2007/146864 A 2 I} 1A 0 00 D000 OO 0

=

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization Vd”Ij'

International Bureau

(43) International Publication Date
21 December 2007 (21.12.2007)

(10) International Publication Number

WO 2007/146864 A2

(51) International Patent Classification:
AG61B 5/04 (2006.01)

(21) International Application Number:

(74) Agent: WEFERS, Marc M.; Fish & Richardson P.C., P.O.

Box 1022, Minneapolis, MN 55440-1022 (US).

(81) Designated States (unless otherwise indicated, for every

PCT/US2007/070854

(22) International Filing Date:
(25) Filing Language:
(26) Publication Language:

(30) Priority Data:

11/451,898 13 June 2006 (13.06.2006)
11/451,908 13 June 2006 (13.06.2006)
11/451,871 13 June 2006 (13.06.2006)

(71) Applicants (for all designated States except
RHYTHMIA MEDICAL, INC. [US/US]; 400
Cummings Park, Suite 2050, Woburn, MA 01801
GREENFIELD, Pavel [US/US]; 630 E. Manoa

Havertown, PA 19083 (US).

(72)
(75)

Inventors; and
[IL/US]; 50 Follen Street, Apt.

Winthrop Road, Somerville, MA 02145 (US).

11 June 2007 (11.06.2007)
English

English

Us

kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU,CZ,DE, DK, DM, DO, DZ, EC, EE, EG,
ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, IL,,
IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL,
PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY,
TJ, ™™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
ZM, ZW.

Us (84) Designated States (unless otherwise indicated, for every

Us kind of regional protection available): ARIPO (BW, GH,

GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),

US): European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, F,

West FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,

(US). PT, RO, SE, SI, SK, TR), OAPI (BF, B, CF, CG, CI, CM,
Road, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

Inventors/Applicants (for US only): HARLEYV, Doron
511, Cambridge, MA
02138 (US). AMARIGLIO, Leon [GR/US]; 30 Governor

without international search report and to be republished
upon receipt of that report

Fortwo-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations” appearing at the begin-

ning of each regular issue of the PCT Gagzette.

(54) Title: NON-CONTACT CARDIAC MAPPING, INCLUDING MOVING CATHETER AND MULTI-BEAT INTEGRATION

RIC CARDIAC
ESENTATION

COORDINA
ENDDCARTEUN SURFAC
COORDIMATE SYSTEM

TO ALIG

o INBERT CATHETE
it THE HEART
CHAMBER

3

MOVE CATHETER
TOSEVERAL

SURFACE

MOVE CATHETER TO ONE OF A

LOCATIONS ON THE

REPRESENTATION | MULTIPLE OF LOCATIONS WITHIN  j# ENDGCARDIUM
THE CHAMBER SURFACE AND
) 214 - - DETERMINE THEIR
o ¥ 3D SPATIAL
- e ola! Tl
RECONSTRUGTION 21-& ACQUIRE AT THE CURRENT COORDINATES
LOCK-UP -+ LOCATION SIGNALS RESULTING 210
TABLES FROM THE HEA ICAL -
7 ACTIVITY USING THE CATHETER'S
206~ MULTHELECTRODE
s 222 g4g i
POST-PROCESSING T GENERATE RECONSTRUCTION
OPERATIONS TO EXTRAGT TRANSFORMATION AND
CLINICALLY USEFUL DATA RECONSTRUCT INFORMATION FROM
ACQUIRED SIGNALS
- 224
3 THS R AY “
3D J]S;\L;: OF |/ oon
- MO::Q;T(\\ vis

]
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NON-CONTACT CARDIAC MAPPING, INCLUDING
MOVING CATHETER AND MULTI-BEAT INTEGRATION

TECHNICAL FIELD

This invention relates to the determination and representation of physiological

information relating to a heart surface using a non-contact catheter.

BACKGROUND

Cardiac arrhythmias are a leading cause of stroke, heart disease and sudden death.
The physiological mechanism of arrhythmia involves an abnormality in the electrical
conduction of the heart. There are a number of treatment options for patients with
arrhythmia which include medication, implantable devices, and minimally invasive
procedures.

Minimally invasive procedures, such as catheter ablation, have evolved in recent
years to become an established treatment for patients with a variety of supraventricular
and ventricular arthythmias. A typical minimally invasive procedure involves mapping
of the heart tissue in order to identify the site of origin of the arrhythmia followed by a
targeted ablation of the site. Other minimally invasive procedures involve the delivery of
biological agents such as cells or genes as a form of therapy to the identified site of origin
of the arrhythmia. The procedure takes place in an electrophysiology laboratory and takes
several hours, most of which is spent mapping the electrical conduction in the heart.

Conventional 3D mapping techniques include contact mapping and non-contact
mapping. In contact mapping techniques one or more catheters are advanced into the
heart. Physiological signals resulting from the electrical activity of the heart are acquired
with one or more electrodes located at the catheter distal tip after determining that the tip
is in stable and steady contact with the endocardium surface of a particular heart
chamber. Location and electrical activity is usually measured sequentially on a point-by-
point basis at about 50 to 200 points on the internal surface of the heart to construct an
electro-anatomical depiction of the heart. The generated map may then serve as the basis
for deciding on a therapeutic course of action, for example, tissue ablation, to alter the
propagation of the heart’s electrical activity and to restore normal heart rhythm.

1
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Although the electrode(s) contacting the endocardium surface enable a relatively faithful
acquisition of physiological signals with minimal signal degradation, contact-based
mapping techniques tend to be time consuming since the catheter, and thus its electrodes,
have to be moved to a relatively large number of locations in the heart cavity to acquire
sufficient data to construct the electro-anatomical depiction of the heart. Additionally,
moving the catheter to different locations so that the catheter’s electrode(s) touch the
endocardium is a cumbersome process that is technically challenging. Further
complicating the contact-based mapping methodology is the occurrence of unstable
arthythmias condition. Particularly, ventricular tachyarrhythmias may compromise the
heart's ability to circulate blood effectively. As a result, the patient cannot be maintained
in fast tachyarrhythmia's for more than a few minutes, which significantly complicates
the ability to map during the arrhythmia. In addition, some arrhythmia's are transient or
non-periodic in nature. Contact-based sequential mapping, therefore, is less suitable for
mapping these arthythmia's since the sequential contact-based methodology is predicated
on the assumption that recorded signals are periodic in nature.

On the other hand, in non-contact-based mapping systems a multiple electrodes
catheter is percutancously placed in the heart chamber of interest. Once in the chamber,
the catheter is deployed to assume a 3D shape. Using the signals detected by the non-
contact electrodes and information on chamber anatomy and relative electrode location,
the system provides physiological information regarding the endocardium of the heart
chamber. Although non-contact mapping techniques can simultaneously acquire signals
using the multiple electrodes catheter and thus enable faster reconstruction of the
clectrical activity on the endocardial surface, because the catheter’s multiple electrodes
are not in contact with the endocardium surface some loss of accuracy of the
reconstructed map, which is proportional to the distance from the endocardium, occurs
due to the degradation of the signals acquired by the multiple electrodes. Moreover, the
computation of the complex transformations required to transform the signals acquired by
the catheter’s electrodes to determine the corresponding reconstructed information at the
endocardium surface is relatively time consuming. Also, the accuracy of the
reconstructed information is constrained by the number of electrodes that can be attached

to the catheter.
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SUMMARY
In one aspect, a non-contact cardiac mapping method is disclosed that includes:
(i) inserting a catheter into a heart cavity having an endocardium surface, the catheter
including multiple, spatially distributed electrodes; (ii) measuring signals at the catheter
5 electrodes in response to electrical activity in the heart cavity with the catheter spaced
from the endocardium surface; and (iii) determining physiological information at multiple
locations of the endocardium surface based on the measured signals and positions of the
electrodes with respect to the endocardium surface.
Embodiments may further include one or more of the following features:

10 The method may further include moving the catheter to each of multiple, different
positions in the heart cavity for which the catheter is spaced from the endocardium
surface, and, for each of the different catheter positions, determining the positions of the
catheter electrodes with respect to the endocardium surface and measuring signals at the
catheter electrodes in response to electrical activity in the heart cavity. The determination

15 of the physiological information at the multiple locations of the endocardium surface is
based further on the positions of the catheter electrodes and the measured signals at the
different catheter positions.

The number of catheter positions at which the signals are measured and used to
determine the physiological information at the multiple locations of the endocardium

20 surface may be more than three. In some embodiments the number of catheter positions
at which the signals are measured is more than five, and in some other embodiments the
number of catheter positions at which the signals are measured is more than ten.

Typically, the catheter is moved over a range larger than about one third of the
diameter of the heart cavity to measure the signals used to determine the physiological

25 information at the multiple locations of the endocardium surface.

The signals may be measured for at least one electrical heart cycle for each
catheter position.

The determination of the physiological information at the multiple locations of the
endocardium surface may include synchronizing the signals measured at the different

30 catheter positions with one another according to an electrical heart beat cycle.
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The measured signals may be synchronized based on physiological data
including, for example, ECG and/or intercardiac electrograms.

The determination of the physiological information at the multiple locations of the
endocardium surface may further include processing the synchronized signals as though
they were obtained at one time from all of the positions sampled by the catheter
electrodes for the different positions of the catheter in the heart cavity.

The determination of the physiological information at the multiple locations of the
endocardium surface may further include applying a transformation function to the
synchronized signals. The transformation function relates signals measured from at least
some of the different positions of the catheter in the heart cavity to the physiological
information at the multiple locations of the endocardium surface.

The determination of the physiological information at the multiple locations of the
endocardium surface may further include determining the transformation function by
calculating a forward transformation for relating the physiological information at the
multiple locations of the endocardium surface to the signals measured for the different
positions of the catheter in the heart cavity and inverting the forward transformation.
Inverting the forward transformation may include reformulating an underdetermined
matrix inversion by regularization. Inverting may include a least squares minimization.

The determination of the physiological information at the multiple locations of the
endocardium surface may include determining multiple estimates of the physiological
information for each of at least some of the locations on the endocardium based on the
measured signals corresponding to at least some of the different catheter positions. The
method may include processing the multiple estimates to improve an accuracy of the
physiological information. The processing of the multiple estimates may also include
averaging the estimates. Averaging may be a weighted averaging.

Determining the position of the catheter electrodes with respect to the
endocardium surface may include using, for example, electric fields, magnetic fields,
fluoroscopy, and/or ultrasound to determine a position of the catheter in a first coordinate
system. Determining the position of the catheter with respect to the endocardium surface

may further include registering a representation of the endocardium surface with the first
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coordinate system, the representation having been obtained prior to inserting the catheter
into the heart cavity.

The signals may be measured during multiple electrical heart beat cycles, and the
physiological information may be determined, at least in part, by combining information
derived from the signals for different heart beat cycles.

The combining may include integrating information derived from the signals for
common phases of the electrical heart beat cycles. The integrated information may
include integrated electric potentials on the endocardium surface for common phases of
the multiple electrical heart cycle.

The information derived from the signals for different heart beat cycles may
include, for example, a maximum voltage amplitude for each of the different heart beat
cycles at different ones of the endocardium surface locations. The combining may
include averaging together the maximum voltage amplitudes for the different heart beat
cycles. The averaging may be a weighted averaging.

The method may further include generating a representation of the endocardium
surface of a patient’s heart cavity prior to inserting the catheter into the heart cavity, and
registering the representation of the endocardium surface with a first coordinate system
used to determine the positions of the catheter electrodes relative to the endocardium
surface after the catheter is inserted into the heart cavity.

The determination of the physiological information at the multiple locations of the
endocardium surface may be based on the positions of the catheter electrodes, the
measured signals at the different catheter positions and the registered representation of
the endocardium surface.

Generating the representation of the endocardium surface may include
segmenting a volumetric representation of the heart cavity. The volumetric
representation may be obtained from, for example, a coherence tomography (CT) image,
a magnetic resonance imaging (MR]) image and/or an ultrasound image. The volumetric
representation may be segmented into a substantially closed surface representation of the
endocardium surface.

Generating the representation of the endocardium surface may include
partitioning the representation into a plurality of surface elements based on, for example,

5
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a numerical calculation technique applied to facilitate computing of the physiological
information at the endocardium surface and/or characteristics of the endocardium surface.
The representation partitioned into a plurality of elements may include, for example, a
surface mesh comprising triangles, a volumetric mesh comprising tetrahedra and/or a
regular Cartesian grid.

The method may further include contacting the catheter to the endocardium
surface at multiple locations to establish multiple points of the endocardium surface in
the first coordinate system. The method may also include determining the position of the
catheter when it contacts the endocardium surface at the multiple locations using, for
example, electric fields, magnetic fields, fluoroscopy, and/or ultrasound to determine the
position of the catheter in the first coordinate system. Registering may include
translating and orienting the surface representation in the first coordinate system to fit the
established points of the endocardium surface in the first coordinate system.

The determining of the physiological information may include, prior to inserting
the catheter into the heart cavity, processing information relating to characteristics of the
endocardium surface.

Processing information relating to characteristics of the endocardium surface may
include partially computing one or more transformation functions for converting the
signals measured at the catheter electrodes to estimates of the physiological information
at the endocardium surface.

In some embodiments, each transformation function may be associated with a
different position within the heart cavity.

In some embodiments, each transformation function may be associated with a
different position and orientation of the catheter within the heart cavity.

In some embodiments, each transformation function may be associated with the
respective positions of the catheter electrodes within the heart cavity.

Determining of the physiological information may further include, prior to
inserting the catheter into the heart cavity, processing information relating to the
characteristics of the catheter.

The characteristics of the endocardium surface may be derived from a pre-
acquired representation of the endocardium surface.

6
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The processing prior to inserting the catheter into the heart cavity may be
performed to expedite the determination of the physiological information at the multiple
locations of the endocardium surface from the measured signals.

The transformation functions may be inverse transformation functions, where the
partial computation of the one or more inverse transformation functions may include at
least partially computing one or more forward transformation functions for determining
the signals measured at the catheter electrodes from the physiological information at the
multiple locations of the endocardium surface, each forward transformation function
being associated with the position of one or more catheter electrodes within the heart
cavity. Each forward transformation function may further be associated with an
orientation of the catheter within the heart cavity. The catheter may be hollow.

At least partially computing the one or more forward transformations may include
processing information relating to the shape of the endocardium surface.

At least partially computing the one or more forward transformations may include
processing information relating to the distribution of the electrodes on the catheter.

At least partially computing the one or more forward transformations may include
fully computing the one or more forward transformations based on the information
relating to at least the shape of the endocardium surface.

Determining the physiological information from the measured signals may
include inverting the forward transformation function associated with the position of the
catheter used to measure the signals and applying the inverted forward transformation
function to the measured signals. Inverting the forward transformation may include
reformulating an underdetermined matrix inversion by regularization. Inverting may
further include performing a least squares minimization. The inversion may further
include a Tikhonov regularization.

The one or more transformation functions can be expressed as one or more
matrices.

The method may further include computing vatues indicative of a degree of
spatial resolution of the determined physiological information for at least some of the

locations of the endocardium surface.
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The computed values may be derived, at least in part, from a transformation
function relating the physiological information at the multiple locations of the
endocardium surface to the signals measured by the catheter electrodes.

The method may further include displaying at least a portion of the endocardium
surface to include at least some of the computed resolution values. The method may
further include overlaying on a display device at least some of the physiological
information determined at the multiple surface locations.

The method may further include displaying at least a portion of the endocardium
surface to include a selected subset of the physiological information determined at the
multiple surface locations, where the subset is selected based on at least some of the
computed resolution values.

The determined physiological information may include electrical potential values
at the multiple locations of endocardium surface at different phases of the heart beat
cycle. The method further may include determining frequency dependent features of
converting the electrical potential values into a frequency representation of electrical
activity at multiple locations of the endocardium surface during the heart beat cycle.

The method may further include displaying at least a portion of the endocardium
surface to include information about the frequency representation at corresponding
locations of the endocardium surface.

The information about the frequency representation may include information
indicative of a dominant frequency in the frequency representation.

The method may further include using the determined physiological information
to guide treatment of the heart cavity.

The treatment may include ablation of one or more selected regions of the heart.

The treatment may include cell therapy, gene therapy, or application of other
biological agents.

The method may further includes repeating the measurement of catheter electrode
signals and the determination of the physiological information after the treatment, and
displaying a difference map including information about how the determined

physiological information changed in response to the treatment.
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The determined physiological information may include isopotential lines or bands
corresponding to sets of contignous locations of the multiple locations of endocardium
surface having electrical potential values that are equal or within a selected range. The
method may further include displaying at least a portion of the endocardium surface to

5 include at least some of the isopotential lines. Displaying may inchude presenting the
isopotential lines for each of different phases of the heart beat cycle.

The determined physiological information may include electrical potential values
at the multiple locations of endocardium surface at different phases of the heart beat
cycle, and the method may further include displaying at least a portion of the

10 endocardium surface to include information about the electric potential values.
Displaying information about the electric potential values may include, for example, the
maximum electrical potential during the heart beat cycle for different locations of the
endocardium surface and/or the root mean square of the electrical potentials during the
heart beat cycle for different locations of the endocardium surface.

15 The determined physiological information may include an activation time for each
of different locations of the endocardium surface. The method may further include
displaying at least a portion of the endocardium surface to include representations
indicative of the activations times. The activation times within a common activation time
range are displayed with a common color or visual indication.

20 The number of locations on the endocardium surface where physiological
information is determined may be more than 10 times more than the number of electrodes
on the catheter.

The catheter may be spaced from the endocardium surface by more than about 3
mm when measuring the signals.

25 The method may further include displaying at least a portion of the endocardium
surface to include at least some of the physiological information determined at the
multiple surface locations.

The signals measured may be electrical signals. The signals measured may be
electric potential signals.

30 The physiological information may be electrical information. The physiological
information may include electrical potentials at the multiple locations of the endocardium

9
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surface at each of one or more phases of the heart cycle, and any information derivable
there from, such as: isopotential maps, maximum or RMS voltage maps, activation time
maps, and frequency maps.

Determining the position of the catheter electrodes may include measuring

5 information about, for example, a position and/or orientation of the catheter within the
heart cavity.

Determining the position of the catheter electrodes may be based further on
information about the distribution of the electrodes on the catheter. Measuring
information about, for example, a position and/or orientation of the catheter within the

10 heart cavity may include measuring the position of one or more catheter electrodes within
the heart cavity.

Determining the position of the catheter electrodes may include directly
measuring the position of each catheter electrode within the heart cavity.

In another aspect, a system is disclosed that includes a catheter configured to be

15 inserted into a heart cavity having an endocardium surface, the catheter including
multiple, spatially distributed electrodes, the multiple electrodes configured to measure
signals in response to electrical activity in the heart cavity with the catheter spaced from
the endocardium surface. The system also includes a processing unit configured to
determine physiological information at multiple locations of the endocardium surface

20 based on the measured signals and positions of the electrodes with respect to the
endocardium surface.

In certain embodiments, the system may further include a sensor device
configured to interact with the processing unit to determine the positions of the catheter
electrodes with respect to the endocardium surface.

25 Embodiments of the system may include any feature corresponding to any of the
features as set forth above for the method. For example, the processing unit can be
configured (e.g., programmed) to carry out one of more of the processing/determining
type method steps described above.

In a further aspect, disclosed is a computer program product residing on a

30 machine-readable medium for storing computer instructions that, when executed, cause a
processor-based machine to receive from multiple, spatially distributed electrodes of a

10



WO 2007/146864 PCT/US2007/070854

10

15

20

25

Attorney Docket No. 20240-002WO01
Client Reference RMD-INVD-1A - PCT

catheter, after the catheter has been inserted into a heart cavity having an endocardium
surface, signals measured by the electrodes in response to electrical activity in the heart
cavity, with the catheter spaced from the endocardium surface. The computer
instructions also cause the processor-based machine to determine physiological
information at multiple locations of the endocardium surface based on the measured
signals and positions of the electrodes with respect to the endocardium surface.

Like the system aspect, embodiments of the computer program product may
include any feature corresponding to any of the features as set forth above for the method.

The details of one or more embodiments of the invention are set forth in the
accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and from

the claims.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of an exemplary non-contact mapping system.

FIG 2 is a flow diagram of an exemplary non-contact mapping procedure.

