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INTRACARDIAC TRACKING SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 14/217,560, filed Mar. 18, 2014, which is a
continuation of U.S. application Ser. No. 13/970,742, filed
Aug. 20, 2013, now U.S. Pat. No. 8,725,240, which is a
continuation of U.S. application Ser. No. 12/061,297, filed
Apr. 2, 2008, now U.S. Pat. No. 8,538,509, all of which are
herein incorporated by reference in their entirety.

TECHNICAL FIELD

[0002] This invention relates to determining the position of
an object, such as tracking the position of one or more cath-
eters in a patient’s heart cavity.

BACKGROUND

[0003] Useof minimally invasive procedures, such as cath-
eter 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 endocar-
dium 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 cham-
ber.

[0004] Under some circumstances, the location of the cath-
eter in the heart chamber is determined using a tracking
system. Catheter tracking is a core functionality of modern
mapping systems that also include software and graphic user
interface to project electrical data on 3D renderings of cardiac
chambers. Currently there are several tracking systems avail-
able, some more useful and commonly used than others.
Some systems are based on the use of magnetic or electric
fields from external sources to sense and track the location of
the catheter. Some are based on the use of magnetic or electric
fields sources mounted on the tracked catheters.

SUMMARY

[0005] In general, in one aspect, a method is disclosed for
tracking a multi-electrode array (MEA) catheter, as well as
additional electrodes mounted on other catheters, within and
relative to the surface of the organ (e.g., the surface of the
cardiac cavity, including any number of chambers within this
cavity and the blood vessels surrounding it).

[0006] Inanother aspect, an MEA catheter caninclude both
potential measuring electrodes (PME) and current injecting
electrodes (CIE) in known positions relative to one another.
Due to the known positions of both the PME and CIE elec-
trodes on the MEA catheter, voltage measurements acquired
by the PME canbe used to model inhomogeneity in the organ.
Using the modeled inhomogeneity, other electrodes can be
tracked relative to the MEA catheter without requiring theuse
of a pre-acquired image.

[0007] In general, in some aspects, a method includes
tracking a multi-electrode array (MEA) catheter, as well as
additional electrodes mounted on other catheters, within and
relative to the cardiac cavity. Electrodes can be mounted on
one or multiple catheters and by tracking these electrodes the
location of such catheters can be determined and the catheters
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can be tracked. In some aspects, the tracking includes gener-
ating a multitude of electrical fields on the MEA catheter,
using measurements of these generated fields on the MEA
catheter to provide a conductivity calibration and a correction
for inhomogeneity in the medium, and using measurements
of the same fields on electrodes mounted on other catheters to
locate the catheters relative to the MEA catheter.

[0008] Ingeneral, in one aspect, secured electrodes that are
located at fixed, known locations within the organ are used to
track other moving catheters relative to the surface of the
organ. For example, the electrodes can be secured within the
heart and other catheters (e.g., an ablation catheter) can be
tracked relative to the surface of the heart. In some aspects, at
least three secured electrodes are used to correct a location of
another catheter based on a movement of the organ (e.g., a
translation of the organ, a rotation of the organ, a movement
caused by respiration, and/or a movement caused by move-
ment of the patient). In some aspects, the location of a catheter
is tracked relative to the surface of the organ by tracking the
location of the MEA catheter in relation to both the secured
electrodes and the catheter and performing a calculation to
determine the location of the catheter relative to the surface of
the heart (e.g., relative to the location of the secured elec-
trodes).

[0009] In general, in one aspect, a method is disclosed for
determining information about a position of an object. The
method includes: (i) causing current to flow between each of
three or more sets of current-injecting electrodes on a first
catheter inserted into an organ in a patient’s body, the organ
having a periphery (ii) in response to current flow caused by
each set of current injecting electrodes, measuring an electri-
cal signal at each of one or more measuring electrodes located
on one or more additional catheters inserted into the organ in
the patient’s body and (ii1) determining the position of each of
one or more of the measuring electrodes on the additional
catheters relative to the first catheter based on the measured
signals from the one or more measuring electrodes.

[0010] Embodiments of the method may include any of the
following features.

[0011] The method can further include measuring electric
signals at each of multiple measuring electrodes on the first
catheter in response to current flow caused by each set of
current injecting electrodes. The determination of the relative
position between the first catheter and each of the one or more
of the measuring electrodes on the one or more additional
catheters can be based on the measured signals from the
measuring electrodes on the first catheter and the one or more
additional catheters.

[0012] The determination can associate each measured sig-
nal with a homogeneous component that depends on the
relative position of each signal measuring electrode with
respect to each set of current injecting electrodes and an
inhomogeneous component associated with the periphery of
the organ. The periphery of the organ can include various
objects surrounding the homogeneous blood medium. In the
example of the heart, the periphery of the heart can include the
walls of the heart, the lungs surrounding the heart, etc. The
inhomogeneous component can be modeled as a variation in
electric potential along a surface enclosing at least the first
catheter that depends on the relative positions between the
current injecting electrodes and the signal measuring elec-
trodes. The homogeneous component can additionally
depend on an estimate for conductivity inside the organ. The
determination can account for a change in conductivity at the
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organ’s periphery. For example, if the organ comprises the
patient’s heart, the determination can account for a change in
conductivity at the cardiac chamber periphery.

[0013] The determination can associate each measured sig-
nal with a homogeneous component and an inhomogeneous
component associated with the organ’s periphery.

[0014] The first catheter can include more than 32 measur-
ing electrodes.
[0015] The determination can be based on predetermined

information about the relative positions of the electrodes on
the first catheter.

[0016] The determination can use an optimization tech-
nique that minimizes collective differences between each of
the measured signals and an estimate for each of the respec-
tive measured signals as a function of the relative position
between each of the measuring electrodes on the first and the
one or more additional catheters and the sets of current-
injecting electrodes on the first catheter and the change in
conductivity at the organ’s periphery.

[0017] Thedetermination can be an optimization technique
that minimizes collective differences between each of the
measured signals and an estimate for each of the respective
measured signals as a function of the relative position
between each of the measuring electrodes on the first and the
one or more additional catheters and the sets of current-
injecting electrodes on the first catheter and the estimate for
conductivity inside the organ.

[0018] The determination can be an optimization technique
that minimizes collective differences between each of the
measured signals and an estimate for each of the respective
measured signals as a function of the relative position
between each of the measuring electrodes on the first and the
one or more additional catheters and the sets of current-
injecting electrodes on the first catheter, the change in con-
ductivity at the organ’s periphery and the estimate for con-
ductivity inside the organ.

[0019] The method can also include using the multiple
signal measuring electrodes on the first catheter to measure
electrical activity caused by the patient’s heart (e.g., a cardiac
signal).

[0020] The method can also include securing at least three
electrodes to be used for reference to fixed locations within
the organ. The electrodes used for reference can include mea-
suring electrodes. The method can also include determining
the position of each of the electrodes used for reference rela-
tive to the first catheter. The at least three electrodes used for
reference can be on a single catheter or on multiple catheters.
[0021] The method can also include using the determined
position ofeach of the reference electrodes relative to the first
catheter to determine a location of each of the one or more
electrodes on the one of more additional catheters relative to
a surface of the organ. The method can also include display-
ing the position of the one or more additional catheters rela-
tive to the surface of the organ.

[0022] The method can also include using the determined
position of each of the reference electrodes relative to the first
catheter to determine a location of the first catheter relative to
the surface of the organ. The method can also include dis-
playing the position of the first catheter relative to the surface
of the organ.

[0023] The method can also include determining a position
of each of the reference electrodes relative to the first catheter
and determining a location of each of the one or more elec-
trodes on the one or more additional catheters relative to the
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surface ofthe organ. Determining a location of each of the one
or more electrodes on the one or more additional catheters
relative to the surface of the organ can include correcting a
location of the one or more additional catheters based on a
movement of the organ. The movement of the organ can
include one or more of a translation of the organ, a rotation of
the organ, a movement caused by respiration, and/or a move-
ment caused by movement of the patient.

[0024] Determining a location of each of the one or more
electrodes on the second catheter relative to the surface of the
organ can include correcting a location of each of the one or
more electrodes on the second catheter based on a movement
of the first catheter.

[0025] The method can also include using the reference
electrodes to generate a fixed coordinate system relative to a
surface of the organ.

[0026] The method can also include determining the posi-
tion of each of the one or more measuring electrodes on the
second catheter relative to the surface of the organ.

[0027] The method can also include determining the posi-
tion of each of the one or more the measuring electrodes on
the second catheter relative to the surface of the organ by
solving a minimization between the known locations of the
reference electrodes relative to the organ and a determined
position of each of the reference electrodes relative to the first
catheter.

[0028] The method can also include moving the first cath-
eter within the organ relative to the reference electrodes.
[0029] Themethod canalso include tracking the position of
the first catheter relative to the surface of the organ based on
the measured signals on the first catheter and the fixed loca-
tion of the reference electrodes.

[0030] The method can also include using multiple signal
measuring electrodes on the first catheter and the one or more
electrodes on the one or more additional catheters to measure
cardiac signals.

[0031] The method can also include using the same one or
more measuring electrodes on the one or more additional
catheters to measure the electrical signals to determine the
position of the one or more electrodes and to measure cardiac
signals. The method can also include using one or more
electrodes on the one or more additional catheters for deliv-
ering ablation energy for ablating tissue of the organ.

[0032] Themethod can also include moving one or more of
the additional catheters inside the organ and tracking the
position of each of one or more measuring electrodes relative
to the surface of the organ based on signals measured by the
one or more measuring electrodes in response to current flow
caused by each set of current injecting electrodes on the first
catheter and the tracked position of the first catheter relative to
the surface of the organ.

[0033] The method can also include using a catheter to
ablate selected regions of the cardiac chamber based on the
measured electrical activity and a tracked position of an elec-
trode on the catheter used to ablate the selected regions.
[0034] The method can also include moving a catheter that
includes an ablation electrode inside the organ and tracking
the position of the ablation electrode on that catheter relative
to the surface of the organ based on signals measured by the
ablation electrode in response to current flow caused by each
set of current injecting electrodes on the first catheter. The
method can also include using the ablation electrode on the
catheter to ablate selected regions of a cardiac chamber.
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[0035] The one or more additional catheters can be at least
two additional catheters, at least three additional catheters, at
least four additional catheters, or at least five additional cath-
eters.

[0036] Measuring the electrical signal at each of the one or
more measuring electrodes on the one or more additional
catheters can include simultaneously measuring the electrical
signal at each the one or more measuring electrodes on the
one or more additional catheters.

[0037] In some embodiments, the three or more sets of
current-injecting electrodes on the first catheter can include
three or more pairs of current-injecting electrodes configured
to generate a dipole potential. In some alternative embodi-
ments, the three or more sets of current-injecting electrodes
on a first catheter can include three or more sets of current-
injecting electrodes configured to generate a quadropole
potential.

[0038] Thedetermination can include an optimization tech-
nique that minimizes collective differences between each of
the measured signals and an estimate for each of the respec-
tive measured signals as a function of the relative position
between each of the one or more measuring electrodes on the
one or more additional catheters and the sets of current-
injecting electrodes on the first catheter.

[0039] Causing the current to flow between each of the
three or more sets of current-injecting electrodes on the first
catheter can include modulating the current caused to flow
between each of the three or more sets of current-injecting
electrodes in one or more of time and frequency.

[0040] Determining the position of each of the one or more
measuring electrodes on the one or more additional catheters
relative to the first catheter based on the measured signals
from the one or more electrodes can include distinguishing
the current from a particular one of the three or more sets of
current-injecting electrodes from other electrical signals. The
other electrical signals can include currents from other ones
of the three or more sets of current injecting electrodes and/or
cardiac signals.

[0041] The current can be caused to flow at a frequency
outside the frequency range of the patient’s cardiac activity.
Determining the position of each of the one or more measur-
ing electrodes on the second catheter relative to the first
catheter based on the measured signals from the one or more
electrodes can include distinguishing cardiac signals from
signals responsive to the injected current.

[0042] Distinguishing the cardiac signals from those
responsive to the injected current can include using a spread
spectrum technique.

[0043] The determination of the relative position between
the first catheter and the one or more electrodes on the one or
more additional catheters can be repeated multiple times dur-
ing the patient’s cardiac cycle.

[0044] The first catheter can include three or more pairs of
current-injecting electrodes. Three of the current injecting
electrode sets can define substantially orthogonal axes.

[0045] Causing current to flow between each of three or
more sets of current injecting electrodes can include sequen-
tially causing current to flow between each of three or more
sets of current injecting electrodes.

[0046] Causing current to flow between each of three or
more sets of current injecting electrodes can include concur-
rently causing current to flow between multiple sets of the
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three or more sets of current injecting electrodes and the
frequency of the current differs between the sets of current
injecting electrodes.

[0047] Causing current to flow between each of three or
more sets of current injecting electrodes can include modu-
lating each current with information for coding division of the
currents from the three or more sets of current injecting elec-
trodes.

[0048] Causing current to flow between each of three or
more sets of current injecting electrodes can include causing
current to flow between each of three or more pairs of current
injecting electrodes.

