited as well, therefore only those locations providing
highest values for the left hand side are selected for the final
reconstruction.

[0147] The LM residual is expected to be smaller when the
optimization is more successful and therefore the local
parameterized surface is expected to approximate the cham-
ber boundary better. For this reason, smaller values for the
LM residual should produce higher confidence levels: one or
close to one. Increasing residual, on the other hand, should
eventually switch the corresponding confidence level down
to zero. In order to establish what “small” is, the LM residual
is normalized. This normalization is such that when the local
forward model is the homogenous case, the corresponding
normalized residual would be exactly one. In other words,
the residual measures how much the distortion field is
reconstructed by the optimized local forward model at the
PME compared to the homogenous case, which is regarded
as complete lack of reconstruction. The normalization
described here is only the first step to make sure the
membership function produces meaningful confidence lev-
els. The missing additive is the parameter of the membership
fanction itself, called turn-point. In some examples, for the
LM residual a turn-point 306 of 0.05 is believed to be
adequate. This is the normalized LM residual value, which
produces confidence level of exactly one half. The appro-
priate o for this criteria is believed to be 80.

[0148] As shown in FIG. 8, similar deductions can be
given for the confidence level generated by the distance of
the surface location relative to the catheter. For this criterion
confidence should decrease as distance from the center of
the catheter is increased. The surface location distance is
normalized by expressing it relative to the radius of the
catheter. For example, a reasonable turn-point is believed to
be two times the catheter radius. For example, an appropri-
ate a for this criteria is believed to be 0.5.

[0149] The threshold value in the selection criterion for
the distortion field is derived from the analytical solution of
a simple but relevant arrangement in order to account for

(Equaticn 3)
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possibly different catheter/dipole dimensions. The arrange-
ment, as shown in FIG. 8, provides a dipole 312 with
moment d assumed to be a distance 314 of two times the
moment d from an infinite plane 310. The threshold value is
set to be five times the value measured on the plane at point
v, 316. The conductivity ratio between the side 318 of the
plane where the dipole resides and the other side 320 of the
plane is assumed to be 2.5.

[0150] For the subdivision of the local parameterized
surface a surface triangulation is used as a mesh. The mesh
is as uniform as possible, and the average size of the
triangles should match the desired resolution for the filtering
step. In some embodiments, an average edge length of 2 mm
was found to be sufficient in balancing run-time with accu-
racy. Other subdivision of the local parameterized surface
could also be used.

Electro-Anatomical Map (“EAM’) Construction

[0151] The construction of -electro-anatomical maps
(EAMs) is a valuable tool for the diagnosis and therapy of
a variety of cardiac related conditions including congestive
heart failure, valve failure and arrhythmia. For the catheter
ablation treatment of arrhythmia the reconstruction of
anatomy provides both an understanding of the anatomical
structure as well as the chamber boundary on which the three
dimensional EAM map is constructed.

Full Chamber Map

[0152] The chamber boundary reconstructed using imped-
ance measurements disclosed herein can be used as the
surface onto which electrical information is projected. This
electrical information may be collected using a contact
scheme or non-contact scheme (e.g., as described in U.S.
Pat. No. 7,505,810, the contents of which are hereby incor-
porated by reference). In the case of a non-contact scheme,
both electrical and anatomical data may be collected simul-
taneously by the MEA catheter thus expediting the EAM
generation process. Electrical information displayed on the
EAM can include any of a number of isopotentials, bipolar
maps, local activation time, voltage map, dominant fre-
quency map, and the like.

Partial Chamber EAM Map

[0153] In some applications, it is necessary to construct
only a partial EAM of the chamber (e.g., construct an EAM
of less than the entire chamber). That is, to save procedure
time, only a portion of the chamber known to participate in
the arthythmogenic mechanism needs to be provided on the
EAM. For example, in the case of scar related ventricular
tachycardia, only the scarred area and its immediate sur-
rounding tissue may be required for clinical treatment. Such
portion can represent under 25% of total chamber area and
be collected with a limited number of catheter locations. For
example, less than 10 catheter locations may be used to
generate the partial EAM (e.g., 8 catheter locations or less,
6 catheter locations or less, 5 catheter locations or less, 4
catheter locations). In such case, as shown in FIG. 9, it is
possible to construct a partial anatomy 336 by meshing a
closed surface around the valid patches (e.g., patches 3324,
332b, and 332¢). Since the surface 336 is not complete in
this case, such closed mesh also contains areas 334 where no
valid patches exist nearby. However, those are known from
the valid patch selection process described above and
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marked invalid. Invalid areas 334 in the mesh can be either
transparent or rendered differently (e.g. show only mesh
edges and render mesh faces transparent, display gray, make
semi-transparent).