FIG. 3 is an exemplary illustration of a representation of the endocardium surface.

FIG. 4 is an exemplary illustration of a meshed boundary representation of an
endocardium surface of a left atrium.

FIG. 5 is an illustration of an exemplary voltage map generated using a linear
color map matching scheme.

FIG. 6 is a flowchart of an exemplary embodiment of a catheter registration
procedure.

FIG. 7 is a flowchart of an exemplary embodiment of a procedure for
reconstructing physiological information from signals acquired by the multiple electrodes
of a catheter.

FIG. 8 is a flowchart of an exemplary embodiment of a procedure to generate a
resolution map.

FIG 9 is a diagram showing a time and frequency representations of an exemplary

electrogram.

11
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FIG. 10 is a flowchart of an exemplary embodiment of a procedure to generate an
activation time map.

FIG 11 is a flowchart of an embodiment of an exemplary embodiment of a
procedure to generate a voltage map.

FIG. 12 is a schematic diagram showing signal phase alignment.

FIG. 13 is a flowchart of an exemplary embodiment of a procedure for generating
a frequency map.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION

Overview

Disclosed herein is a system and method for non-contact mapping and
presentation of physiological information in relation to an endocardium surface of a heart
chamber. In certain embodiments, the non-contact mapping system uses a movable
multi-electrode catheter that is displaced to multiple locations within the heart chamber,
thereby improving the resolution and accuracy of data that can be acquired by a single
catheter. Transformation functions are computed prior to the commencement of signal
measurement and acquisition of raw data to expedite the reconstruction process to
assemble the physiological information provided to a user.

FIG. 1 shows a schematic diagram of an exemplary embodiment of a non-contact
system 100. The non-contact system 100 includes a moveable catheter 110 having
multiple spatially distributed electrodes. During the signal acquisition stage of the non-
contact mapping procedure the catheter 110 is displaced to multiple locations within the
heart chamber into which catheter 110 is inserted.

In some embodiments the distal end of the catheter 110 is fitted with multiple
electrodes spread somewhat uniformly over the catheter. For example, the electrodes
may be mounted on the catheter 110 following a 3D olive shape. The electrodes are
mounted on a device capable of deploying the electrodes into the desired shape while
inside the heart, and retracting the electrodes when the catheter is removed from the
heart. To allow deployment into a 3D shape in the heart, electrodes may be mounted on a

balloon, or shape memory material such as Nitinol.

12
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At each of the locations to which the catheter 110 is moved, the catheter’s
multiple electrodes acquire signals resulting from the electrical activity in the heart cavity
in a non-contact manner. Thus, at cach of the locations to which the catheter 110 is
moved, the catheter is spaced from the endocardium surface. Consequently,
reconstructing and presenting to a user (such as a doctor and/or technician) physiological
data pertaining to the heart’s electrical activity may be based on information acquired at
multiple locations, thereby providing a more accurate and faithful reconstruction of
physiological behavior of the endocardium surface. The acquisition of signals at multiple
catheter locations in the heart chamber enables the catheter to effectively act as a “mega-
catheter” whose effective number of electrodes and electrode span is proportional to the
product of the number of locations in which signal acquisition is performed and the
number of electrodes the catheter has.

To enhance the quality of the reconstructed physiological information at the
endocardium surface, in some embodiments the catheter 110 is moved to more than three
locations (for example, more than 5, 10, or even 50 locations) within the heart chamber.
Further, the spatial range over which the catheter is moved may be larger than one third
(1/3) of the diameter of the heart cavity (for example, larger than 35%, 40%, 50% or even
60% of the diameter of the heart cavity). Additionally, as will be described in further
details below, in some embodiments the reconstructed physiological information is
computed based on signals measured over several heart beats, either at a single catheter
location within the heart chamber or over several locations. In circumstances where the
reconstructed physiological information is based on multiple measurements over several
heart beats, the measurements are synchronized with one another so that the measurement
are performed at approximately the same phase of the heart cycle. The signal
measurements over multiple beats can be synchronized based on features detected from
physiological data such as surface ECG or intracardiac electrograms.

Non-contact mapping system 100 further includes the processing unit 120 which
performs several of the operations pertaining to the non-contact mapping procedure,
including the reconstruction procedure to determine the physiological information at the
endocardium surface. As will be described in more details below, the reconstruction of
physiological information (e.g., electrical potentials) at the endocardium surface includes

13
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the computations of transform functions corresponding to the solution of the partial
differential equations that define the relationship between acquired signals measured by
the catheter’s multiple electrodes and the physiological behavior (e.g., the electrical
potential behavior) of the endocardium surface. We generally refer to the “forward”
transform or transformation as the mathematical operation that provides the signals
measured by the catheter electrodes based on the electrical activity at different locations
of the endocardium surface. Because there are typically many more endocardium surface
locations than catheter electrodes this forward transformation is generally well-defined.
We generally refer to the “inverse” transform as some type of mathematical inversion of
this forward transformation to provide information about the electrical activity at the
different locations of the endocardium surface based on the measured signals at the
catheter electrodes. The reconstruction process also includes the computation of inverse
transform functions based on a regularization scheme to determine the physiological
information at the endocardium surface based on the acquired signals at the multiple
electrodes. Thus, the computational effort involved in the reconstruction process is
considerable.

Accordingly, to expedite the computational operations performed by the non-
contact mapping system 100, the processing unit 120 can compute, generally prior to the
insertion of the catheter into the heart chamber and/or before signal acquisition by the
catheter’s electrodes has commenced, transformation functions that can be used in real-
time to facilitate the reconstruction process. More specifically, the transformation
functions that are applied to the raw data can be represented in terms of individual
transformation components. The individual transformation components include, for
example, transformation components corresponding to chamber anatomy, and/or the
geometry of the catheter. Thus, to expedite the reconstruction procedure for generating
the endocardium surface’s physiological information, the processing unit 120 computes
transformation functions pertaining to the chamber’s geometry and/or the catheter’s
geometry, and those components are combined during the reconstruction process with
other transformation functions to form the overall inverse transform function.

Since the overall inverse transform that is applied to the raw data depends on the
particular location of the catheter 110 (for example, position and/or orientation) in the
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heart chamber, in some embodiments the reconstruction process can be further expedited
by pre-computing the forward transform for multiple catheter and/or electrode locations.
Because forward transforms have to be computed individually for the possible catheter
and/or electrode locations, the number of pre-computed forward transforms will be
related to the number of possible locations that the catheter 110 may take in the heart
chamber.

Once the catheter 110 is inserted and is displaced to a particular location in the
heart chamber, the mapping procedure can be performed expeditiously by computing in
real-time those transformation components that could not be computed ahead of the
signal acquisition stage, and combining those components with the appropriate pre-
processed transformation components to obtain the overall transformation function(s).
That overall transformation function is applied to the acquired raw data to perform the
inverse reconstruction operation.

In addition to computing the pre-processed partial transformation functions, the
processing unit 120 also performs a catheter registration procedure. The location of the
catheter 110 inserted into the heart chamber can be determined using a conventional
sensing and tracking system (not shown) that provide the 3D spatial coordinates of the
catheter and/or its multiple electrodes with respect to the catheter’s coordinate system as
established by the sensing and tracking system. However, to perform the mapping
procedure and reconstruct physiological information on the endocardium surface, it is
necessary to align the coordinate system of the catheter 110 with the endocardium
surface’s coordinate system. As will be described below in greater detail, the processing
unit 120 (or some other processing module of system 100) determines a coordinate
system transformation function that transforms the 3D spatial coordinates of the
catheter’s locations into coordinates expressed in terms of the endocardium surface’s
coordinate system, or vice-versa.

As will become apparent below, the processing unit 120 also performs post-
processing operations on the reconstructed physiological information to extract and
display useful features of the information to the operator of the system 100 and/or other

persons (e.g., a physician).
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As also shown in FIG. 1, the non-contact mapping system 100 includes the image
acquisition and preparation module 130. The acquisition and preparation module 130
receives volumetric images (e.g., CT, MRI or ultrasound images taken by a scanner
apparatus) of the torso, and processes them, using a procedure referred to as
segmentation, to obtain a representation of the endocardium surface. Mapping of the data
acquired by the multiple electrodes of catheter 110 is performed with reference to the
representation of the endocardium surface. Once the boundary representation is
constructed from the volumetric data, the boundary and or chamber volume
representation is partitioned into elements whose characteristics are determined in
accordance with, among other things, the types of numerical calculation techniques that
are used to perform the mapping, as well as the overall geometry and characteristics of
the endocardium surface as determined during the segmentation process from the
acquired volumetric images.

As further shown in FIG. 1, the signals acquired by the multiple electrodes of
catheter 110 are passed to the processing unit 120 via the signal conditioning module
140. The signal conditioning module 140 receives the signals communicated from the
catheter 110 and performs signal enhancement operations on the signals before they are
forwarded to the processing unit 120. Signal conditioning hardware is required to
amplify, filter and continuously sample intracardiac potential measured by each
electrode. The intracardiac signals typically have a maximum amplitude of 60mV, with a
mean of a few millivolts. In some embodiments the signals are bandpass filtered in a
frequency range (e.g., 0.5-500Hz) and sampled with analog to digital converters (e.g.,
with 15-bit resolution at 1kHz). To avoid interference with electrical equipment in the
room, the signal can be filtered to remove the frequency corresponding to the power
supply (e.g., 60 Hz). Other types of signal processing operations such as spectral
equalization, automatic gain control, etc. may also take place. The resultant processed
signals are forwarded by the module 140 to the processing unit 120 for further
processing.

In some embodiments, the signal conditioning module 140 is implemented by use
of integrated components on a dedicated printed circuit board. In other embodiments,
some of the signal conditioning tasks may be implemented on a CPU, FPGA or DSP after
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sampling. To accommodate safety regulations, the signal conditioning module is isolated
from high voltage power supplies.

The processing unit 120, image acquisition and preparation module 130 shown in
FIG. 1 is a processor-based device that includes a computer and/or other types of
processor-based devices suitable for multiple applications. Such devices can include
volatile and non-volatile memory elements, and peripheral devices to enable input/output
functionality. Such peripheral devices include, for example, a CD-ROM drive and/or
floppy drive, or a network connection, for downloading related content to the connected
system. Such peripheral devices may also be used for downloading software containing
computer instructions to enable general operation of the respective unit/module, and for
downloading software implemented programs to perform operations in the manner that
will be described in more detailed below with respect to the various systems and devices
shown in FIG. 1. Alternatively, the various units/modules may be implemented on a
single processor-based platform capable of performing the functions of these
units/modules. Additionally or alternatively, one or more of the procedures performed by
the processing unit 120 and/or image acquisition module 130 and/or signal conditioning
module 140 may be implemented using processing hardware such as digital signal
processors (DSP), field programmable gate arrays (FPGA), mixed-signal integrated
circuits, etc. The signal conditioning module 140 is typically implemented using analog
hardware augmented with signal processing capabilities provided by DSP, CPU and
FPGA devices.

As further shown in FIG. 1, the non-contact mapping system 100 also includes
peripheral devices such as printer 150 and/or display device 170, both of which are
interconnected to the processing unit 120. Additionally, the non-contact mapping system
100 includes storage device 160 that is used to store data acquired by the various
interconnected modules, including the volumetric images, raw data measured by
electrodes and the resultant endocardium representation computed there from, the
partially computed transformations used to expedite the mapping procedures, the
reconstructed physiological information corresponding to the endocardium surface, etc.

FIG. 2 is a flow diagram providing a top-level depiction of the various procedures
performed by the system 100 in the course of performing the non-contact mapping
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procedure 200. As shown, the system 100 initially acquires at 202 volumetric cardiac
representations of a patient’s heart. Such volumetric representations may include high-
resolution CT, MRI and/or ultrasonic slice images providing data regarding the geometry
and characteristic of the patient’s heart. The volumetric data may be acquired in advance
of the commencement of other procedures comprising the non-contact mapping
procedure. For example, the volumetric data may be obtained days or weeks prior to the
catheter-insertion procedure. The volumetric data is initially received by the image
acquisition and preparation module 130 shown in FIG.1, but may subsequently be stored
for future processing in storage module such as storage device 160.

Once volumetric data has been acquired, the image acquisition and preparation
module 130 uses the acquired data to segment the volume, at 204, and provide a surface
representation for a specific chamber into which the catheter will be inserted. The
segmented volume is closed to allow numerical computations and partitioned to include
surface elements whose geometry and/or other characteristics are based on the geometry
of the surface representation, the type of numerical computation procedure used in the to
generate forward transform functions, etc. In some embodiments, multiple endocardium
surface representations may be generated, each of which corresponding to a different
phase of the heart’s cycle. For example, separate representations for the endocardium
surface at multiple phases in the cardiac cycle such as systole and end diastole may be
generated. Subsequent reconstruction of physiological information may then be
performed with respect to the appropriate endocardium surface representation, depending
at what phase of the heart cycle raw data was acquired.

With the geometries of catheter and the endocardium surface representation
having been determined or otherwise known, the non-contact mapping procedure pre-
computes at 206 transformation functions that thereafter can be quickly retrieved during
the reconstruction of physiological information, thereby expediting the computation of
the reconstruction transformations in real-time. The pre-processed transformation
functions are represented and stored in the form of look-up tables, in the form of
matrices, functional representations, or the like. Individual transformation functions
correspond to one or more of the multiple locations within the heart chamber to which

electrodes and/or the moveable catheter 110 may be moved during the non-contact
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mapping procedure. Other pre-computed transformations may correspond to the various
heart shapes with respect to which the physiological information is determined. The pre-
computed transformation functions may either be stored on a local storage module
forming part of the processing unit 120, or may be alternatively stored on storage device
160.

The catheter 110 is inserted into the heart chamber to be studied at 208. The
catheter 110 is typically inserted into the heart chamber via a suitable blood vessel
leading to the heart chamber. In some embodiments, the electrodes of the catheter 110
are bundled into a compact configuration that enables the catheter 110 to be delivered to
the heart chamber with minimal obstruction. Once inside the heart chamber, the
electrodes of the catheter are deployed into a specified electrode arrangement relative to
the catheter 110. During the mapping procedure 200, the moveable catheter 110 is
displaced to multiple locations within the heart chamber, whereupon the catheter’s
electrodes acquire and record signals (e.g., electrical signals) resulting from the electrical
activity of the heart.

As explained above, to reconstruct the physiological information of the
endocardium surface, the system 100 applies reconstruction transformations on the
signals acquired by the multiple electrodes of the catheter 110. Because the
transformations applied to the acquired signals depends, among other things, on the
location of the catheter relative to the endocardium surface, the mapping procedure first
establishes the location of the catheter 110 with respect to the endocardium surface’s
coordinate system.

Accordingly, the non-contact mapping system 100 determines at 208 the 3D
location of the catheter in a 3D coordinate system that corresponds to a sensing and
tracking system used to locate the physical location of the catheter 110. In some
embodiments, the location of the electrodes relative to the catheter 110 is fixed and
known, and thus the only information that needs to be determined is the location and
orientation of the catheter 110 in the 3D space established by the sensing and tracking
system. Specifically, a sensor that is affixed to the catheter 110 may be used to determine
the location and orientation of the catheter. In other embodiments the location and
orientation of the various electrodes relative to the catheter may vary, and accordingly in
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such embodiments sensors attached proximate to the various electrodes may be used to
facilitate the determination of the location of the catheter and/or its electrodes or by using
a scheme that localizes electrode Jocation using electrical impedance.

The sensing and tracking system employed to determine the 3D location of the
catheter could be based, for example, on electromagnetic radiation tracking. In this
method, electromagnetic ficlds are generated outside the patient body. A collection of
miniaturized coils oriented to detect orthogonal magnetic fields forming a sensor are
placed inside the catheter to detect the generated magnetic fields. A processing unit
determines the location and orientation of the sensor based on amplitude and phase
information in the signal detected by the multiple coils. Altemnatively and/or additionally,
the sensing and tracking system may be based on ultrasound, impedance or fluoroscopy
tracking. In impedance and fluoroscopy tracking it is possible to locate the electrode
location without necessitating dedicated sensors. In the case of impedance, electrical
potential generated by electric field generators are detected by the existing electrodes. In
case of fluoroscopy, electrode location may be detected by an image processing scheme
that identifies and tracks the electrodes and/or opaque markers located on the catheter.

As will be described in greater details below, to perform the registration
procedure, the 3D coordinates of the catheter 110 at various locations on the endocardium
surface are determined. Thus, as shown at 210, an operator moves the catheter 110 inside
the heart chamber until it determines that the catheter, or one or more of its electrodes,
touches the endocardium surface. The 3D spatial coordinates of the catheter (and/or its
electrodes) at that point on the endocardium surface is determined. The operator then
moves the catheter 110 to additional points on the endocardium surface, and the 3D
coordinates of the catheter 110 relative to the sensing and tracking system employed, at
those additional points on the endocardium surface are determined.

It will be appreciated that while the 3D spatial coordinates of the catheter at
various points on the endocardium surface relative to the sensing and tracking system’s
coordinate system are known, the identity of those points on the endocardium surface is
not known. In other words, neither the identity nor the actual coordinates (with respect to
the endocardium surface’s coordinate systems) of the points at which the catheter touches
the endocardium surface are known.
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Accordingly, to determine the identity of the endocardium surface points
corresponding to the catheter’s 3D spatial locations, and thus determine the relationship
between the endocardium surface’s coordinate system and the catheter’s 3D coordinate
system, the two coordinate system have to be aligned. To align the two coordinate

5 systems, a coordinate system transformation is computed at 212 that best matches the 3D
locations of the catheter 110 at the endocardium surface, as determined at 210, to points
on the endocardium surface that was determined at 204. Put another way, since the
general geometry of the endocardium surface is known (from the computation at 204),
and since the 3D coordinates at several points where the catheter 110 touches the

10 endocardium surface are likewise known, the alignment procedure determines the
optimal transformation that would cause the endocardium points expressed in the
catheter’s 3D coordinate system to be congruent with the endocardium surface
representation that was determined from the volumetric data. Optimization techniques,
such as least-square error computation procedures and/or other mathematical regression

15 and curve-fitting techniques, are used to align the catheter’s 3D coordinate system and
the endocardium surface representation. In some embodiments the determination of the
transformation function that aligns the two coordinate systems can be based on as few as
three (3) points on the endocardium surface with respect to which the 3D spatial
coordinates have been determined. More points may be used to compute the

20 transformation function, depending on the desired accuracy and the acceptable
computation effort that may be undertaken.

In some embodiments, the catheter registration procedure to align the
endocardium surface’s coordinate system with the coordinate system used to determine
the 3D location of the catheter 110 yields a six (6) parameter transformation that includes

25 three (3) displacement parameters (xo,y0,20) and three rotation parameters (6, ¢, wo).
These transformation parameters are subsequently applied to 3D spatial coordinates
obtained by the sensing and tracking system used to determine the catheter’s spatial
coordinates to obtain the catheter’s locations in terms of the endocardium surface’s
coordinate system.

30 Advantageously, generating a representation of the endocardium surface based on
the pre-acquired volumetric data separately from determining the location of the catheter
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relative to the endocardium surface provides an accurate representation of the
endocardium surface not attainable by sequential contact mapping.

Once the registration procedure is performed, the catheter 110 is moved, at 214, to
a first location within the heart chamber in which the first set of measurement by the
catheter’s multiple electrodes is performed. Control of the catheter’s movement and
location within the heart chamber is performed manually by the operator manipulating
the catheter 110. Alternatively, the movement of the catheter 110 within the heart
chamber may be automated by use of techniques such as magnetic (see, e.g., Stereotaxis,
Inc. of 8t. Louis, MO) or robotic (see, e.g., Hansen Robotics, Inc.) navigation. Catheter
manipulation may be used to cause the catheter to follow a pre-determined displacement
route to collect data at locations that may be considered to be of higher interest than
others. For example, in some embodiments the catheter 110 may be moved at specified
displacement intervals in an area of the heart chamber that is known have abnormal
cardiac activity.

The 3D location of the catheter 110 is then determined using one of the techniques
discussed previously 110 and/or to its multiple electrodes, thereby providing the
catheter’s spatial location in the catheter’s coordinate system. The coordinates of the
catheter 110 and/or its multiple electrodes relative to the endocardium surface (i.e., in the
endocardium’s coordinate system) are then computed using the coordinate system
transformation function determined at 212.

