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(57) ABSTRACT

A method for registering a catheter navigation system to a
three-dimensional image generally includes obtaining a
three-dimensional image including position information for
a plurality of surface points on a part of a patient’s body,
using a catheter navigation system to place a tool at a
location on the surface of the patient’s body, measuring
position information for the surface location, identifying a
corresponding location on the image, associating position
information for the surface location and the location iden-
tified on the image as a fiducial pair, and using at least one
fiducial pair to generate a mapping function. The mapping
function transforms points within the coordinate system of
the catheter navigation to the coordinate system of the
three-dimensional image such that, for each fiducial pair, the

Int. CL mapping error is about zero. Suitable warping algorithms
A61B 90/00 (2006.01) include thin plate splines, mean value coordinates, and radial
A61B 34/20 (2006.01) basis function networks.
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SYSTEM AND METHOD FOR LOCAL

DEFORMABLE REGISTRATION OF A

CATHETER NAVIGATION SYSTEM TO
IMAGE DATA OR A MODEL

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 11/715,923, filed 9 Mar. 2007 (the ’923
application), now pending. This application is also related to
U.S. application Ser. No. 11/715,919, filed 9 Mar. 2007. The
919 and ’923 applications are hereby incorporated by
reference as though fully set forth herein.

BACKGROUND OF THE INVENTION

a. Field of the Invention

[0002] The instant invention relates to localization sys-
tems, such as those used in cardiac diagnostic and thera-
peutic procedures. In particular, the instant invention relates
to a system and method for registering the coordinate system
of the localization system to the coordinate system of an
externally generated model or image data set.

b. Background Art

[0003] It is known to generate a heart chamber geometry
in preparation for cardiac diagnostic or therapeutic proce-
dures. Often, a mapping catheter is introduced into the heart
chamber of interest and moved around within the heart
chamber, either randomly, pseudo-randomly, or according to
one or more preset patterns, in order to capture a cloud of
location points. The three-dimensional coordinates of the
mapping catheter are typically measured using a localization
system (sometimes also referred to as a “mapping system,”
“navigation system,” or “positional feedback system™). The
localization system measures the coordinates of the mapping
catheter within a localization field, typically by relating a
characteristic of the localization field, such as a voltage,
experienced by the mapping catheter to a location of the
catheter within the field. A surface model of the heart
chamber geometry may then be generated by wrapping a
surface around the cloud of location points.

[0004] In some instances, it is desirable to augment the
localization system model of the heart chamber geometry
with an external image or segmented model of the heart
chamber. For example, it is known to utilize a CT or
magnetic resonance image of a patient’s heart to assist
cardiologists or other clinicians in performing an electro-
physiology study or cardiac ablation treatment. These three-
dimensional images of the heart help the clinician to visu-
alize the location of a medical device, such as an ablation
catheter, within the patient’s heart, thereby improving effi-
cacy of treatment. Further, such three-dimensional images
advantageously provide additional detail about the heart
chamber geometry that may not be available with the model
generated from the localization system standing alone.
[0005] The localization system may also be utilized to
detect the position of another object, such as an electro-
physiology or ablation catheter, within the localization field.
It may be desirable to depict the position of the object, as
measured by the localization system, on the three-dimen-
sional image. However, the three-dimensional images typi-
cally do not utilize the same coordinate system as the
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localization system. Thus, the position of the object, as
measured by the localization system, cannot be directly
displayed on the three-dimensional image. Further, non-
linearities and inhomogeneities in the localization field may
introduce error if an affine transformation is used to trans-
form the position of the object, as measured by the local-
ization system, to a position on the three-dimensional image.

BRIEF SUMMARY OF THE INVENTION

[0006] It is desirable to be able to integrate an external
three-dimensional model of cardiac geometry into a catheter
navigation system.

[0007] It is further desirable to be able to provide a
transformation that accurately transforms measurements of
the catheter navigation system to positions on the external
model.

[0008] It is also desirable that the transformation account
for non-linearities and inhomogeneities in the catheter navi-
gation system.

[0009] Disclosed herein is a method of registering a cath-
eter navigation system, such as an electrical localization
system or a magnetic localization system, to a three-dimen-
sional image. The method includes the steps of: a) obtaining
a three-dimensional image of at least a portion of a heart, the
three-dimensional image including position information for
a plurality of location points on a surface of the heart; b)
placing a tool on a first surface location X, of the heart; c)
measuring position information for the first surface location
X,; d) identifying a corresponding first location Y, on the
three-dimensional image; e) associating the position infor-
mation for the first surface location X, as measured by the
catheter navigation system with position information for the
corresponding first location Y, on the three-dimensional
image as a fiducial pair (X, Y,); and f) using at least one
fiducial pair to generate a mapping function that transforms
points within the catheter navigation system to the three-
dimensional image such that, for each fiducial pair (X, Y,),
an error function measures a mapping error of about zero.
The three-dimensional image may be selected from the
group consisting of CT images, magnetic resonance images,
ultrasound images, x-ray images, fluoroscopic images,
image templates, localization system generated images, seg-
mented models of any of the foregoing, and any combina-
tions thereof.

[0010] In some embodiments of the invention, the step of
identifying a corresponding first location Y, on the three-
dimensional image includes: displaying a representation of
the three-dimensional image on a display; and using an input
device to identify the first location Y, on the representation
of the three-dimensional image. Position information for the
first surface location X, as measured by the catheter navi-
gation system may thereafter be automatically associated
with position information for the corresponding first location
Y, as a fiducial pair (X;, Y,). It is also contemplated that at
least three, and, in some embodiments, at least four fiducial
pairs may be associated.