[0154] Once the partial chamber anatomy is constructed,
electrical information can then be displayed only on the
valid areas (e.g., area 336) of the anatomy using either a
non-contact or contact scheme. It is important to note that
the added information of valid and invalid zones is crucial
to the construction of a partial EAM map. If invalid areas of
the anatomy are not marked as such, the EAM may lead to
wrong clinical interpretation. The information regarding the
validity of the map provided with the impedance scheme is
unavailable with other point collection schemes making
partial maps more difficult to interpret.

Experimental Results

[0155] FIGS. 10 and 11 show exemplary local parameter-
ized surfaces. More particularly, FIG. 10 shows an ellipsoi-
dal local parameterized surface with 9 degrees of freedom
while FIG. 11 shows a curvilinear local parameterized
surface with 18 degrees of freedom.

[0156] FIG. 12 shows valid patches detected relative to a
catheter location.

[0157] FIGS. 13A-D, provides multiple projections of an
experiment reconstructing left ventricular (“LV”") anatomy.
FIG. 13A provides a three dimensional representation of the
reconstructed anatomy of the LV, FIG. 13B provides a two
dimensional representation of the reconstructed anatomy of
FIG. 13A in the x-y plane, FIG. 13C provides a two
dimensional representation of the reconstructed anatomy of
FIG. 13A in the x-z plane, and FIG. 13D provides a two
dimensional representation of the reconstructed anatomy of
FIG. 13A in the y-z plane. The construction of the anatomy
was accomplished using a MEA catheter with 6 CIE and 64
PME in a constellation similar to the one shown in FIG. 3.
The catheter was moved to 51 locations within the left
ventrical (LV). The synthetic measurements were generated
using a Finite Element Method simulator. As shown in the
figures, even areas that were sparsely sampled by the cath-
eter are reasonably reconstructed.

OTHER EMBODIMENTS

[0158] 1In some aspects, the catheter used to generate the
anatomical information and/or generate the EAM informa-
tion can additionally include an electrode for delivering
ablation energy for ablating tissue. As such, a single catheter
can generate an EAM map (including generating the ana-
tomical information used for the EAM map) and perform
ablation of identified regions of the organ. It is believed that
this can provide the advantage of limiting the number of
catheters inserted into the organ of the patient. For example,
an ablation procedure can involve mapping of electrical
activity in the heart (e.g., based on cardiac signals), such as
at various locations on the endocardium surface (“cardiac
mapping™), to identify the site of origin of the arrhythmia
followed by a targeted ablation of the site. A single catheter
inserted into the patient’s heart chamber can be used both to
perform such cardiac mapping (including generating the
anatomy of the heart) and to perform the ablation.

[0159] It should be understood that while this disclosure
describes use of current injection and potential measure-
ment, it is also possible to impart a known voltage on active
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electrodes and measure resultant potential or current. In
effect, any interrogation of the medium performed by active
electrodes which results in a current being diffused into the
medium and a potential field imparted on it should be
viewed and one and the same.

[0160] It should further be understood that while this
invention describes the use of conductivity contrast, an
impedance contrast comprising of both the conductivity
contrast and/or permittivity contrast can also be used. In this
case both the amplitude and phase or [ and Q components of
the potential measured by the PME may be used by the same
algorithm. Rather than estimating the conductivity alone, the
complex impedance having both conductivity and/or pet-
mittivity can be computed. As the carrier frequency of the
injected current is increased it is expected that permittivity
contrast will increase and accounting for and using imped-
ance contrast rather than conductivity alone is believed to
improve accuracy.