At its current location, the multiple electrodes of the catheter 110 acquire at 216
signals resulting from the heart’s electrical activities. In some embodiments the signals
are electrical signals (e.g., potential, current, magnetic, etc.).

The non-contact mapping system 100 generates at 218 reconstruction
transformation functions to be applied on the acquired signals to reconstruct the
physiological information at the endocardium surface. The generated reconstruction
transformation functions are based, among other things, on the pre-computed
reconstruction transformation functions that were determined at 206, and the catheter’s
location relative to the endocardium surface. Thus, in some embodiments, for every
location of the catheter 110 at which raw data is acquired, a corresponding set of
reconstructed physiological information is computed.
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As further shown in FIG. 2, after the raw data corresponding to the heart’s
electrical activity has been acquired, recorded and processed using reconstruction
transformation function(s) to obtain reconstructed physiological information at the
endocardium surface, a determination is made, at 220, whether there are additional

5 locations within the heart chamber to which the catheter 110 is to be moved. If there are
additional locations in the heart chamber to which the catheter 110 needs to be moved the
catheter is moved, using manual or automatic control, to the next location in the heart
chamber, whereupon the operation described in relation to the blocks 214-218 in FIG. 2
are performed for that next location.

10 Alternatively, in some embodiments, a composite resultant set of physiological
information can be generated by selecting from multiple sets of reconstructed
physiological information portions of the reconstructed information. As will become
apparent below, selecting which portions of reconstructed information to use can be
based on resolution maps that are indicative of the quality of the reconstructed

15 information for a particular portion or set of the reconstructed physiological information.
Other criteria and technique for selecting suitable portions of data to reconstruct a
composite set of physiological information may be used.

Alternatively, in some embodiments, one (or more) composite reconstruction
transformation function is computed that is applied collectively to the raw data acquired

20 at multiple locations to generate a resultant composite set of reconstructed physiological
information based on a substantial part of the data acquired. Such a transformation
function represents a “mega transformation function” that corresponds to the “mega
catheter” referred to above, whose effective number of electrodes and electrode span is
related to the number of locations to which the catheter was moved within the heart

25 chamber. Under those circumstances the generation of the composite reconstruction
transformation function is deferred until data is collected from the catheter’s multiple
locations.

Alternatively, in some embodiments, the “mega transformation function” and
“mega catheter” may be updated on an ongoing basis to take into account a given

30 relevant measurement window. This window may be a fixed number of measurements
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such that the arrival of new measurements displaces measurements that were obtained
before the time window. This yields a constantly updating moving average.

In some embodiments, signals are measured throughout a heart beat cycle (for
example, a measurement can be made at each catheter electrode at each of multiple,

5 different phases of a single beat heart cycle).

Yet in further embodiments the reconstructed set of physiological information is
computed based on measurements taken over one or more heart beats. In the latter
situation, the catheter is moved to a particular location, and acquires multiple sets of raw
data over several heart beats. The acquired data is averaged, and the reconstruction

10 process is applied to the averaged values. As will become apparent below, if the data is

acquired over B heart beats (i.c., B measurements), an improvement in the signal-to-noise

ratio proportional to B is obtained. The timing of the measurement operation is
generally synchronized to ensure that measured data is acquired at approximately the
same phase of the heart cycle.

15 If it is determined at 220 that there are no additional locations within the heart
chamber at which data needs to be collected, then the non-contact mapping system
performs at 222 post-processing operations on the reconstructed physiological
information to extract clinically useful data. As noted, in some embodiments the non-
contact mapping system 100 produces a composite reconstructed set of physiological

20 information. Post processing operation are performed, under those circumstances, on the
composite set of reconstructed physiological information. In some circumstances where
the non-contact mapping system 100 produces multiple reconstructed sets of
physiological information for the raw data collected at each location in the heart chamber
to which the catheter 110 was moved, the post processing operations are performed

25 individually on one or more sets of reconstructed physiological information.

In some embodiments, the post processing may involve nothing further then
selecting a format for outputting (e.g., displaying) the reconstructed potentials to a user.
In other embodiments, the post-processing may involve significant further mathematical
manipulation of the reconstructed potentials to provide additional types of physiological

30 information.
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The reconstructed physiological information and/or sets of post-processed data are
then displayed at 224. The information, be it the reconstructed physiological information
or any data resulting from the post-processing performed at 222, is displayed on a 3D
graphical rendering of the representation of the endocardium surface generated at 204.

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

Another type of post-processing operation that may be performed includes the
generation of isopotential maps. Particularly, where the reconstructed physiological
information pertains to electrical potentials, the reconstructed potentials may be color
coded and superimposed on the 3D endocardial representation. Isopotential maps are the
reconstructed potentials computed for every sampled set of data over a single or multiple
heart beats.

Yet another type of post-processing operation includes the generation of timing
maps (such as activation time maps). The timing maps provide information on the time-
dependent behavior of the heart’s electrical activity. Particularly, the activation map
indicates at what point in time particular points on the endocardium surface experience a
change in their electrical activity. For example, the activation map could identify the
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point in time at which particular cells on the endocardium surface experienced
depolarization. Another type of timing map may be an iso-duration map where the
amount of time certain tissue has been active for is detected. Timing maps may be
computed from the reconstructed potentials over a single or multiple heart beats. Timing
maps may be determined and displayed for one or more points on the endocardium
surface representation.

Another type of post processing operation that may be performed at 222 is the
generation of voltage maps. Voltage maps can be used to display characteristics of
voltage amplitude in a given area. The voltage maps may be computed from the
reconstructed potentials over a single or multiple heart beats. Useful voltage map
information that may be determined and displayed for one or more points on the
endocardium surface representation includes the maximum amplitude, or root mean
square potential values.

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

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

Other types of post-processing information may likewise be performed at 222.

The various procedures described above will now be described in greater detail.
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Boundary Construction Procedure

As noted above, physiological information is reconstructed for an endocardium
surface representation that is generated from pre-acquired volumetric data obtained using
such techniques as coherence tomography (CT) imaging, magnetic resonance imaging
(MRI) techniques, and/or ultrasound-based imaging technique. The volumetric data can
be obtained in advance of the performance of the signal acquisition and/or the
reconstruction procedure, or it can be obtained substantially concomitantly with the
performance of either of these procedures. As described in further detail below, in
preferred embodiments, for example, volumetric data, represented as image slices, can be
acquired before the catheter 110 is inserted into the heart chamber that is to be mapped.

Acquisition of the volumetric data is performed using conventional scanning
apparatus, such as CT, ultrasound, or MRI scanners, that provide acquired volumetric
images to the image acquisition and preparation module 130. In preferred embodiments,
the acquired image is usually stored and transferred in industry standard, e.g., DICOM
format.

In order to facilitate the boundary construction procedure, the volumetric images
may be acquired under a customized protocol. To facilitate the identification and
construction of the endocardium surface (sometimes referred to as the blood-to-
endocardium-boundary) from the acquired volumetric images, contrast agents may be
injected into the body during image acquisition. The injection is timed such that the
contrast agent is present in the endocardium during the acquisition time.

Since the heart contracts during imaging, additional physiological information is
recorded and incorporated with image data during acquisition time. Parameters such as
EKG and respiration phase enable matching the volumetric images to the specific phase
of the heart and respiratory cycle.

To generate a representation of the endocardium surface from high resolution
volumetric data, one first retrieves the volumetric data either from the image acquisition
and preparation module 130 or from storage device 160. While the pre-acquired
volumetric images are of high quality, in their original form they do not provide explicit

information about the endocardium boundary. Accordingly, a boundary representation of
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the endocardium surface is generated based on the volumetric data using a procedure
known as segmentation.

The segmentation algorithm detects the blood to endocardium boundary using the
difference in corresponding contrast enhanced by the injected contrast agent. The
segmentation may be performed utilizing one of a number of algorithms. One such
algorithm is seeded region growing. The basic approach of the algorithm is to start from
a seed region (typically one or more volume pixels, denoted voxels) that are considered
to be inside the object to be segmented. The voxels neighboring this region are evaluated
to determine if they should also be considered part of the object. If so, they are added to
the region and the process continues as long as new pixels are added to the region.

The evaluation criteria for inclusion as part of the region may be based, for
example, on algorithm based on statistical properties of the region. First, the algorithm
computes the mean and standard deviation of intensity values for all the voxels currently
included in the region. A user-provided factor is used to multiply the standard deviation
and define a range around the mean (for example 3x). Neighbor voxels whose intensity
values fall inside the range are accepted and included in the region. When no more
neighbor voxels are found that satisfy the criterion, the algorithm is considered to have
finished its first iteration. At that point, the mean and standard deviation of the intensity
levels are recomputed using all the voxels currently included in the region. This mean
and standard deviation defines a new intensity range that is used to visit current region
neighbors and evaluate whether their intensity falls inside the range. This iterative
process is repeated until no more voxels are added or the maximum number of iterations
is reached.

A number of segmentation techniques may be used to perform segmentation. A
number of commercially available and open source segmentation tools may be used to
perform boundary detection. For example, these include Cardiac ++ by GE Healthcare
systems, Amira by Mercury Computer Systems, and the open source National Library of
Medicine Insight Segmentation and Registration Toolkit (ITK).

FIG. 3 provides an exemplary illustration of a resultant boundary representation of
the endocardium surface produced from the acquired high resolution volumetric data

after the performance of segmentation. As shown in FIG. 3, representative volumetric
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data comprising four image slices of the heart cavity are processed using a segmentation
technique to generate the 3D boundary representation of the endocardium surface.

Once the endocardium representation has been obtained from the volumetric data,
the anatomical geometry of the endocardium representation is partitioned into a discrete
number of surface elements to facilitate the performance of the numerical computations
that have to be undertaken during the reconstruction process. The number of surface
elements, as well as their geometry, controls the maximum attainable resolution of the
eventual reconstructed physiological information.

The partitioning of the segmented endocardium surface representation depends,
among other things, on the numerical computation method used to solve the relevant
partial differential equations (PDE’s) that define the relationship between the
physiological information at the endocardium surface and the measured signals. For
example, finite differences (FD) and finite volume numerical methods, as well as the
immersed boundary adaptation of the finite difference numerical method, use regular
Cartesian grids. The finite element Method (FEM) numerical method uses volumetric
meshes, often built from tetrahedra. On the other hand, the boundary element method
(BEM), which is based on integral equations, uses a surface mesh generally comprising
triangle-shaped surface elements, although higher order elements, such as splines, may
similarly be used. It is to be noted that an advantage of the BEM method is that
implementation of the BEM method to perform the computation needed to solve the
PDE’s in the course of the reconstruction process results in the generation of a non-
varying mesh that does not change for different catheter positions.

In some embodiments the endocardium surface representation obtained is
partitioned by using the Strang-Persson approach. Briefly, the approach is based on a
mechanical analogy of a stable equilibrium truss consisting of weights and springs. The
method assumes that the boundary is supplied as a signed distance function. A signed
distance function refers to a three dimensional grid of data that contains the values of the
function phi that represents the signed distance (<0 if inside, >0 if outside) from a given
point to the boundary. The signed distance function may be readily obtained following

the segmentation process described above.
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The Strang-Persson approach places a number of nodes inside the domain and
imagines that there is a compressed string along each edge that is created by Delaunay
triangulation. The method then allows each spring to relax to its equilibrium length
insomuch as it is constrained by other strings and as long as no node goes outside of the
domain. If the nodes travel a significant distance, then Delaunay triangulation is
repeated. This procedure is considered to be robust and produces high quality meshes.

1t will be appreciated that other partitioning techniques may be used to partition
the endocardium surface representation.

One problem that remains after the segmentation and partitioning procedures
described above has been performed is the existence of geometrical discontinuities in the
generated meshed representation of the endocardium surface. Elliptic equations, which
correspond to a broad category of PDE’s that includes the Laplace and Poisson equations,
are solved with respect to closed domains for which a boundary condition is specified
with respect to every point on the boundary. If boundary conditions are not specified
along some part of the boundary, the solution for the PDE’s is not uniquely defined. Asa
result, in addition to the correct solution there will be incorrect solutions for the particular
PDE’s to be solved that will satisfy the specified conditions. This property of elliptic
equations (i.e., that undefined boundary conditions may yield incorrect solutions) is
inherent to any numerical method. Thus, in some embodiments, the geometry of the
endocardivm surface is closed. Thus, for example, when applying the BEM numerical
method using triangle-shaped surface elements, the endocardium surface, as well as the
surface of the catheter, have to be represented by meshes having no gaps or overlaps.

Accordingly, having generated the partitioned endocardium surface
representation, all openings on the representation (e.g., arteries or veins extending from
the endocardium surface) are typically closed. The opening in the geometry of the
endocardium representation can be closed with surface sections providing the shortest
distances between any given point along the perimeters of the openings on the
endocardium surface representation. Alternatively, geometries satisfying different
criteria for the sections used to patch the openings in the endocardium surface
representation may be used. Additionally, the sections that have been added to the
representation where opening previously existed are partitioned to surface elements
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having the same geometry as the surface elements used in endocardium surface
representation. Thus, in embodiments where the Strnag-Persson approach had been used
to partition the endocardium surface into a mesh with triangle-shaped surface elements,
the surface sections now covering the openings also include triangle-shaped surface
clements. Subsequently, the solutions of the PDE’s that will result in the reconstructed
physiological information at the endocardium surface will include information pertaining
to the added sections covering the opening. However, when presenting the physiological
information to a user, or when displaying a graphical rendering of the endocardium
surface representation, the added sections covering the actual openings in the surface
should be excluded.

Accordingly, upon performing the boundary construction procedure, a resultant
meshed representation of the endocardium surface is produced. That meshed
representation of the endocardium surface satisfies the following requirements:

1. Closed Surface — as mentioned above, all surfaces must be
closed. Prior segmentation techniques produce meshes that fully
represent the veins and arteries. For the purposes of implementing
numerical techniques, the veins and arteries must be effectively
closed off with high quality meshes. The closed surfaces covering
the veins and arteries in the derived representation of the
endocardium surface may be subsequently removed prior to
displaying the reconstructed physiological information or prior to
otherwise making any use with the reconstructed physiological
representation

2. Element Number — the number of surface elements should
be high enough to resolve the geometry but, on the other hand, to
the extent that the resultant geometry is adequately resolved, be as
coarse as possible to facilitate speedy numerical computations.
Endocardium surface representation that include too many surface
elements (e.g., triangles) to accommodate unimportant local

features of the geometry should be avoided.
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3. Element Quality — The surface elements should be of high
quality. The quality of a triangle-shaped surface element, for
example, is a measure of how close it is to being equilateral. A
simple measure of the triangle quality is the “radius ratio”. The
radius ratio is defined as the ratio of the radius of the
circumscribed circle and that of the inscribed circle. The smaller
the value, the higher the quality of the triangle. An equilateral
triangle yields a radius ratio of 2, which is the lowest attainable
value. The quality of the entire mesh can be measured as the
average quality of the individual surface elements. However, some
numerical computation techniques, such as FEM, are known to be
sensitive to the quality of the worst triangle. It will be appreciated
that the other quality metrics, pertaining to different types of
surface element geometry may be used.

FIG. 4 is an exemplary illustration of a resultant meshed boundary representation
of an endocardium surface of a left atrium generated by performing the procedure
described herein. As shown, the boundary representation of the left atrium includes a
mesh of triangular surface elements.

As described herein, physiological data obtained during the acquisition of the
volumetric data may be used to enable the matching of volumetric images to the specific
phase of the heart’s mechanical cycle. In addition, in some embodiments, reconstructed
physiological information obtained by performing of the non-contact mapping procedure
could be presented on endocardium surface representation that most closely matches the
mechanical phase of the heart during which the raw data resulting from the heart’s
electrical activity was acquired. Thus, in those embodiments, separate representations of
the endocardium surface can be generated for different phases of the heart’s cycle using
the boundary construction procedure. Raw data acquired during a particular phase would
then be reconstructed with respect to the representation of the endocardium surface
corresponding to that phase. As described herein, the reconstruction transformations and
catheter registration procedure are performed with respect to that particular representation
of the endocardium surface. Similarly, the reconstructed physiological information is
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subsequently displayed using the corresponding endocardium surface representation. In
circumstances where the raw data is acquired at a phase that does not have a
corresponding endocardium surface representation, the reconstruction operations will be

performed using the closest matching endocardium surface representation.

Pre-computed transformation functions

As explained above, some of the computations involved in computing the
reconstruction transformation are complex and time consuming. It is therefore preferable
not to perform all of them in the clinical setting where physician interaction is required.

10 Because endocardial boundary and catheter geometries are known in advance, it is
possible to perform computations corresponding to the reconstruction procedure, for
example, computations pertaining to the forward transform, before the reconstruction
procedure is performed, and store the pre-computed transform functions in memory for
later use. When performing the reconstruction procedure, the pre-computed

15 transformation functions can be retrieved from storage and used to compute the overall
forward transform, thereby expediting the computation of the overall forward transform
in real-time.

The reconstructed sets of physiological information are the solutions to elliptic
partial differential equations (PDE's) that arise from Laplace’s equation. To solve an

20 elliptic PDE, a multi-variable function is defined on the closed domain that satisfies two
properties: the bulk equation inside the domain (in the present case, e.g., blood) and the
boundary conditions (in the present case, e.g., the endocardium and catheter).

Conventional numerical techniques used to compute solutions for PDE’s convert
PDE problems into a set of algebraic equations. Some components of these algebraic

25 equations depend only on the geometry and the nature of the bulk equation, and others
components depend on the boundary conditions. While the boundary conditions are not
necessarily known during the pre-computation phase, much is known about the geometry.
For example, the shape of the heart’s cavity and the shape of the catheter are both known
in advance of the signal measurement and reconstruction processes. Therefore,

30 components of the transformation functions (or in some circumstances, the complete

transform functions) are computed prior to the acquisition of raw data and/or
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reconstruction of physiological information from that raw data. Subsequently, these pre-
computed transformation function components are used to expedite the computation of
the full transformation functions. In circumstances where full reconstruction functions
had been computed for particular locations of the catheter and/or electrodes 110, the

5 computation of the forward transformation functions in real-time is avoided.

The pre-computed transformation functions can be used with any type of
numerical computation methods used to solve the PDE’s to obtain the reconstructed
physiological information solutions. The following example illustrates how pre-
computed transformation functions can be determined and used in conjunction with

10 boundary element method (BEM) for solving the corresponding PDE’s. It will be
appreciated that similar mathematical frameworks can be developed for other numerical
computation methods, and that generation of pre-computed transformation functions for
use with those other numerical computation methods can likewise be performed.

The BEM method is based on Green's second identity, as provided below:

ov _oU 2 2
15 -LdS[Ua_n_VE)z [delvvrv-rviu) )

where ¥ and U are two functions defined on the domain Q with boundary S . The
operator 9/dn is the normal derivative with respect to the outward normal and V? is
the Laplace operator (the so-called “Laplacian™). The above equation applies to an
arbitrary domain, including domains with cavities. In the problem with a balloon

20 catheter, € is the domain occupied by blood and § is the union of the (artificially
closed-off) endocardium and the surface of the catheter.

The variable ¥ represents the electrostatic potential, which has the property that

its Laplacian vanishes. The variable U can be defined as U =1 with the distance »

measured from a given origin 0. The Laplacian of U can thus be represented as:

25 vl —478, (x,y,2), V)
r
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where &, (x, y,z) is the three-dimensional Delta function at the origin o . Substituting the
relationship represented in Equation (2) for U in Green's second identity, as shown in
Equation (1), yields the following identity which is valid at all interior points of  :

1
V=—1—- dS| .I_QK_Va_r @
4z r on on

where r is the distance from the point at which ¥ is being evaluated to each of the
points on the surface. Similarly, the following relationship is valid for points on the
boundary:

1
poL (sl 2% @
2r S \ron on

The variable S, is defined as the surface of the heart, and the variable S. is
defined as the surface of the catheter. Thus, using this definition, the overall surface S,
with respect to which equation (4) is to be solved, is defined as the union of the heart’s
surface and the catheter’s surface, or § =S, U S,. Both surfaces are assumed closed and
sufficiently smooth. Similarly, the variable ¥, , and correspondingly &+ are defined as
the potential and its normal derivative on the surface of the heart. ¥, and % are

likewise defined as the potential and its normal derivative on the surface of the catheter.
It will be appreciated that solving the PDE’s with respect to surface potential is for
illustrative purposes only, and that Green’s second identity relationship may be solved for
other types of physiological information.