[0011] A thin plate splines algorithm may be used to
generate the mapping function. Typically, the thin plate
splines algorithm will include summing a fixed number of
weighted basis functions, wherein the number of weighted
basis functions is the same as the number of fiducial pairs
that were associated. If desired, the resulting mapping
function may be smoothed with a regularization parameter,
which is preferably about zero. Alternatively, a mean value
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coordinate algorithm may be used to generate the mapping
function. In still other embodiments of the invention, a radial
basis function networks algorithm may be used to generate
the mapping function. Advantageously, the algorithm used
compensates for inhomogeneities in the catheter navigation
system such that, for each fiducial pair, there is a mapping
error of about zero.

[0012] Optionally, the at least one fiducial pair may be
smoothed prior to using the at least one fiducial pair to
generate the mapping function. The at least one fiducial pair
may be smoothed by using a kernel smoothing function.
Alternatively, the at least one fiducial pair may be smoothed
by: computing a rigid registration using the at least one
fiducial pair, the rigid registration resulting in an error vector
between members of the at least one fiducial pair; redefining
the at least one fiducial pair by translating the members of
the at least one fiducial pair closer together along the error
vector resulting from the rigid registration; and using the
redefined at least one fiducial pair to generate the mapping
function.

[0013] Also disclosed is a method of registering a catheter
navigation system to an n-dimensional image of a portion of
a body of a patient, including the following steps: obtaining
an n-dimensional image of a portion of a body of a patient
including position information for a plurality of location
points on a surface of the portion of the body; b) placing a
tool on a surface location X of the portion of the body; ¢)
measuring position information for the surface location X;
d) identifying a corresponding location Y on the n-dimen-
sional image; e) associating the measured position informa-
tion for the surface location X with position information for
the corresponding location Y on the three dimensional image
as a fiducial pair (X, Y); f) repeating steps b) through e) to
associate a plurality of fiducial pairs (X,, Y,); and g) gen-
erating a function f that maps points within an n-dimen-
sional space of the catheter navigation system to an n-di-
mensional space of the n-dimensional image, wherein
IF(X,)-Y,I=0 for each of the plurality of fiducial pairs. The
function f may be generated using a thin plate splines
algorithm, a mean value coordinates algorithm, a radial basis
function networks algorithm, or another suitable warping
algorithm.

[0014] In another aspect of the present invention, a
method of registering a catheter navigation system to an
image of at least a portion of a heart includes the following
steps: determining position information for a location X
relative to an n-dimensional space of a catheter navigation
system; determining position information for a correspond-
ing location Y relative to an n-dimensional space of an
image of at least a portion of a heart; associating the position
information for the location X with the position information
for the corresponding location Y as a fiducial pair; and
generating a mapping function f that transforms points
within the catheter navigation system to points within the
image, such that, for each fiducial pair (X, Y), a divergence
between f(X) and Y is about zero.

[0015] The step of determining position information for a
location X relative to a catheter navigation system optionally
includes: obtaining a model of at least a portion of a heart,
the model including position information for a plurality of
location points on a surface of the heart measured relative to
the catheter navigation system; displaying a representation
of the model of at least a portion of the heart on a display;
using an input device to identify the location X on the
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representation of the model of at least a portion of the heart;
and determining position information for the location X
identified on the representation of the model of at least a
portion of the heart. Similarly, the step of determining
position information for a corresponding location Y relative
to an image of at least a portion of a heart optionally
includes: obtaining an image of at least a portion of a heart,
the image including position information for a plurality of
location points on the surface of the heart measured relative
to the image; displaying a representation of the image of at
least a portion of the heart; using an input device to identify
the location Y on the representation of the image of at least
a portion of the heart; and determining position information
for the location Y identified on the representation of the
image of at least a portion of the heart, wherein the location
X identified on the representation of the model of at least a
portion of the heart and the location Y identified on the
representation of the image of at least a portion of the heart
correspond to a common location on the surface of the heart.

[0016] Alternatively, the step of determining position
information for a location X relative to a catheter navigation
system may include placing a catheter at the location X and
using the catheter navigation system to measure position
information for the location X The catheter navigation
system may measure position information for the location
Xbased upon measurements of at least one characteristic of
an electric field encountered at the location X or measure-
ments of at least one characteristic of a magnetic field
encountered at the location X.

[0017] According to another embodiment of the invention,
a system for registering a catheter navigation system to an
image of at least a portion of a heart generally includes: a
catheter adapted to be inserted into at least a portion of a
heart; a catheter navigation system adapted to place the
catheter at a point X on the surface of the at least a portion
of a heart and to measure position information for the point
X on the surface of the at least a portion of a heart; an image
of the at least a portion of a heart, the image including
position information for a plurality of location points on the
surface of the at least a portion of the heart; an input device
coupled to the image of the at least a portion of a heart and
adapted to permit a user to select a point Y on the image,
wherein the selected point Y corresponds to the point X on
the surface of the at least a portion of a heart at which the
catheter is placed; a pairing processor programmed to asso-
ciate the measured position information for the point X on
the surface of the at least a portion of a heart at which the
catheter is placed with position information for the selected
point Y as a fiducial pair (X, Y); and a transform processor
programmed to generate a mapping function f that trans-
forms points within an n-dimensional space of the catheter
navigation system to points within an n-dimensional space
of the image, such that, for each of a plurality of fiducial
pairs (X,Y), a divergence between f(X) and Y is about zero.
The transform processor may be programmed with a thin
plate splines algorithm, a mean value coordinates algorithm,
a radial basis function networks algorithm, or another suit-
able warping algorithm.