[0161] The methods and systems described herein are not
limited to a particular hardware or software configuration,
and may find applicability in many computing or processing
environments. The methods and systems can be imple-
mented in hardware, or a combination of hardware and
software, and/or can be implemented from commercially
available modules applications and devices. Where the
implementation of the systems and methods described
herein is at least partly based on use of microprocessors, the
methods and systems can be implemented in one or more
computer programs, where a computer program can be
understood to include one or more processor executable
instructions. The computer program(s) can execute on one or
more programmable processors, and can be stored on one or
more storage medium readable by the processor (including
volatile and non-volatile memory and/or storage elements),
one or more input devices, and/or one or more output
devices. The processor thus can access one or more input
devices to obtain input data, and can access one or more
output devices to communicate output data. The input and/or
output devices can include one or more of the following:
Random Access Memory (RAM), Redundant Array of Inde-
pendent Disks (RAID), floppy drive, CD, DVD, magnetic
disk, internal hard drive, external hard drive, memory stick,
or other storage device capable of being accessed by a
processor as provided herein, where such aforementioned
examples are not exhaustive, and are for illustration and not
limitation.

[0162] The computer program(s) can be implemented
using one or more high level procedural or object-oriented
programming languages to communicate with a computer
system; however, the program(s) can be implemented in
assembly or machine language, if desired. The language can
be compiled or interpreted. The device(s) or computer
systems that integrate with the processor(s) can include, for
example, a personal computer(s), workstation (e.g., Sun,
HP), personal digital assistant (PDA), handheld device such
as cellular telephone, laptop, handheld, or another device
capable of being integrated with a processor(s) that can
operate as provided herein. Accordingly, the devices pro-
vided herein are not exhaustive and are provided for illus-
tration and not limitation.

[0163] References to “a microprocessor” and “a proces-
sor”, or “the microprocessor” and “the processor,” can be
understood to include one or more microprocessors that can
communicate in a stand-alone and/or a distributed environ-
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ment(s), and can thus be configured to communicate via
wired or wireless communications with other processors,
where such one or more processor can be configured to
operate on one or more processor-controlled devices that can
be similar or different devices. Furthermore, references to
memory, unless otherwise specified, can include one or more
processor-readable and accessible memory elements and/or
components that can be internal to the processor-controlled
device, external to the processor-controlled device, and can
be accessed via a wired or wireless network using a variety
of communications protocols, and unless otherwise speci-
fied, can be arranged to include a combination of external
and internal memory devices, where such memory can be
contiguous and/or partitioned based on the application.
Accordingly, references to a database can be understood to
include one or more memory associations, where such
references can include commercially available database
products (e.g., SQL, Informix, Oracle) and also proprietary
databases, and may also include other structures for associ-
ating memory such as links, queues, graphs, trees, with such
structures provided for illustration and not limitation.
[0164] Accordingly, other embodiments are within the
scope of the following claims. Various modifications and
additions can be made to the exemplary embodiments dis-
cussed without departing from the scope of the present
invention. For example, while the embodiments described
above refer to particular features, the scope of this invention
also includes embodiments having different combinations of
features and embodiments that do not include all of the
described features. Accordingly, the scope of the present
invention is intended to embrace all such alternatives, modi-
fications, and variations as fall within the scope of the
claims, together with all equivalents thereof.
We claim:
1. A method comprising;
inserting a catheter into a heart, the catheter comprising
three or more electrodes;
causing the catheter to move to each of multiple, different
positions in the heart;
for each of the multiple, different positions, causing
current flow between at least some of the three or more
electrodes and measuring electrical signals, from the
current flow, at each of one or more of the three or more
electrodes;
determining anatomical information about the heart by
detecting surface boundaries of the heart based at least
in part on impedance information generated based on
the measured electrical signals; and
determining at least one of: one or more distances
between different surface boundaries of the heart, and
one or more distances between at least one of the three
or more electrodes and at least one of the surface
boundaries of the heart.
2. The method of claim 1, comprising:
displaying the one or more distances between the different
surface boundaries of the heart.
3. The method of claim 1, comprising:
displaying the one or more distances between the at least
one of the three or more electrodes and the at least one
of the surface boundaries of the heart.
4. The method of claim 1, wherein the impedance infor-
mation comprises complex impedance information deter-
mined from the measured signals.
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5. The method of claim 1, wherein the impedance infor-
mation is based on at least one of a conductivity contrast and
a permittivity contrast between homogenous and non-ho-
mogenous media.