In the forward problem, ¥. is subject to Dirichlet boundary conditions on S.
and zero Neumann boundary conditions on S.in the case where the catheter displaces a
significant amount of blood. Accordingly, V. and V. can be determined using the

following pair of equations:

1 1
I/:«’:LI ds[_l_aye_Vea_r_]JrL‘[ ds laV‘._Vca,) )
2m 7S \r on on) 2m<S \r on on

1
V. 1 dS(l%—Ve—a—’j+LI
r on on S
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‘While Equations (5) and (6) appear identical, in each case the variable 7 is the
distance from the point at which 7. or V. is being evaluated to each point on either S or
S.. In other words, the variable r assumes, for each of the equations, different values

during the evaluation of the respective integrals, thus resulting in different values for 7,

and ¥,. Since %==0 , these equations simplify to

1 1
v,=L ds(lan-Va—']+1 dS(—Via—’J ™

T2 5\ on  am) 22 s € on
1 1

VC=LJ' ds l_‘?ﬂ_ycﬁ + L[ ds -n_a' ®)
27 75 r On on) 2m % on

Suppose that both surfaces are represented by irregular meshes and that V. and

V. are now discrete BEM approximations to the true potential (or other physiological
characteristics), subject to trancation errors as well as round off errors.  The integration

S o S

c—e ? cre ? e—ve ¥

operation can be replaced by discrete operators S, ,, , O

e=e ?

0o

e>¢ ?

S

e s O.,.. Mnemonically, "S" stands for "Solid angle”, "O" stands for "One-
over-r" and the subscripts refer to either endocardium surface (“¢”) or the catheter surface
(“c”). These discrete operators, which approximate the integration operation performed
to determine the potentials at the respective surfaces can thus be represented as matrices.
For a collocation-type BEM in which the potential is assumed to be constant over an
entire element (e.g., a surface element on the particular representation of the surface

used), the contribution from the operator §,_,, to the potential at the ™ element of the

endocardium surface based on the j* element on the endocardium surface can be

computed as:
1 ¢ %%
S, ). =—— Lds, 9
( H)” 27 b On %2)

where the integration takes place over the ™ element, and ry is the distance from a given
point on the /" element to the center of the i element. Similarly, the other operators can

be expressed as follows:
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1 1

0,.)=—| = 9b),
=320, 7 ©b)

where the i™ and /™ elements are both on the endocardium surface,

1 ¢ 9%

S, ) =—— L ds, 9¢),
(Seee), 27 74 On o)
5 (0...). = L Lg (9d)
e e ’/ 2” A’. ri]. ’ 2

where the i element is on the endocardium surface and the jth element is on the catheter

surface,
1 ¢ o%
(Se—>c )'J = _i—”_ A on dS, (95),
Lra
10 (Oe—-)n');j' _.2_” A.zdS, (Qf)

where the i element is on the catheter surface and the jth element is on the endocardium

surface, and
1 ¢ 07
S ). =—— ~dS, 9g),
( Hc)” 27 94, on ©g)
(0..), == [ Las (9h)
e Ji 27 I8, 1., >
g
15 where the /" and /™ elements are both on the catheter surface,

The integral equations above can be converted into the finite linear system

V=540 Zevs_ ¥, (10)
on
V=5, ,+0,, Zers_ . )
on
Combining like terms yields:
2 (Seam 1V 40, Zers, 7, =0 12
n
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where I is the identity operator.

In the above system, for the forward transformation, ¥. is known while %’} and

V. are unknown, The system can be rewritten in block form as
Oe—ve S, c—re (I SE—'E )
14)
0¢—>C SC—?C - I Vc SC—?CV
7,

¢ can be eliminated from the above system, leaving the following

The vector 2
expression for V. :

v,=(-8.,+1+0.,02.5..J00..00 (-8 )+S.. V. (5

e e=re T ¢ ¢ e—ve

The operators, or matrices, applied to ¥, form the so-called forward
transformation, denoted 4, that relates the potentials at the endocardium surface, resulting
from the electrical activity of the heart, to the potential measured at the multiple
electrodes of the catheter 110. In order to provide the transformation from catheter to
endocardial potentials, we must interpret A as an equation for Ii given V.. Because
matrix A is generally rectangular, underdetermined, and rank deficient to within IEEE
double precision, reconstructing 17, correctly through direct inversion is difficult because
this equation allows infinitely many solutions, all but one of which are incorrect. Instead,
some type of regularization technique is used to incorporate a priori knowledge about the
system to better specify the correct solution. The regularization technique may include
mathematical smoothing, statistical methods, and/or iterative techniques, such as
conjugate gradient methods. Further below, a Tikhonov regularization technique is
described for solving for 17, ; however, such a technique is by no means limiting.

With reference again to Equation (15), several of the matrices that form the
forward transform A are pre-computed prior to the reconstruction operations. For

example, the matrix S, ,, depends only on the geometry of the catheter and can therefore
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be pre-computed. If the catheter can assume different shapes and configurations, separate

S._,. matrices corresponding to each such shape/configuration are computed. The

matrices S,,,, O,,, and O], depend on the geometry of the heart and can be pre-

computed if the shape of the heart is obtained before the procedure. In some

embodiments O, ,, is the largest matrix since the heart is represented by a mesh with

significantly more elements than the catheter. For example, the heart is typically
represented by 3000 triangles while the catheter is typically represented by 500.

Therefore, O, is a 3000x 3000 matrix, and thus its inversion would be costly
(especially in terms of time) if the inversion had to be performed in real-time. The matrix

computed as — S, +1+0,, 0.

c0:eS s » ON the other hand, has a size of 500x 500
elements and its inversion, therefore, could be performed more quickly.

The matrices corresponding to the independent geometry of the endocardium
surface and/or the catheter are computed in advance of the signal acquisitions and/or
reconstruction stages of the non-contact mapping. These pre-computed matrices are
stored in a memory device, such as storage device 116 for later retrieval. After raw data
had been acquired, the forward transform matrix is generated by retrieving, for example,

the pre-computed S 0., and O matrices, and using them in the course of

e ? ede? e—e
computing the full forward transform matrix. In these embodiments where at least some
of the pre-computed components associated with the forward transform are available, the

forward transform matrix has effectively been partially pre-computed.

0,,0" and S

e

Unlike the matrices S,

e the other matrices depend on the
configuration of the endocardium and the catheter 110 relative to each other (c.g., the
relative distance between the catheter and specific locations on the endocardium surface).
Although the relative positions and configuration of the endocardium surface relative to
the catheter are typically known only when the catheter is inserted into the heart chamber
and the data acquisition process has begun, to further expedite the reconstruction
procedure, in some embodiments, the following matrix may be pre-computed for a large

number of possible catheter locations:

(_ Sc—»c +1+ oe—mo;—lnsc—n )I (Oe—noe_—‘»e (] - Se—w)+ Se—»c) (16)
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Thus, for various discrete locations of the catheter 110 relative to the endocardium
surface, the overall matrix expressed by Equation (16) can be independently computed
and stored at storage device 160 (or elsewhere) for subsequent retrieval. During the
performance of the mapping procedure, the catheter’s position relative to the
endocardium surface is determined and rather than computing the matrix of Equation (16)
from scratch, the location is used to access a look-up table to retrieve the appropriate pre-
computed matrix corresponding to the determined location.

The practicality of computing full forward transforms depends, to an extent, on
the type of catheter used. For example, balloon-type catheters are configured in such a
way that their movement in the heart chamber causes enough of the blood occupying the
heart chamber to be displaced that a significant change in potential distribution occurs.
As aresult, for every variation of the position and orientation of a balloon-type catheter
inside the heart chamber there will be a different forward transform associated with that
position/orientation. The effort of pre-computing forward transforms for various
positions/orientations of a balloon-type catheter then becomes proportional to the product
of the number of possible spatial positions and the number of rotational configuration at
those positions.

On the other hand, for some types of catheters, for example branch-shaped
catheters (or otherwise porous, hollow catheters), the extent of blood displacement in the
heart chamber is much less significant than for balloon-shaped catheters. Accordingly,
one can approximate the presence of the catheter as having no effect on the electrostatic
potentials inside the heart cavity, and essentially the integrations over the catheter surface
in Equations (7) and (8), and the equations derived there from, can be ignored. As a
result, the catheter orientation is no longer required to calculate the forward transform
matrix A, the only knowledge that is required regarding the catheter is the positions of the
various catheter electrodes.

For the type of catheters that do not displace a significant amount of blood the

solution ¥ to Laplace's equation at any interior point of Q is given by

1
yod (asf Py 0t
4 5. r on on
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where V. is specified by Dirichlet boundary conditions and % is determined

from the integral equation

1
vl [asf L%y 0k
27 5. r on on

or, in the matrix form

v=0.%.s, 7.
on

which means that % can be computed from ¥, by only applying matrices O,,, and

S,,, which can be entirely pre-computed:
Lo 05
on

Importantly, this means that theoretically the forward operator can be pre-
computed for finding the solution to Laplace's equation at any point in the interior of the
heart. In reality, the forward operator needs to be pre-computed for a sufficient number of
interior points so that an accurate solution at any interior point can be computed by a
simple interpolation.

In general, for all types of catheters, significant benefits can be drawn from pre-
computing the forward operator for a number of strategically selected catheter locations.
When the physical catheter is found near a pre-computed location it is generally true (to
the extent that the two configurations are indeed very similar) that the forward operator
can be approximated by the pre-computed one. Therefore, benefits can be drawn both as
far as efficiency and efficacy of regularization. For example, applying the pre-computed
inverse to the observed electrode potentials will yield an excellent initial guess for
iterative linear system solvers, significantly reducing the computation time. Further, an
SVD-based low-rank approximation of the pre-computed operator A is likely to be a good
preconditioner for the same iterative solvers further reducing the computation time.
Finally, representing to endocardial potential in the right singular functions of the pre-
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computed operator A can be a very effective form of regularization and further diminish
the required computation time by dramatically reducing the number of degrees of
freedom from about 3000 to typically under 100.
In some embodiments, pre-computed matrices generated for select locations of
5 the catheter may be used to estimate the matrices for other locations of the catheter 110
with respect to which corresponding forward matrices were not pre-computed.
Perturbation analysis can be used to do this. For example, suppose that a satisfactory
inverse operator has been constructed for a certain relative configuration of the
endocardium and the catheter. Subsequently, the electrophysiologist moves the catheter
10 by a small amount. A boundary perturbation technique can be used for reconstructing the
potential on the endocardium by utilizing the measurements on the displaced catheter, the
known amount of displacement, and the inverse operator constructed for the original
position. For example, the matrix for the new location can be determine by using the pre-
computed matrices for nearby locations, or components therein, as bases in a perturbative
15 solution (e.g., a linear superposition of the basis functions or matrices) for determining
the matrix for the new location.

In some embodiments, pre-computed transformation matrices may be generated
for separate representations of the endocardium surface in circumstances where different
representations for different phases of the heart’s cycle are used. Thus, for each of those

20 separate representation of the endocardium surface, corresponding pre-computed
matrices are generated that are based on the individual geometry of these endocardium
surface representations. Similarly, where several types of catheters may be used (or
where a catheter may have different possible catheter configurations), the matrices which

depend on the geometry of the catheter (e.g., —S,_,.) may be individually generated for

25 each of those catheters. During the reconstruction procedure, the matrices corresponding
respectively to the chosen catheter and to the particular endocardium surface geometry
are retrieved from storage device 160 and used to complete the computation of the full

forward matrix corresponding to the particular location at which raw data was acquired.
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Catheter Registration
As explained above, an important aspect of the non-contact mapping procedure is

the determination of the catheter’s position relative to the endocardium surface
representation. The relative position of the catheter with respect to the endocardium
surface representation is required, among other reasons, to compute the reconstruction
transformation functions to compute the physiological information at the endocardium
surface.

FIG. 6 is a flowchart of an exemplary embodiment of a catheter registration
procedure 600 for determining a transformation function that aligns the catheter’s
coordinate system with the coordinate system of the endocardium surface representation,
and thus enables expressing the position of the catheter’s location in terms of the
endocardium surface’s coordinates system. The following will describe two methods for
performing catheter registration. The first method relates to a point cloud to surface
registration while the second method employs the identification of fiduciary anatomical
markers.

FIG. 6 describes a point cloud to surface registration. As shown in FIG. 6, a
catheter is first inserted into the heart chamber and is moved to a location where the
catheter and/or at least one of its electrodes touch the endocardium surface (at 610). In
some embodiments an operator moves the catheter 110 inside the heart chamber until it
determines that the catheter, or one or more of its electrodes, touches the endocardium
surface. In determining whether the catheter 110 or any of its electrodes are touching the
walls of the endocardium surface, the operator may be guided by visual aides such as a
real-time ultrasound system providing a visual image of the catheter inside the heart
chamber, a camera coupled to a fibreoptic strand connected to the catheter, fluoroscopy,
impedance measurements, the size and shape of intracardiac electrograms, pressure
sensors fitted on the tip of the catheter etc. Additionally, the operator may determine that
the catheter is touching the endocardium surface when it encounters the higher
mechanical resistance exerted by the endocardium walls, thereby alerting the operator
that the catheter is at the endocardium surface. In yet further embodiments, a catheter
may be guided to the endocardium walls automatically with minimal intervention from
the operator.
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Once the catheter has been placed in a location abutting the endocardium surface,
the 3D spatial coordinates of the catheter (and/or its electrodes) is determined at 620.
The spatial coordinates may be established using one of several conventional sensing and
tracking systems. Such conventional sensing and tracking systems (also referred to as
localization systems) include systems that determine the location of the tracked object (in
this case the catheter and/or its electrodes) using magnetic fields, electric fields,
fluoroscopy, and ultrasound signals. These systems localize the catheter in the 3D space
of the localization system.

See, for example, any of U.S. Patent Nos. 5,697,377 entitled “Catheter mapping
system and method,” 5,983,126 entitled “Catheter location system and method,”
6,690,936 entitled “System for determining the location and orientation of an invasive
medical instrument,” 5,713,946 entitled “Apparatus and method for intrabody mapping,”
5,694,945 entitled “Apparatus and method for intrabody mapping,” 5,568,809 entitled
“Apparatus and method for intrabody mapping,” 5,833,608 entitled “Magnetic
determination of position and orientation,” 5,752,513 entitled “Method and apparatus for
determining position of object,” and 6,427,314 entitled “Magnetic determination of
position and orientation,” and U.S. Patent Application Publication entitled “Method and
apparatus for catheter navigation and location and mapping in the heart.”

As noted above, in some embodiments, the location of the electrodes relative to
the catheter 110 is fixed and known, and thus the only information that needs to be
determined is the location and orientation of the catheter 110 in the 3D space established
by the localization system. In other embodiments, the location of the various electrodes
relative to the catheter may vary, and accordingly in such embodiments electrodes may
be tracked individually relative to the endocardium, or relative to a location on the
catheter with known position relative to the endocardium. Electrode tracking may
employ any of the above mentioned tracking methods such that instead of tracking only
one known point on the catheter, each electrode is individually tracked.

At 630 it is determined if additional catheter locations are required to perform the
registration procedure. A minimum of three (3) separate catheter locations are required
to obtain an accurate geometric transformation between the catheter’s coordinate system
and the endocardium’s surface representation’s coordinate system. However, to improve
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the accuracy and reliability of the coordinate system transformation, more catheter
locations could be used.

If additional locations are required, the procedure depicted at 610-620 is repeated.
Particularly, the operator moves the catheter 110 to the next point on the endocardium

5 surface, and the 3D coordinates of the catheter 110 relative to the localization system are
determined.

Subsequently, after N locations of the catheter 110 at the endocardium surface
have been acquired, and their 3D spatial coordinates relative to the localization system
determined, the registration transformation, f, is computed at 640. As described above,

10 to map the localization system’s coordinate system to the endocardium surface
representation’s coordinate system, the computed geometric transformation is the one
that best matches the 3D locations of the catheter 110, as determined at 610-630, to the
endocardium surface representation.

In some embodiments, computation of the registration transformation t; is

15 performed by minimizing the following expression:

N
min S

To perform the minimization of Equation (17), the surface S, representing the
segmented boundary of the endocardium surface and nearby vessels, is defined. Also
defined are the vector p;, which corresponds to the 3D spatial coordinates measured for

20 the roving catheter using the localization system, and the operator T{to](p;) which is the
transformation operator performed on the points p;. The resultant vector # is represented
as a six parameter transformation [xo, yu, zo, &, ¢, 0] that is applied to catheter locations
to express those locations in terms of the endocardium surface coordinate system.

The distance function D is defined such that d=D(T[to](p:), S) represents the

25 distance from transformed point 7]t;}(p;) to the surface S. To determine the vector f, with
respect to which the term d; for the acquired N catheter locations on the endocardium
surface is minimized, a number of techniques may be used, including conventional
iterative optimization techniques such as least-square error computation procedures

and/or other mathematical regression and curve-fitting techniques.
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In other embodiments, determination of the transformation vector #) may be
achieved using the fiduciary anatomical markers technique. In this technique, a number
of fiduciary markers are identified in both the endocardial boundary and the localization
system respective coordinate systems. Once identified, the transformation that yields the
minimum mean square error between the two point sets is chosen.

For example, anatomical landmarks that are easy to identify in both modalities
(Mitral annulus, coronary sinus, etc.) are used as the fiduciary markers. These landmarks
may be easily identified in the pre-acquired endocardial boundary. Once a given
landmark is identified, the catheter may be advanced to the landmark guided, for
example, by fluoroscopy. Once in contact, a reading from the catheter localization
system is taken to establish the catheter’s position in terms of localization system’s
coordinate system.

A variation of the above technique may be to place surface markers on the patient
that are easy to identify in both the pre-acquired and real-time localization modalities.

The registration process yields a transformation vector that includes three (3)
displacement parameters (xo,y0,z0) and three rotation parameters (6, ¢, yo). This
transformation can then be applied to 3D spatial coordinates obtained by the localization
system to obtain the roving catheter’s location in terms of the endocardium surface
representation’s coordinate system. The mapped locations of the catheter’s 110 are
subsequently used to compute the reconstruction transformation, and/or perform all other
computations that require the catheter’s location in terms of the endocardium surface’s
coordinate system.

1t is to be noted that for a healthy patient in sinus rhythm the endocardial
boundary is relatively fixed throughout the propagation of the activation wavefront. This
implies that a small error tolerance is available when basing the registration process on a
single boundary shape for the construction of the geometrical mapping between the
localization system and endocardial surface representation respective coordinate systems.

In some cases changes in blood volume between the time of image acquisition
and the time of registration or the presence of a persistent arthythmia may lead to a
change in chamber volume, and therefore a mismatch between the preacquired and
current endocardial surface. Such mismatch leads to error when performing
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reconstruction of physiological signal on the endocardial surface. Volume changes are
generally lower than 20%. A number of methods may be used to compensate for this
volume change. One method is to add a scaling parameter that uniformly dilates or
contracts the endocardial representation relative to the acquired point cloud. When
performing the abovementioned minimization of equation (17) a scaling parameter s
may be added to the transformation vector. Rather than optimizing for 6 parameters, the
minimization algorithm optimizes for 7 parameters providing the scaling factor which is
expected to be in the range of $20%. Other, more elaborate methods, may also scale the
endocardial surface non-uniformly such that anatomical areas that are a-priory known to
be less likely to experience a change in shape due to volume changes are scaled less than
those more likely to change.

In case of persistent arrhythmia the heart may experience mechanical change
during the activation wavefront propagation. As discussed previously, it is possible to
obtain endocardium boundary representation for multiple phases of the mechanical cycle.
Thus, in some embodiments several geometrical transformation vectors, such as f,
corresponding to multiple heart shapes may be computed. The system may detect
physiological data such as ECG, intracardiac electrograms and stroke volume using
impedance plethysmography and use this data to select the cardiac phase, appropriate
endocardial boundary representation and the corresponding geometric transformation 4.