[0018] In yet another embodiment of the invention, a
system for registering a catheter navigation system to an
image of at least a portion of a heart includes: an image of
at least a portion of a heart, the image including n-dimen-
sional position information for a plurality of location points
on the surface of the at least a portion of the heart; a model
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of the at least a portion of the heart, the model including
n-dimensional position information for a plurality of loca-
tion points on the surface of the at least a portion of the heart
measured relative to a catheter navigation system; an input
device adapted to permit a user to select a point Y on the
image of at least a portion of the heart and a point X on the
model of the at least a portion of the heart; a pairing
processor programmed to associate position information for
the point Y selected on the image of at least a portion of the
heart with position information for the point X selected on
the model of the at least a portion of the heart as a fiducial
pair (X, Y); and a transform processor programmed to
generate a mapping function f that transforms points within
the catheter navigation system to points within the image,
such that, for each of a plurality of fiducial pairs (X, Y), a
divergence between f(X) and Y is about zero. The point Y
selected on the image of at least a portion of the heart and
the point X selected on the model of the at least a portion of
the heart preferably correspond to a common location on the
surface of the at least a portion of the heart.

[0019] An advantage of the present invention is that it can
be used to register a catheter navigation system to an
external model such that the measurements made by the
catheter navigation system may be given meaning relative to
the external model.

[0020] Another advantage of the present invention is that
it permits local deformable registration of the catheter
navigation system to the external model, thereby compen-
sating for non-linearities and inhomogeneities in the catheter
navigation system.

[0021] The foregoing and other aspects, features, details,
utilities, and advantages of the present invention will be
apparent from reading the following description and claims,
and from reviewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1 is a schematic diagram of a localization
system utilized in an electrophysiology study.

[0023] FIG. 2 depicts an exemplary catheter used in an
electrophysiology study.

[0024] FIG. 3 schematically illustrates a system for reg-
istering a catheter navigation system to a three-dimensional
image.

[0025] FIG. 4 illustrates an exemplary graphical user
interface that may be used in registering a catheter naviga-
tion system to a three-dimensional image.

DETAILED DESCRIPTION OF THE
INVENTION

[0026] The present invention provides a method and sys-
tem for locally deformable registration of a catheter navi-
gation system to an external model or external image data.
That is, the present invention provides a method and system
to transform the coordinate system of the catheter navigation
system to the coordinate system of the external model or
external image data. Thus, the term “external” refers to a
model or image data using a different coordinate system than
the catheter navigation system. The phrase “external image”
will be used throughout the specification to refer to the
external model or external image data to which the catheter
navigation system is registered. Preferably, the external
image includes position information for a plurality of loca-
tion points. Typically, the position information will be
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expressed as a Cartesian coordinate within the coordinate
system of the external image, though the use of other
coordinate systems, such as polar, spherical, and cylindrical,
is also contemplated.

[0027] Typical external images include, without limita-
tion, CT images, magnetic resonance images, ultrasound
images, x-ray images, and fluoroscopic images. It is also
contemplated that the external image may be an image
template rather than an image specific to a particular patient.
Further, it is also within the scope of the invention for the
external image to be an image generated from position data
collected by a localization system. As one of ordinary skill
in the art will appreciate, such data is external, as that term
is used herein, if it is measured relative to a different origin.
Thus, it may come from a different localization system, or
from the same localization system relative to a different
reference (e.g., localization system data collected during an
earlier procedure or measured relative to different elec-
trodes). The external image may be segmented or unseg-
mented, and may also be derived from another suitable
source.

[0028] Though the present invention will be described in
connection with cardiac procedures, and more particularly in
connection with a procedure carried out in a heart chamber,
it is contemplated that the present invention may be prac-
ticed to good advantage in other contexts. Further, though
the present invention will generally be described in three
dimensions, one of ordinary skill in the art will understand
how to apply the principles disclosed herein in any number
of dimensions.

[0029] FIG. 1 shows a schematic diagram of a localization
system 8 for conducting cardiac electrophysiology studies
by navigating a cardiac catheter and measuring electrical
activity occurring in a heart 10 of a patient 11 and three-
dimensionally mapping the electrical activity and/or infor-
mation related to or representative of the electrical activity
so measured. System 8 can be used, for example, to create
an anatomical model of the patient’s heart 10 using one or
more electrodes. System 8 can also be used to measure
electrophysiology data at a plurality of points along a
cardiac surface, and store the measured data in association
with location information for each measurement point at
which the electrophysiology data was measured, for
example to create a diagnostic data map of the patient’s heart
10. As one of ordinary skill in the art will recognize, and as
will be further described below, localization system 8 deter-
mines the location of objects, typically within a three-
dimensional space, and expresses those locations as position
information determined relative to at least one reference.

[0030] For simplicity of illustration, the patient 11 is
depicted schematically as an oval. Three sets of surface
electrodes (e.g., patch electrodes) are shown applied to a
surface of the patient 11, defining three generally orthogonal
axes, referred to herein as an x-axis, a y-axis, and a z-axis.
The x-axis surface electrodes 12, 14 are applied to the
patient along a first axis, such as on the lateral sides of the
thorax region of the patient (e.g., applied to the patient’s skin
underneath each arm) and may be referred to as the Left and
Right electrodes. The y-axis electrodes 18, 19 are applied to
the patient along a second axis generally orthogonal to the
x-axis, such as along the inner thigh and neck regions of the
patient, and may be referred to as the Left Leg and Neck
electrodes. The z-axis electrodes 16, 22 are applied along a
third axis generally orthogonal to both the x-axis and the
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y-axis, such as along the sternum and spine of the patient in
the thorax region, and may be referred to as the Chest and
Back electrodes. The heart 10 lies between these pairs of
surface electrodes 12/14, 18/19, and 16/22.

