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(57) ABSTRACT

Systems and methods are provided for registering maps with
images, involving segmentation of three-dimensional
images and registration of images with an electro-anatomi-
cal map using physiological or functional information in the
maps and the images, rather than using only location infor-
mation. A typical application of the invention involves
registration of an electro-anatomical map of the heart with a
preacquired or real-time three-dimensional image. Features
such as scar tissue in the heart, which typically exhibits
lower voltage than healthy tissue in the electro-anatomical
map, can be localized and accurately delineated on the
three-dimensional image and map.
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SEGMENTATION AND REGISTRATION OF
MULTIMODAL IMAGES USING PHYSIOLOGICAL
DATA

BACKGROUND OF THE INVENTION
[0001]

[0002] This invention relates to anatomic imaging and
electro-anatomical mapping. More particularly, this inven-
tion relates to synchronized display of images and electro-
anatomical maps of the heart that are acquired by different
modalities.

[0003] 2. Description of the Related Art

[0004] Methods for three-dimensional geometrical map-
ping and reconstruction of the endocardial surface are
known in the art. For example, U.S. Pat. No. 5,738,096,
whose disclosure is incorporated herein by reference,
describes methods for mapping the endocardium based on
bringing a probe into contact with multiple locations on a
wall of the heart, and determining position coordinates of the
probe at each of the locations. The position coordinates are
combined to form a map of at least a portion of the heart.

[0005] Hybrid catheters are now known that perform
ultrasound imaging in conjunction with position sensing.
Such devices are disclosed, for example, in commonly
assigned U.S. Pat. Nos. 6,690,963, 6,716,166 and 6,773,402,
which are herein incorporated by reference. Medical appli-
cations include three-dimensional mapping of a cavity of the
body, as well as measurement of chamber wall thickness and
wall velocity and mapping of electrical activity. In medical
applications, it is common to acquire maps and images of
body organs by different modalities, which are to be inter-
preted in relationship to one another. An example is corre-
lation of an electro-anatomical map of the heart and an
image, such as a three-dimensional ultrasound image.

[0006] Commercial electrophysiological and physical
mapping systems based on detecting the position of a probe
inside the body are presently available. Among them, the
Carto-Biosense® system, available from Biosense Webster
Inc., 3333 Diamond Canyon Road Diamond Bar, Calif.
91765, is a system for automatic association and mapping of
local electrical activity with catheter location.

[0007] Existing methods for registering anatomical
images and electro-anatomical maps with three-dimensional
images acquired by a different modality generally rely on
location data. The mapping catheter is placed at a number of
known locations in the organ of interest, such as the heart,
and the position coordinates are recorded. These same
locations are marked or otherwise recorded in the three-
dimensional image. This technique generally requires the
operator of the system to take time to find and mark the
desired locations for the purpose of registration, in addition
to the actions taken as part of the mapping procedure itself.

[0008] U.S. Pat. No. 5,568,384, issued to Robb, et al.,
describes a method for synthesizing three-dimensional mul-
timodality image sets into a single composite image with
accurate registration and congruence. Surfaces are initially
extracted from two or more different images to be matched
using semi-automatic segmentation techniques. These sur-
faces are represented as contours with common features to
be matched. A distance transformation is performed for one

1. Field of the Invention

Mar. 1, 2007

surface image, and a cost function for the matching process
is developed using the distance image. The geometric trans-
formation includes three-dimensional translation, rotation
and scaling to accommodate images of different position,
orientation and size. The matching process involves effi-
ciently searching this multi-parameter space and adjusting a
surface or surfaces to find the best fit among them, which
minimizes the cost function. The local minima problem is
addressed by using a large number of starting points. A
pyramid multi-resolution approach is employed to speed up
both the distance transformation computation and the multi-
parameter minimization processes. Robustness in noise han-
dling is accomplished using multiple thresholds embedded
in the multi-resolution search. The method can register both
partially overlapped and fragmented surfaces.

[0009] In the document, 4 Review of Cardiac Image
Registration Methods, Timo Mékeld, et al., IEEE Transac-
tions on Medical Imaging, Vol. 21, No. 9, p. 1011, Septem-
ber 2002, the current status of cardiac image registration
methods is reviewed. Registration of cardiac images is noted
to be a particularly complex problem for image registration
because the heart is a non-rigid moving organ inside a
moving body, and has relatively few accurately localized
anatomical landmarks.

SUMMARY OF THE INVENTION

[0010] According to disclosed embodiments of the inven-
tion, alternative systems and methods are provided for
registering maps with images, including segmentation of
three-dimensional images and registration of such images
with an anatomical map using physiological or functional
information in the map, combined with specific location
points. In a clinical context, physicians often mentally
integrate image information from different modalities. Reg-
istration, based on computer programs using physiological
data according to the invention, offers better accuracy and is
more rapid.