[0049] The organ in the patient’s body can be the patient’s
heart, liver, lungs, and/or other organs in the patient’s body.
[0050] The method can also include using the determined
position of each of the one or more electrodes on the one or
more additional catheters to determine a position of the one or
more additional catheters or portion of one or more of the
catheters.

[0051] The method can also include using the determined
position of each of the one or more electrodes on the one or
more additional catheters to determine a position of a portion
of a catheter used for ablation.

[0052] Themethod canalso include displaying the position
of the one or more additional catheters relative to the surface
of the organ.

[0053] The determination of the position of each of the one
or more measuring electrodes on the one or more additional
catheters relative to the first catheter can account for a change
in conductivity at the organ’s periphery. For example, if the
organ is the patient’s heart, the determination can account for
a change in conductivity at a periphery of the cardiac cham-
ber.

[0054] The determination can associate each measured sig-
nal with a homogeneous component and an inhomogeneous
component associated with the organ’s periphery. The inho-
mogeneous component can be modeled as a variation in elec-
tric potential along a surface enclosing the first and second
catheters that depends on the relative positions between the
current injecting electrodes and each of the one or more
measuring electrodes. The inhomogeneous component can
additionally depend on a regularization parameter. The
homogeneous component can correspond to a dipole poten-
tial in a medium with a homogeneous conductivity or can
correspond to a quadropole potential in a medium with a
homogeneous conductivity. The homogeneous component
can depend on the relative position of each signal measuring
electrode with respect to each set of current injecting elec-
trodes. The homogeneous component can additionally
depend on an estimate for conductivity inside the organ.
[0055] Thedetermination can include an optimization tech-
nique that minimizes collective differences between each of
the measured signals and an estimate for each of the respec-
tive measured signals as a function of the relative position
between the one or more measuring electrodes on the one or
more additional catheters and the first catheter and the esti-
mated conductivity.

[0056] In general, in another aspect, a system is disclosed
thatincludes (i) a first catheter configured for insertion into an
organ in a patient’s body and that includes three or more sets
of current injecting electrodes, (ii) one or more additional
catheters configured for insertion into the organ in the
patient’s body and including one or more measuring elec-
trodes (iii) an electronic control system coupled to the first
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catheter and the one or more additional catheters and config-
ured to cause current to flow between each set of current-
injecting electrodes and measure an electrical signal in
response to the current flow caused by each set of current
injecting electrodes at each of the measuring electrodes on the
one or more additional catheters and (iv) a processing system
coupled to the electronic system and configured to determine
the position of the each of one or more of the one or more
current measuring electrodes relative to the first catheter
based on the measured signals from the one or more measur-
ing electrodes.

[0057] The information about cardiac electrical activity
(e.g., cardiac signals) can be based on the measured electrical
signals, the spatial information about the heart cavity, and the
determined relative position of the catheter. The electronic
processor can be further configured to display the information
about the cardiac signals on a representation of the patient’s
heart. The system can further include an ablation catheter for
treating a patient’s heart condition based on the displayed
information about the cardiac signals.

[0058] Embodiments of the system may also include
devices, software, components, and/or systems to perform
any features described above in connection with the first
method and/or described below in connection with the second
method.

[0059] In general, in another aspect, a method includes: (i)
determining locations of multiple tracked elements within an
organ, the organ having a periphery, (i1) securing at least three
of the tracked elements to fixed locations within the organ,
(ii1) determining the location of one or more other tracked
elements relative to the at least three tracked elements secured
to the fixed locations within the organ, and (iv) using the
locations of the at least three tracked elements secured to the
fixed locations within the organ to determine the locations of
the one or more other tracked elements relative to the surface
of the organ.

[0060] Embodiments of the method may include any of the
following features.

[0061] The tracked elements can be electrodes, catheters,
and/or sensors of a tracking system.

[0062] The secured tracked elements can be mounted on a
single catheter or mounted on separate catheters.

[0063] The determination of the locations of the one or
more other tracked elements relative to a surface of the organ
can account for movement of the organ. The movement of the
organ can include a translation of the organ, a rotation of the
organ, a movement caused by respiration, and/or amovement
caused by movement of the patient.

[0064] Embodiments of the method may also include any
features described above in connection with the first method.
[0065] Insome aspects, a system includes multiple tracked
elements configured for insertion into an organ in a patient’s
body at least three of which are configured to be secured to
fixed locations within the organ. The system also includes an
electronic control system coupled to the tracked elements.
The system also includes a processing system coupled to the
electronic system and configured to determine locations of
the multiple tracked elements within the organ, determine the
location of one or more other tracked elements relative to the
at least three tracked elements secured to the fixed locations
within the organ, and use the locations of the at least three
tracked elements secured to the fixed locations within the
organ to determine the locations of the one or more other
tracked elements relative to the surface of the organ.
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[0066] Embodiments of the system may include any of the
following features.

[0067] The tracked elements can be electrodes, catheters,
and/or sensors of a tracking system.

[0068] The secured tracked elements can be mounted on a
single catheter or mounted on separate catheters.

[0069] Embodiments of the method may also include any
features described herein in connection with the various
methods.

[0070] In some aspects, a system includes a processing
system configured for use with a first catheter configured for
insertion into an organ in a patient’s body and comprising
three or more sets of current injecting electrodes, one or more
additional catheters configured for insertion into the organ in
the patient’s body and comprising one or more measuring
electrodes, and an electronic control system coupled to the
first catheter and the one or more additional catheters and
configured to cause current to flow between each set of cur-
rent-injecting electrodes and measure an electrical signal in
response to the current flow caused by each set of current
injecting electrodes at each of the measuring electrodes on the
one or more additional catheters. The processing system is
configured to be coupled to the electronic system and config-
ured to determine the position of the each of one or more of
the one or more current measuring electrodes relative to the
first catheter based on the measured signals from the one or
more measuring electrodes.

[0071] In some embodiments, the system can further
include one or more of the first catheter; the one or more
additional catheters; and the electronic control system.

[0072] Embodiments of the system may also include any
features described herein in connection with the various
methods.

[0073] Insome aspects, a computer program product resid-
ing on a computer readable medium includes instructions for
causing a computer to cause current to flow between each of
three or more sets of current-injecting electrodes on a first
catheter inserted into an organ in a patient’s body, the organ
having a periphery, in response to current flow caused by each
set of current injecting electrodes, measure an electrical sig-
nal at each of one or more measuring electrodes located on
one or more additional catheters inserted into the organ in the
patient’s body, and determine the position of each of one or
more of the measuring electrodes on the additional catheters
relative to the first catheter based on the measured signals
from the one or more measuring electrodes.

[0074] Embodiments of the computer program product
may also include instructions for causing a computer or sys-
tem to perform any features described herein in connection
with the various methods.

[0075] Insome aspects,acomputer program product resid-
ing on a computer readable medium includes instructions for
causing acomputer to determine locations of multiple tracked
elements within an organ, the organ having a periphery at
least three of the tracked elements being secured to fixed
locations within the organ, determine the location of one or
more other tracked elements relative to the at least three
tracked elements secured to the fixed locations within the
organ, and use the locations of the at least three tracked
elements secured to the fixed locations within the organ to
determine the locations of the one or more other tracked
elements relative to a surface of the organ.
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[0076] Embodiments of the computer program product
may also include instructions for causing a computer or sys-
tem to perform any features described herein in connection
with the various methods.

[0077] Insome aspects,a computer program product resid-
ing on a computer readable medium includes instructions for
causing a computer to cause current to flow between each set
of at least three sets of current-injecting electrodes on a first
catheter, receive data relating to a measurement of an electri-
cal signal measured in response to the current flow caused by
each set of current injecting electrodes at each of the measur-
ing electrodes on the one or more additional catheters, and
determine the position of the each of one or more of the one or
more current measuring electrodes relative to the first catheter
based on the measured signals from the one or more measur-
ing electrodes.

[0078] Insome aspects, a system includes a control system
configured to cause current to flow between each of three or
more sets of current-injecting electrodes on a catheter within
an organ in a patient’s body. The system is further configured
to receive data related to electrical signals measured at each of
one or more measuring electrodes located on one or more
additional catheters inserted into the organ in the patient’s
body. The system also includes logic (e.g., hardware or soft-
ware) to determine the position of each of one or more of the
measuring electrodes on the additional catheters relative to
the first catheter based on the data related to the measured
signals from the one or more measuring electrodes.

[0079] The system can also receive data relating to mea-
sured electrical signals from the multiple measuring elec-
trodes on the first catheter and the logic for determining the
relative position between the first catheter and each of the one
or more of the measuring electrodes on the one or more
additional catheters can be based on the measured signals for
the measuring electrodes on the first catheter and the one or
more additional catheters.

[0080] The logic for determining the relative position can
associate each measured signal with a homogeneous compo-
nent that depends on the relative position of each signal mea-
suring electrode with respect to each set of current injecting
electrodes and an inhomogeneous component associated
with the periphery of the organ. The inhomogeneous compo-
nent can be modeled as a variation in electric potential along
a surface enclosing at least the first catheter that depends on
the relative positions between the current injecting electrodes
and the signal measuring electrodes. The logic for determin-
ing the relative position can additionally account for and/or
determine an estimate for conductivity inside the organ. The
logic for determining the relative position can additionally
account for and/or determine a change in conductivity at the
organ’s periphery.

[0081] In general, the system canbe used in various organs
of the body. For example, the system can be used in relation to
a patient’s heart.

[0082] The logic for determining the relative position can
additionally associate each measured signal with a homoge-
neous component and an inhomogeneous component associ-
ated with the organ’s periphery. The system can further
include the first catheter which is electrically connected to the
system. The first catheter can include more than 32 measuring
electrodes. The logic for determining the relative position can
additionally use predetermined information about the relative
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positions of the electrodes on the first catheter. This informa-
tion can be received by the system or programmed by a user
of the system.

[0083] The logic for determining the relative position can
additionally be based on an optimization technique that mini-
mizes collective differences between each of the measured
signals and an estimate for each of the respective measured
signals as a function of the relative position between each of
the measuring electrodes on the first and the one or more
additional catheters and the sets of current-injecting elec-
trodes on the first catheter and the change in conductivity at
the organ’s periphery.

[0084] The logic for determining the relative position can
additionally be based on an optimization technique that mini-
mizes collective differences between each of the measured
signals and an estimate for each of the respective measured
signals as a function of the relative position between each of
the measuring electrodes on the first and the one or more
additional catheters and the sets of current-injecting elec-
trodes on the first catheter and the estimate for conductivity
inside the organ.

[0085] The logic for determining the relative position can
additionally be based on an optimization technique that mini-
mizes collective differences between each of the measured
signals and an estimate for each of the respective measured
signals as a function of the relative position between each of
the measuring electrodes on the first and the one or more
additional catheters and the sets of current-injecting elec-
trodes on the first catheter, the change in conductivity at the
organ’s periphery and the estimate for conductivity inside the
organ.

[0086] The system can use the data received from the mul-
tiple signal measuring electrodes on the first catheter to mea-
sure cardiac signals.

[0087] The system can further receive data relating to mea-
surements from at least three electrodes to be used for refer-
ence that are secured to fixed locations within the organ. The
electrodes used for reference can be measuring electrodes and
the method further comprises determining the position of
each of the electrodes used for reference relative to the first
catheter. The at least three electrodes used for reference can
be on a single catheter.

[0088] The system can further include logic for displaying
the position of the one or more additional catheters relative to
the surface of the organ. The system can also include a dis-
play.

[0089] The system can further include logic for using the
determined position of each of the reference electrodes rela-
tive to the first catheter to determine a location of the first
catheter relative to the surface of the organ. The system can
further include logic for displaying the position of the first
catheter relative to the surface of the organ. The system can
further include logic for determining a position of each of the
reference electrodes relative to the first catheter and deter-
mining a location of each of the one or more electrodes on the
one or more additional catheters relative to the surface of the
organ. The system can further include logic for correcting a
location of the one or more additional catheters based on a
movement of the organ, translation of the organ, a rotation of
the organ, a movement caused by respiration, and/or a move-
ment caused by movement of the patient.

[0090] The system can further include logic for determin-
ing a location of each of the one or more electrodes on the
second catheter relative to the surface of the organ comprises
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correcting a location of each of the one or more electrodes on
the second catheter based on a movement of the first catheter.
The system can further include logic for generating a fixed
coordinate system relative to a surface of the organ based on
the information received from reference electrodes. The sys-
tem can further include logic for determining the position of
each of the one or more measuring electrodes on the second
catheter relative to the surface of the organ. The system can
further include logic for determining the position of each of
the one or more the measuring electrodes on the second
catheter relative to the surface of the organ by solving a
minimization between the known locations of the reference
electrodes relative to the organ and a determined position of
each of the reference electrodes relative to the first catheter.

[0091] The system can further include a control system
electrically connected to the first catheter to control the move-
ment of the first catheter within the organ relative to the
reference electrodes. The system can further include logic for
tracking the position ofthe first catheter relative to the surface
of the organ based on the measured signals on the first cath-
eter and the fixed location of the reference electrodes. The
system can further include logic for measuring cardiac sig-
nals. The system can also include one or more electrodes on
the one or more additional catheters for delivering ablation
energy for ablating tissue of the organ.