[0031] An additional surface reference electrode (e.g., a
“belly patch™) 21 provides a reference and/or ground elec-
trode for the system 8. The belly patch electrode 21 may be
an alternative to a fixed intra-cardiac electrode 31, described
in further detail below. It should also be appreciated that, in
addition, the patient 11 may have most or all of the con-
ventional electrocardiogram (ECG) system leads in place.
This ECG information is available to the system 8, although
not illustrated in FIG. 1.

[0032] A representative catheter 13 having at least one
electrode 17 (e.g., a distal electrode) is also shown. This
representative catheter electrode 17 is referred to as the
“roving electrode,” “moving electrode,” or “measurement
electrode” throughout the specification. Typically, multiple
electrodes on catheter 13, or on multiple such catheters, will
be used. In one embodiment, for example, localization
system 8 may comprise up to sixty-four electrodes on up to
twelve catheters disposed within the heart and/or vasculature
of the patient. Of course, this embodiment is merely exem-
plary, and any number of electrodes and catheters may be
used within the scope of the present invention.

[0033] For purposes of this disclosure, an exemplary cath-
eter 13 is shown in FIG. 2. In FIG. 2, catheter 13 extends into
the left ventricle 50 of the patient’s heart 10. Catheter 13
includes electrode 17 on its distal tip, as well as a plurality
of additional measurement electrodes 52, 54, 56 spaced
along its length. Since each of these electrodes 17, 52, 54, 56
lies within the patient, location data may be collected
simultaneously for each of the electrodes by localization
system 8.

[0034] One suitable system for navigating catheter 13
through patient 11 is the robotic surgical system disclosed in
U.S. application Ser. No. 11/647,272, filed 29 Dec. 2006
(“the 272 application”), which is hereby expressly incor-
porated by reference as though fully set forth herein. Of
course, other mechanical, electro-mechanical, or robotic
systems may be utilized to navigate catheter 13 through
patient 11 without departing from the spirit and scope of the
present invention. In addition, it is contemplated that, in
some embodiments of the invention, catheter 13 may be
manually manipulated through patient 11.

[0035] Returning now to FIG. 1, an optional fixed refer-
ence electrode 31 (e.g., attached to a wall of the heart 10) is
shown on a second catheter 29. For calibration purposes, this
electrode 31 may be stationary (e.g., attached to or near the
wall of the heart) or disposed in a fixed spatial relationship
with the roving electrodes (e.g., electrodes 17, 52, 54, 56),
and thus may be referred to as a “navigational reference” or
“local reference.” The fixed reference electrode 31 may be
used in addition or alternatively to the surface reference
electrode 21 described above. In many instances, a coronary
sinus electrode or other fixed electrode in the heart 10 can be
used as a reference for measuring voltages and displace-
ments; that is, as described below, fixed reference electrode
31 may define the origin of a coordinate system.

[0036] Each surface electrode is coupled to the multiplex
switch 24, and the pairs of surface electrodes are selected by
software running on a computer 20, which couples the
surface electrodes to a signal generator 25. The computer 20,
for example, may comprise a conventional general-purpose
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computer, a special-purpose computer, a distributed com-
puter, or any other type of computer. The computer 20 may
comprise one or more processors, such as a single central
processing unit (CPU), or a plurality of processing units,
commonly referred to as a parallel processing environment,
which may execute instructions to practice the various
aspects of the present invention described herein.

[0037] Generally, three nominally orthogonal electric
fields are generated by a series of driven and sensed electric
dipoles (e.g., surface electrode pairs 12/14, 18/19, and
16/22) in order to realize catheter navigation in a biological
conductor. Alternatively, these orthogonal fields can be
decomposed and any pairs of surface electrodes can be
driven as dipoles to provide effective electrode triangulation.
Additionally, such non-orthogonal methodologies add to the
flexibility of the system. For any desired axis, the potentials
measured across the roving electrodes resulting from a
predetermined set of drive (source-sink) configurations may
be combined algebraically to yield the same effective poten-
tial as would be obtained by simply driving a uniform
current along the orthogonal axes.

[0038] Thus, any two of the surface electrodes 12, 14, 16,
18, 19, 22 may be selected as a dipole source and drain with
respect to a ground reference, such as belly patch 21, while
the unexcited electrodes measure voltage with respect to the
ground reference. The roving electrodes 17, 52, 54, 56
placed in the heart 10 are exposed to the field from a current
pulse and are measured with respect to ground, such as belly
patch 21. In practice the catheters within the heart may
contain more or fewer electrodes than the four shown, and
each electrode potential may be measured. As previously
noted, at least one eclectrode may be fixed to the interior
surface of the heart to form a fixed reference electrode 31,
which is also measured with respect to ground, such as belly
patch 21, and which may be defined as the origin of the
coordinate system relative to which localization system 8
measures positions. Data sets from each of the surface
electrodes, the internal electrodes, and the virtual electrodes
may all be used to determine the location of the roving
electrodes 17, 52, 54, 56 within heart 10.