[0011] Inone embodiment of the invention, voltage values
in an electro-anatomical map are identified with features in
a preacquired or real-time three-dimensional image that are
known to generate such values. For example, scar tissue in
the heart typically exhibits lower voltage than healthy tissue
in an electro-anatomical map. A scar that is outlined as a low
voltage area on an electro-anatomical map may be registered
with a corresponding structure that is delineated in a three-
dimensional image.

[0012] In another embodiment of the invention, other
electrical potential measurements may be used for segmen-
tation of an image. For example, the locations and shapes of
valves in the heart may be delineated on the basis of
differences in electrical potentials between the valves and
the surrounding endocardium. Other electrical features may
also be used in segmentation and registration. For example,
movement of a mapping catheter from the atrium to the
ventricle may be identified by disappearance of the P-wave
in the local electro-cardiogram as the catheter enters the
ventricle. As another application, using impedance-based
location systems, in which electrical impedance between a
mapping catheter and a body surface electrode is measured,
the location of the pulmonary veins may be identified by a
increase in impedance as the catheter moves from the left
atrium into the veins.
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[0013] In yet another embodiment of the invention, if a
patient wears a “vest” of body surface electrodes during
computed tomographic (CT) imaging of the thorax, the
electrodes will appear in the CT image. ECG measurements
that are performed using the electrodes provide an electrical
model that can be projected inward to the heart surface.
Electro-anatomical maps of the heart likewise produce an
electrical model of the heart that can be projected outward
to the body surface. The two electrical models may be
registered with one another in order to register the electro-
anatomical map of the heart with the CT image.

[0014] The invention provides a method for mapping a
structure in a body of a subject, which is carried out by
capturing a three-dimensional image of the structure, gen-
erating a three-dimensional map of the structure having
functional information relating to the structure measured at
multiple points, registering the image with the map by
automatically identifying at least one of the functional
features on the map with at least a corresponding one of the
anatomical features in the image, and displaying the func-
tional information from the map in registration with the
image.

[0015] One aspect of the method includes inserting a
probe into the structure, including a position sensor for
determining position and orientation information of the
probe.

[0016] In another aspect of the method, generating a
functional model comprises generating an electrical model
by contacting the probe with multiple contact points on the
structure, and using the position sensor of the probe to obtain
position and orientation information associated with each of
the contact points.

[0017] According to another aspect of the method, the
structure includes a heart, and wherein the functional infor-
mation includes a feature of a local electrocardiogram taken
at each of the contact points.

[0018] Yet another aspect of the method the feature is a
p-wave includes identifying atrial locations of the contact
points when the p-wave is present and identifying ventricu-
lar locations of the contact points when the p-wave is absent.

[0019] According to one aspect of the method, the func-
tional information includes magnitudes of electrical voltages
at the contact points.

[0020] A further aspect of the method includes identifying
a myocardial scar in a heart by delineating an area of the
heart, wherein the contact points in the area have lower
voltages than the contact points that are located outside the
area.

[0021] An additional aspect of the method includes iden-
tifying a valve of the heart by delineating an area of the
heart, wherein the contact points have voltages that differ
from voltages of the contact points that are located outside
the area.

[0022] According to a further aspect of the method, the
functional information includes impedances between a sur-
face of the body and respective ones of the contact points.

[0023] According to still another aspect of the method, the
image is a computed tomographic image of a thorax of the
body that includes a representation of a heart thereof.
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[0024] An additional aspect of the method includes plac-
ing a plurality of surface electrodes on the thorax of the
subject, and generating an external electrical model by
performing an electrocardiogram using the surface elec-
trodes, wherein registering the image and the map comprises
the additional steps of projecting the electrical model out-
wardly onto the representation of the heart and projecting
the external electrical model inwardly onto the representa-
tion of the heart to place the external electrical model in
registration with the electrical model and with the represen-
tation of the heart.

[0025] According to yet another aspect of the method, the
image is an ultrasound image.

[0026] According to still another aspect of the method, the
functional information is temperature, flow rate of a fluid in
the structure, a chemical property or mechanical activity of
the structure.