[0092] The system can further include a control system to
control the movement of one or more of the additional cath-
eters inside the organ and tracking the position of each of one
or more measuring electrodes relative to the surface of the
organ based on signals measured by the one or more measur-
ing electrodes in response to current flow caused by each set
of current injecting electrodes on the first catheter and the
tracked position of the first catheter relative to the surface of
the organ. The system can further include a control system to
provide signals to cause an electrode to ablate selected
regions of the cardiac chamber based on the measured signals
and a tracked position of an electrode on the catheter used to
ablate the selected regions.

[0093] The system can further include a control system to
control the movement of an ablation catheter that includes an
ablation electrode inside the organ and track the position of
the ablation electrode on that catheter relative to the surface of
the organ based on signals measured by the ablation electrode
in response to current flow caused by each set of current
injecting electrodes on the first catheter.

[0094] Thesystemcan further include logic to modulate the
current caused to flow between each of the three or more sets
of current-injecting electrodes in one or more of time and
frequency.

[0095] The system can repeat the determination of the rela-
tive position between the first catheter and the one or more
electrodes on the one or more additional catheters multiple
times during the patient’s cardiac cycle.

[0096] The methods (including all methods described
herein) and systems can be implemented using various hard-
ware and/or software configurations. The methods and sys-
tems can be implemented 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 micropro-
cessors, 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
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instructions. The computer programs can include instructions
stored on a computer readable medium. The instructions can
include instructions to cause the system and/or one or more
devices connected to the system (e.g., catheters) to perform
the functions described here.

[0097] Embodiments of the system may also include
devices, software, components, and/or systems to perform
any features described above in connection with the first
method and/or described below in connection with the second
method.

[0098] Insome aspects, a system can include, an electronic
control system in electrical communication with a first cath-
eter that is within an organ in a patient’s body that includes
three or more sets of current injecting electrodes. The system
can also be in electrical communication with one or more
additional catheters that include one or more measuring elec-
trodes. The system can be configured to cause current to flow
between each set of current-injecting electrodes and measure
an electrical signal in response to the current flow caused by
each set of current injecting electrodes at each of the measur-
ing electrodes on the one or more additional catheters. The
system can include a processing system coupled to the elec-
tronic system and configured to determine the position of the
each of one or more of the one or more current measuring
electrodes relative to the first catheter based on the measured
signals from the one or more measuring electrodes.

[0099] Embodiments of the system may also include
devices, software, components, and/or systems to perform
any features described above in connection with the first
method and/or described below in connection with the second
method.

[0100] Embodiments of the methods and systems generally
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.

[0101] 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 inde-
pendent values indicative of the angles for the orientation of
the object about each of the Cartesian axes; or any subset of
such values.

[0102] As used herein, “heart cavity” means the heart and
surrounding tissue.

[0103] 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.
[0104] 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 advantages of
the invention will be apparent from the description and draw-
ings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0105]
tem.

FIG. 1is a schematic diagram of an exemplary sys-
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[0106] FIGS. 2a-2¢ show perspective, end, and side views,
respectively, of a deployed catheter with multiple current
injection electrodes (CIE) and multiple potential measuring
electrodes (PME).

[0107] FIG. 3 is a schematic diagram of an analog imple-
mentation of a signal generation module (SGM) and signal
acquisition module (SAM) foran electronics module coupled
to the multi-electrode catheter.

[0108] FIG.4isaschematic diagram ofa digital implemen-
tation ofa signal generation module (SGM) and signal acqui-
sition module (SAM) for an electronics module coupled to
the multi-electrode catheter.

[0109] FIGS. 5 and 6 are exemplary schematic diagrams of
arrangements for positioning current injection electrodes
(CIE) and potential measuring electrodes (PME) with respect
to a patient’s heart cavity.

[0110] FIG. 7 is a flow diagram of an exemplary embodi-
ment for determining the positions of PME.

[0111] FIG. 8is a schematic diagram of potential field lines
produced by current injection electrodes (CIE) activated in a
patient’s heart cavity and the effect of an inhomogeneous
medium on the resulting potential field.

[0112] FIG. 9 is an exemplary schematic diagram of an
arrangement for positioning current injection electrodes
(CIE) and potential measuring electrodes (PME) with respect
to a patient’s heart cavity.

[0113] FIG. 10 is a flow diagram of an exemplary embodi-
ment for determining the voltage at any location inside the
blood volume using inverse theory.

[0114] FIG. 11 is a schematic diagram of the distances
between a source dipole electrode and the PME electrode and
a sink dipole electrode and the PME electrode.

[0115] FIG. 12 is a schematic diagram of a catheter located
within a surface S.

[0116] FIG. 13 is a schematic diagram of the distances
between a source dipole electrode and the PME and a sink
dipole electrode and the PME.

[0117] FIGS. 14A and 14B are schematic diagrams of two
current injection electrodes (CIE) pair constellations.

[0118] FIG. 15 is a flow diagram of an exemplary embodi-
ment for determining the positions of electrodes relative to a
surface of an organ.

[0119] FIG. 16 is a flow diagram of an exemplary embodi-
ment for cardiac mapping using a multi-electrode catheter.

[0120] Like reference symbols in the various drawings
indicate like elements.
DETAILED DESCRIPTION
Overview

[0121] Embodiments disclosed herein include a method
and system for determining the position of a catheter in a
patient’s heart cavity. More particularly, the methods and
systems described herein provide a method for tracking a
multi-electrode array (MEA) catheter, as well as additional
electrodes mounted on other catheters, within and relative to
the cardiac cavity, including any number of chambers within
this cavity and the blood vessels surrounding it. Electrodes
can be mounted on one or multiple catheters and by tracking
these electrodes the location of such catheters can be deter-
mined and the catheters can be tracked. By knowing the
physical characteristics of a catheter and the position of the
electrodes on it, it is possible to track specific portion of the
catheter (e.g. the tip) or to determine the shape and the orien-
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tation of the catheter (e.g. by using a spline fitting method on
the location of multiple electrodes of the same catheter).
Electrodes can also be mounted on other devices that require
tracking inside the heart cavity. The tracking is accomplished
by generating a multitude of electrical fields on the MEA
catheter, using measurements of these generated fields on the
MEA catheter to provide a calibration of chamber conductiv-
ity and a correction for inhomogeneity in the medium, and
using measurements ofthe same fields on electrodes mounted
on other catheters to locate them relative to the MEA.
[0122] The catheter may be configured with multiple elec-
trodes and used for cardiac mapping, such as described in
commonly owned patent application Ser. No. 11/451,898,
entitled “NON-CONTACT CARDIAC MAPPING,
INCLUDING MOVING 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, application
Ser. No. 11/672,562 entitled “IMPEDANCE REGISTRA-
TION AND CATHETER TRACKING” and filed Feb. 8,
2007, and application Ser. No. 12/005,975 entitled “NON
CONTACT MAPPING CATHETER” and filed Dec. 28,
2007, the contents of which are incorporated herein by refer-
ence. Generally, cardiac mapping involves determining infor-
mation about the electrical activity of a patient’s heart (e.g., at
different locations of the endocardium surface) based on elec-
trical signals (e.g.. cardiac signals) measured by the multiple
electrodes of the catheter. To perform such cardiac mapping,
the position of the catheter (or more generally the positions of
the catheter electrodes) within the heart cavity should be
known.

[0123] To determine the position of the catheter in the
patient’s heart cavity, certain embodiments disclosed herein
cause electrical current to flow within the heart cavity. The
current originates from electrodes on the catheter internal to
the heart cavity. The potential fields generated by the injected
current will depend on the conductivity profile within the
heart cavity. For example, blood and heart muscle have dif-
ferent conductivities. The potential fields are measured at
multiple locations within the heart cavity. For example, elec-
trodes on the catheter can be used to measure the potentials.
The potentials measured by the electrodes on the catheter will
depend on the position of the catheter within the heart cavity.
Moreover, when current is injected from one or more elec-
trodes on the catheter, the resulting potential fields will also
depend on the position of the catheter within the heart cavity.
Accordingly, measurements made by the catheter electrodes
can be used to infer information about the position of the
catheter in the heart cavity.

[0124] In some embodiments, potentials measured in
response to the injected current (e.g., tracking signals) can be
used to continuously monitor the position of one or more
catheters in the heart cavity, even as they are is moved within
the heart cavity.

[0125] Inthe abovediscussion and in the details that follow,
the focus is on determining the position of one or more cath-
eters in a heart cavity for diagnosis and treatment of cardiac
arrhythmias. However, this is only an exemplary application.
The method and system generally disclosed herein could be
used to track essentially any catheter mounted with at least
one electrode, regardless of the catheter’s intended function.
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Relevant examples include endocardial biopsies, therapies
involving intra-myocardial injections of cells, drugs, or
growth factors, and the percutaneous placement cardiac
valves. In other cases, the method and systems generally
disclosed herein can be applied to determining the position of
any object within any distribution of materials characterized
by a conductivity profile. For example, the methods and sys-
tems generally 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.

[0126] Furthermore, while in some of the specific embodi-
ments that follow the signals measured by the object elec-
trodes correspond to the relative strength (i.e., amplitude) of
the measured electrical signal (e.g., potential), further
embodiments may also analyze the phase of the measured
signal, either alone or in combination with the amplitude of
the measured signal. The phase of the measured signal is
indicative of spatial variations in the imaginary part of the
complex conductivity (e.g., permittivity) in the distribution of
materials.

Representative System

[0127] FIG. 1 shows a schematic diagram of an exemplary
embodiment of a system 100 to facilitate the tracking of a
catheter 110 (or multiple catheters) inside the heart cavity of
a patient 101. The catheter 110 is a moveable catheter 110
having multiple spatially distributed electrodes. The catheter
(s) are used by a physician 103 to perform various medical
procedures, including cardiac mapping and/or treatments
such as ablation.

[0128] Insome embodiments the catheter 110 is fitted with
various types of electrodes that are configured to perform
various functions. For example, the catheter 110 may include
at least one pair of current injection electrodes (“CIEs”) con-
figured to inject electrical current into the medium in which
the catheter 110 is disposed. The catheter 110 may also
include multiple potential measuring electrodes (“PMEs™)
configured to measure the potentials resulting from the cur-
rent injected by the current injection electrodes. In certain
embodiments, the potential measuring electrodes are also
used for cardiac mapping. In certain embodiments, the rela-
tive positions of multiple catheters disposed within the car-
diac chamber can be determined based on signals measured
by PMEs on the catheters. In certain additional embodiments,
the positions of the catheters can be determined with respect
to a surface of the organ (e.g., the heart).

[0129] 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 mem-
ber 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 narrow
profile for guiding it through blood vessels. When inner mem-
ber 114 is retracted (as shown in FIGS. 2a-b), splines 116 are
deployed and pushed into an outward “olive” shaped configu-
ration 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 distributed over a
greater volume.

[0130] Other known configurations may be used to deploy
multi-electrode catheter 110. For example, the catheter may
use a balloon, shape memory material such as Nitinol, or a
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polymer or other stiffening material to selectively deploy the
catheter and its electrode into a desired configuration when in
the patient’s heart cavity. In further embodiments, the cath-
eter geometry may be fixed, in which case it has the same
configuration in the heart cavity as in the blood vessels lead-
ing to the heart cavity.

[0131] A number (>6) of current injecting electrodes (CIE)
are mounted on catheter 110. A minimum of 3 CIE pairs are
provided to span a 3D space and provide XYZ coordinates of
other electrodes. For example, 3 orthogonal CIE pairs may be
mounted on the catheter.

[0132] The CIE are designated 119, while electrodes 118
are used as potential measuring electrodes (PME). It should
be appreciated that in order to inject current, an electrode
must have a low enough impedance. Low impedance can be
achieved by a sufficient surface area or by using materials or
coatings that lower the impedance of the electrode. It should
be noted that any low impedance electrode can be used for
current injection and in a case where many or all electrodes
are capable of injecting current the designation of such elec-
trodes as CIE on the catheter only indicates that these elec-
trodes are actually being used for current injection. It should
be further appreciated that other configurations of CIE are
possible as long as these configurations are known and can be
accounted for in the field calculation process. Examples of
suich a configuration 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
using electrode pairs will be explained, but the same method
can be applied using other configurations. In such cases there
is still a need for at least 3 separate configurations in order to
span the 3D space and provide XYZ coordinates of other
electrodes.

[0133] Returning to the specific catheter embodiment of
FIGS. 2a-2c¢, FIG. 2a shows a perspective view of catheter
110, FIG., 25 shows an end-on view of catheter 110, and FIG,
2¢ shows a side view of catheter 110, all with the catheter in
its deployed configuration. Each spline includes multiple
potential measuring electrodes (PME) 118, and every other
spline includes a current injection electrode (CIE) 119 at its
most-outward position. Current injection electrodes (CIE)
119 are also included on sleeve 112 at the base of the splines
and on the front tip of inner member 114 where the splines
meet. Accordingly, in the presently described embodiment,
there are three pairs of CIEs, each generally defining one axis
in a Cartesian coordinate system.

[0134] 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. More generally, however, current may be
injected in the heart cavity from multiple electrodes relative to
a ground electrode. The purpose of the PMEs is to measure
potentials in the heart cavity in response to the current pro-
vided by the CIEs. The PMEs can also be used for cardiac
mapping.