[0039] The measured voltages may be used to determine
the location in three-dimensional space of the electrodes
inside the heart, such as roving electrodes 17, 52, 54, 56,
relative to a reference location, such as reference electrode
31. That is, the voltages measured at reference electrode 31
may be used to define the origin of a coordinate system,
while the voltages measured at roving electrodes 17, 52, 54,
56 may be used to express the location of roving electrodes
17, 52, 54, 56 relative to the origin. Preferably, the coordi-
nate system is a three-dimensional (x, y, z) Cartesian coor-
dinate system, though the use of other coordinate systems,
such as polar, spherical, and cylindrical coordinate systems,
is within the scope of the invention.

[0040] As should be clear from the foregoing discussion,
the data used to determine the location of the electrode(s)
within the heart is measured while the surface electrode
pairs impress an electric field on the heart. The electrode
data may also be used to create a respiration compensation
value used to improve the raw location data for the electrode
locations as described in U.S. Patent Application Publication
No. 2004/0254437, which is hereby incorporated herein by
reference in its entirety. The electrode data may also be used
to compensate for changes in the impedance of the body of
the patient as described in co-pending U.S. application Ser.



US 2020/0085528 Al

No. 11/227,580, filed on 15 Sep. 2005, which is also
incorporated herein by reference in its entirety.

[0041] In summary, the system 8 first selects a set of
surface electrodes and then drives them with current pulses.
While the current pulses are being delivered, electrical
activity, such as the voltages measured at least one of the
remaining surface electrodes and in vivo electrodes, is
measured and stored. Compensation for artifacts, such as
respiration and/or impedance shifting, may be performed as
indicated above.

[0042] In a preferred embodiment, the localization/map-
ping system is the EnSite NavX™ navigation and visual-
ization system of St. Jude Medical, Atrial Fibrillation Divi-
sion, Inc., which generates the electrical fields described
above. Other localization systems, however, may be used in
connection with the present invention, including for
example, the CARTO navigation and location system of
Biosense Webster, Inc. and the AURORA® system of
Northern Digital Inc., both of which utilize magnetic local-
ization fields rather than electrical localization fields. The
localization and mapping systems described in the following
patents (all of which are hereby incorporated by reference in
their entireties) can also be used with the present invention:
U.S. Pat. Nos. 6,990,370, 6,978,168; 6,947,785; 6,939,309,
6,728,562; 6,640,119; 5,983,126; and 5,697,377.

[0043] The fields generated by localization system 8,
whether electrical fields (e.g., EnSite NavX™), magnetic
fields (e.g., CARTO), or other suitable fields, may be
referred to generically as “localization fields,” while the
elements generating the fields, such as surface electrodes 12,
14, 16, 18, 19, and 22 may be generically referred to as
“localization field generators.” As described above, surface
electrodes 12, 14, 16, 18, 19, and 22 may also function as
detectors to measure the characteristics of the localization
field (e.g., the voltages measured at roving electrodes 17, 52,
54, 56), and thereby determine position information for the
roving electrodes 17, 52, 54, and 56. Though the present
invention will be described primarily in the context of a
localization system that generates an electrical field, one of
ordinary skill in the art will understand how to apply the
principles disclosed herein in other types of localization
fields (e.g., by replacing electrodes 17, 52, 54, 56 with coils
to detect different components of a magnetic field).

[0044] As should be clear from the foregoing discussion,
the position information measured by localization system 8
is context-specific to the localization system 8. That is, it
describes the position of roving electrodes 17, 52, 54, and 56
relative to the coordinate system of localization system 8. It
is desirable to integrate the position information measured
by localization system 8 with an external image such that the
position information measured by localization system 8 may
be mapped to the external image, which, as described above,
utilizes a different coordinate system than localization sys-
tem 8. This is referred to as “registering” localization system
8 to the external image. Once localization system 8 has been
registered to the external image, the position of electrodes
17, 52, 54, and 56, as measured by localization system 8
relative to the coordinate system of localization system 8,
can be accurately and precisely illustrated on the external
image relative to the coordinate system of the external
image.

[0045] A method of registering a catheter navigation sys-
tem (e.g., localization system 8) to a three-dimensional
image will be described with reference to FIG. 3, which
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schematically depicts a system 100 for registering a catheter
navigation system to a three-dimensional image. A three-
dimensional external image of the heart chamber is
obtained, for example by retrieving the external image from
a storage medium such as a hard disk, optical disk, or
memory that may be part of computer system 20. As
described above, the external image may be generated using
CT, magnetic resonance, ultrasound, x-ray, fluoroscopy, or
another suitable imaging or modeling technique, or may be
an image template rather than an image specific to a par-
ticular patient. Preferably, the external image includes posi-
tion information for a plurality of location points on the
surface of the heart chamber. Once the external image is
obtained, a representation 102 thereof may be displayed on
display 23.

[0046] A tool (e.g., catheter 13) may then be placed on a
first surface location X, ofthe heart chamber, for example by
robotically navigating catheter 13 into contact with the
surface of the heart chamber using the contact-sensing
robotic surgical system disclosed in the 272 application or
by manually bringing catheter 13 into contact with the
surface of the heart chamber. Position information for the
first surface location X, may be measured using localization
system 8 as described above (e.g., by measuring at least one
characteristic of an electric field or magnetic field at the first
surface location X, ). This position information is preferably
expressed as an (X, y, z) coordinate measured relative to the
origin of localization system 8 (e.g., reference electrode 31).
[0047] The user then identifies a point Y, on the three-
dimensional external image that corresponds to the first
surface location X, on the surface of the heart chamber.
Various imaging techniques, such as fluoroscopy and intrac-
ardiac echo (ICE), may be used to aid the user in visualizing
the location of catheter 13 on the surface of the heart
chamber, thereby simplifying the task of identifying Y, on
the external image. A readily-identifiable anatomical feature
and/or the physician’s experience and expertise may also be
used to verify correspondence between X, and Y, For
example, if the physician’s experience indicates that the first
surface location X, on the surface of the heart chamber is
adjacent to the mitral valve, the physician will then identify
a point Y, on the three-dimensional external image that is
adjacent to the mitral valve.