[0027] The invention provides an apparatus for mapping a
structure in a body of a subject, including an imaging device
for capturing a three-dimensional image of the structure, and
a processor linked to the imaging device, wherein the
processor is operative for generating a three-dimensional
functional map of the structure containing functional infor-
mation relating to the structure measured at multiple points
on the structure. The processor is operative for registering
the image with the map by automatically identifying at least
one of the functional features on the map with a correspond-
ing one of the anatomical features in the image. The appa-
ratus includes a display device linked to the processor for
displaying the functional information from the map in
registration with the image.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] For a better understanding of the present invention,
reference 1s made to the detailed description of the inven-
tion, by way of example, which is to be read in conjunction
with the following drawings, wherein like elements are
given like reference numerals, and wherein:

[0029] FIG. 1is an illustration of a system for imaging and
mapping a heart of a patient in accordance with an embodi-
ment of the invention;

[0030] FIG. 2 schematically illustrates an embodiment of
the distal end of s catheter used in the system shown in FIG.
1, in accordance with an embodiment of the invention;

[0031] FIG. 3 is a simplified geometric representation of
an image of the heart, which has been prepared for regis-
tration with another diagnostic image positioned in accor-
dance with a disclosed embodiment of the invention;

[0032] FIG. 4is a schematic exploded view of a diagnostic
image of the heart, in accordance with a disclosed embodi-
ment of the invention;

[0033] FIG. 5 is a simplified representation of an electro-
anatomical map of a heart, a corresponding three-dimen-
sional anatomic image, and a composite image in which a
portion of the electro-anatomical map is shown in registra-
tion with the anatomic image, in accordance with a disclosed
embodiment of the invention; and

[0034] FIG. 6 is a simplified representation of an electro-
anatomical map of a heart, a corresponding three-dimen-
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sional anatomic image, and a composite image in which a
portion of the electro-anatomical map is shwon in registra-
tion with the anatomic image, in accordance with an alter-
nate embodiment of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0035] In the following description, numerous specific
details are set forth in order to provide a thorough under-
standing of the present invention. It will be apparent to one
skilled in the art, however, that the present invention may be
practiced without these specific details. In other instances,
well-known circuits, control logic, and the details of com-
puter program instructions for conventional algorithms and
processes have not been shown in detail in order not to
obscure the present invention unnecessarily.

[0036] Software programming code, which embodies
aspects of the present invention, is typically maintained in
permanent storage, such as a computer readable medium. In
a client-server environment, such software programming
code may be stored on a client or a server. The software
programming code may be embodied on any of a variety of
known media for use with a data processing system. This
includes, but is not limited to, magnetic and optical storage
devices such as disk drives, magnetic tape, compact discs
(CD’s), digital video discs (DVD’s), and computer instruc-
tion signals embodied in a transmission medium with or
without a carrier wave upon which the signals are modu-
lated. For example, the transmission medium may include a
communications network, such as the Internet. In addition,
while the invention may be embodied in computer software,
the functions necessary to implement the invention may
alternatively be embodied in part or in whole using hardware
components such as application-specific integrated circuits
or other hardware, or some combination of hardware com-
ponents and software.

System Overview

[0037] Turning now to the drawings, reference is initially
made to FIG. 1, which is an illustration of a system 20 for
imaging and mapping a heart 24 of a patient, and which is
suitable for performing diagnostic or therapeutic procedures
involving the heart 24, in accordance with an embodiment of
the present invention. The system comprises a catheter 28,
which is percutaneously inserted by a physician into a
chamber or vascular structure of the heart. The catheter 28
typically comprises a handle 29 for operation of the catheter
by the physician. Suitable controls on the handle enable the
physician to steer, position and orient the distal end of the
catheter as desired.

[0038] The system 20 comprises a positioning subsystem
that measures location and orientation coordinates of the
catheter 28. Throughout this patent application, the term
“location” refers to the spatial coordinates of the catheter,
and the term “orientation” refers to its angular coordinates or
rotation. The term “position” refers to the full positional
information of the catheter, comprising both location and
orientation coordinates.

[0039] In one embodiment, the positioning subsystem
comprises a magnetic position tracking system that deter-
mines the position and orientation of the catheter 28. The
positioning subsystem generates magnetic fields in a pre-
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defined working volume its vicinity and senses these fields
at the catheter. The positioning subsystem typically com-
prises a set of external radiators, such as field generating
coils 30, which are located in fixed, known positions extet-
nal to the patient. The coils 30 generate fields, typically
electromagnetic fields, in the vicinity of the heart 24.

[0040] In an alternative embodiment, a radiator in the
catheter, such as a coil, generates electromagnetic fields,
which are received by sensors (not shown) outside the
patient’s body.

[0041] The position sensor transmits, in response to the
sensed fields, position-related electrical signals over cables
33 running through the catheter to a console 34. Alterna-
tively, the position sensor may transmit signals to the
console over a wireless link. The console comprises a
positioning processor 36 that calculates the location and
orientation of the catheter 28 based on the signals sent by a
position sensor 32. The positioning processor 36 typically
receives, amplifies, filters, digitizes, and otherwise processes
signals from the catheter 28.