[0135] In preferred embodiments, the current injecting
electrodes 119 are generally mounted at different regions of
the catheter 110 so as to maximize the information collected
by multiple configurations. CIE pairs that are oriented
orthogonally relative to each other produce less correlated
measurements, which in turn increase resolution. In addition,
electrode pairs that are distant from each other also produce
less correlated measurements which increase resolution. This
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is why in the preferred embodiment of catheter 110 shown in
FIGS. 2a-2¢, the CIE electrodes 119 are aligned as pairs on
three orthogonal axes.

[0136] In some embodiments, like that shown in FIGS.
2a-2¢. multiple CIE electrode pairs are employed so that a
large sample of measured potentials in the heart cavity can be
obtained to thereby improve the robustness and accuracy of
the tracking procedure. At some given time, any two elec-
trodes from the CIE electrodes can be selected and activated
so that one of the selected electrodes acts as the source elec-
trode and the other electrode acts as a sink electrode. A control
mechanism in electrical communication with the CIEs
enables selection of any two electrodes to serve as the acti-
vated source/sink pair at a particular time. After that selected
pair has been activated, and the resulting potentials in the
heart cavity are measured by the multiple potential measuring
electrodes, the pair of CIEs can be deactivated, and another
pair of CIEs is selected to cause another electric field to be
formed inside the heart cavity. Thus, the control mechanism
regulates the selection and activation of the CIEs to cause a
temporal sequence of injected currents to be created at differ-
ent time instances, which in turn results in a temporal
sequence of different electric fields formed inside the heart
chamber in which the catheter 110 is deployed. The control
mechanism electrically couples a signal generator to the
selected electrodes. Selection of the particular electrodes to
be activated can be based on a predetermined sequence that is
stored in a memory module connected to a central processor
connected to the catheter 110, or it can be based on user-
controlled signals that are electrically relayed to the control
mechanism to cause the desired activation of the CIEs. More-
over, in further embodiments, more than a single pair of CIEs
can be simultaneously activated to inject current into the heart
cavity.

[0137] Referring again to FIG. 1, system 100 includes an
electronics module 140 coupled to processing unit 120 for
controlling the electrodes on catheter 110, including a signal
generation module for injecting current into the heart cavity
through the CIEs and a signal acquisition module for mea-
suring potentials through the PMEs. The electronics module
140 can be implemented using analog or digital electronics,
or a combination of both. Such exemplary configurations,
which are intended to be non-limiting, are now described.
[0138] Referring to FIG. 3, the signal generation and acqui-
sition modules are implemented using analog hardware. The
signal generation module (SGM) depicted supports 8 CIEs
defining 4 source/sink electrode pairs, where SRC refers to a
source electrode and SNK refers to a sink electrode. For the
purpose of this example, each pair is driven using a 5 kHz
oscillating 1 mA current source. Other driving frequencies,
for example, 10kHz, can be used. A selector switch is used to
select each of the pairs sequentially based on control signals
provided by the processing unit or other control logic. Each
channel in the signal generation module is connected to a
current injecting electrode. In this case the source and sink
electrodes are pre-selected permanently such that each elec-
trode is always either a source or a sink, although this need not
be the case in other embodiments.

[0139] The signal acquisition module (SAM) buffers and
amplifies the signals as they are collected by the potential
measuring electrodes. The buffer prevents the acquisition
system from loading the signals collected by the electrodes.
After buffering and amplification, the signals are split and
filtered into two channels, one for detecting the tracking sig-
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nal (i.e., the signals produced in response to the CIEs) and one
for detecting the signal generated by the heart’s electrical
activation (i.e., cardiac mapping). Because the heart’s elec-
trical activity (e.g., the cardiac signals) is primarily below 2
kHz, a low pass filter (LPF) is used to separate the cardiac
mapping potential signals from those produced in response to
the CIEs. The low pass filter may be implemented as an active
filter responsible for both filtering and amplification. The
signal is then sampled by an analog to digital converter. To
support bandwidth and resolution requirements the converter
may sample at >4 kHz at 15 bits per sample. After sampling,
the signals are passed to the processing unit for further analy-
sis. Both the LPF and A/D may be configured such that the
filter and sample frequency can be changed by software con-
trol (not drawn).

[0140] The second channel following the input buffer
detects the tracking signal (e.g., the signals measured in
response to current injected by the CIE). In this embodiment,
the detection is implemented using a lock-in amplifier
approach to detect amplitude. It should be appreciated that
other implementation can be used to accomplish the same
task. Inthis channel the signal is first filtered using a band pass
filter (BPF) whose pass band frequency is centered on the 5
kHz generated by the SGM. Following the BPF, the signal is
multiplied by the same 5 kHz signal generated by the SGM
using a mixer. As a result, the signal is down converted to DC
such that its value following the down conversion is propor-
tional to its amplitude before the down-conversion. The sig-
nal is then filtered using a very narrow LPF of roughly 100
Hz. The filter bandwidth has two effects. On the one hand, the
narrower the filter the better noise performance will be. On
the other hand, the wider the filter, the more tracking updates
are available per second. A filter setting of 100 Hz provides
excellent noise performance. After filtering, the signal is
amplified and sampled by an analog to digital converter. The
converter in this case may sample at 200 Hz using 15 bits per
sample. After sampling, the signals are passed to the process-
ing unit for further analysis. As before, the channel properties
can be configured to be changed by software control (not
drawn).

[0141] While the embodiment described above in relation
to FIG. 3 described an analog signal generation and acquisi-
tion modules, in some examples a digital implementation can
be used. For example, referring to FIG. 4, the signal genera-
tion and acquisition modules have a digital implementation.
The SGM generates the required signals using an array of n
digital to analog converters (D/A). In a preferred embodiment
n=6. It should be appreciated that instead of n D/As it is
possibletouse fewer D/As and a multiplexed sample and hold
amplifier. The signals generated by the D/As are controlled
and timed by the processing unit. In one embodiment, the
signals may mimic those described in the analog implemen-
tation whereby a sinusoidal signal is switched between elec-
trodes. In other embodiments, however, the digital implemen-
tation provides more flexibility in that more complex signals
(e.g. different frequencies, simultaneous activation of mul-
tiple electrodes) may be driven. After the conversion to an
analog signal, the signals are buffered by an amplifier capable
of driving the necessary current (<2 mA) at relevant frequen-
cies (<30kHz). After buffering, a processor controlled switch
is used to support a high impedance mode. This is necessary
in order to block a particular electrode from acting as a source
or a sink at a particular time.
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[0142] In the SAM hardware, an input stage amplifies and
buffers the signal. Following amplification the signal is low
pass filtered in a wide enough band such that both the heart’s
electrical activity (<2 kHz) and signals generated by the SGM
are kept inside the filtered band. In FIG. 4 the frequency band
is 15 kHz. Following the filter, the signal is sampled above
Nyquist frequency (>30 kHz) at 15 bits per sample. The
sampled signals are then transferred to the processing unit
which uses digital signal processing (DSP) techniques to
filter the two channels in each electrode and down-convert the
tracking signal appropriately.

[0143] A relatively small number of CIEs can result in a
relatively large number of possible electrode pair combina-
tions that can be activated to enable different potential field
configurations to be formed inside the heart cavity, in which
the catheter 110 is deployed and thus enhance the robustness
of the tracking procedure. For example, six (6) electrodes
mounted on the catheter 110 can be paired into fifteen (15)
combinations of different source/sink pairs, thus resulting in
fifteen different potential fields, for a particular potential
value, formed inside the medium. As noted above, to achieve
high robustness of the tracking procedure, the various source/
sink electrodes disposed on the catheter 110 may be mounted
at different regions of the catheter. For example, one useful
configuration corresponds to that shown in FIGS. 2a4-2¢ in
which the six (6) CIEs include a pair of CIEs align along each
of three orthogonal axes.

[0144] The potential measuring electrodes, configured to
measure the electrical signals in the distribution of materials
(e.g., the intracardiac blood) at the locations in which those
electrodes are situated, are generally distributed substantially
uniformly on the catheter 110. Preferably, the current inject-
ing electrodes are designed to have low impedance at the
interface between electrode and blood. The impedance
between electrodes and blood is determined by the surface
area of the electrode and electrode material. The larger the
surface area, the lower the impedance.

[0145] In some embodiments, the electrodes can be simi-
larly sized. For example, the potential measuring electrodes
and the current injecting electrodes can each be configured to
have a low enough impedance to function as a current inject-
ing electrode. Providing similarly sized electrodes that can
function as either potential measuring electrodes, current
injecting electrodes, or both can provide an advantage of
enabling more combinations and potential positions of the
current injecting electrodes relative to the potential measur-
ing electrodes.

[0146] Insome additional embodiments, the potential mea-
suring electrodes would have dimensions of 100 umx 100 pum,
yielding a surface area of a surface area of 10,000 um?, while
the current injecting electrodes would have dimensions of 1
mmx 1 mm, yielding a surface area 1 mm?. The larger surface
area for CIEs is preferred in order to reduce their impedance
at the interface to blood and allow the injection of current. The
PME:s are less sensitive to blood interface impedance because
they are performing the measurement with very high input
impedance. Accordingly, reducing interface impedance for
the PME:s is generally not as important as reducing it for the
CIEs.

[0147] Insome embodiments, specialized coatings such as
Platinum Black, Iridium Oxide and Titanium Nitride may
also be used to reduce impedance of electrodes for a given
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surface area. For example, such coatings may be applied to
one or more ofthe CIEs, one or more of the PMEs, or all ofthe
catheter electrodes.

[0148] In yet further embodiments, one or more of the
electrodes on the catheters can be driven to function as both a
CIE and a PME. For example, when it is desired to use an
electrode as both PME and CIE, the electrode is connected to
both a signal acquisition module and a signal generation
module. For example, when the electrode is not used as a CIE
to drive a current, the switch in the signal generation module
corresponding to the respective electrode is opened. Accord-
ingly, time division multiplexing schemes in the driving elec-
tronics of module can be used to operate a given catheter
electrode as either a CIE or a PME. In yet another example,
the electronics module can drive a given electrode so that it
functions as a CIE at high frequencies and a PME at low
frequencies (such as might be useful for cardiac mapping.)

[0149] In some embodiments, sixty-four (64) potential
measuring electrodes are used. The exact number of potential
measuring electrodes that are employed depends on the
dimensions of the catheter 110 and on the desired accuracy of
the tracking procedure.

[0150] As noted above, the PMEs on catheter 110 can also
used for cardiac mapping, such as that described in com-
monly owned patent application Ser. No. 11/451,898, entitled
“NON-CONTACT CARDIAC MAPPING, INCLUDING
MOVING CATHETER AND MULTI-BEAT INTEGRA-
TION” and filed Jun. 13, 2006, the contents of which are
incorporated herein by reference. As also noted above,
because the frequency of the current injected by CIEs (e.g., 5
kHz) is much higher than the frequency of the electrical
activity of the patient’s heart (e.g., the frequency of the car-
diac signals), the signal acquisition module can separate sig-
nals measured by the PMEs based on frequency to distinguish
tracking signals measured in response to currents injected by
the CIE from cardiac mapping signals (e.g., frequencies
higher than 2 kHz, and lower than 2 kHz, respectively.) Fur-
thermore, in additional embodiments, catheter 110 may
include separate electrodes used only for cardiac mapping.

[0151] The system 100 further includes the processing unit
120 which performs several ofthe operations pertaining to the
tracking procedure, including the determination of catheter
electrode locations that result in the best fit between the
measured signals and those calculated for different positions
of the catheter. Additionally, the processing unit 120 can
subsequently also perform the cardiac mapping procedure,
including a reconstruction procedure to determine the physi-
ological information at the endocardium surface from mea-
sured signals, and may also perform post-processing opera-
tions on the reconstructed physiological information to
extract and display useful features of the information to the
operator of the system 100 and/or other persons (e.g., a phy-
sician). For example, the system 100 can display the location
of the catheter(s) relative to a surface of the heart. In some
embodiments, a stabilized representation of the heart and
position can be used to display the position of the catheter as
the shape of the heart changes during the heart’s cycle.

[0152] The signals acquired by the various electrodes of
catheter 110 during the tracking and/or the mapping proce-
dure are passed to the processing unit 120 via electronics
module 140. As described above, electronics module 140 can
be used to amplify, filter and continuously sample intracar-
diac potentials measured by each electrode.
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[0153] In some embodiments, the electronics module 140
is implemented by use of integrated components on a dedi-
cated printed circuit board. In other embodiments, some of
the signal conditioning tasks may be implemented on a CPU,
FPGA or DSP after sampling. To accommodate safety regu-
lations, the signal conditioning module is isolated from high
voltage power supplies. The electronics module is also pro-
tected from defibrillation shock, and interference caused by
nearby pacing or ablation.