[0048] In some embodiments of the invention, the first
location Y, is identified by using an input device to identify,
or “pick,” the first location Y, on representation 102 of the
three-dimensional external image as displayed on display
23. Suitable input devices include, without limitation, key-
boards, keypads, pointing devices (e.g., mice, trackballs, and
trackpads), two- and three-dimensional joysticks, and active
and passive touch-sensitive displays. Preferably, the first
location Y, will have position information expressed as an
(X, ¥, z) coordinate measured relative to the three-dimen-
sional external image.

[0049] FIG. 4 illustrates an exemplary graphical user
interface (GUI) that may be used in practicing the present
invention. Representation 102 of the three-dimensional
external image is shown in a window 104. A three-dimen-
sional joystick 106 (e.g., a joystick with three input axes) is
used to point and click on the first location Y, on represen-
tation 102. To aid the user in visualizing correspondence
between X, and Y,, a second window 108 may depict
catheter 13 within the heart chamber, for example by dis-
playing a fluoroscopic or ICE image or a model generated
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from data collected by localization system 8. By observing
the position of catheter 13 within the heart chamber in
second window 108, the user can identify the corresponding
point Y, on representation 102 displayed in window 104. It
is within the spirit and scope of the present invention,
however, to graphically display only representation 102 in
window 104, relying upon the physician’s expertise and
experience rather than imagery in identifying the first sur-
face location X.

[0050] A fiducial pair (X,, Y,) is then created by associ-
ating the position information for the first surface location
X, as measured by localization system 8, with the position
information for the corresponding first location Y, on the
three-dimensional external image. In some embodiments of
the invention, a pairing processor, which may be incorpo-
rated into computer system 20, automatically associates the
measured position information for first surface location X,
with the position information for the picked point Y. Thus,
the fiducial pair (X, Y,) is a pair of (x, y, z) coordinates, one
measured relative to the origin of localization system 8 and
one measured relative to the origin of the three-dimensional
external image. Multiple fiducial pairs (X,, Y,) may be
associated using a similar place-and-pick process.

[0051] The methodology described above can be referred
to generally as a “single pick” implementation, in that the
user of system 100 is required only to pick the point Y, on
the external image (e.g., representation 102 in window 104).
Position information for the other element of the fiducial
pair, the surface location X,, is determined by measuring the
position of catheter 13 relative to localization system 8, and
may be automatically associated with the position informa-
tion for the corresponding point Y, picked by the user.
[0052] It is also contemplated, however, to utilize a “dual
pick” implementation. That is, rather than measuring the
position of catheter 13 relative to localization system 8 to
determine position information for the point X,, a pick
process may be utilized to select the location X, relative to
localization system 8. For example, referring again to FIG.
4, second window 108 may display a representation of a
surface model of the heart chamber generated by localiza-
tion system 8, including position information for a plurality
of location points on the surface of the heart measured
relative to localization system 8. Rather than, or in addition
to, manipulating catheter 13 into position, the user may
utilize three-dimensional joystick 106 to pick location X,,
for example a point adjacent the mitral valve, on the
representation shown in second window 108. The user may
then toggle over to window 104 to pick corresponding
location Y, on representation 102 of the external image.
Position information for both X, and Y, may be determined,
respectively, from the surface model and the external image,
and associated as a fiducial pair (X,, Y,). Of course, this dual
pick methodology may be repeated multiple times in order
to associate multiple fiducial pairs.

[0053] As one of ordinary skill in the art should appreci-
ate, the fiducial pairs may be used to generate a mapping
function f that registers localization system 8 to the three-
dimensional image. That is, the mapping function f can be
used to transform position information expressed according
the coordinate system of localization system 8 to position
information expressed according to the coordinate system of
the three-dimensional image.

[0054] For a linear and homogeneous localization system
8, an affine transformation (e.g., translation, rotation, and

Mar. 19, 2020

scaling), such as would result from application of a least
mean square error fit, would be suitable. Many localization
systems, however, are non-linear and homogeneous, such
that an affine transformation may not precisely align the
coordinate system of localization system 8 with the coordi-
nate system of the external image. Preferably, therefore, a
mapping function is used that locally warps the coordinate
system of localization system 8 to force an exact match to
the coordinate system of the three-dimensional external
image at each fiducial pair, thereby compensating for non-
linearities and inhomogeneities in localization system 8.
That is, for each fiducial pair (X,, Y;), an error function e
preferably measures a mapping error (e.g., a divergence
between f(X,) and Y,) of about zero. This can be expressed
as e=If(X,)-Y,I=0. In some embodiments of the invention,
a suitably programmed transform processor incorporated
into computer system 20 generates the mapping function f.
[0055] There are a number of suitable warping algorithms
for generating the mapping function f One preferred algo-
rithm is the thin plate splines algorithm, which is known for
use in fusing images from distinct modalities (e.g., PET with
CT) or to register new image data to image atlases. Gener-
ally, the thin plate splines algorithm includes summing a
fixed number of weighted basis functions. Typically, the
number of weighted basis functions will be equal to the
number of fiducial pairs. The following articles, which are
hereby incorporated by reference as though fully set forth
herein, describe the thin plate splines algorithm in further
detail:

[0056] Bookstein, F L. Principal Warps: Thin Plate Splines
and the Decomposition of Deformations. /EEE Transactions
on Pattern Analysis and Machine Intelligence. 1989.
11:567-585.