[0042] Some position tracking systems that may be used
for this purpose are described, for example, in U.S. Pat. Nos.
6,690,963, 6,618,612 and 6,332,089, and U.S. Patent Appli-
cation Publications 2002/0065455 A1, 2004/0147920 Al,
and 2004/0068178 A1, whose disclosures are all incorpo-
rated herein by reference. Although the positioning sub-
system shown in FIG. 1 uses magnetic fields, the methods
described below may be implemented using any other
suitable positioning subsystem, such as systems based on
electromagnetic fields, acoustic or ultrasonic measurements.

[0043] Alternatively, the system 20 can be realized as the
Carto-Biosense® Navigation System, available from Bio-
sense Webster, Inc., 3333 Diamond Canyon Road, Diamond
Bar, Calif. 91765, suitably modified to execute the proce-
dures described hereinbelow. For example, the system 20
may be adapted, mutatis mutandis, to employ the catheters
disclosed in the above-noted U.S. Pat. Nos. 6,716,166 and
6,773,402 in order to acquire ultrasound images for display
in near realtime ultrasound images concurrently with an
image or representation of the position of a deployment
catheter in the same or different sessions, and in many
different combinations.

[0044] When used for inserting therapy devices and
implants, the catheter 28 is provided with a flexible guide
wire, which is fed into a desired site. Accessory ports, such
as a side port (not shown) may optionally be provided to
accommodate the requirements for deploying implants and
therapy devices.

[0045] Reference is now made to FIG. 2, which schemati-
cally illustrates an embodiment of the distal end of the
catheter 28 (FIG. 1), in accordance with an embodiment of
the present invention. The fields generated by the field
generating coils 30 (FIG. 1) are sensed by the position
sensor 32 inside the catheter 28. The catheter 28 comprises
an ultrasonic imaging sensor. The ultrasonic sensor typically
comprises an array of ultrasonic transducers 40. In one
embodiment, the transducers are piezo-electric transducers.
The ultrasonic transducers are positioned in or adjacent to a
window 41, which defines an opening within the body or
wall of the catheter. The catheter 28 typically has at least one
lumen 37, which can admit a guide wire and guide tube to
aid in deployment of a therapeutic device.
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[0046] The transducers 40 operate as a phased array,
jointly transmitting an ultrasound beam from the array
aperture through the window 23. Although the transducers
are shown arranged in a linear array configuration, other
array configurations can be used, such as circular or convex
configurations. In one embodiment, the array transmits a
short burst of ultrasound energy and then switches to a
receiving mode for receiving the ultrasound signals reflected
from the surrounding tissue. Typically, the transducers 40
are driven individually in a controlled manner in order to
steer the ultrasound beam in a desired direction. By appro-
priate timing of the transducers, the produced ultrasound
beam can be given a concentrically curved wave front, to
focus the beam at a given distance from the transducer array.
Thus, the system 20 (FIG. 1) uses the transducer array as a
phased array and implements a transmit/receive scanning
mechanism that enables the steering and focusing of the
ultrasound beam, so as to produce two-dimensional ultra-
sound images.

[0047] In one embodiment, the ultrasonic sensor com-
prises between sixteen and sixty-four transducers 40, pref-
erably between forty-eight and sixty-four transducers. Typi-
cally, the transducers generate the ultrasound energy at a
center frequency in the range of 5-10 MHz, with a typical
penetration depth of 14 cm. The penetration depth typically
ranges from several millimeters to around 16 centimeters,
and depends upon the ultrasonic sensor characteristics, the
characteristics of the surrounding tissue and the operating
frequency. In alternative embodiments, other suitable fre-
quency ranges and penetration depths can be used.

[0048] After receiving the reflected ultrasound echoes,
electric signals based on the reflected acoustic signals or
echoes are sent by transducers 40 over cables 33 through the
catheter 28 to an image processor 42 (FIG. 1) in the console
34, which transforms them into two-dimensional, typically
sector-shaped ultrasound images. The image processor 42
typically computes or determines position and orientation
information, displays real-time ultrasound images, performs
three-dimensional image or volume reconstructions and
other functions, which will all be described in greater detail
below.

[0049] In some embodiments, the image processor uses
the ultrasound images and the positional information to
produce a three-dimensional model of a target structure of
the patient’s heart. The three-dimensional model is pre-
sented to the physician as a two-dimensional projection on
a display 44.