[0154] The processing unit 120 shown in FIG. 1 is a pro-
cessor-based device that includes a computer and/or other
types of processor-based devices suitable for multiple appli-
cations. Such devices can include volatile and non-volatile
memory elements, and peripheral devices to enable input/
output functionality. Such peripheral devices include, for
example, a CD-ROM drive and/or floppy drive, or a network
connection, for downloading related content to the connected
system. Such peripheral devices may also be used for down-
loading software containing computer instructions to enable
general operation of the respective unit/module, and for
downloading software implemented programs to perform
operations in the manner that will be described in more
detailed below with respect to the various systems and
devices shown in FIG. 1. Alternatively, the various units/
modules may be implemented on a single or multi processor-
based platform capable of performing the functions of these
units/modules. Additionally or alternatively, one or more of
the procedures performed by the processing unit 120 and/or
electronics module 140 may be implemented using process-
ing hardware such as digital signal processors (DSP), field
programmable gate arrays (FPGA), mixed-signal integrated
circuits, ASICS, etc. The electronics module 140 is typically
implemented using analog hardware augmented with signal
processing capabilities provided by DSP, CPU and FPGA
devices.

[0155] As additionally shown in FIG. 1, the system 100
includes peripheral devices such as printer 150 and/or display
device 170, both of which are interconnected to the process-
ing unit 120. Additionally, the system 100 includes storage
device 160 that is used to store data acquired by the various
interconnected modules, including the volumetric images,
raw data measured by electrodes and the resultant endocar-
dium representation computed there from, the reconstructed
physiological information corresponding to the endocardium
surface, etc.

Tracking System

[0156] In general, a tracking system tracks the positions of
multiple catheters relative to one another and/or tracks the
position of one or more catheters relative to the surface of the
heart. More particularly, measurements on PME on the MEA
catheter calibrate for chamber conductivity and inhomogene-
ity and the system tracks additional electrodes mounted on
different catheters using the signals emanating from the CIE.
[0157] FIG. 5 shows an exemplary embodiment where
three catheters (e.g., catheter 1, catheter 2, and catheter 3)
each including multiple electrodes are positioned within a
patient’s heart. In this scenario, catheter 1 is the MEA
mounted with both PME and CIE electrodes, while catheters
2 and 3 are mounted with a number of PME each.

[0158] The electrodes mounted on catheters 2 and 3 mea-
sure potentials emanating from cardiac activation, as well as
potentials injected into the medium by the CIE. There is a
need to distinguish between the two signals in order to sepa-
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rate the tracking signal measured by the PME in response to
current injected by the CIE being used for the location detet-
mination from the cardiac signal being used for generating
the electrical activation maps. The CIE on catheter 1 inject 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 distinguished using frequency analy-
sis. It should be noted that other methods for distinguishing
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 activa-
tion signal, and detecting this spread-spectrum signal in the
signal collected by the all PME.

[0159] FIG. 7is a flow diagram providing a top-level depic-
tion of a procedure 130 performed by the system 100 in the
course of determining the location of PME.

[0160] In step 136, an MEA catheter (e.g., catheter 1 in
FIG. 5) is positioned in the cavity. For example, the MEA
catheter can be positioned within the heart cavity. For
example, the MEA catheter can be inserted into the heart
chamber via a suitable blood vessel leading to the heart cham-
ber. The locations of the CIE and PME on the MEA are
known. In some embodiments, the electrodes of the MEA
catheter are bundled into a compact configuration that
enables the MEA catheter to be delivered to the heart chamber
with minimal obstruction. Once inside the heart chamber, the
electrodes of the catheter are deployed into a specified elec-
trode arrangement relative to the MEA catheter (e.g., to pro-
vide known relative locations of the CIE and PME). In some
embodiments, the MEA catheter can be deployed into mul-
tiple, different specified electrode arrangements provided that
the relative locations of the CIE and PME are known for each
arrangement. In order to span the space 3 (or more) separate
known configurations of CIE need to inject current. There is
a need to determine the source of the injected signal (e.g., a
source of a tracking signal measured by the PME in response
to current injected by the CIE) in order to trace it to a specific
CIE configuration. In step 138, the current injection elec-
trodes on the MEA inject current using different CIE configu-
rations. More particularly, a pair of CIEs is selected as a
source/sink pair to inject current into the heart cavity. One of
the electrodes of the selected pair serves as the source elec-
trode, and accordingly that electrode is activated by applying
a voltage source to the source electrode. The other electrode
serves as the sink electrode, and is thus set to a lower potential
level than the source electrode. The other sink/source elec-
trodes disposed on the catheter are electrically deactivated
and held at high impedance. The selected pair of source/sink
electrodes thus becomes active and imparts current into the
intracardiac blood medium in which the catheter is disposed
resulting in the formation of potential fields in the medium.
The 3 pairs of CIE inject the current sequentially, one pair at
atime, so that itis 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 division multiplexing, CIE
are activated in sequence such that at one point in time one
pair is activated (e.g., CEI, and CEI, _ as shown in FIG. 5)
and at the next point in time another pair is activated (e.g.,
CIE,, and CIE,_). The switching between pairs may occur
every cycle (e.g., 5 kHz=200 us) or every few cycles (e.g., 20
cycles, 20x200 ps=4 mS). In the 3D case there is at least an
additional electrode pair mounted on the MEA catheter which
may be perpendicular to the line created by CEL_, and CEI _
(e.g. on Z-axis as shown in FIG. 5). It should be noted that
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frequency or code division (spread spectrum) multiplexing,
rather than time division may be used to separate the signals.
In the case of frequency multiplexing all CIE pairs may inject
the current at the same time, but each pair uses a different
signal frequency. The signal collected at the PME is filtered
according to the frequency, and the signal measured in each
frequency is then associated with the appropriate originating
pair. In response to current flow between the pair of selected
source/sink electrodes, the PMEs distributed at multiple loca-
tions on the catheter measure, in step 140, the resultant poten-
tial field present at the those multiple locations. The measured
potentials are recorded, along with other information associ-
ated with the measurement, including, for example, the iden-
tity and/or locations on the MEA catheter of the activated
sink/source electrodes that imparted the current through the
medium. The PME electrodes can be located on other cath-
eters included within the cavity (e.g., catheters 2 and 3 in FIG.
5.

[0161] Inaseparatestep,instep 132, the system determines
the relative locations of the CIE configurations on the MEA
catheter (e.g., catheter 1in FIG. 5). For example, the locations
of the CIE on the MEA catheter can be known based on the
manufacture of the MEA catheter using a repeatable process
that guarantees the MEA configuration. In such examples,
determining the locations of the CIE can include accessing
stored information about the known locations of the CIE. In
step 134, the system computes theoretical potential fields
from the CIE configurations. The theoretical potential fields
provide expected computed measurements in a given loca-
tion.

[0162] In step 142, the tracking of the electrodes on cath-
eters 2 and 3 is performed by solving an optimization problem
that compares the measurement collected by PME21 . . .
PME23 or PME31 . . . PME34 as a result of activation of the
CIE pairs, to expected computed measurements in a given
location. The location that minimizes the difference between
the computed and measured potentials is assigned as elec-
trode location. The following description will cover the
method for computing expected measurements, method for
performing the optimization and method for generating and
collecting signals.

[0163] Furthermore, while in some of the specific embodi-
ments that follow the signals measured by the object elec-
trodes correspond to the relative strength (i.e., amplitude) of
the measured electrical signal (e.g., potential), further
embodiments may also analyze the phase of the measured
signal, either alone or in combination with the amplitude of
the measured signal. The phase of the measured signal is
indicative of spatial variations in the imaginary part of the
complex conductivity (e.g., permittivity) in the distribution of
materials.

[0164] The computation of expected measurements in a
given location will first be described for a homogeneous case,
followed by the necessary modifications for an inhomoge-
neus case.

[0165] In a homogeneous medium with uniform conduc-
tivity o, the expected measurements are computed by treating
the CIE pairs as dipoles and solving the field propagation
equation in the medium. For example, as shown in FIG. 6,
assuming the amount of current injected by the pair CIE,, and
CIE,_is 1, the corresponding measurement on PME21 would
be:
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[0166] In this case, Ir,, -1, is the distance between elec-

trodes CIE,, and PME21 and Ir,_-t,, | is the distance between
CIE,_and PME21.

[0167] Inthiscase,p,,;=(X,;,Y5;,7Z,,)isthelocationin3D
Cartesian coordinates for which the potential is being com-
puted. In the case of three CIE pairs along three axis (X,Y,Z),
three measurements (Vg v Ve, v Veus, 2) Will be
obtained. Correspondingly, three computed results V pagies L
X, Voo, v Ypaza, z) Will also be obtained for a specific
location as described above. The value of an average empiri-
cal value can be used for o, (e.g., 1/0=1.6 2m). The specific
location will be computed such that p,, minimize the expres-
sion:

min

P21

) V pwEat, - Vewrar, ’ @
Zx:x,y.z( )

[0168] Equation (2) is a non-linear optimization problem.
This problem can be solved using an iterative scheme such as
Newton-Raphson or Levenberg-Marquardt or a direct search
method such as the Nelder-Mead Simplex Method.

[0169] This method determines the location of PME with-
out any calibration and any need for additional measurements
on catheter 1.

[0170] While the method described above provides a pro-
cess for determining expected measurements in a given loca-
tion in a homogeneous medium, the heart chamber is not a
homogeneous medium. Rather the periphery of the organ can
include various objects surrounding the homogeneous blood
medium that have different conductivities. For example, the
periphery of the heart can include the walls of the heart, the
lungs surrounding the heart, etc. FIG. 8 is a schematic dia-
gram of potential field lines produced by current injection
electrodes (CIE) activated in a patient’s heart cavity, and
potential measuring electrodes on a catheter used to measure
the potential field at different locations to infer information
about the position of the catheter within the heart cavity. As
FIG. 8 shows, multiple conductivities exist in the medium.
For example, the resistivity (1/conductivity) of intracardiac
blood is approximately 1.6 Qm (1/0,), and the resistivity of
the myocardium (1/0,) averages about 5.6 Qm. The heart is
surrounded by the lungs whose resistivity (1/05) s assigned 15
Qm.

[0171] Since the area surrounding the cardiac chamber is
not homogeneous, accounting for the inhomogeneity in the
computation of field propagation results in more accurate
location determination for the tracked electrodes. While in
some embodiments target accuracy requirements can be met
using the estimates provided above assuming a homogenous
medium, in some other embodiments if the effect of the
medium’s inhomogeneity is ignored, error introduced in the
tracking process can exceed the target accuracy requirements.
The locations of the PME relative to the CIE on the MEA are
known and the measurements collected by the PME on the
MEA,PMEL11 ... 1n(e.g., n=64), are used in order to account
for inhomogeneity in the expected computation. The same
measurements are used in order further calibrate the value
used for 0, so that no other assumptions are required.
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[0172] The contribution to the field generated in blood vol-
ume can be separated into the contribution of the current
dipole and that of the inhomogeneity at the organ’s perighery
(e.g., a homogenous component and an inhomogenous com-
ponent). The contribution of the current dipole is identical to
the homogeneous case described above. Because blood is a
homogenous medium without any sources other than the
dipole, the contribution of the inhomogeneity can be modeled
as a charge distribution outside the blood volume. This charge
distribution gives rise to an unknown Dirichlet boundary
condition, or voltage distribution, on any closed surface that
exists inside the homogeneously conductive blood volume.
For the purpose of the calculations, the closed surface does
not need to be an actual, physical surface such as the surface
of the heart (e.g., the heart wall), but can instead be a math-
ematically defined surface. In general, the surface is defined
to include a large enough area to encompass the CIE and the
PME on the catheters while still being contained within the
blood volume.

[0173] For example, FIG. 9 shows an example in which a
spherical surface is defined that would have voltage distribu-
tion Vs representing the contribution of inhomogeneity. Since
the contribution of the current dipole is accounted for sepa-
rately, the field contribution due to inhomogeneity inside the
volume contained by surface S follows Laplace’s equation. In
other words, the measurements collected by PME11 .. . 1n
can be treated as a superposition of a field generated by a
dipole in a homogeneous volume and propagation of the
voltage distribution Vs from a surface S to the PMEs which
follows Laplace’s equation. It follows that the voltage distri-
bution Vs, which represents the contribution of the inhomo-
geneity, can be computed using an inverse Laplace algorithm
based on measurements collected by PME11.1n. In this man-
ner, the medium’s inhomogeneity outside the blood volume
can be accounted for with no knowledge or assumptions of
what that inhomogeneity is. The only assumption is that
blood is homogeneous.

[0174] FIG. 10 is a flow diagram providing a top-level
depiction of the a procedure 150 performed by the system 100
to compute the voltage at any location inside the blood vol-
ume using inverse theory. This method determines the loca-
tion of PME using a self calibrating procedure for improving
the accuracy. To perform the computation a surface S is con-
structed that is contained in the blood volume and contains the
point of interest. For example, in general, the surface S will
include the CIE and PME on the MEA (e.g., catheter 1in FIG.
5) and the PME on other catheters for which the locations are
tracked (e.g., catheters 2 and 3 in FIG. 5).

[0175] The determination of the location of the PME is
similar to the method described above in relation to FIG. 7 for
the homogeneous case. One difference is that the computed
results (Veymo 1 v Vereat, v Y pae2:, ) are obtained from a
calibrated analysis that accounts for the different conductivi-
ties rather than the homogeneous analysis. The calibration is
performed by using additional measurements on the MEA
catheter (e.g., catheter 1).