It will be appreciated that while the transformation # establishes the geometric
mapping with a respect to a representative point on the catheter 110 (e.g., the tip of the
electrode that touched the endocardium surface when the catheter was moved around, the
central point on the body of the catheter, etc.), the coordinates of any point on the
catheter and/or its electrode in terms of the endocardium surface representation’s

coordinate system can be determined.

Reconstruction of Physiological Information at the Endocardium Surface

Given the relative location of the catheter and/or its electrodes to the endocardial
boundary, the numerical transformation from the signals measured by the electrodes to
the physiological information (e.g., electrical potentials) at the endocardial surface can be
computed.
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The physical laws governing the reconstruction of the physiological information
at the endocardium surface are briefly summarized below:

The potential ¥ in a homogeneous volume £ is governed by Laplace's equation

V=0
(18)
subject to boundary conditions
V = ¥,, onthe surface 8,
S_V = 0, on the surface 5.,
n (19)

where S, is catheter surface and the vanishing normal derivative accounts for the fact that
the current does not penetrate S,. Se represents the endocardial surface. In case of a
branch-shaped catheters (or otherwise porous, hollow catheters), where the extent of
blood displacement in the heart chamber is much less significant than for balloon-shaped
catheters, the constraint of vanishing normal derivative may be omitted.

As previously alluded to, with the exception of a handful of geometries, Laplace's
equation needs to be solved numerically. Numerical methods such as boundary element
method (BEM), finite element method (FEM), finite volume method, etc. may be used to
solve Laplace’s equation. For some special geometries, such as near-spherical
geometries, spherical harmonics may be used. Each numerical method represents the
geometry in a discrete way, but each method uses its own representation. In all numerical
methods the potentials on the endocardial surface and on the catheter are represented by
finite-dimensional vectors. Since Laplace's equations are linear, these vectors are related

by a matrix 4, known as the forward matrix:

v, = AV,
(20)

where V, is a vector containing the potentials measured by the electrodes on the catheter
and V, is a vector containing the real endocardial potentials. The matrix 4 has
dimensions of m x n, where m is the number of electrodes on the catheter and # is the
number of degrees of freedom in the endocardial potential, usually the number of surface

elements used to represent the surface S,. Typically m <n. However, as noted, by

48



WO 2007/146864 PCT/US2007/070854

Attorney Docket No. 20240-002WO1
Client Reference RMD-INVD-1A - PCT

moving the catheter around the heart chamber and subsequently computing a
reconstruction transformation that is applied to a composite of the raw data corresponding
to the signal acquired at the multiple locations, the effective number of electrodes m can
be increased, thereby reducing the disparity between m and n and thus improving the
5 accuracy of the computations.
Equation (20) provides a transformation relationship from the endocardial to the
catheter potentials. This relationship, which is generally referred to as the forward

problem, is well posed and can be solved with great precision. To provide the
transformation from catheter to endocardial potentials, 175 , & vector representing the
10 estimated endocardial potentials, has to be determined given V.. Since matrix 4 is
generally rectangular, underdetermined, and rank deficient to within IEEE double
precision, solving this equation is difficult, if not impossible.
The first step towards calculating 17, is to reformulate Equation (20) as a least

squares problem in which the expression

2

15 "VC—AxI},

@n

also referred to as the objective function is minimized over all possible ¥,. The matrix 4

is either determined in real-time, or, as described above, a pre-computed matrix 4
corresponding to the particular geometry of the catheter 110 (including the position and
orientation of the catheter) is retrieved from storage device 160. As also described above,

20 if the storage device does not store full-forward transformation matrices 4 corresponding,
for example, to the particular position(s) and/or orientation(s) of the catheter 110, the
computation of the matrix 4 can nevertheless be expedited by retrieving from storage
device 160 partially pre-computed functions or function components, and completing the
computation of the matrix 4 as described with reference to Equation (16).

25 If A were over-determined (i.e., its rank exceeding the dimension of ¥), and
typically it is not, then I}E could in theory be determined by the classical least squares

formula:

v, =(a4)' 4y, 22)

49



WO 2007/146864 PCT/US2007/070854

10

15

20

25

Attorney Docket No. 20240-002WO1
Client Reference RMD-INVD-1A - PCT

However, because A is generally undetermined and, as a result, 474 is singular
and cannot be inverted, the expression in Equation (22) cannot usually be applied in
practice.

One difficulty relating to performing a least-square error procedure is that because
the matrix A attenuates the physiological signal, the inverse operation needs to amplify
the signal. The level of attenuation in the forward and amplification in the inverse
depends on the size and the location of the catheter and the nature of the electrical
potential on the endocardium.

In practice, significant components of ¥, are attenuated on the order of 1000 or
greater. As a result, small errors in ¥, will produce large errors in 17, . Thus the inverse

problem is ill-posed.

A regularization technique can be used for dealing with the ill-posed nature of the
inverse problem. The regularization technique involves making additional assumptions
about the behavior of the endocardial signal. These assumptions may relate to the spatial
or temporal characteristics of the physiological information at the endocardium surface.

One technique that can be used is the zeroth (0™) order Tikhonov regularization
technique. The technique is predicated on the assumption that the essential part of the
signal is contained among the right singular values of 4 that correspond to the Jowest
singular values. An alternative geometric interpretation is that Tikhonov regularization
limits the amplitude of spatial variation of the reconstructed signal. The zeroth order
Tikhonov regularization results when a term that penalizes large endocardial potentials is
added to the objective function. Thus, the least square error problem defined in Equation

(21) can be re-formulated as:

2

“VC—AXV,ZHK @3)

Where a minimization is performed over all possible 17‘ . Solving this
minimization yields the expression
P, = (A" a+u1) av,
The regularization parameter # controls the amount of spatial smoothing applied

to reconstructed potentials 17, . The regularization parameter ¢ provides a trade off
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between spatial resolution and sensitivity to noise. As ¢ decreases, the reconstruction

resolution is improved, but noise and the instability of the solution increases. In some

embodiments, # may be chosen such that it is three (3) times the root mean square value

of noise detected by the electrodes. Other methods such L-curve may be used to find an
5 optimal regularization parameter.

In addition to addressing the ill-posedness of the inversion problem, Tikhonov
regularization also solves the problem of the under-determination of 4.

FIG. 7 is a flowchart of an exemplary procedure 700 for reconstructing
physiological information from signals acquired by the multiple electrodes of the catheter

10 110.

As shown, the catheter 110 is moved to one of multiple locations within the heart
chamber at 710. In some embodiments an operator controls the movement of the catheter
and decides its next location, while in other embodiments the catheter’s movement is
fully or partially automated.

15 Once the catheter has reached a location in the heart chamber, the position of the
catheter 110 in relation to the endocardium surface representation is determined at 720.
Particularly, the localization system tracking the location of the catheter 110 determines
the 3D spatial coordinates of the catheter 110 relative to the localization system. The
localization system thus provides the position and orientation of the catheter 110 in terms

20 of the localization system coordinate system. The previously determined geometric
coordinate transformation vector #, is then applied to the position of the catheter 110, as
expressed in terms of the localization system’s coordinate system, and transforms that
position to a resultant catheter position expressed in term of the endocardium surface’s
coordinate system.

25 The catheter’s multiple electrodes then acquire the raw data signals that resulted
from the electrical activity of the heart and send the signals to the processing unit 120 at
730. In some embodiments the acquired signals are electrical and/or magnetic signals
resulting from the electrical activity of the heart. As will become apparent below, to
reduce the error associated with the measurement of the signals, in some embodiments,

30 the catheter’s multiple electrodes acquire multiple sets of signal in each heart beat over
several heart beats.
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Additionally, in some embodiments signal acquisition is performed in several
locations in the heart chamber. Under these circumstances the multiple sets of signals are
processed (e.g., by performing an averaging or a weighted averaging operation) to
generate a resultant set of raw data on which the reconstruction procedure will

5 subsequently be performed. A forward transform 4 is then constructed for the composite
raw data set that includes data from multiple catheter locations, and the reconstruction set
of physiological data, corresponding to the composite set, is then determined. To
consolidate the signals from the catheter’s various locations into a composite set, a
synchronization mechanism may be used to enable the system 100 to acquire signals at

10 substantially the same cycle of heart’s electrical activity. The synchronization could be
based on physiological data (e.g., ECG measurements, intracardiac electrogram
measurement, operator pacing) collected by the synchronization mechanism.
Accordingly, the reconstruction of physiological information from a composite set
obtained in the above-described manner results in processing the synchronized raw data

15 signals as though they were obtained at one time from all the positions sampled by the
catheter’s electrodes for the different positions of the catheter in the heart chamber.

Having acquired the raw data, the forward reconstruction transform A4 is
determined at 740. As explained above, the forward transform 4 depends on the position
and/or orientation of the catheter 110 relative to the endocardium surface representation.

20 In some embodiments, determining the matrix 4 includes computing the values of the

forward matrix in accordance with the expression

s, +1+0.,07.8..)'(0.,.02.(1-8..,)+S...), as more particularly explained

above. In those embodiments where an actual computation of the above expression is

carried out in real-time or near real-time, the computation is expedited by retrieving from

25 storage device 160 (or some other memory device) pre-computed reconstruction matrix
components such as the components relatingto S, ,,, O,,,,and O;,. Under these

circumstances, the task of computing the forward transform 4 for a particular set of raw
data is reduced to completing the computation of an already existing partially computed
forward transform 4 by generating the missing components based on, for example, the

30 particular position and orientation of the catheter 110.
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In other embodiments, fully computed forward matrices, each corresponding to a
particular position of the catheter, can be retrieved from storage device 160. In those
embodiments the position of the catheter 110 and/or its electrodes is used to access a
look-up table that maintains the various pre-computed forward transforms.

Having determined the forward transform, the reconstructed set of physiological
information (e.g., electrical potentials) at the endocardium surface representation is
determined at 750. In particular, a regularized inversion procedure as described above is
used to estimate the values of the reconstructed physiological information set based on
the set of raw data that was acquired (be it a set of data acquired from a single
measurement by the multiple electrodes or some resultant set derived from multiple
measurements) and the forward transform A that was determined at 750 (for example, as
described above with respect to Equation (21)).

Once the reconstructed set of physiological information has been computed, the
physiological information can be overlaid on the endocardium surface representation
using, for example, conventional graphic display techniques (e.g., graphical rendering).
Post-processing operations may be additionally applied to the set of reconstructed
physiological information. The physiological information can be displayed, for example,
using a color code whereby a color is assigned to ranges of values. A certain value
corresponding to a particular surface element is mapped to a corresponding color which
is then used to fill the area on the graphical representation of the endocardium associated
with the surface element with that color. Other ways to represent the values of the

physiological information can be used.

Signal Acquisition Over Multiple Heart Beats

As described herein, the reconstruction of physiological information at the
endocardium surface is affected by noise. To control the effect noise has on the
reconstructed information at the endocardium surface representation, the Tikhonov
regularization technique can be used, whereby the regularization parameter ¢ is chosen, in
some embodiments, to be three times the root mean square of noise. Although the
Tikhonov regularization technique helps to reduce the computation error due to noise, the

technique adversely affects the spatial resolution of the reconstructed information. The
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larger the regularization parameter, the more spatially smooth (and hence low resclution)
the reconstruction becomes. It is therefore preferable to reduce all sources of error when
performing the reconstruction. The signals detected by catheter electrodes should be
shielded to reduce interference and conditioned by a low noise input stage.

In addition to these measures, it is also possible to improve signal to noise by

conducting measurements over a period of multiple heart beats. The signal to noise ratio

can be improved by a factor of B where B is the number of measurements in the
presence of a periodic signal and independent and identically distributed noise. Thus, in
situations involving periodic arrhythmias, under the assumption that multiple beats are
identical, it is possible to improve signal-to-noise ratio by sampling over multiple beats.

In situations where the catheter 110 maintains a fixed location, the forward
transformation 4 remains constant between beats. The vector V,(¢) is defined as the
measurements made on the catheter at instant 7. If the signals are sampled at increments
of At (e.g. 1mS), then for a heart beat having a period P (¢.g. 750mS for 80 beats per
minute) the measured signals can be expressed as V. (s-At+Py) or V,(s,b) where s is the
phase number in the cycle, and P; is the time stamp at which the fiducial marker
associated with beat b was detected. The parameter s can thus be regarded as a specific
phase in the cardiac cycle. To assign a measurement at time ¢ with the appropriate values
of s and b, a specific fiducial marker needs to be identified within each heart beat. This
can be done by relying on reference signals such as body surface ECG or intracardiac
signals such as those collected in the coronary sinus. A specific implementation of this is
described further below in the next section.

If data over a number of beats equal to B is collected, then B measurements of
signals are available for the phase s of the heart cycle. Thus, the B measurements at the

same phase can be averaged according to:
B
75 =~ Sl ) 24)
B

Since the resultant set of signals corresponds to data averaged over B

measurements, assuming independently and identically distributed noise sources an

improvement in signal to noise proportional to VB is obtained. The resultant averaged

set of signal values are now used to perform the reconstruction of the physiological
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information, and accordingly the reconstruction resolution can be increased by using the

averaged data and reducing the value of the Tikhonov regularization parameter ¢ by a

factor of v/B .

Additional improvement in reconstruction accuracy can be obtained by moving
the catheter. Since catheter movement is slow relative to the heart rate, when moving the
catheter raw signals are acquired at multiple locations over multiple beats. Catheter
movement and the use of multiple beats have several advantages. One advantage is that
use of multiple beats improves the signal-to-noise ratio. Another advantage is that the
movement of the catheter allows improved resolution in areas that the catheter was
moved closer to, and effectively provides signal measurements from more electrode
locations (thereby effectively providing more electrodes).

Unlike the fixed position catheter scenario, however, when the catheter acquires
its measurements at multiple locations, the forward transform matrix 4 does not remain
constant.

Generally, each catheter location where raw data is acquired would be associated
with a corresponding forward transformation 4. After collecting data over multiple
beats in multiple locations and detecting the phase s for each measurement, a new
measurement vector V. can be assembled that contains all electrode measurements

conducted at the same (or substantially the same) phase s. Thus, the vector ¥(s) can be

expressed as:
Vo(s)
vis=". @5)
Ve(s,B)
Additionally, a composite forward transform 4 is defined such that:
4
A= A’ (26)
AB

where A, are determined as described above.
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The relationship between the composite vector V.(s), the composite forward

transform A and the reconstructed set of physiological information (in this case,

electrical potentials) is expressed as:
AV (s)=V,(s) @7
Using the relationship articulated in Equation (27), the values of V(s) (i.., the
reconstructed set of physiological information corresponding to a particular phase s) can

be determined by performing the inverse procedure previously discussed. For example, a

regularized inversion of 4 may take place as discussed above.

The effect of moving the catheter for a periodic arrhythmia is similar to the effect
of having multiple catheters in a single beat.

Until now it was assumed that the signal propagation is periodic, and that
therefore V,(s,b,)=V.(s,b;) for any b, and b>. However, if the cardiac propagation is non-
periodic, this assumption is not necessarily valid, and therefore an averaging operation to
improve, for example, the signal-to-noise ratio, may not be feasible.

Nonetheless, even in situations involving non-periodic signals, there are several
properties that remain substantially the same over multiple beats. For example, tissue
properties remain relatively unchanged over a period of several minutes. One way to
characterizing tissue is through the formation of a voltage map (as will be described
below). Under the assumption that the maximum voltage amplitude in a particular arca
remains substantially constant over a period of multiple beats, a multi-beat enhancement
of the voltage map resolution can be achieved. Particularly, the voltage map value can be

defined as:
VMV = m:ax(\"/, s)- msin(\"/c(s)) (28)

As data is collected over B beats and a reconstruction operation is performed for
each beat, B voltage maps VMV, are produced.

Let us suppose that we would like to find the VMYV for a particular point on the
endocardium for which we know both the voltage map values for each beat (VMVy,) and
the reconstruction resolution for each measurement Resy, (derived in a manner described

below). We may now assign a new weighted average value for this VMV where
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—_— 1 B
Vi =—B——-'Zb=l B, VMV, 29)

where 8, =
es,

It will be appreciated that other types of averaging schemes to determine the

average VMV may be utilized.

Signal Phase Alignment

In order to process data acquired over multiple beats it is necessary to align the
data relative to a specific phase in the electrical cycle. The following describes a method
of aligning the K signals V(t)-Vk(t), as shown in FIG. 12.

In the first stage, all signals are amplified, filtered and sampled. A
synchronization signal is concurrently acquired in an identical manner. The
synchronization signal can be acquired from surface ECG, or an intracardiac signal in a
fixed location such as that detected by a coronary sinus catheter.

The Fiducial Point Detector (FPD) detects the time markers at which particular
event occur. For example, the FPD may detect the R wave in surface ECG or activation
time of an intracardiac electrogram. The detection is performed in a manner similar to
alignment methods for averaging of high resolution ECG. See, for example, Jane
Raimon,”Alignment methods for averaging of high resolution cardiac signals”, I[EEE
Transactions in Biomedical Engineering, Vol. 38 No. 6 (June 1991); Brooks, Dana,
“Improved alignment method for noisy high-resolution ECG and Holter records using
multiscale cross-correlation”, IEEE Transactions in Biomedical Engineering, Vol. 50,
No. 3 (March 2003); Breithardt, Gunter, “Standards for analysis of ventricular late
potentials using high- resolution or signal-averaged electrocardiography”, Circulation,
Vol. 83, No 4 (April 1991).

Briefly, a template signal is cross-correlated with the synchronization signal.
Fiducial points are detected when the cross-correlation between the template and
synchronization signal reach a maximum. The template signal itself may be a relatively
clean signal that was acquired from the synchronization signal previously, or an average
of a number of these signals. The template signal may be selected visually by the user or
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automatically by a computer algorithm which uses a priori knowledge about the statistics
of the signal.

It should be noted that in case of mapping performed during pacing, the
synchronization signal may come from the pacing apparatus. In this case, no cross-

5 correlation is necessary and the FPM will just pass the time markers associated with the
synchronization signal.

The FDM outputs the time markers P,..Pg at which the fiducial points were
detected. These time markers are then used to align the acquired signals. After the
acquired signals are aligned, they are expressed as Vk(s,b), where s is the phase number

10 in a particular beat 4.

Post Processing and Visualization
A number of post-processing and visualization techniques may be used to display

the reconstructed physiological information in a clinically meaningful manner. Some of
15 the post-processing operations include the following.
A, Resolution Display

As discussed previously, the potential is greatly attenuated on its way from the
endocardial surface to catheter electrodes. The potential may be attenuated so much, that
by the time it reaches the catheter its values are lower than the noise floor. Due to this

20 attenuation, potentials (or other types of physiological information) on the endocardium
surface representation in areas that are closer to the catheter may be reconstructed with
greater accuracy and spatial resolution than potentials in areas farther away from the
catheter. To increase the utility of reconstructed potentials such that clinical decisions
can be aided by the information they provide, it is useful to provide the physician with

25 information about the fidelity of the reconstruction.

In some embodiments a heuristic approach that is designed to measure how much
of the signal remains above noise by the time it reaches to the catheter is used to compute
resolution maps. Generally, signals experience attenuation which depends, among other
things, on the spatial frequency of signal. That is, the higher the spatial frequency, the

30 greater the level of attenuation.
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The singular value decomposition of the forward transform 4 suggests an
approach for determining the attenuation levels of the forward transformation.
Particularly, in the singular value decomposition of A, the right and left singular vectors
R; and L; are unique orthonormal bases that map one to another under 4 and are related

5 through the vector o; which represents an attenuation of one basis, relative to the other.
Thus, decomposing the endocardial signal ¥, under 4 with respect to the right singular

vectors of 4 provides:

V. = Z ﬂ,’R,’
‘ (30)
Accordingly:

Ve=AV, =3 aoili
10 ! 31
It follows that the portion of the signal proportional to the singular vector R; is
“reconstructible” if ¢;o; exceeds the level of noise. In some embodiments, an
endocardial signal 7, is deemed to be reconstructible if the singular value components
that remain above noise after being transformed by A add up to at least 60% of the total
15 signal energy. The resolution at a particular point i on the endocardium is said to be Res;
if a bell-shaped signal centered at that point and having a "standard deviation” of Res; is
reconstructible.
Another approach to determine the resolution of the reconstructed physiological
information at the endocardium surface representation also relies on the use of the
20 forward transform 4. As was explained, 4 is a matrix of size mxn where the number of
rows m corresponds to the number of catheter electrodes and the number of columns # is
the number of elements on the mesh describing the shape of the endocardium surface.
For example, the values in column i in A can represent the voltage measurements on all
electrodes had there been a potential of 1V on the i™ element on the mesh and a potential
25 of OV everywhere else. Therefore, summing the squared values in a particular column i
and dividing the sum by the number of electrodes, yields a value proportional to the

average amount of energy that propagated from element ; on the heart surface to the
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catheter’s electrodes. Thus, the resolution Res; for the i element on the endocardium

surface can be expressed as:
l m
Res,=—3 4., (32)

It will be appreciated that each squared entry in the column corresponds to the
energy received by one of the catheter electrodes (j in the above equation represents the
™ electrode of the catheter).