[0050] Insomeembodiments, the distal end of the catheter
also comprises at least one electrode 46 for performing
diagnostic functions, therapeutic functions or both, such as
electro-physiological mapping and radio frequency (RF)
ablation. In one embodiment, the electrode 46 is used for
sensing local electrical potentials. The electrical potentials
measured by the electrode 46 may be used in mapping the
local electrical activity at contact points of the endocardial
surface. When the electrode 46 is brought into contact or
proximity with a point on the inner surface of the heart 24
(FIG. 1), it measures the local electrical potential at that
point. The measured potentials are converted into electrical
signals and sent through the catheter to the image processor
for display as a map reflecting the functional data or activity
at each contact point. In other embodiments, the local
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electrical potentials are obtained from another catheter com-
prising suitable electrodes and a position sensor, all con-
nected to the console 34. In some applications, the electrode
46 can be used to determine when the catheter is in contact
with a valve, since the electrical potentials are weaker there
than in the myocardium.

[0051] Although the electrode 46 is shown as being a
single ring electrode, the catheter may comprise any number
of electrodes in any form. For example, the catheter may
comprise two or more ring electrodes, a plurality or array of
point electrodes, a tip electrode, or any combination of these
types of electrodes for performing the diagnostic and thera-
peutic functions outlined above.

[0052] The position sensor 32 is typically located within
the distal end of the catheter 28, adjacent to the electrode 46
and the transducers 40. Typically, the mutual positional and
orientational offsets between the position sensor 32, elec-
trode 46 and transducers 40 of the ultrasonic sensor are
constant. These offsets are typically used by the positioning
processor 36 to derive the coordinates of the ultrasonic
sensor and of the electrode 46, given the measured position
of the position sensor 32. In another embodiment, the
catheter 28 comprises two or more position sensors 32, each
having constant positional and orientational offsets with
respect to the electrode 46 and the transducers 40. In some
embodiments, the offsets (or equivalent calibration param-
eters) are pre-calibrated and stored in the positioning pro-
cessor 36. Alternatively, the offsets can be stored in a
memory device (such as an electrically programmable read-
only memory, or EPROM) fitted into the handle 29 (FIG. 1)
of the catheter 28.

[0053] The position sensor 32 typically comprises three
non-concentric coils (not shown), such as described in U.S.
Pat. No. 6,690,963, cited above. Alternatively, any other
suitable position sensor arrangement can be used, such as
sensors comprising any number of concentric or non-con-
centric coils, Hall-effect sensors or magneto-resistive sen-
SOrS.

[0054] Typically, both the ultrasound images and the posi-
tion measurements are synchronized with the heart cycle, by
gating signal and image capture relative to a body-surface
electrocardiogram (ECG) signal or intra-cardiac electrocar-
diogram. (In one embodiment, the ECG signal can be
produced by the electrode 46.) Since features of the heart
change their shape and position during the heart’s periodic
contraction and relaxation, the entire imaging process is
typically performed at a particular timing with respect to this
period. In some embodiments, additional measurements
taken by the catheter, such as measurements of various tissue
characteristics, temperature and blood flow measurements,
are also synchronized to the electrocardiogram (ECG) sig-
nal. These measurements are also associated with corre-
sponding position measurements taken by the position sen-
sor 32. The additional measurements are typically overlaid
on the reconstructed three-dimensional model, as will be
explained below.

[0055] In some embodiments, the position measurements
and the acquisition of the ultrasound images are synchro-
nized to an internally generated signal produced by the
system 20. For example, the synchronization mechanism can
be used to avoid interference in the ultrasound images
caused by a certain signal. In this example, the timing of
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image acquisition and position measurement is set to a
particular offset with respect to the interfering signal, so that
images are acquired without interference. The offset can be
adjusted occasionally to maintain interference-free image
acquisition. Alternatively, the measurement and acquisition
can be synchronized to an externally supplied synchroniza-
tion signal.

[0056] In one embodiment, the system 20 comprises an
ultrasound driver 39 that drives the ultrasound transducers
40. One example of a suitable ultrasound driver, which can
be used for this purpose is an AN2300™ ultrasound system
produced by Analogic Corporation, 8 Centennial Drive,
Peabody, Mass. 01960. In this embodiment, the ultrasound
driver performs some of the functions of the image proces-
sor 42, driving the ultrasonic sensor and producing the
two-dimensional ultrasound images. The ultrasound driver
may support different imaging modes such as B-mode,
M-mode, CW Doppler and color flow Doppler, as are known
in the art.

[0057] Typically, the positioning and image processors are
implemented using a general-purpose computer, which is
programmed in software to carry out the functions described
herein. The software may be downloaded to the computer in
electronic form, over a network, for example, or it may
alternatively be supplied to the computer on tangible media,
such as CD-ROM. The positioning processor and image
processor may be implemented using separate computers or
using a single computer, or may be integrated with other
computing functions of the system 20. Additionally or
alternatively, at least some of the positioning and image
processing functions may be performed using dedicated
hardware.