[0176] Instep 152, the system determines the relative loca-
tions of the CIE configurations on the MEA catheter and, in
step 154, computes theoretical potential fields from the CIE
configurations assuming a homogonous medium. The theo-
retical potential fields provide expected computed measure-
ments ina given location if the medium were homogenous. As
described below, these known locations of the CIE and PME
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and computed theoretical potential fields are used to deter-
mine corrected potential fields based on measurements at
PME on the MEA.

[0177] Instep 156,an MEA catheter that includes both CIE
and PME in known locations is positioned in the cavity. For
example, the MEA catheter can be positioned within the heart
cavity. In step 158, the CIE on the MEA are used to inject
current using the different CIE configurations. In step 162, the
voltages on PME electrodes of the MEA catheter are mea-
sured. In step 164, the measured voltages and the known
relative locations of the CIE and PME on the MEA catheter
are used to solve the inverse problem for determining Kz
and V (as described in more detail below). In step 166, the
calculated values of K.,z and Vg are used to correct the
theoretical potential fields to account for the inhomogeneity.
As such, the measurements on the MEA are used to calibrate
the system to account for inhomogeneity.

[0178] In a separate step 160, the voltages on PME elec-
trodes of the other catheters (e.g., catheters other than the
MEA catheter) are measured. The measurements in steps 160
and 162 can be preformed concurrently based on the current
injected by the CIE. In step 168, the position of the PME
electrodes of the other catheters are determined by solving an
optimization problem comparing the measured values at the
PME electrodes and the calculated corrected values (e.g., the
theoretical potential fields accounting for the inhomogene-
ity).

[0179] As noted above, in order to track the location of
multiple catheters, measurements of PME on the MEA cath-
eter are used to determine a contribution and correction to the
potential fields based on inhomogeneity. One step is to model
an observed voltage on the PME to account for both contri-
butions due to a homogenous component and contributions
due to the inhomogeneity. The forward operator includes a
component related to the dipole and a component related to
the inhomogeniety. The expected voltage of a PME can be
represented by:

I}}PME: Vier=Vpp 3)

[0180] Where V,,,,. is a vector containing the computed
expected voltage collected by PME on the MEA (PME11 . ..
1n), V75 18 a vector containing the contribution of the dipole
for each electrode and V;, is a vector containing the contri-
bution of the medium’s inhomogeneity for each electrode. All
three vectors have the dimension nx1 where n is the number
of PME on the MEA (e.g., n=64).

[0181] V,p can be represented in the following manner:
Vowp=4pmpxK cie @)
[0182] Aj,»is a matrix of size nx2 where the first column

is 1/r,, where r, is the distance between the source dipole
electrode and the PME electrode and the second column is
1/r_wherer_is the distance between the sink dipole electrode
and the PME. K. is a 2x1 vector representing
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Since it is assumed that all current flows between two CIE, the
two are mirrors of each other. As shown in FIG. 11, the
relative locations between the CIE (e.g., CIE+ and CIE-) and
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the PME are also used to account for the bloods conductivity.
K rather than 1, is used to avoid solving explicitly for
Tz and blood’s conductivity o.

[0183] The physical laws governing the reconstruction of
the inhomogeneity information at the surface S are briefly
summarized below:

[0184] The potential V in a homogeneous volume Q is
governed by Laplace’s equation

V27=0 (3)
subject to boundary conditions

V=V, on surface § (6)

[0185] where S represents the surface for solving the inho-
mogeneity boundary condition.

[0186] Numerical methods such as boundary element
method (BEM), finite element method (FEM), finite volume
method, etc. may be used to solve Laplace’s equation. Since
the surface S may be chosen such that it has an analytical
representation, spherical harmonics may also be used. Each
numerical method represents the geometry and signal using
basis functions, but each method uses its own representation.
In all numerical methods the potentials on the surface and on
the PME are represented by finite-dimensional vectors. Since
Laplace’s equations are linear, these vectors are related by a
matrix A, known as the forward matrix:

Vig=dpVs M

[0187] where Vs a vector containing the field contribu-
tion of inhomogeneity measured by the PME on the MEA and
Vis a vector containing the voltage distribution on surface S
(e.g., as shown in FIG. 12). The matrix A, has dimensions of
nxm, where nis the number of PME electrodes on the catheter
and m is the number of degrees of freedom in the surface
potential, usually the number of surface elements used to
represent the surface S. For example, the number of degrees
of freedom (m) can be between about 500 and about 1500
(e.g., about 1000).

[0188] Using equations 4 and 7, equation 3 can be re-
written as:

Vs 8

Veng = A X Vs + Apip X Kcip = [ A Appp ][
K

[0189] For the construction of both A, and A, the rela-
tive geometry of the MEA catheter, that is the relative location
of all CTE and PME electrodes, is known. This may be accom-
plished by deploying the MEA catheter into a tightly con-
trolled pre-defined shape. In this case the MEA catheter also
needs to be designed such that it maintains its structure during
cardiac contraction and while being maneuvered in the heart.
[0190] Equation 8 provides a forward relationship between
K the current I, (proportional to the current I,.), and
surface voltage V, and the PME voltages V 5, .. In the track-
ing problem K - and surface voltage V 5 are unknown while
the PME voltages V,, - are known. In some embodiments it
may be assumed that I - and o are a priori known, in which
case K 1s assumed to be known. The following describes a
more general and preferred scenario where K -, need not be
known. An inverse relationship is employed to solve for K
and V. This inverse relationship may be posed as a least
squares optimization problem:
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[0191] Where V,,,, are measured potentials, Vp, . are
computed expected potentials as defined in equation 8, cLis a
regularization parameter and [ is a regularization operator.
Examples of the use of inverse theory and regularization are
described, for example, in patent application Ser. No. 11/451,
898, entitled “NON-CONTACT CARDIAC MAPPING,
INCLUDING MOVING CATHETER AND MULTI-BEAT
INTEGRATION” and filed Jun. 13, 2006, the contents of
which is incorporated by reference herein. In this case, since
there is no need to regularize the current [ -, L is constructed
such that

. N 2 Vs
min [”VPME _VPME” +a- L[K }
CIE

VsKcig

[0192] Where L is a regularization operator for the surface
S. Tikhonov regularization may be used in this case. In the
case of Tikhonov 0 regularization operator L is the identity
matrix, while in the case of Tikhonov 1 L is the gradient
operator on surface S. In experimentation, Tikhonov 1 has
been found to outperform Tikhonov 0 and a regularization
parameter «=0.1 has been found to be effective.

[0193] With K, and V4 known, it is possible to compute
the expected voltage measurement anywhere inside surface
S.

[0194] As shown in FIG. 13, if the tracked electrode
(PME21) is inside the volume contained by surface S, its
expected value can be computed as

Vertean Voot Vi = Apm X Pa)%K crg xt

A Po)x Ve x {10).
[0195] Inthiscase,p,,=(X5;,Y5;,Z,,)isthelocationin3D
Cartesian coordinates for which the potential is being com-
puted. Unlike equation 8 where the PME was assumed to be
on the MEA, PME21 may be anywhere inside the volume
contained by surface S. The computation of V 5., | xis done
in a manner identical to equation 8, expect that it is done for
a particular location p,,. In addition, the X subscript desig-
nates that the computation is done for the CIE pair along the
X-axis.
[0196] The determination of the location of the PME is
done in a similar manner to the method described above for
the homogeneous case. The only difference being the com-
puted results (Vpyzm s 30V pasess, 1Y pasze1,z) @ are obtained
from the calibrated analysis rather than the homogeneous
analysis. Equation (2) can be used in this case again and the
same methods can be used for solving the optimization prob-
lem.
[0197] Configurations other than orthogonal pairs may be
used for either method, and that more than 2 CIE may par-
ticipate in current injection at a given time. FIGS. 14A and
14B show two different CIE pair constellations. FIG. 14B
shows the 3 pair constellation described above while FIG.
14A hand side shows 7 pairs. The 7 pairs are the same 3, plus
4 additional diagonal pairs.
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[0198] In the case of 7 pairs, the solution for p becomes
overdetermined since we obtain 7 equations and 3 unknowns
(X,Y.Z) coordinates), which helps improve tracking accu-
racy depending on the specific embodiment.

[0199] Furthermore, more than one electrode (such as
PME21) may be tracked simultaneously using either scheme.
To do so, signals are acquired from and an optimization
problem is solved for each of the electrodes being tracked. If
such electrodes are mounted on different catheters then it is
possible to simultaneously track multiple catheters.

[0200] As noted above, the measurements collected at the
PME:s as a result of current injected by the CIE are generally
affected by the complex conductivity, or admittivity, distri-
bution of the medium. While the specific embodiment dis-
cussed above focus on the real part of the conductivity which
affects the amplitude measured by the PMEs, additional
information can also be obtained by accounting for the real
part (conductivity) and imaginary part (permittivity) of the
medium’s complex conductivity, which affects the amplitude
and phase of the signal measured by the PME. In this manner,
the use of both amplitude and phase, or phase alone may also
be used fortracking purposes. Use of the imaginary part of the
complex conductivity is of particular importance in material
distributions where the permittivity contrast exceeds that of
the conductivity contrast.

[0201] To modify the mathematical formalism for the spe-
cific embodiments described above to account for imaginary
part of the complex conductivity, the measurement expressed
in Equation (1) is changed. Specifically, Equation (1) is modi-
fied as follows:

¥ 1 1 (1
PME2, X" = —(— - —]
Ara\rys —rul  Irx-—rul

[0202] where o,*, represents the complex conductivity
defined as: o*=o+ime where o is the real component of
conductivity, w is the frequency of the current source, and is
the electrical permittivity. The current and potential become
complex as well, having both amplitude and phase. From
Equation (11), one can obtain a corresponding optimization
problem, analogous to Equation (2), that accounts for the
complex conductivity, and determine location of tracked
electrodes.

[0203] In a similar way complex conductivity can be
accounted for in the inhomogeneous method by replacing o
with 0*in any formula and replacing I and V with their com-
plex representation. Similar numerical methods can be used
for solving the complex Laplaces equation. KCIE, ICIE, VS
and VPME take complex forms and Equation (9), the optimi-
zation problem for solving the inverse relationship, can also
be solved for complex numbers. Once again, one can obtain a
corresponding optimization problem, analogous to Equation
(2), that accounts for the complex conductivity in the case of
the calibrated analysis, and determine location of tracked
electrodes.

[0204] The locations determined in the method described
are all relative to the MEA catheter (e.g., catheter 1). It should
be noted that both the MEA catheter itself and any of the
tracked catheters and electrodes may be moving between
measurements, and therefore the location is not determined
with respect to any fixed coordinate system. A fixed coordi-
nate system can be defined using any location that is fixed in
space as an origin. If the origin is moving along with the organ
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in discussion then the coordinate system of the tracking sys-
tem are relative to that organ, which can be advantageous if
the organ itself is not fixed in space. In order to determine the
location of the catheters with respect to the surface of the
organ (e.g., the surface of the heart) in discussion some ref-
erence location data is used. Such fixed reference location can
be provided using a tracked catheter in a fixed location in a
way that will be explained below. It should be noted that an
independent tracking system can be used for providing a fixed
reference point and that this method will also be explained
below.

[0205] Referring back to FIG. 5, in some embodiments
catheter 2 is tracked relative to catheter 1. In another embodi-
ment, more than one catheter may be tracked relative to
catheter 1. When such relative locations are known, the loca-
tion of any catheter relative to any other tracked catheter can
be determined.

[0206] An independent tracking system may be used to
track the location of one of the catheters as it is moved inside
the cavity. Using this method the locations ofall other tracked
catheters can be determined as well. This provides a method
of determining the locations of all catheters relative to the
fixed coordinate system of the independent tracking system
by having only one catheter directly tracked by that system.

[0207] An independent tracking system is a conventional
tracking system based on tracking electric or magnetic sig-
nals generated externally and detected by one or more track-
ing elements, such as sensors, affixed to a catheter. Alterna-
tively, tracking elements such as emitters or beacons affixed
to the catheter may emit electric or magnetic signatures that
are detected by an independent tracking system, and used to
determine the location of the emitters, and thus the location
and orientation of a catheter. For example, a collection of
miniaturized coils oriented to detect orthogonal magnetic
fields and forming a sensor can be placed inside the catheter
to detect the generated magnetic fields. An independent track-
ing system is generally disposed outside the patient’s body at
a distance that enables the system to either generate radiation
of suitable strength (i.e., generate signals whose amplitude
will not harm the patient or otherwise interfere with the opera-
tion of other apparatus disposed in the near vicinity of the
sensing and tracking system), or detect magnetic or electric
radiation emitted by the emitters affixed to a catheter.

[0208] Keeping all tracked locations in the coordinate sys-
tem ofthe cavity itself rather than ina fixed coordinate system
results in a tracking system that compensates for movements
of the cavity in space. Sources of such movements can be, for
example, patient movements and patient respirations. If the
effects of such movements are ignored error is introduced in
the tracking process which exceeds the target accuracy
requirements for some uses.

[0209] In some embodiments, as described in more detail
herein, it is possible to reference the location data to the cavity
without the use of an independent tracking system. For
example, in the embodiment shown in FIG. 7, the tracking
procedure is generally performed without the aid of an inde-
pendent tracking system.