The average amount of energy that makes it from a particular element i on the
heart’s surface to the catheter’s electrodes is a good indicator of the reconstruction
resolution. Areas on the heart surface whose voltage is attenuated greatly by the time
they reach the catheter are reconstructed with poor resolution while areas whose voltage
arrives less attenuated are reconstructed more accurately.

In general, reconstruction resolution on a particular point on the endocardial
boundary depends on that point's distance to the catheter and the solid angle at which the
catheter appears from that point.

FIG. 8 is a flowchart of an exemplary embodiment of a procedure 800 to generate
a resolution map. As shown, a forward transform 4, corresponding to a particular
catheter location is first obtained at 810 using, for example, either of the techniques
described above.

It will be appreciated that other techniques for determining a resolution map
having values indicative of the degree of spatial resolution of the determined
physiological information for at least some locations at the endocardium surface can be
used.

Once generated, the resolution map may be displayed at 830 to the physician to
aid in determining the accuracy and reliability of the reconstructed physiological
information. In preferred embodiments the resolution map is overlaid (i.e.,
superimposed) with the reconstructed physiological signal on the endocardial
representation by one of the following techniques:

1. Grid Lines — The resolution values can be represented on the endocardial
representation by controlling the grid line density appearing on the endocardial

representation. Thus, in areas of high resolution the grid lines on the endocardial
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representation will appear dense while in areas of low resolution they will appear
coarse. Similarly, the resolution can be displayed by superimposing dots on the
endocardial representation. In this case resolution is displayed by controlling dot
density, instead of grid line density, such that dot density in high resolution areas will
be higher than in areas of low resolution.

2. Transparency — The resolution values can also be represented on the endocardial
surface by controlling the transparency of the displayed areas. Thus, areas of high
resolution will appear opaque while areas of low resolution will appear increasingly
transparent.

3. Brightness — The resolution values can also be represented by controlling the
brightness of the displayed areas on the endocardium surface representation. Thus,
areas of high resolution will appear bright while those of low resolution will appear
increasingly dark.

In some embodiments instead of assigning overlaying the resolution value a
thresholding scheme may be used. A minimum resolution threshold (for example 1cm)
may be defined. Areas where the resolution is better than the threshold will be displayed
(e.g. opaque, bright, etc.) with corresponding physiological information while areas of
low resolution will be masked (e.g. transparent, dark, etc.).

In yet other embodiments the resolution may be displayed on an independent
endocardial representation, alongside an additional endocardial representation depicting
the physiological information.

The physician may use this resolution map to determine the reliability with which
data is reconstructed on the endocardium surface representation. If an inadequate
resolution is available at a point of interest, the physician may advance the catheter
towards the point of interest to improve reconstruction resolution.

Additionally, in some embodiments generated resolution maps are used to
construct a composite set of reconstructed physiological information. In particular, in
circumstances where for each location of the catheter a separate reconstructed set of
physiological information (which may have been obtained over multiple heart beats
and/or multiple locations) is available, a corresponding resolution map, for each of those
available reconstructed sets, is generated using, for example, one of the techniques
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described above. Subsequently, a resultant composite set of reconstructed physiological
information is generated by selecting, for a particular surface element at the endocardium
surface representation, a reconstructed value from that set of reconstruction physiological
information whose corresponding resolution map value is the best or most optimal or by
performing a weighted average as described above.

B. Isopotential Representation

The reconstructed potentials provide a snapshot of potential distribution on the
endocardium surface at a given instant. Such potential values may be color coded and
superimposed on the endocardial representation for display. For clarity, contoured
isopotential lines may also be added showing lines of interpolated equal potential.

The propagation of potentials (i.e., their temporal behavior) may also be
calculated using multiple time instances and displayed in a similar manner. As a result
color data and/or isopotential lines will be displayed as an animation depicting the
temporal behavior of potential distribution.

C. Timing Map

Timing maps display information pertaining to the timing of particular events
relative to the occurrence of other easily detectable reference events. This information
may include temporal features such as the onset of depolarization (activation),
repolarization and activation duration. Reference events may include the R wave on an
ECG or activation time in a specific intracardiac electrogram (e.g. electrode at coronary
sinus). One type of timing map, activation time map (isochrone), is commonly used to
describe activation wavefront propagation. In this type of map the activation time of
each point on the endocardium is determined and its value color coded and displayed on
the endocardial surface. In other words, an isochrones map identifies the time instances
at which particular locations on the endocardium surface experienced a depolarization of
their potentials. The electrical activity during a heart beat cycle (or more) can thus be
displayed on a single isochrones contour map showing lines of interpolated equal
activation times. The construction of the isochrones map requires the detection of

activation instants from reconstructed potentials.
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FIG. 10 is a flowchart of an exemplary embodiment of a procedure 1000 to
generate an activation time map. As shown, multiple reconstructed sets of potential
values relating to the endocardium surface are provided at 1010.

Next, for each surface element associated with the series of reconstructed sets, the

5 activation time (i.e., the time at which the potential was depolarized) at that surface
element is determined at 1020 based on the values of reconstructed sets. In some
embodiments, the activation time is determined by identifying the reconstructed set at
which the rate of potential change was the highest. In some other embodiments, the
activation time is determined by identifying the first reconstructed set at which there was

10 a potential change, as compared to the preceding reconstructed set, exceeding some pre-
determined threshold. In yet other embodiments, activation time is determined using
cross-correlation with a template beat in the manner described above. Other ways for
establishing the activation time instance can be used. The identified reconstructed set is
associated with a particular time instance, which is recorded in the activation time map.

15 It will be appreciated that the entries of the activation time map may have initially been
set to a value that is indicative of no associated activation time (e.g., a value of 0 or a
negative value).

Once the activation time (if any) has been determined for all the surface elements
of the endocardium surface representation, the derived activation time map is displayed at

20 1030.

While isochrones maps are helpful in depicting activation propagation in a single
image, they can be limited in that they discard information related to potential
waveforms, amplitude and areas where multiple activations per beat are present.

Additional processing may be conducted to highlight properties of the activation

25 propagation. For example, areas that have not been activated or that experienced more
than one activation in a given heart beat may be highlighted for further investigation.

It will be appreciated that activation time maps may be generated for other types
of physiological information.

D. Voltage Map
30 Voltage maps can be used to display characteristics of voltage amplitude in given

areas of the endocardium surface. The voltage maps are calculated from the
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reconstructed potentials over a single or multiple beats. Useful information may be
maximum amplitude, or root mean square potential value. Voltage maps are particularly
useful for the detection of infracted areas which tend to have lower amplitudes generally
<lmV.

FIG. 11 is a flowchart of an embodiment of an exemplary embodiment of a
procedure 1100 to generate a voltage map. As shown, one or more reconstructed sets of
electrical potentials are provided at 1110. The reconstructed set(s) may correspond to
reconstructed potentials computed from a single measurement performed by the multiple
electrodes of the catheter 110, or alternatively may correspond to several measurements
taken over several heart beats, or may more generally correspond to multiple
measurements taken at multiple locations in the heart chamber over several heart beats
and/or at different phases of the heart cycle.

The reconstructed sets provided are then processed to determine, for each surface
element of the endocardium surface representation, a metric value that is representative
of the corresponding values from the reconstructed sets (at 1120). In some embodiments,
the metric value is the maximum amplitude potential value identified from the respective
values (provided by the available reconstructed sets) associated with a surface element.
In some embodiments, the metric value is computed as the root mean square of the
various respective values from the reconstructed sets. Other representative values of the
potential at various locations of the endocardium surface may be computed. Once the
metric value for a particular surface element of the endocardium surface representation
has been computed, that value is recorded in the corresponding entry of the voltage map.

Voltage maps may have a large dynamic range of values. While healthy areas of
the heart tend to have potential values in the range of 5-60 mV at the endocardium
surface, infracted areas tend to have maximum amplitudes lower than 1mV. This wide
dynamic range makes it difficult to visualize these voltages effectively. To enhance
visualization, the color map which assigns colors to voltages may be adjusted. One
commonly used adjustment is to define a range of interest such that values that lie outside
the range are clamped to either minimum or maximum range value. Values in the range

are linearly matched to a color map.

PCT/US2007/070854



WO 2007/146864 PCT/US2007/070854

10

15

20

25

Attorney Docket No. 20240-002WOl
Client Reference RMD-INVD-1A - PCT

Thus, in some embodiments the metric values of the voltage map are converted to
corresponding color map values (at 1130). The voltage map containing the color values
computed at 1130 is subsequently displayed at 1140 on the endocardium surface
representation.

FIG. 5 is an illustration of an exemplary voltage map generated using a linear
color map matching scheme. As shown, areas of differing electrical activity in the
endocardium surface are readily discernable. Another useful color conversion scheme for
the voltage map procedure 1100 is a logarithmic color conversion scheme.

E. Difference Map

As previously described, another type of post-processing operation that is based
on voltage maps is the generation of a difference map. The difference map provides
information regarding the effectiveness of the clinical procedure, such as an ablation
procedure, performed on a patient to ameliorate the symptoms of arthythmias. The
difference map compares the electrical behavior of the heart, as reflected from two or
more voltage maps generated before and after the performance of the particular clinical
procedure.

Thus, after generating a first a voltage map, the clinical procedure, for example,
an ablation procedure, is performed at the areas of the heart that are determined, aided by
the information provided by the first voltage map, to require treatment. After the ablation
procedure had been performed, a second voltage map is generated. The values of the first
ablation map are subtracted from the corresponding values of the second voltage map. If
there is no significant difference between any the respective voltage map entries
corresponding to a particular endocardium surface locations where the ablation procedure
was performed, this may be indicative that the ablation procedure performed at those
locations had little clinical effect.

It will again be appreciated that maps analogous to the voltage maps described
above may be generated for other types of physiological information. For example, the
difference map could show differences in measured potential at a specific phase in the

heart cycle.
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F. Frequency Maps
As the understanding of fibrillation mechanisms develops, there is an increased
emphasis on using spectral analysis to guide treatment. Spectral analysis and frequency
5 mapping are used to identify localized sites of high-frequency activity during fibrillation.
Ablation at these sites results in changes and sometimes termination of the fibrillation,
indicating their role in the maintenance of arrhythmia.
In spectral analysis frequency data is color coded and displayed on the 3D
anatomical endocardium surface representation. In some embodiments the data displayed
10 is the dominant frequency at which activation takes place in a given location.
For example, FIG. 9 is a diagram showing a time and frequency representations of
an electrogram. As shown, the image on the left depicts the electrogram potential as a
function of time in fibrillating tissue. The image on the right depicts a Fast Fourier
Transform (FFT) of the same signal. In this example, the dominant frequency (DF) of
15 the signal is 9.6 Hz. For each location of interest the DF can be calculated by applying an
FFT on the time-dependent signal, determining the frequency at which maximum
amplitude is present. The DF is then color coded and displayed on corresponding
chamber anatomy.
Similar spectral analysis may thus be performed with respect to other
20 reconstructed sets of the endocardium surface. FIG. 13 is a flowchart of an exemplary
embodiment of a procedure 1300 for generating a frequency map. As shown, multiple
reconstructed sets of physiological information at the endocardium surface are provided
at 1310. The reconstructed sets correspond to a temporal sequence of measurements
performed by the catheter 110. Subsequently, a frequency transform procedure, such as a
25 Fast Fourier Transform, is performed on the reconstructed sets at 1320. The frequency
transform procedure is performed individually for the values of the reconstructed sets
corresponding to individual surface elements of the endocardium surface representation.
A representative value, for example a dominant frequency, obtained from the resultant
frequency representation of the time behavior for a particular surface element is recorded

30 in the frequency map entry corresponding to that particular surface element. In some
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embodiments, the temporal data with respect to which the frequency transform is
performed could correspond to multiple surface elements.

Once the frequency transform procedure has been completed, the frequency
representation values are converted to corresponding color map values to enable the
resultant values to be more easily observed when displayed (at 1330). The color
frequency map, containing the color values computed at 1330, is subsequently displayed

at 1340 on the endocardium surface representation.

Applications
Mapping of electro-anatomical characteristics of heart tissue can be helpful in

guiding therapies for a number of diseases including arrhythmia and heart failure.

For targeted therapy of arrhythmia, it is necessary to accurately identify the
source of the arthythmia. The source of the arrhythmia may be identified by electro-
anatomically characterizing the underlying tissue during sinus rhythm, spontaneous or
induced arrhythmia, or during pacing. Electro-anatomical characterization includes a
number of spatio-temporal features of the conduction. For example, these include
activation time mapping to identify early activation sites that are indicative of exit sites
and unwanted automatic cell firing, maximum voltage to identify low voltage areas that
are indicative of infracted regions, as well as repolarization time and spectral behavior.
Once the source of the arrhythmia has been identified, a therapeutic course of action is
undertaken. Therapy may include ablation of tissue accomplished by the delivery of RF
energy, microwave energy, cooling, ultrasound, chemical agents, radiation or laser.
Alternatively, therapy may also be accomplished by the introduction and targeted
delivery of biological agents such as cells capable of performing myocardial repair, or
genes capable of changing physiological behavior.

For cell therapy, see, for example: Ronglih Liao, Ph.D., “Cell Therapy Attenuates
Deleterious Ventricular Remodeling and Improves Cardiac Performance After
Myocardial Infarction”, Circulation (April 10, 2001); Pieter C. Smits, “Catheter-Based
Intramyocardial Injection of Autologous Skeletal Myoblasts as a Primary Treatment of
Ischemic Heart Failure”, Journal of the American College of Cardiology, Vol. 42, No. 12
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(2003); Gepstien, “Regenerating the Heart Using Human Embryonic Stem Cells — from
Cell to Bedside”, IMAJ, Vol 8 (March 2006).

For gene therapy, see, for example: J. Kevin Donahue, “Focal modification of
electrical conduction in the heart by viral gene transfer”, Nature Medicine, Volume 6,

5 Number 12 (Decenber 2000); and Kevin Donahue, M.D., “Targeted Modification of
Atrial Electrophysiology by Homogeneous Transmural Atrial Gene Transfer”,
Circulation (January 25, 2005).

In patients with heart failure, electro-anatomical mapping primarily involves the
identification of areas with low potentials that are indicative of infarction as well as areas

10 that exhibit reduced mechanical motion. Once diseased areas have been identified,
therapy may involve the targeted delivery of introduction of cells or genes capable of
performing myocardial repair and regeneration. Recent advances in the area of stem cell
biology have provided scientists with potential tools to develop novel strategies for
myocardial regeneration. Such biological therapies also affect the electrical properties of

15 the tissue which can be mapped using electro-anatomical mapping.

For both arthythmia and heart failure treatment, following therapy delivery,
electro-anatomical mapping may be used to validate therapy effectiveness. For example,
this may be accomplished during the same procedure to validate conduction block in
areas where ablation energy was delivered or to validate the regenerated mechanical

20 motion following biological implantation. Alternatively, or in addition, a scheduled
follow up may be performed several months after the procedure to validate long term
therapy effectiveness.

OTHER EMBODIMENTS

The methods and systems described herein are not limited to a particular hardware

25 or software configuration, and may find applicability in many computing or processing
environments. The methods and systems can be implemented in hardware, or a
combination of hardware and software, and/or can be implemented from commercially
available modules applications and devices. Where the implementation of the systems
and methods described herein is at least partly based on use of microprocessors, the

30 methods and systems can be implemented in one or more computer programs, where a

computer program can be understood to include one or more processor executable

68



WO 2007/146864 PCT/US2007/070854

Attorney Docket No. 20240-002WO01
Client Reference RMD-INVD-1A - PCT

instructions. The computer program(s) can execute on one or more programmable
processors, and can be stored on one or more storage medium readable by the processor
(including volatile and non-volatile memory and/or storage elements), one or more input
devices, and/or one or more output devices. The processor thus can access one or more
5 input devices to obtain input data, and can access one or more output devices to

communicate output data. The input and/or output devices can include one or more of
the following: Random Access Memory (RAM), Redundant Array of Independent Disks
(RAID), floppy drive, CD, DVD, magnetic disk, internal hard drive, external hard drive,
memory stick, or other storage device capable of being accessed by a processor as

10 provided herein, where such aforementioned examples are not exhaustive, and are for
illustration and not limitation.

The computer program(s) can be implemented using one or more high level
procedural or object-oriented programming languages to communicate with a computer
system; however, the program(s) can be implemented in assembly or machine language,

15 if desired. The language can be compiled or interpreted. The device(s) or computer
systems that integrate with the processor(s) can include, for example, a personal
computer(s), workstation (e.g., Sun, HP), personal digital assistant (PDA), handheld
device such as cellular telephone, laptop, handheld, or another device capable of being
integrated with a processor(s) that can operate as provided herein. Accordingly, the

20 devices provided herein are not exhaustive and are provided for illustration and not
limitation.

References to “a microprocessor” and “a processor”, or “‘the microprocessor” and
“the processor,” can be understood to include one or more microprocessors that can
communicate in a stand-alone and/or a distributed environment(s), and can thus be

25 configured to communicate via wired or wireless communications with other processors,
where such one or more processor can be configured to operate on one or more
processor-controlled devices that can be similar or different devices. Furthermore,
references to memory, unless otherwise specified, can include one or more processor-
readable and accessible memory elements and/or components that can be internal to the

30 processor-controlled device, external to the processor-controlled device, and can be
accessed via a wired or wireless network using a variety of communications protocols,
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and unless otherwise specified, can be arranged to include a combination of external and
internal memory devices, where such memory can be contiguous and/or partitioned based
on the application. Accordingly, references to a database can be understood to include
one or more memory associations, where such references can include commercially
available database products (e.g., SQL, Informix, Oracle) and also proprietary databases,
and may also include other structures for associating memory such as links, queues,
graphs, trees, with such structures provided for illustration and not limitation.

A number of embodiments of the invention have been described. Nevertheless, it
will be understood that various modifications may be made without departing from the
spirit and scope of the invention. Accordingly, other embodiments are within the scope

of the following claims.
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WHAT (8 CLADMED IS

A method comprising:

userting a catheter into a heart cavity having an endocardium surface, the catheter
comprising wulliple, spatially distributed electrodes;

moving the catheter to cach of multiple, different positions in the hesrt cavity for

5 which the cathiter i spaced from the endocardium surface;

for cach of the different catheter positions, deternmuning the positions of the

catheter elecirodes with respect 1o the endocardium surface and moasuring signals at the
catheter electrodes i response to electrical activity in the heart cavity; and
determining physiclogical information at multiple locations of the endocardium

surfiee hosed on the determined positions of the catheter electrodes and the measured

i
o

signals af the different catheter posttions,

&

17

2. The method of clatny 1, wherein the number of catheter positions st which

the signals are messtred and used w determine the physiological information at the

5 multiple locations of the endocardium surface is more than three.

3. The method of claim 1, wherein the catheter is moved over s range larger

bad

than about one third of the diameter of the heart cavily to measure the signals uset to

determine the physiological information of the multiple locations of the endocardium

@ surface.

4, The method of claim 1, wherein the signals are measured for at least one

slectrical hoart ovele for each catheter position.

N

The method of claim 4, wherein the detormination of the phvaioiogical

k)
37
L

information ut the nuitiple locations of the endocardiom surface comprses synchronizing
the signals measured at the different catheter positions with one another ac arcing 0 an

slectrical hoart bead eyele,

<l
Yt
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£ The method of elaim 3, wherein the measored stgnals ave synchronized

based on physinlogical date including at least one off EOG and intercandiae

gloctrograms.