[0057] Bookstein, F L. Thin-Plate Splines and the Atlas
Problem for Biomedical Images. Proceedings of the 12
International Conférence on Information Processing in
Medical Imaging. July, 1991.

[0058] It is also contemplated that the thin plate splines
algorithm may also utilize a regularization parameter A,
preferably of about zero, to smooth the resultant mapping
function. One of ordinary skill would appreciate and under-
stand how to apply a regularization parameter to smooth the
mapping function.

[0059] Another suitable warping algorithm is a mean
value coordinates algorithm. A mean value coordinates
algorithm generally transforms individual points in three
dimensions to a closed, triangulated surface in three dimen-
sions known as a “control mesh.” When the control mesh is
deformed, the algorithm can compute a smooth interpolation
function through three-dimensional space that exactly
deforms the vertices and triangles without wildly extrapo-
lating in regions far from the control mesh. The following
article, which is hereby incorporated by reference as though
fully set forth herein, describes mean value coordinates
algorithms in further detail: Ju T, Schaefer S, Warren J,
Mean Value Coordinates for Closed Triangular Meshes.
ACM Transactions on Graphics. July 2005. 24(3):561-66.

[0060] In some embodiments of the invention, the fiducial
pairs of (x, y, z) coordinates are the vertices of the control
mesh, which deforms from the three-dimensional space of
localization system 8 to the three-dimensional space of the
external image. The vertices are connected with a two-
dimensional Delaunay triangulation, for example by pro-
jecting them onto a sphere centered at their centroid and
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computing the convex hull. Such a process will include all
the vertices, and the triangulation is close to optimal when
the fiducial pairs are well-distributed on the endocardial
surface of the heart chamber. The mean value coordinates
algorithm then uses the control and deformed meshes to
efficiently and smoothly transform any (x, y, z) coordinate
from the coordinate system of localization system 8 to the
coordinate system of the external image.

[0061] Still another suitable warping algorithm is the
radial basis function networks algorithm, which is well
known in neural networks. The following articles and books
describe radial basis function networks algorithms in further
detail, and are hereby incorporated by reference as though
fully set forth herein.

[0062] J. Moody and C. J. Darken, “Fast learning in
networks of locally tuned processing units,” Neural Com-
putation, 1, 281-294 (1989).

[0063] J. Park and I. W. Sandberg, “Universal approxima-
tion using radial-basis-function networks,” Neural Compu-
tation, 3(2): 246-257 (1991).

[0064] A. G. Bors and I. Pitas, “Median Radial Basis
Function Neural Network,” IEEE Trans. On Neural Net-
works, vol. 7, no. 6, pp. 1351-1364 (November 1996).
[0065] Martin D. Buhmann and M. J. Ablowitz, “Radial
Basis Functions: Theory and Implementations,” Cambridge
University (2003).

[0066] Paul V. Yee and Simon Haykin, “Regularized
Radial Basis Function Networks: Theory and Applications,”
John Wiley (2001).

[0067] Though any number of fiducial pairs may be uti-
lized to generate the mapping function f, it is preferable to
use at least three fiducial pairs (X, Y,), (X5, Y5,), and (X,
Y ), and more preferably at least four fiducial pairs (X,, Y,),
(X5, Y,), X5, Y3), and (X4, Y,), to generate the mapping
function. The use of one, two, or three fiducial pairs will
result in a rigid registration of localization system 8 to the
three-dimensional external image. On the other hand, four or
more fiducial pairs will permit a deformable registration of
localization system 8 to the three-dimensional external
image, which is desirable where localization system 8 is
non-linear. Further, it should be understood that additional
fiducial pairs will improve the mapping function f, and
therefore will improve the efficacy of the registration of
localization system 8 to the external image.

[0068] It is also contemplated that the mapping function
may be regularized by smoothing the input data—the fidu-
cial pairs—before the mapping function is generated
through application of a suitable warping algorithm as
described above. In some embodiments of the invention, a
kernel smoothing function is utilized to smooth the input
data. One suitable kernel function is a derivative of a
Gaussian curve, and may be given by the general formula

2
K(x) = ae 27,

It is contemplated, however, that any kernel function having
a central maximum and a smooth decay to zero as distance
from the central maximum increases may be utilized to
practice the present invention. The input data may be
smoothed by computing a weighted sum of all the Y fiducial
points based on the distance from the X fiducial point being
smoothed according to the kernel function. (As described
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above, the X and Y points are the points that define the
fiducial pair.) In the general formula given above, x is the
distance from each X fiducial point to the X location of the
fiducial point being smoothed.

[0069] Other methods of smoothing the fiducial point
pairs are also possible. One such method would be to first
compute the optimal rigid registration for the fiducial pairs.
For each fiducial pair, there would be a residual error vector
remaining after this computation. A new set of fiducial pairs
can be generated by moving the original fiducial points
closer together along this vector. Using the new, modified set
of fiducial pairs, the deformable registration may be com-
puted. If the fiducial points are moved the full distance along
the error vector, such that the members of the fiducial pair
are located at an identical position, the result will be a
registration equivalent to the rigid registration. If the mem-
bers of the fiducial pair are not moved, the result will be a
registration equivalent to what would be achieved if the
deformable registration was computed on the original fidu-
cial points immediately. By adjusting the percentage by
which the members of the fiducial pair are translated along
the error vectors, different levels of smoothing may be
achieved.