[0210] Referring back to FIG. 5, in some embodiments
catheter 2 is tracked relative to catheter 1. In other embodi-
ments catheter 2 may be positioned in a stable location (e.g.
coronary sinus, atrial appendage, apex), and catheter 1 may
be moved and tracked relative to catheter 2.

[0211] Insome examples, more than one electrode may be
positioned in a stable location and the position of MEA cath-
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eter 1 relative to the stable electrodes is determined. The
addition of at least 3 stable electrodes that are somewhat
distant (e.g., having a separation of greater than about 3 mm)
from each other and assumed to be attached to a rigid body
allows capturing cardiac rotation in addition to displacement.
The arrangement of the reference electrodes in space can be
referred to as a spatial distribution of points. The three refer-
ence electrodes are arranged to define a plane in space. For
example, in order to determine 3-D movements of the organ,
the electrodes are not placed on a straight line and it may be
desirable for the electrodes to be somewhat distant from each
other.

[0212] FIG. 15 is a flow diagram providing a top-level
depiction of a procedure 180 for determining positions of
MEA catheter relative to the organ itself while accounting for
the organ’s movement. In this scenario several electrodes on
catheter 2 can be tracked. In step 186, the catheter (including
at least three electrodes) is secured in a stable position in the
heart in a way that does not allow relative movement between
the catheter and the heart walls. This can be done either by
choosing a location such that the catheter will conform to the
anatomy and will stay in a fixed position (e.g., coronary sinus
or apex), or by using a fixation mechanism (e.g., fixation
mechanisms such as the ones used for positioning pacing
leads, anchoring mechanisms or a balloon mechanism). For
convenience the electrodes secured in stable positions with
respect to the surface of the organ can be referred to as
reference electrodes and the catheter they are mounted on can
be referred to as a reference catheter. It should be noted that in
an embodiment where the reference catheter is located in the
coronary sinus the tracked catheter is no longer inside the
blood volume and the computational method explained is no
longer completely accurate. However, the wall that separates
the coronary sinus from the cardiac chamber is very thin, and
analysis shows that the error introduced by this embodiment
is small enough for the accuracy requirements of the system.

[0213] The positions of all the electrodes on catheter 2 are
tracked for a period of several cardiac cycles. The locations
are averaged over time period described and the average
locations of the electrodes are considered the reference dis-
tribution of electrodes on catheter 2.

[0214] Since there is a movement of the catheter relative to
the heart’s surface during the cardiac cycle even if no external
movement is introduced, it is necessary to gate the location
measurement according to the cardiac cycle. In some
example, this can be done by using electrical measurements
of the cardiac cycle (e.g. by the use of surface ECG), trigger-
ing on a constant marker in the cardiac phase (e.g. using an
R-wave detection algorithm, a threshold criterion, or a maxi-
mum criterion), dividing the cardiac cycle into m slices (e.g.
m=10), and repeating the mentioned calculation for each slice
separately. This method results in m reference electrode dis-
tributions for catheter 2, each one should be used as a refer-
ence in the appropriate phase of the heart cycle. In another
example, the location measurement can be gated according to
the cardiac cycle based signals measured by the PME. More
particularly, cardiac contraction modulates the tracking sig-
nal detected by the PME on the MEA because the inhomo-
geneous component changes as the heart contracts. It is pos-
sible to detect this modulation of the signal and gate the
location measurements to the cardiac cycle based on this
detection in a similar way that an ECG signal is being used to
gate the location measurements.
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[0215] Once a reference distribution has been determined,
any movement of the heart can be accounted for and all
location measurements can be brought to the same coordinate
system relative to the cavity. This is done by registering the
location of catheter 2 at any given time to the location of the
catheter in the reference measurement. More particularly, in
step 184, the ME A catheter is positioned within the cavity and
in step 186, the reference distribution of the reference elec-
trodes on the reference catheter are determined. In step 188,
the MEA catheter and/or other tracked catheters are moved in
the cavity as needed. In step 190, the system determines the
position ofthe tracked catheters (including the reference elec-
trodes in the secured locations) relative to the MEA catheter.
In step 192, the system computes a 3-dimensional transfor-
mation of the current location of the reference catheter to the
previously computed reference position of the reference cath-
eter. The registration transformation obtained in the process
is, in step 194, applied to all tracked electrodes (and by that to
all tracked catheters). In step 196, the positions of the elec-
trodes relative to the location of the reference catheter are
determined bringing the locations of each of the tracked elec-
trodes to the same coordinate system relative to the cavity.
[0216] Theregistration transformation, t,, is determined by
minimizing the following expression:

[0217] To perform the minimization of Equation (12), the
vectorsR; |, representing the reference distribution (i.e. the
locations of catheter 2 electrodes in the reference measure-
ment), are defined. An exemplary value of I can be 3. Also
defined are the vectors P, |, which corresponds to the
locations of catheter 2 electrodes in the current measurement,
and the operator T[t,](P;) which is a transformation operator
performed on the points defined in vectors P,. The resultant
vector t, is represented as a six parameter transformation [x,,
Vs Zgs Oy 0, W], where the first three parameters represent
the translation and the last three represent the rotation.
[0218] The distance function D is defined such that d=D(T
[t,](P), R,) represents the distance from transformed point
T[t,](P,) to the respective reference electrode location R,. To
determine the vector t, with respect to which the term d, for
the current location measurement is minimized, a number of
techniques may be used, including conventional iterative
optimization techniques such as least-square error computa-
tion procedures and/or other mathematical regression and
curve-fitting techniques.

[0219] After determining the transformation operator it can
be applied to the measured location of catheter 1 to express
this location in terms of the endocardium surface coordinate
system, and in that manner transforms all other catheters
tracked by catheter 1 to the same coordinate system.

[0220] Theregistration process is gated to the cardiac cycle
in the same way the reference measurement was gated. Each
registration vector t, is calculated using the reference loca-
tions R, measured at the same slice of the cardiac cycle as the
tracking measurement that is being registered.

[0221] In some embodiments, the same method can be
applied even if the reference electrodes are distributed
between multiple catheters instead of being all on the same
catheter. In one embodiment three separate catheters are posi-
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tioned in stable locations and a single electrode is tracked on
each one of them. The locations of the three tracked elec-
trodes are then used for generating the reference distribution
in the same manner described, and the rest of the registration
method remains the same.

[0222] In some embodiments, the same method for regis-
tering a coordinate system of a tracking system to acavity and
compensating for movement of that cavity can be applied to
other tracking systems. In one embodiment the three catheters
that are tracked by an independent tracking system can be
placed in stable positions and the locations of the tracked
catheters can be used for generating the reference distribution
in the same manner described. The reference distribution can
be used in the same manner described for the registration
method.

[0223] The registration method is not limited to a specific
tracking system and is applicable to any system that can
determine locations of multiple tracked objects. Keeping all
tracked locations in the coordinate system of the cavity itself
rather than the coordinate system of the tracking system
results in a tracking system that compensates for movements
of the cavity in space.

Mapping Procedure

[0224] The system can perform cardiac mapping (e.g., non-
contact mapping) of electro-physiological information about
the endocardium surface, as well as other operations. A
description of the mapping and other procedures that may be
performed are provided for example, in application Ser. No.
11/451,871, entitled “NON-CONTACT CARDIAC MAP-
PING, INCLUDING RESOLUTION MAP;” and filed Jun.
13, 2006, the content of which is hereby incorporated by
reference in its entirety, as well as application Ser. No.
11/451,898, and Ser. No. 11/451,908, referred to above.
[0225] Briefly, and with reference to FIG. 16, the catheter
110 may be moved to a first location within the heart chamber,
at step 902, in which the first set of measurement by the
catheter’s multiple mapping electrodes is performed. Control
of the catheter’s movement and location within the heart
chamber is performed manually by the operator manipulating
the catheter 110. Alternatively, the movement of the catheter
110 within the heart chamber may be automated by use of
techniques such as magnetic (see, e.g., Stereotaxis, Inc. of St.
Louis. Mo.) or robotic (see, e.g., Hansen Robotics, Inc.) navi-
gation. Catheter manipulation may be used to cause the cath-
eter to follow a predetermined displacement route to collect
data at locations that may be considered to be of higher
interest than others. For example, in some embodiments, the
catheter 110 may be moved at specified displacement inter-
vals in an area of the heart chamber that is known to have
abnormal cardiac activity.

[0226] The 3D location of the catheter 110, and/or to its
multiple electrodes, is then determined using one of the tech-
niques discussed herein. A coordinate system transformation
function between the frame of reference and the 3D represen-
tation of the heart cavity is applied to the coordinates of the
catheter 110.

[0227] At its current location, the multiple mapping elec-
trodes of the catheter 110 (which, as previously noted, may be
the same as the PMEs used during the tracking process)
acquire signals resulting from the heart’s electrical activities
(at 904).

[0228] The mapping system (which may be implemented
using the same hardware used to implement system 100)
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generates reconstruction transformation functions, at step
906, to be applied on the acquired signals to reconstruct the
electro-physiological information at the endocardium sur-
face. The generated reconstruction transformation functions
may be based, among other things, on pre-computed recon-
struction transformation functions that were previously deter-
mined (generally prior to insertion of the catheter 110 into the
patient’s heart chamber), and the catheter’s location relative
to the endocardium surface. Thus, in some embodiments, for
every location of the catheter 110 at which raw data is
acquired, a corresponding set of reconstructed electro-physi-
ological information is computed.

[0229] After the raw data corresponding to the heart’s elec-
trical activity has been acquired, recorded and processed
using reconstruction transformation function(s) to obtain
reconstructed electro-physiological information at the
endocardium surface (also at step 906), a determination is
made, at step 908, whether there are additional locations
within the heart chamber to which the catheter 110 is to be
moved. If there are additional locations in the heart chamber
to which the catheter 110 needs to be moved the catheter is
moved, using manual or automatic control, to the next loca-
tion in the heart chamber, whereupon the operation described
in relation to the steps 902-906 in FIG. 16 are performed for
that next location.

[0230] To enhance the quality of the reconstructed electro-
physiological information at the endocardium surface, in
some embodiments the catheter 110 is moved to more than
three locations (for example, more than 5, 10, or even 50
locations) within the heart chamber. Further, the spatial range
over which the catheter is moved may be larger than one third
(¥5) of the diameter of the heart cavity (for example, larger
than 35%, 40%, 50% or even 60% of the diameter of the heart

cavity).

[0231] In some embodiments, a composite set of electro-
physiological information can be generated by selecting from
multiple sets of reconstructed electro-physiological informa-
tion portions of the reconstructed information. Selecting
which portions of reconstructed information to use can be
based on resolution maps that are indicative of the quality of
the reconstructed information for a particular portion or set of
the reconstructed electro-physiological information. Other
criteria and techniques for selecting suitable portions of data
to reconstruct a composite set of electro-physiological infor-
mation may be used.

[0232] In some embodiments, one (or more) composite
reconstruction transformation function is computed that is
applied collectively to the raw data acquired at multiple loca-
tions to generate a resultant composite set of reconstructed
electro-physiological information based on a substantial part
of the data acquired. Such a transformation function repre-
sents a “mega transformation function” that corresponds to a
“mega catheter,” whose effective number of electrodes and
electrode span is related to the number of locations to which
the catheter was moved within the heart chamber. Under those
circumstances the generation of the composite reconstruction
transformation function is deferred until data is collected
from the catheter’s multiple locations.

[0233] Alternatively, in some embodiments, the “mega
transformation function” and “mega catheter” may be
updated on an ongoing basis to take into account a given
relevant measurement window. This window may be a fixed
number of measurements such that the arrival of new mea-
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surements displaces measurements that were obtained before
the time window. This yields a constantly updating moving
average.

[0234] In some embodiments, signals are measured
throughout a heart beat cycle (for example, a measurement
can be made at each catheter electrode at each of multiple,
different phases of a single beat heart cycle).

[0235] Yet in further embodiments the reconstructed set of
electro-physiological information is conputed based on mea-
surements taken over one or more heart beats. In the latter
situation, the catheter is moved to a particular location, and
acquires multiple sets of raw data over several heart beats.
The acquired data is averaged, and the reconstruction process
is applied to the averaged values. If the data is acquired over
B heart beats (i.c., B measurements), an improvement in the
signal-to-noise ratio proportional to vB is obtained. The tim-
ing of the measurement operation is generally synchronized
to ensure that measured data is acquired at approximately the
same phase of the heart cycle.

[0236] Ifitis determined at 908 that there are no additional
locations within the heart chamber at which data needs to be
collected, then the non-contact mapping system may perform
at 910 post-processing operations on the reconstructed elec-
tro-physiological information to extract clinically useful
data. As noted, in some embodiments the mapping system
produces acomposite reconstructed set of electro-physiologi-
cal information. Post processing operation are performed,
under those circumstances, on the composite set of recon-
structed electro-physiological information. In some circum-
stances where the non-contact mapping system produces
multiple reconstructed sets of electro-physiological informa-
tion for the raw data collected at each location in the heart
chamber to which the catheter 110 was moved, the post pro-
cessing operations are performed individually on one or more
sets of reconstructed electro-physiological information.
[0237] In some embodiments, the post processing may
involve nothing further then selecting a format for outputting
(e.g., displaying) the reconstructed potentials to a user. In
other embodiments, the post-processing may involve signifi-
cant further mathematical manipulation of the reconstructed
potentials to provide additional types of electro-physiological
information.