Two-dimensional Anatomic Imaging

[0058] Referring againto FIG. 1, gated images of the heart
are created, e.g., ultrasound, SPECT, images and correlated
with location data of the catheter 28. The gated images can
be registered with another image, or with the position of the
same or a different catheter used for deployment of a
therapeutic device in the coronary sinus. Suitable registra-
tion techniques are disclosed in U.S. Pat. No. 6,650,927, of
common assignee herewith, and herein incorporated by
reference. The technique is briefly described:

[0059] Reference is now made to FIG. 3, which is a
simplified geometric representation of an image 54 of the
heart, which has been prepared for registration with another
diagnostic image in accordance with a disclosed embodi-
ment of the invention. Details of the preparation of the
image 54 are described in further detail hereinbelow. A
surface 56 corresponds approximately to the surface of the
heart. A coordinate system is defined, in which each point 58
on the surface 56 is represented by a distance R from an apex
60 and an angle a relative to a downward direction 62 (i.e.,
ventrally and caudad relative to the subject 26 (FIG. 1). In
order to register another structure with the image 54, an axis
64 and the apex 60 are identified on the image 54 and aligned
with corresponding positions, landmarks or fiducial marks
of the structure to be registered, using location information
provided by the sensors on the catheter 28 (FIG. 1). This is
preferably automatic, but additionally or alternatively can be
done or assisted by an operator. The scale of the structure to
be registered is adjusted so that its dimensions match that of
the image 54 as closely as possible.
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[0060] Reference is now made to FIG. 4, which is a
schematic exploded view of a diagnostic image 66 of the
heart 24 (FIG. 1), in accordance with a disclosed embodi-
ment of the invention. The view is generated using a
bullseye rendition technique. The image 66 comprises a
stack of parallel slices 68, which are perpendicular to the
axis 64. The slices are typically taken at a fixed slice
increment along the axis 64. Each slice shows a section 70.

Three-dimensional Anatomic Imaging

[0061] Referring again to FIG. 1, three-dimensional imag-
ing is described in commonly assigned application Ser. No.
11/115,002 filed on April 26, entitled Three-Dimensional
Cardiac Imaging Using Ultrasound Contour Reconstruction,
which is herein incorporated by reference. A brief descrip-
tion of the method will facilitate understanding of the
present invention.

[0062] Essentially, the disclosed method combines mul-
tiple two-dimensional ultrasound images, acquired at differ-
ent positions of the catheter 28 as described above, into a
single three-dimensional model of the target structure. Typi-
cally, the physician inserts the catheter 28 through a suitable
blood vessel into a chamber of the heart, and then scans the
target structure by moving the catheter between different
positions inside the chamber. In each catheter position, the
image processor 42 acquires and produces a two-dimen-
sional ultrasound image,

[0063] Referring again to FIG. 1, during deployment of a
therapeutic device or implant, the positioning subsystem of
the system 20 measures and calculates the current position
of the catheter 28. The calculated position is stored together
with the corresponding slice or slices 68 (FIG. 3). Typically,
each position of the catheter 28 is represented in coordinate
form, such as a six-dimensional coordinate (X, Y, Z axis
positions, and pitch, yaw and roll angular orientations).

[0064] The image processor 42 subsequently assigns
three-dimensional coordinates to the contours of interest,
identified in the set of images. The location and orientation
of the planes of these images in three-dimensional space are
known by virtue of the positional information, stored
together with the images. Therefore, the image processor is
able to determine the three-dimensional coordinates of any
pixel in the two-dimensional images. When assigning the
coordinates, the image processor typically uses stored cali-
bration data comprising position and orientation offsets
between the position sensor and the ultrasonic sensor, as
described above.

[0065] Alternatively, the system 20 (FIG. 1) can be used
for three-dimensional display and projection of two-dimen-
sional ultrasound images, without reconstructing a three-
dimensional model. For example, the physician can acquire
a single two-dimensional ultrasound image. Contours of
interest on this image can be tagged using the procedures
described below. The system 20 can then orient and project
the ultrasound image in three-dimensional space. During a
medical procedure the system can continuously track and
display the three-dimensional position of the catheter per-
forming the medical procedure, which may be different from
the catheter that acquired the image onto which the catheter
now performing the medical procedure is being registered.
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Functional Imaging Techniques

[0066] Reference is now made to FIG. 5, which shows an
electro-anatomical map 72 of a heart, a corresponding
three-dimensional anatomic image 74, and a composite
image 75, in which a replicated portion of a portion of the
electro-anatomical map 72 is in registration with the ana-
tomic image 74, in accordance with a disclosed embodiment
of the invention. The images are acquired and reconstructed
as described above. A reference ECG tracing 76 is shown in
the lower portion of the figure. The electro-anatomical map
72 discloses an area 78 of relatively low voltage. An area of
interest 80 is delineated on the anatomic image 74, which is
consistent with a myocardial scar. Scar tissue in the heart
affects myocardial function in that it typically exhibits lower
voltage than healthy tissue in an electro-anatomical map, as
indicated by the area 78. The composite image is formed by
registering the area 80 with the area 78.