5 7. The method of claam §, whorern the determination of the plivsisdogieal
mformation at the nuultiple locations of the endocardium surtace further comprises
processing the syachronized signals gs though they were obtained at one time from ali of

the pasiiions sampled by the catheter electrodes for the different positions of the catheter

11y the heart oavily
%, The method of claim § or claim 7, wherein the determingtion of the

physiological information at the multiple locations of the endocardium surface further

comprises applving 3 transformation function to the synchromized signals, wherelu the
rransformation function relates signals measured from at least some of the ditfererd

15 pusitions of the cathefer in the beart eavity to the physiological informution at the

multiple locations of the endocardium surface.

9. The method of claim 8, wherein the detenmination of the physielogical

information &t the multiple locations of the endocardivm surface forther comprises

70 determining the transformation function by caleulating & forward transformuation for
relating the physiclogical information at the muliiple Jocations of the endocadinm
surface to the signals measured for the ditferent positions of the vatheler 1 the heant
cavity and inverting the forwaed transformation,

a5 10 Themethod of claim 9, whereln the inverting comprises reformulating an
underdefermined matrix inversion by regularzation,

11, The reethod of claim 10, wherein the tnverting further cormprises 2 feast
squares minbvdvabion.
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12 The method of clam |, whersin the determination of the physiclogicst
information at the multiple locations of the endocardium surface comprisss determining
multiple estinmates of the phvsivtogical information for cach of at loast some of the

locations on the endocardiim based on the measured signals cosresponding 1o af leuat

some of the different catheter positions.

130 Themethod of claim 12, further comprising processing the naltpie

cxtimates o improve an accuraey of the physiological information.

15, The method of claim 14, wherein the averaging I8 a weighted averaging.

16, The method of claim 1, wherein detornunmg the position of the catheler
glectrodes with respect to the endocardiom sorface comprises using at least one of
glectric fiekds, magnetic fields, fuoroscopy, and ultrasound © determine & position of the
catheter fn 8 first conrdinate systent.

o

7. The method of claim 1, wherein determining the position of the cathuter

oot

with respect to the endocardium surface further comprises registering & vopresentation of
the endncardium sorface, the representation having been obtained prior to nserting the

catheter o the heart cavity, with the fust coordinate systen.

H

18, The method of claim 1, wherein the determined physiological information

i

includes at east one o
elpetrical potential values at the multiple locations of endocardium swrtace af each

hases of the heart beat eyele,

si
w

of vme or more different

ereayd ones

3 makimum voltage amplitude for one or more heart beat eyeles s

of the endocardivm surtace locations,

ot
LR
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a fregueney representation of electrical activity at multiple locations of the
endocardivm surface during the heart beat cyele, wherein the frequency representation 1s

computted based on electrical potential values at the multiple locations of endocardium

iz

o~ g e

surface at different phases of the heart beat cyele, and

8 an sciivation tme for cach of different locations of the endocardium surface
19 Themethod of claim 18, further comprising displaving at least a portion of
the determined physiolngical information,

10 24 The method of elaim 1, wherein the number of locations on the
endocardivm surfacs where physiological information is deterniined is more thap 16
thmes more than the number of elecivodes on the catheter

21, The method of claim 1, wherein the catheter is spaced from the
15 endocardiom surfice by more than abowt 3 mun when measwring the signals,
22, The meihod of claim 1, farther comprising displaving af least a portion of
the endovardinm surface to include at least some of the physiological nformation
¥ o . et ) st {‘,.‘1 e i
determined gt the mndtiple surface focations,
Pty
23, The method of claim 1, wherein the signals measured are elecinval
signals
34, The method of elaim 23, wherein the signals measured are electric

25 potential signals,

X

28 The method of elaim 1, wherein the phystological information s elecirical

information.

A% 26, The method of claim 28, wherein the physiclogical infonmation comprises

glectrical potentials at the multiple tocations of the endocardium surfsce,

<3
.
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270 The method of olaim 1, wherein determindng the position of the cathete
clectrodes comprises measunng information abow at least one of & position and

X

orientation of the cathoter within the heart cavity.

28, The method claim 27, wherein determining the position of the catheter
glectrodes i based Ruether on information about the distribution of the alectrodes on the

catheter.

26, The method of claim 28, wherein measuring iformation abowt at loast one
of a position awl otdentation of the catheter within the heart cavity comprises measuring

1o position of one o more catholer eloctrodes within the heart cavity.

3 Themethod of claim 1, wherein determining the position of the catheter
electrodes vomprises directly measuring the position of gach catheter electrode withun the

%

hgart cavity,

31, The method of claim 1, further comprising using the determined
phystological infonmation to guide treatment of the heart cavity,
The method of claim 31, wherein the treatment comprises ablation of oo
or more selectad ropions of the heart.
an

33, The method of claim 32, further comprising repeating the measurement of

b

catheter clectrode signals and the determination of the physiological information after the

ablation treatment, and displaving a difference map comprising information about how

ihe determined physiclogical information changed in response to the ablation treatment,

34, The method of ¢laim 31, wherein the treatment comprises cell therapy,

pene therapy, or application of other biological agents.



w

s
<X

A

WO 2007/146864 PCT/US2007/070854

35 L svsiom Comprising
a catheter configured to be inserted into a heart cavity having wn endocardium
surface and to move 1o sach of multiple positions in the heart eavity for which the

cotheter is spaced from the endocardiwm surface, the catheter comprising multiple,

‘(;

wirtbuted electrodes, the multiple electrodes configured to measore signals in
response to slectrical activity in the beart cavily;

a sensor device configured to determine, for each of the diffevent catheter
nositions, the positions of the catheter elecirodes with respect 1 the endocardium surfaeg;
and

a processing wndt configured to defermine physiologieal information st muitiple
focations of the endocardiom surface based on the determined positions of the catheter

slectrodes and the measured signals at the different catheter positions,

36, The system of claim 35, further comprising a synclmonization unit
configured to synchronize the signale measured af the different catheter positions with

one another acourding to an eleciric heart beat eyele.

37, The system of claim 36, wherein the processing unit is Tarther configured
1 mrocess e syaol { signals as though they were obtained at one time fom all of
0 process the synchronived signals as though they were obtatned at one time from ail of

3

the posttions sampled by the catheter electrodes for the different positions of the catheter

in the heart cavity.

o
B

38, The system of olaims 35 or 36, wherein the processing nait is further

3 3

sonfigured to apply a transformation fonetion to the synchrontzed signals, wherein the

fransformation function relates signals measured from gt least some of the differemt

5

positions of the catheter in the heart cavity to the physiologieal information of the

mutiple locations of the endocardium surface.

38, The systern of claim 3R, wherein the processing umit 15 other configured

§3

to determine the transformation function by caleulating 8 forward transformstio

a3
tocb,
e
~%

221

relating the physiological information al the multiple locations of the endocardium

76
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surface to the signals measured for the different positions of the catheter in the heagt

cavity and nverting the forward framsformation.

4. Thesystem of claim 35, wherein the processing wut configured o
determine the physiclogical information at the multiple locations of the sndocardiom
surface ts oonfigured to determine multiple estimates of the phystelogical information for
sach of ot least some of the locations on the endocardin based on the messured signals
corresponding to af least some of the different catheter positions.

41, The system of clatm 35, wherein the sensor device is configured o
determining the position of the catheter with respect to the endocardium surface further

configured o register a representation of the endocardium surface, the representation

having been obtained prior to Inserting the catheter into the heart cavity, with the fiest
coordinate syetem,

42, The system of claim 38, farther comprising a display device configured o
display at least a partion of the determined physiologival information, the detenmined
phiysiclogical information includes at least one off

lectionl potential values at the mudtiple locations of endocurdiur surface at cach
of one or more different phases of the heart beat eyvele,

a maxinumm voliage amplitude for one or more heart beat cycles at difforent ones

of the endocardimm surface lovations,

a froquency representation of electrical activity at multiple locations ol the
endocardiom surface during the heart beat oyele, wherein the frequency representation 8

computed based on electrical potential values at the multiple locatons of endocardinm
surface at different phases of the heart beat cycle, and

an achvation time for each of different locations of the endocardiom

%,
8
Lad

A method comprising:
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mserting a catheter info 3 heart cavity having an endocardinm surface, the catheter
comprising multiple, spatially distributed electrodes;

wmeasuring signals at the catheter electrodes in response to electrical activily in the
fwart cavity with the catheter spaced from the endocardiom surface; and

5 determining physiological information at multiple locations of the endocardium

surface hased on the measured signals and positions of the electrodes with respect o the
endocarding surlace;

wherein the signals are measared during niaitiple clectrical heart beat oyeles and
wherein the physiologicnl information 1s detenmined, af least in part, by combining

15 tnformation devived from the signals for different heart beat oycles.

44,  The method of claim 43, further comprising:
moving the catheter o sach of multiple, different positions w the heart cavity Ry
which the catheter s spaced from the endocardivm sarface; and

fowr cach of the different catheter positions, determining the positions of the

Py
L3

catheter electrodes with respect o the endocardiom surface and measuring signsls at the
catheter electrodes in response fo electrical activity in the heart cavity,

whersin the determination of the physiological information at the nuultiple
fncatinns of the endocardium surface is based {orther on the positions of the cathetor

20 electrodes and the messured signals st the different cathoter positions.

4%, The methed of claim 43, wherein the combining comprises integrating
information derived from the signals for common phases of the electrical heart beat
oyeies.

46, The method of clalm 45, wherein the integrated wntormabion comprises
integrated electric potentials on the endocardivm sarface for common phases of the

meltiple electrizal heart cyele.
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A

47, The method of claim 43, wherein the information dertved from the stenals

34

ov different heart beat cycles comprises 2 maxtmum volfage amplitude for gach o the

VRN

difterent heart bewt oyveles at dilferent ones of the endocardnun surface locations.

pis:

48, The method of claim 47, wherein the combining comprises averaging

together the max i voliage amplitudes for the different heart beat cyeles,

44, The method of claim 48, wherein the averaging is a weighted averaging.

3

. The method of claim 43, wherein the determined physiologiedd

k]

information holudes af least one of

3N

glecirical putential values at the multiple locations of endocardium surfies at cac]

Y

o

of one or mary dilforent phases of the heart beat evele,

& mavimum voltage smplitude for one or more hewrt beat oyeles at different ones
of the endocardivm surface locations,

a frequency representation of lectrical activity at multiple locations of the
gndocardium surface during the heart beat oyele, wherein the frequency representation 8
computed based on clectrical potential values al the multiple locations of endocardiam

sarface at different phases of the heart beat eyele, and

an activation Hme foo each of different locations of the endogardinm sorfage,

31, The method of claim 50, further comprising displaying af lesat a portion of
the determined phvaistogical information,

X

3200 A wystent comprising:
a vatheter configured to be inserled into a heart cavity having an endocardiom
surface, §

1w catheter comprising ﬂm}iq}}e. spatially distributed electrodes, the nnltiple

slectrodes configured to measure signals in response fo clectrical activity in the heart

‘Lﬁ

avity with the catheter spaced from the endocardian surface; and
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a processing unit configured te determine physiologival nformation at multiph
focgtions of the endocardinm surface based on the measured signals and the posibion of
the electrodes with respeet to the endocardim suriace;

wherein the signals are measured donng mudiiple electrical heart beat oycles and
whereln the processing vait configured to dotermine physiologics! information s further

- ey

oy different

-,,',.

configured to, at least in part, combine Information dertved from the signals

heart beat eyeles.

53 The syvsiem of clamm 82, further comprising:
& sensor device configured {0 interact with the processing unit to determine the

i
3

position of the catheter electrodes with respect to the endocardinm surface;
wheretn the catheter is further configured fo move to each of maltiple, ditferent
positions in the heart cavity for which the catheter is spaced from the endocardium

SU

ot
o
P
'y
s
b

1

wheretn, for each of the different catheter p{mit.ions», the senser devige 18

endocardinm surface and the catheter elecirodes are configured o messare signals at the
cathetrr clectrades in response to electrical activity in the heart cavity,

and wherein the processing unit is configured to determing the physiok

&2

v o

information at the multiple locations of the endovardivm sarface based further on the

positions of the catheter electrodes and the measured siguals at the ditferent catheter

pOsEIons.

84, The system of cladm 32, wherein the processing unit copfigured fo

combing information is further configured fo infegrate information dorived from the

signals for conunon phases of the electrical heart beat eyeles.
The system of claim 54, wherein the integrated information comprises

integrsted electric potentials on the endocardinm surface Tor common phases of the

multiple eloctrical heart evele.

20
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56, Thesystem of claim 32, wherenn the information dertved from the signals
for ditferont heart beat eyeles comprises a maximom voltage amphitude for sach of the

different heart beat eyeles at different oneg of the endocardivm surface locations.

57, The system of claim 36, wherein the provessing unfl contigared to
3 SR 3 . i R S card 4 oy b eyt - 2
combine mformation 1s further configored to average fogether the maxinmon voltage

amplitudes for the different heart beat cycles

38, Thesystern of claim 57, wherein the processing ondi configured o average

15 Turther configured to perform a weighted averaging operation.

S8 The system of claim 52, further comprising & display device configured 1o
cisplay at least a povtion of the determined physiological information, the determined
phvaiologienl informetion mchades at least one of!

electricnl potential values at the multiple locations of endocardium surface ab cach
of one or more different phases of the heart beat eycle,

a nsaximpm voliage araplitude for one or more heart beat oyveles at different ones
of the endocardiom surface locations,

a frequeney representation of electrical activity st multiple locations of the
endocardium surface during the heart beat cycle, wherein the frequency representation i3
computed based on electrical ;_tsma:nt,ia.i valoes at the mudiiple locations of endocardiam

surface at different phases of the heart best evele, and

an aciivation tme for each of different Tocations of the endocardivm surface.

60, A method comprising:

inserting a catheter info @ heart cavity having an endocardivem surface, the catheter
cornprising muitiph, spatially distributed electrodes;

prior e inseriing the catheler info the hoart cavily, generating a representabion of

the endocardium surface of a patient’s heart cavity;

[+
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he representation of the endocardinm suwrface with a frst coordinate

-
£

tye
o
o
%
o
joud

U%
=

system used 1 detormne posisions of the catheter slectrodes relative 1o the endocardium
surface aller the catheler s inserted nto the heart cavity,
measuring signals at the catheter electrodes 1o reaponse to electrieal activity in the
5 heart cavity with the catheter spaced from the endocardium surfice; and
determining physiclogical infurmation at multiple locations of the endocardium
surface based on the messured signals, the posttions of the catheter glectrodes relative

the endocardiwm surface, and the registered representation of the endocardium surface.

10 61, The method of claim 60, further comprising:
meving the catheter to cach of multiple, ditforent podtions In the heart cavity for

whicht the catheter 18 spaced frons the endocarduum surfhee; and

s

for each of the differemt catheter positions, determining the positions of the

catheter eloctrodes with respect to the endocardium surfuce and measuring sigoaals at the

15 catheter electrodes in response to electrical activity 1n the heart {:-a\-*i’ty;
(el o) LS : L IS TUURIR SOV SURUNC R SIS s S ) FET I
whorein the determination of the physiological information at the multiple
incstions of the endocardinm surface s based further on the positions of the catheter
slectrodes, the measared signals at the different catheter positiops and the registered
represeniation of the endocardiun swrface,
20
&2 The method of elaim 60, whereln generating the representation of the
endocardiwn surface comprises segmenting a volumetric representation of the heart
CaVItY.
25 63, The method of clatm 62, wherein the vohumetrie ropreserntation 18 obiained

from af feast one of! g coherence tomography (7)) 1mage; 2 magnetie rEsonancs Imaging
(MR intage; and an ultrasonnd image.
64, The methad of claim 62, wherein the volwmetric reprosentation is

W segmented oo a substantiaBly closed surface representation of the endocardiom surface
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65, The method of claim 60, wherein generating the representation of the

endocardiam surface comprises partitioning the representation into a plurality of surface

i

3

clements based on at least one of! a numerical caleglation technique applied w factlitate

X

compuling of the physiological information at the endocardium surface and

§  characteristics of the endocardium surface.

66, The method of claim 85, whereln the representation partitioned fnto &
plurality of clements includes at least one of! a surtice mesh comprising tnangles, 8
volumelric mesh comprising tetrahedrs, and a regular Cartestan grid.

&7, The method of claim 60, further comprising contacting the catheter to the
endocardin surface at multiple locations to extablish mudtiple poinds of the endocardium
surface w the Srst coordinate system.

15 68, The methed of claim 67, further comprising determining the position of
the catheter when # contacts the endocardium surface al the multiple locations naing at
izast one of glectric folds, magnetic felds, thuoroscopy, and ultrasound fo delermine the
position of the catheter in the first coordinate system.

20 69,  The method of claim 67, wherein the registering comprises transiating and

arienting the sarface representation in the first conrdinate systers o fit the established

points oof the endocardium surface in the first coordimate system,

73 The method of claim 60, wherein the detornined physiological
25 infonmation includes at least ong of
clecirical potential values at the multiple lecations of endocardium surtace at each
of ous or mors differont phases of the heart beat oyele,
a muximun voltage amplitude for one or more heart beat eyeles at ditferent ones
of the endocardium surface locations,
30 a frequency representation of electrical activity at multiple locations of the

endovardiont surface during the heart beat cycle, wherein the frequency representation is
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computed based oo electrical potential values at the multiple locations of endocardiom

surface of different phases of the heart beat eyele, and

an activation time {or each of different locations of the endocardinm surfuce.
710 The method of elaim 70, further comprising displayving st feast & posiion of

the determuned physiological information.

o

73 The

u/

method of claim 60, wherein the number of locations on dhe

endocardinm surface where physiological information is deternined is more than 18

Hmes more than the nomber of lectrodes on the catheter,

73, The method of claim 80, wherein the catheler i spaced from the

endocardiwm surthce by more than abowt 3 mm when measuring the signals,

74, The method of claim 60, further comprising displaying at least a porfion of
the endoeardinm surfice to include at least some of the physiological information

detersined at the multiple surface locations.

75, The method of claim 60, wherein the signals messured are electrical
signals
76, The mothod of olaim 60, wherein the signals measured are eleging

potential signals,

77, Themethad of claim 60, wherein the physiological information is

electrics! ndormalion.

8. The method of clatm 77, wherain the physiologieal mformation comprises
slectrical potentials at the multiple locations of the endocardium surface.

R4
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79, Themothod of claim 61, wherein determining the position of the catheter

elecirndes COMPp 19eR 1 Q\lillﬂﬁ information about at least one of a position and

&

orientation of the catheter within the heart cavity,

8. The method claim 79, wherein determining the position of the catheter

elevtrodes is based further on information about the distribution of the slectrodes on the

31, The method of clamn 80, whereln measuring indormation about gt least ong

o

ot aposition and orientation of the catheter within the heart cavity comprisey measering

&%
H

the pesition of ene oy more cathwter electrades within the heart savity,

82, 'The method of claim 61, wherein determining the position of the vatheter
electrodes comprizes divectly measuring the position of each catheter electrode within the

3 T 3 3
ORI CavItY.

83, Themethed of claim 60, further comprising using the determined
physiologieal information to geide treatment of the heart cavity,
4. The method of claim 83, wheremn the {reatment comnprises ablation of one

or more selected regions of the heart.

85 Themethed of olaim 84, further comprising repeonting the measurement of
catheter slectrode signals and the determination of the physiologisal information after the
ablation troatment, and displaving a difference map comprising information about how

the determined phyvsislogical information changed iIn response to the abdation reatment.

”‘/Cw

Ré.  The method of olatm 83, wherein the treatment comprises call therapy,

X

geny therapy, or the application of other biological agents,

§7. A systom congrising:

%
(¥
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acatheter configured to be inserted info a heart cavity having an endocardium

3

surface, the catheter compristng naultiple, spatially distributed electrodes, the muitiple
slectrodes configured to measure signals iIn response te clectrioal activity in the heant

cavity with the catheter spaced fram the endocardivm surface;

an inage acquisition and preparation module configred 1o gonorate
representaiion of the endocardivm surface of a patient’s heatt cavity and o vegister the
reprosentation of the endocardinm surface with 8 first coordinate sysiem used o
determine positions of the catheter electrodes relative to the endocwrdium surface after
the cathefer 18 inserted into the heart cavity; and

a processing vnit configured to determine physiclogical information st multiple
focations of the endocardium surfuce based on the measured signaly, the position of the
electrodes with respect to the snducardivm surface and the ropistered representation of

the endocardium swice.