[0238] The reconstructed electro-physiological informa-
tion and/or sets of post-processed data are then displayed at
912. The information, be it the reconstructed electro-physi-
ological information or any data resulting from the post-
processing performed at 910, is displayed on a 3D graphical
rendering of the 3D representation of the endocardium sur-
face generated from the same data set acquired at 602 or at
502.

[0239] One ofthe post-processing operations performed on
the reconstructed set(s) of electro-physiological information
can include the generation of a resolution map. Such a reso-
lution map indicates the spatial resolution of electro-physi-
ological information at points on the endocardium surface,
thereby providing a measure of the reliability and accuracy of
the information at various points on the endocardium surface.
The resolution map may also be used to form a composite set
of reconstructed electro-physiological information by asso-
ciating with individual sets of acquired raw data and/or indi-
vidual sets of reconstructed electro-physiological informa-
tion corresponding resolution maps. A resultant composite
set is then formed by selecting portions of acquired raw data
(or reconstructed information) whose reliability or accuracy,
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as indicated by the resolution map corresponding to the set
from which the data is selected, is sufficiently high. Resolu-
tion maps may be used with any form of post-processing
operation including all modes listed below. Strictly speaking,
information about the resolution maps can be determined
prior to obtaining the reconstructed potential data; however,
herein we generally refer to the generation and display of the
resolution map as “post-processing” because such informa-
tion is typically presented to the user after at least some of the
potentials are reconstructed.

[0240] Another type of post-processing operation that may
be performed includes the generation of isopotential maps.
Particularly, where the reconstructed electro-physiological
information pertains to electrical potentials, the reconstructed
potentials may be color coded and superimposed on the 3D
endocardial representation. Isopotential maps are the recon-
structed potentials computed for every sampled time instance
for a set of data acquired over a single or multiple heart beats.
[0241] Yet another type of post-processing operation
includes the generation of timing maps (such as activation
time maps). The timing maps provide information on the
time-dependent behavior ofthe heart’s electrical activity. Par-
ticularly, the activation map indicates at what point in time
particular points on the endocardium surface experience a
change in their electrical activity. For example, the activation
map could identify the point in time at which particular cells
on the endocardium surface experienced depolarization.
Another type of timing map may be an iso-duration map
where the amount of time certain tissue has been active for is
detected. Timing maps may be computed from the recon-
structed potentials over a single or multiple heart beats. Tim-
ing maps may be determined and displayed for one or more
points on the endocardium surface representation.

[0242] Another type of post processing operation that may
be performed at 910 is the generation of voltage maps. Volt-
age maps can be used to display characteristics of voltage
amplitude in a given area. The voltage maps may be computed
from the reconstructed potentials over a single or multiple
heart beats. Useful voltage map information that may be
determined and displayed for one or more points on the
endocardium surface representation includes the maximum
amplitude, or root mean square potential values.

[0243] Another type of post-processing operation is the
generation of a difference map. The difference map provides
information regarding the effectiveness of the clinical proce-
dure (e.g., ablation) performed on the patient to ameliorate
the symptoms of arrhythmias. The difference map compares
the electrical behavior of the heart, as reflected from two or
more voltage maps generated before and after the perfor-
mance of the particular clinical procedure.

[0244] A further type of post processing operation is the
generation of frequency maps. Frequency mapping, and more
generally spectral analysis, are used to identify on the
endocardium surface localized sites of high-frequency activ-
ity during fibrillation. Frequency maps are computed by
acquiring multiple sets of reconstructed information over a
particular time interval which includes a single or multiple
heart beats. The acquired raw data is then used to obtain the
frequency representation of that data. Specific information
(e.g., dominant frequency components) from the frequency
representation is subsequently identified, and that identified
information may be displayed.

[0245] Other types of post-processing information may
likewise be performed at 910.
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OTHER EMBODIMENTS

[0246] 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 implemented
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 pro-
gram(s) can execute on one or more programmable proces-
sors, 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), Redun-
dant Array of Independent 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 afore-
mentioned examples are not exhaustive, and are for illustra-
tion and not limitation.

[0247] 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 sys-
tems 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 oper-
ate as provided herein. Accordingly, the devices provided
herein are not exhaustive and are provided for illustration and
not limitation.

[0248] 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-
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 oper-
ate 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 specified,
can be arranged to include a combination of external and
internal memory devices, where such memory can be con-
tiguous and/or partitioned based on the application. Accord-
ingly, 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
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also include other structures for associating memory such as
links, queues, graphs, trees, with such structures provided for
illustration and not limitation.

[0249] A number of embodiments of the invention have
been described. Nevertheless, it will be understood that vari-
ous modifications may be made without departing from the
spirit and scope of the invention. For example, as noted above,
while the discussion above focused on the automatic regis-
tration of the coordinate system of a representation of the
heart to the coordinate system of an object inserted into the
medium enclosed within the heart (namely, the intracardiac
blood), the procedures and systems described herein may also
be adapted to be used for registering the coordinate system of
representations of other objects that can be characterized as a
distribution of materials having different conductivities.
[0250] Furthermore, while it is generally preferred that
complete information about the position ofthe object is deter-
mined, such as the location of a point of the object and the
orientation of the object with respect to that point; in other
embodiments, the determined position for the object may
include fewer than all of these degrees of freedom.

[0251] Accordingly, other embodiments are within the
scope of the following claims.

We claim:

1. A method comprising:

causing current to flow between each of three or more sets

of current-injecting electrodes on a first catheter inserted
into an organ in a patient’s body, the organ having a
periphery;
in response to current flow caused by each set of current
injecting electrodes, measuring electric signals at each
of multiple measuring electrodes on the first catheter and
measuring an electrical signal at each of one or more
measuring electrodes on one or more additional cath-
eters inserted into the organ in the patient’s body;

determining the position of each of one or more of the one
or more measuring electrodes on the one or more addi-
tional catheters relative to the first catheter based on the
measured signals for the measuring electrodes on the
first catheter and the one or more additional catheters;
and

determining the position of each of one or more of the one

or more measuring electrodes on the one or more addi-
tional catheters relative to a fixed reference point based
on an independent tracking system.

2. The method of claim 1, wherein determining the position
of each of one or more of the one or more measuring elec-
trodes on the one or more additional catheters relative to the
first catheter includes associating each measured signal with
atleast one of a homogeneous component that depends on the
relative position of each signal measuring electrode with
respect to each set of current injecting electrodes, and an
inhomogeneous component associated with the periphery of
the organ.

3. The method of claim 1, wherein determining the position
of each of one or more of the one or more measuring elec-
trodes on the one or more additional catheters relative to a
fixed reference point based on an independent tracking sys-
tem includes tracking positions of the first catheter in the
organ relative to the fixed reference point using the indepen-
dent tracking system.

4. The method of claim 1, wherein determining the position
of each of one or more of the one or more measuring elec-
trodes on the one or more additional catheters relative to a
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fixed reference point based on an independent tracking sys-
tem includes tracking positions of at least one of the one or
more additional catheters in the organ relative to the fixed
reference point using the independent tracking system.

5. The method of claim 1, wherein determining the position
of each of one or more of the one or more measuring elec-
trodes on the one or more additional catheters relative to the
first catheter comprises an optimization technique that mini-
mizes collective differences between each of the measured
signals and an estimate for each of the respective measured
signals as a function of the relative position between each of
the measuring electrodes on the first and the one or more
additional catheters and the sets of current-injecting elec-
trodes on the first catheter and a change in conductivity at the
periphery.

6. The method of claim 1, wherein determining the position
of each of one or more of the one or more measuring elec-
trodes on the one or more additional catheters relative to the
first catheter comprises an optimization technique that mini-
mizes collective differences between each of the measured
signals and an estimate for each of the respective measured
signals as a function of the relative position between each of
the measuring electrodes on the first and the one or more
additional catheters and the sets of current-injecting elec-
trodes on the first catheter and an estimate for conductivity
inside the organ.

7. The method of claim 1, wherein determining the position
of each of one or more of the one or more measuring elec-
trodes on the one or more additional catheters relative to the
first catheter comprises an optimization technique that mini-
mizes collective differences between each of the measured
signals and an estimate for each of the respective measured
signals as a function of the relative position between each of
the one or more measuring electrodes on the one or more
additional catheters and the sets of current-injecting elec-
trodes on the first catheter.

8. The method of claim 1, further comprising using the
multiple measuring electrodes on the first catheter to measure
cardiac signals.

9. The method of claim 1, further comprising using the
multiple measuring electrodes onthe first catheter and the one
or more measuring electrodes on the one or more additional
catheters to measure cardiac signals

10. A method comprising:

causing current to flow between each of three or more sets
of current-injecting electrodes on a first catheter inserted
into an organ in a patient’s body, the organ having a
periphery;

in response to current flow caused by each set of current
injecting electrodes, measuring electric signals at each
of multiple measuring electrodes on the first catheter and
measuring an electrical signal at each of one or more
measuring electrodes on one or more additional cath-
eters inserted into the organ in the patient’s body; and

determining the position of each of one or more of the one
or more measuring electrodes on the one or more addi-
tional catheters relative to the first catheter based on the
measured signals for the measuring electrodes on the
first catheter and the one or more additional catheters,
the determination associating each measured signal with
a homogeneous component that depends on the relative
position of each measuring electrode with respect to
each set of current injecting electrodes.
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11. The method of claim 10, wherein determining the posi-
tion of each of one or more of the one or more measuring
electrodes on the one or more additional catheters relative to
the first catheter includes associating each measured signal
with an inhomogeneous component associated with the
periphery of the organ.

12. The method of claim 10, comprising determining the
position of each of one or more of the one or more measuring
electrodes on the one or more additional catheters relative to
a fixed reference point based on an independent tracking
system.

13. The method of claim 12, wherein determining the posi-
tion of each of one or more of the one or more measuring
electrodes on the one or more additional catheters relative to
a fixed reference point based on an independent tracking
system includes tracking positions of at least one of the first
catheter in the organ relative to the fixed reference point using
the independent tracking system, and at least one of the one or
more additional catheters in the organ relative to the fixed
reference point using the independent tracking system.

14. The method of claim 10, wherein determining the posi-
tion of each of one or more of the one or more measuring
electrodes on the one or more additional catheters relative to
the first catheter comprises an optimization technique that
minimizes collective differences between each of the mea-
sured signals and an estimate for each of the respective mea-
sured signals as a function of the relative position between
each of the measuring electrodes on the first and the one or
more additional catheters and the sets of current-injecting
electrodes on the first catheter and a change in conductivity at
the periphery.

15. The method of claim 10, wherein determining the posi-
tion of each of one or more of the one or more measuring
electrodes on the one or more additional catheters relative to
the first catheter comprises an optimization technique that
minimizes collective differences between each of the mea-
sured signals and an estimate for each of the respective mea-
sured signals as a function of the relative position between
each of the measuring electrodes on the first and the one or
more additional catheters and the sets of current-injecting
electrodes on the first catheter and an estimate for conductiv-
ity inside the organ.

16. The method of claim 10, wherein determining the posi-
tion of each of one or more of the one or more measuring
electrodes on the one or more additional catheters relative to
the first catheter comprises an optimization technique that
minimizes collective differences between each of the mea-
sured signals and an estimate for each of the respective mea-
sured signals as a function of the relative position between
each of the one or more measuring electrodes on the one or
more additional catheters and the sets of current-injecting
electrodes on the first catheter.

17. The method of claim 10, comprising at least one of:

measuring cardiac signals with the multiple measuring
electrodes on the first catheter; and

measuring cardiac signals with the one or more electrodes
on the one or more additional catheters.
18. A system comprising;

a first catheter configured for insertion into an organ in a
patient’s body and comprising multiple measuring elec-
trodes and three or more sets of current injecting elec-
trodes;
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one or more additional catheters configured for insertion
into the organ in the patient’s body and comprising one
or more measuring electrodes;

an electronic control system coupled to the first catheter

and the one or more additional catheters and configured
to cause current to flow between each set of current-
injecting electrodes and to measure electrical signals,
generated by the current flow from each set of current
injecting electrodes, at each of the multiple measuring
electrodes on the first catheter and at each of the one or
more measuring electrodes on the one or more addi-
tional catheters; and

a processing system coupled to the electronic system and

configured to determine the position of each of the one or
more measuring electrodes relative to the current-injec-
tion electrodes of the first catheter based on the mea-
sured signals from the multiple measuring electrodes on
the first catheter and the one or more measuring elec-
trodes.

19. The system of claim 18, wherein the processing system
is configured to determine the position of each of the one or
more measuring electrodes on the one or more additional
catheters relative to a fixed reference point based on an inde-
pendent tracking system.

20. The system of claim 18, wherein the processing system
is configured to associate each measured signal with at least
one of a homogeneous component that depends on the rela-
tive position of each signal measuring electrode with respect
to each set of current injecting electrodes, and an inhomoge-
neous component associated with the periphery of the organ.
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