Alternate Embodiments

[0067] In another embodiment of the invention, electrical
potentials may be used for segmentation of an image. For
example, the locations and shapes of valves in the heart may
be delineated on the basis of differences in electrical poten-
tials between the valves and the surrounding endocardium.

[0068] Reference is now made to FIG. 6, which shows an
electro-anatomical map 82 of a heart, a corresponding
concurrently acquired three-dimensional anatomic image
84, and a composite image 90 in which a replicated portion
of the electro-anatomical map 82 is in registration with the
anatomic image 84, in accordance with a disclosed embodi-
ment of the invention. On the anatomic image 84 the
locations of the mitral valve and aortic valve can be deter-
mined by the operator, based on the morphologic appearance
of the heart. On the electro-anatomical map 82, areas 86, 88
of relatively low electrical activity indicate the aortic and
mitral valves, respectively. After relevant portions of the
electro-anatomical map 82 including the areas 86, 88, are in
registration with the operator-identified areas of the ana-
tomic image 84, the resulting composite image 90 of the
entire heart becomes available to the operator in near real-
time.

[0069] Other electrical features may also be used in seg-
mentation and registration. For example, movement of a
mapping catheter from the atrium to the ventricle may be
identified by disappearance of the P-wave in the local
electrocardiogram as the catheter enters the ventricle. As
another example, in impedance-based location systems, in
which electrical impedance between a mapping catheter and
a body surface electrode is measured, the location of the
pulmonary veins may be identified by a rise in impedance as
the catheter moves from the left atrium into the veins.

[0070] In one embodiment of the invention, NOGA™
software, available from Biosense-Webster, is employed for
registration. The software employs a filter to detect the
P-wave in a bipolar EKG, and thus can distinguish points
that are on the fibrous ring of the valves at the basal zone
from points that are clearly in the atrium. The algorithm used
essentially defines the body surface QRS complex, and its
P-wave location, and then looks for a deflection in that time
range in the bipolar window. Two predefined parameters
must be met: (1) The peak-to-peak voltage of the deflection
must be in the range of 0 to 0.5 mV. (2) The ratio of the
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deflection to the magnitude of the QRS complex must be in
the range of 0 to 100%. In general, it is considered that a
peak-to-peak voltage of 0.1 mV already exceeds the noise
level and represents a true deflection signal. A ratio of 25%
seems to be suflicient. If the first or the second parameters
are increased, fewer points will meet the criteria and more
truly basal points will be missed. On the other hand, decreas-
ing the parameters result in deletion of valid points
(increased false positive). In a typical left ventricular map
the algorithm typically detects 3-10 points, which are almost
always indeed basal locations.

[0071] In yet another embodiment of the invention, if a
patient wears a “vest” of body surface electrodes during
computed tomographic (CT) imaging of the thorax, the
electrodes will appear in the CT image. ECG measurements
that are performed using the electrodes provide an electrical
mode] that can be projected inward to the heart surface.
Electro-anatomical maps of the heart likewise produce an
electrical model of the heart that can be projected outward
to the body surface. The two electrical models may be
registered with one another in order to register the electro-
anatomical map of the heart with the CT image. The
registration algorithm uses both location and electrical activ-
ity information.

[0072] Other physiological data that may be mapped and
used in image registration and segmentation include tem-
perature, blood flow rate, chemical properties and mechani-
cal activity. For example, areas of high-speed flow detected
by an ultrasound catheters, as disclosed, e.g., in the above-
noted U.S. Pat. Nos. 6,716,166 and 6,773,402 in a Doppler
image may be identified and registered with stenoses in
blood vessels observed in a three-dimensional anatomic
image. As another example, a chemical sensor may be used
to identify areas of the heart with low NADPH levels,
indicative of ischemia. Such areas may be registered with
corresponding ischemic areas observed on images obtained
using magnetic resonance spectroscopy. The technique
described in the article Quantitative Measurements of Car-
diac Phosphorus Metabolites in Coronary Artery Disease by
31P Magnetic Resonance Spectroscopy, Takahiro Yabe et
al., Circulation. 1995; 92:15-23 is suitable for displaying
such areas.

[0073] Tt will be appreciated by persons skilled in the art
that the present invention is not limited to what has been
particularly shown and described hereinabove. Rather, the
scope of the present invention includes both combinations
and sub-combinations of the various features described
hereinabove, as well as variations and modifications thereof
that are not in the prior art, which would occur to persons
skilled in the art upon reading the foregoing description.