6. The method of claim 1, wherein the impedance infor-
mation is based on at least one of a conductivity contrast and
a permittivity contrast between blood and surrounding tis-
sue.

7. The method of claim 1, wherein the anatomical infor-
mation accounts for a change in conductivity at a cardiac
chamber boundary of the surface boundaries with a first
conductivity inside the cardiac chamber boundary and a
second conductivity outside the cardiac chamber boundary,
the first conductivity being different from the second con-
ductivity.

8. The method of claim 1, wherein the anatomical infor-
mation accounts for a change in permittivity at a cardiac
chamber boundary of the surface boundaries with a first
permittivity inside the cardiac chamber boundary and a
second permittivity outside the cardiac chamber boundary,
the first permittivity being different from the second permit-
tivity.

9. The method of claim 1, wherein detecting the surface
boundaries of the heart comprises determining a closed and
parameterized surface around at least a portion of the
catheter based on the measured electrical signals, the surface
boundaries representing boundaries at which at least one of
a conductivity and a permittivity changes.

10. The method of claim 1, wherein detecting the surface
boundaries of the heart comprises detecting the surface
boundaries of the heart based at least in part on a magnitude
of a distortion field based at least in part on a difference
between a field calculated based on the measured electrical
signals and a field in a homogenous medium.

11. A method comprising:

inserting a catheter into a heart, the catheter comprising

multiple, spatially distributed electrodes including mul-
tiple sets of electrodes, each set comprising at least two
electrodes;

for each of the multiple different sets of electrodes,

causing current to flow between at least some of the
electrodes and in response to current flow, measuring
an electrical signal at each of one or more measuring
electrodes;

determining anatomical information about the heart by

detecting surfaces of the heart based at least in part on
complex impedance information generated based on
the measured signals; and

determining at least one of a distance between different

surfaces of the heart, and a distance between one of the
electrodes and one of the surfaces of the heart.

12. The method of claim 11, comprising at least one of;

displaying the distance between the different surfaces of

the heart; and

displaying the distance between the one of the electrodes

and the one of the surfaces of the heart.
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13. The method of claim 11, wherein the complex imped-
ance information is based on at least one of a conductivity
contrast and a permittivity contrast between homogenous
and non-homogenous media.

14. The method of claim 11, wherein the complex imped-
ance information is based on at least one of a conductivity
contrast and a permittivity contrast between blood and
surrounding tissue.

15. The method of claim 11, wherein determining the
anatomical information comprises:

distinguishing signals indicative of cardiac electrical
activity from the measured signals based on the current
flow; and

determining the anatomical information based on the
measured signals based on the current flow.

16. A system comprising:

a catheter comprising three or more electrodes configured
to inject a current and to measure electrical signals in
response to the injected current; and

a processing unit configured to determine anatomical
information about the heart by detecting surfaces of the
heart based at least in part on impedance information
generated based on the measured signals, wherein the
processing unit determines at least one of: one or more
distances between different surfaces of the heart, and
one or more distances between at least one of the three
or more electrodes and at least one of the surfaces of the
heart.

17. The system of claim 16, wherein the anatomical
information accounts for a change in conductivity at a
cardiac chamber boundary with a first conductivity inside
the cardiac chamber boundary and a second conductivity
outside the cardiac chamber boundary, the first conductivity
being different from the second conductivity.

18. The system of claim 16, wherein the anatomical
information accounts for a change in permittivity at a
cardiac chamber boundary with a first permittivity inside the
cardiac chamber boundary and a second permittivity outside
the cardiac chamber boundary, the first permittivity being
different from the second permittivity.

19. The system of claim 16, wherein the impedance
information comprises complex impedance information
determined from the measured signals and the complex
impedance information is based on at least one of a con-
ductivity contrast and a permittivity contrast between at least
one of: homogenous and non-homogenous media, and blood
and surrounding tissue.

20. The system of claim 16, wherein the electrodes on the
catheter are configured to measure cardiac signals in
response to electrical activity in the heart and the processing
unit is configured to determine physiological information at
multiple locations on the surfaces of the heart based on the
determined positions of the electrodes and the measured
cardiac signals.
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