[0070] The methods described above may be executed by
one or more computer systems, and may be software imple-
mented (e.g., one or more software programs executed by
one or more computer systems or processors), hardware
implemented (e.g., a series of instructions stored in one or
more solid state devices), or a combination of both. As
described above, the computer may be a conventional gen-
eral purpose computer, a special purpose computer, a dis-
tributed computer, or any other type of computer. Further,
the computer may comprise one or more processors, such as
a single central processing unit or a plurality of processing
units, commonly referred to as a parallel processing envi-
ronment. The term “processor” as used herein refers to a
computer microprocessor and/or a software program (e.g., a
software module or separate program) that is designed to be
executed by one or more microprocessors running on one or
more computer systems. By way of further example, each of
the processes described herein can be implemented using
one or more computer processors running on one or more
computer systems, thereby establishing a computerized sys-
tem and method for the present invention.

[0071] Although several embodiments of this invention
have been described above with a certain degree of particu-
larity, those skilled in the art could make numerous altera-
tions to the disclosed embodiments without departing from
the spirit or scope of this invention. For example, it is within
the spirit and scope of the present invention to associate a
fiducial pair by navigating catheter 13 to a corresponding
location on the surface of the heart chamber in response to
a prompt depicted on representation 102 of the external
model. Similarly, it is contemplated that catheter 13 may be
positioned to a plurality of locations on the surface of the
heart chamber, which locations may then be used to generate
a surface model of the heart chamber. The plurality of
locations may then be “played back,” and the user may
select the corresponding point on the external image as each
location is played back. It is also contemplated that image
modalities may be registered to each other according to the
methods and system disclosed herein (e.g., registering a CT
image to a magnetic resonance image or a CT image to a
model generated by a catheter navigation system).
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[0072] Itis intended that all matter contained in the above
description or shown in the accompanying drawings shall be
interpreted as illustrative only and not limiting. Changes in
detail or structure may be made without departing from the
spirit of the invention as defined in the appended claims.

1-30. (canceled)

31. A system for registering a catheter navigation system
to an image of at least a portion of a heart, the system
comprising:

a catheter adapted to be inserted into at least a portion of

a heart;

a catheter navigation system adapted to place the catheter
at a point X within the at least a portion of a heart and
to measure position information for the point X within
the at least a portion of a heart;

an image of the at least a portion of a heart, the image
including position information for a plurality of loca-
tion points within the at least a portion of the heart;

an input device coupled to the image of the at least a
portion of a heart and adapted to permit a user to select
a point Yon the image, wherein the selected point Y
corresponds to the point X within the at least a portion
of a heart at which the catheter is placed;

a pairing processor programmed to associate the mea-
sured position information for the point X within the at
least a portion of a heart at which the catheter is placed
with position information for the selected point Y as a
fiducial pair (X, Y); and

a transform processor programmed with a warping algo-
rithm to generate a mapping function f that transforms
points within an n-dimensional space of the catheter
navigation system to points within an n-dimensional
space of the image, such that, for each of a plurality of
fiducial pairs (X, Y), an error function f(X)-Y=0.

32. The system of claim 31, wherein the transform pro-

cessor is programmed with a thin plate splines algorithm.

33. The system of claim 31, wherein the transform pro-
cessor is programmed with a mean value coordinates algo-
rithm.

34. The system of claim 31, wherein the transform pro-
cessor is programmed with a radial basis function networks
algorithm.

35. The system of claim 31, wherein the catheter navi-
gation system generates an electrical localization field
within the at least a portion of a heart, and wherein the
catheter navigation system measures position information
for the point X within the at least a portion of a heart based
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upon at least one characteristic of the electrical localization
field encountered by the catheter.

36. The system of claim 31, wherein the catheter navi-
gation system generates a magnetic localization field within
the at least a portion of a heart, and wherein the catheter
navigation system measures position information for the
point X within the at least a portion of a heart based upon at
least one characteristic of the magnetic localization field
encountered by the catheter.

37. A system for registering a catheter navigation system
to an image of at least a portion of a heart, the system
comprising:

an image of at least a portion of a heart, the image
including n-dimensional position information for a
plurality of location points within the at least a portion
of the heart;

a model of the at least a portion of the heart, the model
including n-dimensional position information for a
plurality of location points within the at least a portion
of the heart measured relative to a catheter navigation
system,

an input device adapted to permit a user to select a point
Y on the image of at least a portion of the heart and a
point X on the model of the at least a portion of the
heart;

a pairing processor programmed to associate position
information for the point Y selected on the image of at
least a portion of the heart with position information for
the point X selected on the model of the at least a
portion of the heart as a fiducial pair (X, Y); and

a transform processor programmed with a warping algo-
rithm to generate a mapping function f that transforms
points within the catheter navigation system to points
within the image, such that, for each of a plurality of
fiducial pairs (X, Y), an error function f(X)-Y=0.

38. The system of claim 37, wherein the point Y selected
on the image of at least a portion of the heart and the point
X selected on the model of the at least a portion of the heart
correspond to a common location within the at least a
portion of the heart.

39. The system of claim 38, wherein the common location
is on a surface of the at least a portion of the heart.

40. The system of claim 31, wherein the point X within
the at least a portion of a heart is on a surface of the at least
a portion of the heart.
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