1. A method for mapping a structure in a body of a subject,
comprising the steps of:

capturing a three-dimensional image of said structure,
said structure having anatomical features that appear in
said image;

generating a functional model comprising a three-dimen-
sional map of said structure comprising functional
information relating to said structure measured at mul-
tiple points on said structure, said map exhibiting
functional features of said structure;
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registering said image with said map by automatically
identifying at least one of said functional features with
at least a corresponding one of said anatomical features
in said image; and

displaying said functional information from said map in

registration with said image.

2. The method according to claim 1, further comprising
the step of inserting a probe into said structure, said probe
having a position sensor for determining position and ori-
entation information of said probe.

3. The method according to claim 2, wherein said step of
generating a functional model comprises generating an
electrical model by contacting said probe with multiple
contact points on said structure, and using said position
sensor of said probe to obtain position and orientation
information associated with each of said contact points.

4. The method according to claim 3, wherein said struc-
ture comprises a heart, and wherein said functional infor-
mation comprises a feature of a local electrocardiogram
taken at each of said contact points.

5. The method according to claim 4, wherein said feature
1s a P-wave, further comprising the steps of identifying atrial
locations of said contact points when said P-wave is present
and identifying ventricular locations of said contact points
when said P-wave is absent.

6. The method according to claim 3, wherein said func-
tional information comprises magnitudes of electrical volt-
ages at said contact points.

7. The method according to claim 6, wherein said struc-
ture comprises a heart, further comprising the step of iden-
tifying a myocardial scar in said heart by delineating an area
of said heart, wherein said contact points in said area have
lower voltages than said contact points that are located
outside said area.

8. The method according to claim 6, wherein said struc-
ture comprises a heart, further comprising the step of iden-
tifying a valve of said heart by delineating an area of said
heart, wherein said contact points have voltages that differ
from voltages of other said contact points that are located
outside said area.

9. The method according to claim 3, wherein said func-
tional information comprises impedances between a surface
of said body and respective ones of said contact points.

10. The method according to claim 3, wherein said image
is a computed tomographic image of a thorax of said body
that includes a representation of a heart thereof.

11. The method according to claim 10, further comprising
the steps of:

placing a plurality of surface electrodes on said thorax;
and

generating an external electrical model by performing an
electrocardiogram using said surface electrodes,
wherein said step of registering further comprises the
steps of projecting said electrical model outwardly onto
said representation of said heart and projecting said
external electrical model inwardly onto said represen-
tation of said heart to place said external electrical
model in registration with said electrical model and
with said representation of said heart.
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12. The method according to claim 1, wherein said image
is an ultrasound image.

13. The method according to claim 1, wherein said
functional information is temperature, flow rate of a fluid in
said structure, a chemical property or mechanical activity of
said structure.

14. An apparatus for mapping a structure in a body of a
subject, comprising:

an imaging device for capturing a three-dimensional
image of said structure, said structure having anatomi-
cal features that appear in said image;

a processor linked to said imaging device, said processor
being operative for generating a functional model com-
prising a three-dimensional map of said structure com-
prising functional information relating to said structure
measured at multiple points on said structure, said map
exhibiting functional features of said structure, said
processor being operative for registering said image
with said map by automatically identifying at least one
of said functional features with at least a corresponding
one of said anatomical features in said image; and

a display device linked to said processor for displaying
said functional information from said map in registra-
tion with said image.

15. The apparatus according to claim 14, further com-
prising a probe linked to said processor and adapted for
insertion into said structure, said probe having a position
sensor for determining position and orientation information
of said probe.

16. The apparatus according to claim 15, wherein said
functional model comprises an electrical model when said
probe is contacted with multiple contact points on said
structure, and responsively to said position sensor of said
probe said processor is operative to obtain position and
orientation information associated with each of said contact
points.

17. The apparatus according to claim 16, wherein said
structure comprises a heart, and wherein said functional
information comprises a feature of a local electrocardiogram
taken at each of said contact points.

18. The apparatus according to claim 16, wherein said
functional information comprises magnitudes of electrical
voltages at said contact points.

19. The apparatus according to claim 16, further wherein
said functional information comprises impedances between
a surface of said body and respective ones of said contact
points.

20. The apparatus according to claim 16, wherein said
image is a computed tomographic image of a thorax of said
body that includes a representation of a heart thereof.

21. The apparatus according to claim 14, wherein said
image is an ultrasound image.

22. The apparatus according to claim 14, wherein said
functional information is temperature, flow rate of a fluid in
said structure, a chemical property or mechanical activity of
said structure.
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