8%, The system of chum 87, Ruther comprising:

a sensor device configured to determine the position of the catheler slectrudes
with respect fo the endocardium swriacs;

whersin the catheter is further configired to move to cach of multiple, different
positions in the heart cavity for which the catheter is spaced from the endocardivm
surfsce

whereixn, for cach of the difforent catheter positions, the sensor device 18
configured to determine the positions of the catheter clectrodes with respect to the
endesardivm surface and the catheter electrodes are vonfigured to measure signals at the
catheter electrodes i response to electrical activity in the heart cavity;

and wherein the processing unit s configured to detorpine the physiologics
information gt the multiple Iocations of the endocardiom surface based further on the

positions of the catheter electrodes, the measured signals al the different catheter

positions and the registered representation of the endocardium surtace.

36
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88, The system of elatin 86, wherein the image scquistiion and preparation
module configured to generate the representation is further configured to segment a

volumeinie vepresentation of the heart cavity,
Q3. The gystem of olaim 89, wherein the volumeiric representation s oblained
from at least one off 2 coberence tomography (CT) image; 8 magnetic resonance imaging

(MR image: and an ultrasound tmage

4’”;4

he system of claim 89, wheremn the image acquisition and preparation
modide i forther conBigured to segment the volumetrie representation into a substanttaily

closed surfaos reprosentation of the endocardivm surfice,

92, The systeny of elaim 87, wherein the image acquisition and preparation
wodule configured to generate the representation of the endocardivm surfyee is further
onfigured to partition the representation into a phaality of sarface elements based on at
feust one oft & numerical caloulation technigne applied fo faetlitate compating of the
physiological information at the endecardiom surface and characteristics of the

endotardinm surfaes

93, The system of clamm 92, wherein the representation pactittoned o 1

plurality of eloments inclodes at teast one off a surface mesh comprising triangdes, a

vohunetric mesh compriaing tetrabedra, and a regular Cartesian gnd,
¥ 2

R4, The system of claim 28, wherein the catheter iy further configured to
contact the endocardinm surface at muliiple locations o establish multiple points of the

X

endocardium surface in the fivst coordinate systeny,
95, The system of claim 94, wherein the image sequisition and proparation

module is further configured to determine the position of the catheter when it contacts the

endocardiun surface at the multiple Iocations using at least one of electric Heldy,
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magnete felds, Rueroscopy, and ultrasound to determine the position of the catheter in

the first coordinate system.

j

o~

96, The system of claim 94, wherein the image scquisition and preparation

module configured to register the representation of the endocardiom surfuce is further

configured fo transiate and orters the surface representation in the first coordinate systens
d

1o fit the established points of the endocardium surface in the first coordinate sysiem.

Q7. The system of elaim 87, further comprising a display device configured to
display at least a portion of the determined physiological information, the deterndned
physiological informetion inclades at Teast one of!

elecivical potential values at the multiple locations of endocardium surfies at each
of one or more different phases of the hewt beat evele,

& maimum voltage ampiitude for one or more heart beat cycles af different ones
of the endecardivem surface focations,

a frequeency representation of electrical activity af multiple locations of the
endocardivm sarfsee during the heart beat ovele, wherein the frequency representation is
computed based on electrical potential values at the muliiple locations of endocardium
surface at different phases of the heart beat cyele, and

an aetivation time for each of different locations of the endocardium sorface.

9% A method comprising

inserting a catheter into a heart cavity having an endocardium surface, the catheter
comprising maltiple, spatially distributed electrades;

measuring signals o the catheter electrodes in response to elecirical netivity in the
heart cavity when the catheter electrodes are spaced frony the endocardium surface; and
detennining physiological information at muultiple locations of the endocardium
surface based on the measured signals;

wherein the determining comprises, prior to inserting the catheter into the heart

cavity, provessing information relating to characteristics of the endocardium surface.

b
(=53
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89, The method of cladm 98, further comprising

moving the catheter to cach of multiple, difforent positions in the heart cavity for
which the catheter i3 spaced from the endocardinm surface; and

for egoh of the ditferent catheter positions, determining the posttions of the
catheter electrodes with respect to the endocardium surface and measuring sigoals at the
catheter electrodes in rosponse to electrical activily w the heart cavity;

wherein the determination of the physiological information at the muitiple
focations of the endocardium surface is based further o the positions of the catheter

electrodes and the moasured signals af the different catheter posttions.

KL The method of claim 9R or 99, whergin processing information relating to
characteristics of the endocardiom surface comprises partially computing one or more
ranshrmation finctions for converting the signals measured at the catheter electrades to

estimates of the physiological information at the endocardium surface,

01, Themoethed of claim 100, wherein gach transformation funetion w

assoctated with a different position within the heart cavity,

12, The mothod of cluim 101, wherein each transfonmation funclion is

sasociated with a ditferent position and orientation of the catheter within the heart cavity.

193, The mothed of claim 101, wherein cach transibrmation function 18

associated with the respective positions of the catheter electrodes within the hearl cavity.

104, The method of claim 9%, whereln the determining of the physiclogics
information foriher comprises, prior to inseriing the catheter into the heart cavity,

processing information relating to the characteristics of the catheter.

105, The method of claim 98, wherein the characteristics of the endocardium

surface are desived from a pre-acquired representation of the endocardium surface.
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186, The method of clatm U8, wherein the processing prior to fnserting the
patheter into the heart cavity i to expedite the determination of the physiological
irdformation af the multiple locations of the endocardivm surface from the measured

signals,

167, The method of claim 100, wherein the transformation functions are
inverse fransformation functions and wherein the partial computation of the one o more
pverse ransformation functions comprises at least partially computing one or mere
forward transformation Ruetions for determining the signals measured at the catheter
electrodes from the physiologival information at the multiple locations of the
endocardivm sorfhee, cack forward transformation fimetion being associated with the

position of one or more catheter electrodes within the heart cavity.

108, The method of oladm 107, whereln each forward transformation Ruction is

further associated with an orfentation of the catheter within the beart cavity,

1%, The method of olaim 108, wherein the catheter s hollow

110, The methed of claine 107, wherein at least partially computing the ong or
more forvard transformations comprises processing inforoution relating o the shape of

the endocavdium surfage

111, The method of claim 107, wherein af least partially computing the one or

maore forward fransformations comprises processing information relating to the

distribution of the clechrodes on the catheter.

112, The method of claim 107, wherein af Ieast partially compating the one or
maore forward ransformations comprizses fdly computing the one or more forward

sransformations based on the information relating to at Ieast the shape of the endocardivm

sarace,

84
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F130 0 The method of claim 107, wherein determinig the physiotogical
mivrmation frim the measured signals compriges inverting the frwand franstormation

ciated with the position of the catheter used to measure the signals and

function ass

applying the inverted forward transformation function o the measwred signals.
114, The method of claim 113, wherein the Inverting comprises seformulating
an noderdetermined mateix mversion by regularization.
1150 The methed of olaim 114, wherein the inverting Ruther comprises 4 least
10 sgaaves mivmization,
116, The method of clatm 113, wherein the fnversion further comprises a
Tikhonov regalarization.
1% 117, The method of claim 100, wherein the one oy more transformation
fimsctions oan be expressed as one or more matrice
118, The method of claim 98, wherein the detenmined physiologieal
fnformation includes af leaxt one oft
a0 slevtricsl potentiad values at the multiple locations of endocardium surface at cach
of vme or myore different phases of the heart beat eyele,
s madmum voltage amplitede for one or more heart beat oyeles st different ones
of the endecardiun surface locations,
a froquency representation of electrical activity at mndtiple lovations of the
28 endocardium surface during the heart beat oycle, wherein the frequency representation s
computed based on clectrical potential values at the noultipls locstions of endocardium
surface at diffevont phases of the heart beat eycle, and
an activation time for cach of different locations of the endocardium surface.

Qi
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119, Tho method of olaim 18, hurther comprising displaving at least a porbion

\

of the defermined physiological information.

1200 A system comprising:

£

a catheter configired to be inserted into a heart cavity haviag an sndocardiom

surface, the catheter comprising nmitiple, spatially distributed electrodes, the multiple
electrodes configured to megsure signaly in response o electrical activity 1 the heart
cavity with the catheter spaced from the endecardium surface; and
a provessing unit configured to determine physiological tnfirmation at mudtiple
1w locations of the endocandium surface based on the measured signals:
whergin the processing unit configured to determine the physiological infonmation
is farther configured to, prior to insertion of the catheter into the heart cavity, process

infbrmation relating 1o characteristies of the endocardium surface.

18 1231, The system of claim 128, further compnising:

2 senser device configured to determine the position of the catheter electrades

2

with respest to he endocardhum surface:
wherein the catheter is Ruather vonfigured to move to cach of multiple, different
positions in the heart vavity for which the catheter is spaced fron the endovardiom
an  surace;
wherein, for cach of the different catheter positions, the sensor devive
configured to detorming the positions of the catheter electrodes with respect to the
endocardium surface and the catheter electrodes are configured to measare signals al the

catheter electrodes in rasponse to clectrical activity in the heart cavity;

1 unit is configared to detormine the phystological

& <

25 and wherein the processin
information at the muitiple locations of the endocardium surface based further on the
positions of the catheter electrodes and the messured signals at the > different catheter

positions.

38 {22, The system of claim 121, wherein the processing unit confignred to

provess information relating to characteristies of the endocardinm surface is configured to

42
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partially compute one or more transformation functions for copverting the signals

meastred af the catheter slectrodes (o estimates of the physioiogical information gt the
v Zan?

endocardiom surface

P33 The sevstem of olaim 122, wheretn each fransformation fmslion is

P

associated with a Gfforent position within the heart cavity.
& K

124, The systern of claim 120, wherein the characteristios of the eadoourdium

swrface ave devived from a pre-acquired representation of the endocardium surface.

125, The system of claim 120, wherein the processing unit confipured to
process, prior 1o nsertion of the catheter into the heart cavity, information relating to

characteristivs of the endocardium surface is configered to expedite the determination of

the physiologieal information at the multiple locations of the endocardiun surface from

<

the measured signala,

126, The system of claim 122, whereln the transformation fupctions are mmverse
transtormation fanctions and wherein the processing tnit configured to partially compute
the ore or more inverss transformation functions 1 configured 1o af least parbially
sornpute one or more forward transformation functions for deternyining the signals
measured at the catheter electredes from the physiologieal fnformation at the multiple
locations of the endocardiam surfsce, each forward transformation fonction being

associated with the position of one or mors catheter electrodes within the heart cavity.

127, The system of claim 126, wherein the processing unit configured to at
east partinlly compute the one or mere forward transformations is forther configured (o

provess mibrmation relating to the shape of the endovardium surface.

128, The system of claim 126, wherein the processing unit condigured o

determing the physiologica! fnformation from the measured signals is further configured

toy ivert the forward transformation function associated with the position of the catheter
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used to measure the signals und to apply the verted forward transformation fanchion o
the measared siznals,
129, The systom of clatm 128, wherein the processing unit configored to fveert
the forward wansformation function is forther configured to reformulate an

anderdetonmined matnx inversion by regularization.

130, The systam of claim 129, wherein the processing modale configured o

wvert is further comfigured to perform a least squares nuumization.

1

i

ded
o

The system of claim 120, Rather comprising a display devies confipured
to display af feast a portion of the determined physinlogical informmtion, the deternuned
physiological infonmation includes at least one oft

slevtricsl potential values at the multiple locations of endocardium swrface af eap
of one or more ditferent phases of the heart beat oyele,

a maximum voltage amplitude for one or more heart beat eyveles at ditferent ones
of the endecardium surface locations,

a frequency vepresentation of electrical sctivity at multiple locations of the
endocardium surface during the heart beat cycle, whereln the freguency represeniation
gomputed based on electrical potential values at the nuultiple locations of endocardhm
surface s different phases of the hean beat cycle, snd

an activation tme for each of different locations of the endocardium surface.

132, A method compusing:

inserting a catheter info a heart cavity having an endocardinm surfuce, the catheter
comprising muitiple, spatially distributed electrodes;

measuring stgnals af the catheter electrodes in response to efectrical activity m the
heart cavity with the catheter spaced from the endocardium sarface;

determining physiclogics! information at multiple locations of the endncsrdiam

sorface based on the measured signals and positions of the catheter eleciredes with

respect to the endocardium sarface; and

94
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compmiting values indieative of a degree of spatial resolution of the determined

physiclogical information for at losst some of the locations of the endocardiom surfae

v

133, The method of clatm 132, further comprising:

5 moving the vatheter to cach of mudtiple, different posttions in the heart cavity for
which the catheter 13 spaced from the endocardium surface; and
for each of the different catheler positions, determining the positions of the
catheter electrodes with respect to the endocardinm surface and messnring signals at the
catheter slcetrodes in response to glectrieal activity in the heart cavity
10 wherein the determination of the physiological information at dhe multple

Jovations of the endocardium surtace is based further on the positions of the catheter

slectrodes and the measured signals at the different catheter positions.

134, The method of claim 132, whercin the computed values ave derived, at
15 Jeastin part, from a transformation function relating the physiological information at the
multiple locations of the endocardiom surface to the signals measured by the catheter

sloetrodes,

135, The method of claim 132, further comprising displaying at least a portion

20 of the endecardiom sorface to include at least some of the consputed resolutinn values,

{36, The method of claim 135, further comprising overlayving on o display

deviee ot feast some of the physiological information determined at the multiple swface

WICATONS.

137, The method of dlaii 136, further compeising displaying at least a portion
of the endocandiom surface to include g selected subset of the phystclogical nformation
determined at the multiple surface locations, wherein the subset is selected based tnat
feast some of the computed resolution values.

30
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138, The method of claim 132, wherein the determined physiological
iformation comprises sopotential Hnes or bands corresponding to sets of contiguous

Jocations of the multiple locations of endocardim surface having clectrical potential

vahues that ave egual o within g selected range.

139, The method of claim 13X, further comprising displaying st least a portion

of the endocardivm surface 1o include gt least some of the isopotential bnes.

140, The method of cladn 139, wherein the displaying comprising presenting
the isopotential Hues for cach of differcat phases of the heart beat cycle.

141, The method of claim 140, wherein the determined physiologicat
information comprises electrical potential values at the multiple locations of endocardivm
surface at different phases of the heart beat eycle, and wherein the method further

comprises displaying at least a portion of the endecardium surface to tnclode information

about the eleciric polential values.

29
\i fs F

v”/

The method of clam 141, wherein the displaying wformation sbout the
cloctric potential values include at feast one off the muximum electrics! polential during
the heart beat wyele for different locations of the endocardium surface, and the roct mean

square of the electrical potentials during the heart beat eycle for ditferent loeations of the

evdocardinm surivee

143, The method of claim 132, wherein the determined physiologieal
information comprives an activation fime for cach of different locations of the

endocardium surface.

144, The method of claim 143, further comprising displaying at lvast g portion

of the endocardinm surface to include representations indicative of the activations times,
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145, The method of claim 144, wherein activation times within a common

activaticn time range wre displaved with a common color or visual mdication,

i46.  Tho method of claim 132, wherein the number of lncationg on the
endfocardivm surfhce where physiclogical information is determined i more than 10

fimes more than the number of elecirodes ou the catheter.

147, The methed of claim 132, wherein the catheter 18 spaced from the
endocardinm surface by more than abowt 3 mm when measuring the siguals,

148, The method of claim 132, tfurther comprising displaying at least a porfion
of the endocardivm surface to include at least some of the physiologival information

determined at the multiple surface locations.

148, The method of claim 132, wherein the signals measured wre electneat

150, The method of claim 132, wherein the signals meusured ave glectrie

potentral signals,

151, Themethod of claim 132, wherein the physiological information 18
electrival mformation.

%

152, The method of claim 151, wherein the physiological nformation

W
comprises electreal potentials at the multiple locations of the endocardiam surface.
153, Themethod of claim 133, wherein determining the posttion of the catheter
slectrodes comprizses messuring information about af feast one of a position and

\

origntation of the catheter within the heart cavity.
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measuring gnals at the catheter electrodes in response © electrical sotivity in the

&

weart eavity with the catheter spaced from the endocardinm surfce;

determining physiological information at multiple locations of the endocardium

swrace based on the measured signaly and positions of the catheter clucirodes with

P

respect 1o the endocardivan surtaee;

]

uting values mdicative of a degres of spatial resolution of the determined

¥

phvsiclogical nformation for at least some of the locations of the endocardium surfuce;

Acgvsiom LO*}]}?*'}KHIE

a patheter configured fo be inserted into a heart cavity having an endocardium
surface, the catheter comprising mudtiple, spatially dis “in‘m od eleatrodes, the multiple

e

elpctrodes configured to measurs signals in response to electrical activity in the heart

3

cavity with the catheter spaced from the endocardium surface; and

F o
=

& wocessing unit configured to determine physiological information at multiple

focations of the endocardium surface based on the measured signals and positions of the
electrodes with respect to the endocardium sorfbee, and to compute vali

toa! infremation fy at least some

degree of spatial resolution of the determined physiclog

of the ncgtions of the endocardium swrface,

1030 The avsieny of claim 162, further comprising
& sensor devies configured to deternyine the posidon of the catheter eleotrodes

with respect to the endocardinn surface;

wherein the cathetar 15 further vonfigured to move to cach of mnitiple, different
positions i the heart cavity for which the catheter 1s spaced from the endocardium
surface;

wherein, for each of the different catheter postions, the sensor device i3

eomfigured o determine the positions of the catheter electrodes with respect to the
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aned wherein the processing ut s configured to determine the

information at the m}iizpmin
posttiony of the catheter ¢

postiions.

to compute a transfor

mltiple locations of the endocardivm surface to

of the determuined physiological information the transt

Y

feast 1 part, o the transformation

{65, The system of claim 167, further

3

1o lapiay at Jeast s portion of the ¢

covnpted resoiution valnes.

~

167, The system of clatm 162, lurther comprisin

toe display at least 2 portion of the endocardium sorface to i

tor display at least a portion of the dets

phiysiological Information ingd

Py

tions of the endoe

yelacardiom surfice o

The system of clat , wherein the dispiay

t some of the phvsio

zv:-

gt least one of

PCT/US2007/070854

cathetes

information at the

3 by the catheter

1 fimolion are derived, gt

s display devics configured

welude af least same of the
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sopotential

F L

.u

i Hines or bands corvesponding 1o sets of cortigaous Incations of the

muitiple locations of endocardiom surface having electrics] potentiad vaduey that are squal

or within @ selected range,

> 3

glectrical potential valoes at the multiple locations of endocardiom suwrfig

(2
.

different phases of the hoeart beat ovele,

g freguency represcatation of electrical activity st oudiiple locations of the

endocardium surface during the heart beat cycle, wherein the frequency represeniation is

computted based on electrical potenital values at the muliiple focations of endocardiom
surface at different phases of the heart beat vycle, and

an activation tme foreach of different locations of the endocardivm suwrfsce

T3 CON 'i{“‘i‘sl}‘i" .

wd 1o be inserted into & hegrt cavity having an endocardium

surfage, the catheter comprising muoltiple, spatially distributed electrodes, the multiple
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slectrodes configured {o measare signals o resposse o slectrica &
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clecirodes with respect fo the endocardium surface, and to compute values indicative of a
spatial resohution of the determined physiologival information for at least some

af the Incations of the endocardiom surface; and

a display dovice configured to display at least a portion of the endocaniium
surfaee o molnde at least some of the physiologieal nformation determined

(oo

muliiple surfice locations and at least some of Jm, f:t”}i‘*}‘;‘uk‘if resohution values.

Foeds

T A method comprising:

inseriing a catheter wto & heart zta.\f‘i‘i}\" having an endocardium sarfes, the catheter

iy

measarmg signals at the catheter elecirodes i respouse to sleet

st
el
B
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RS

determining physiological wformation at moltiple locations of the endocardium
surface based on the measured signals and positions of the catheter elecirades with
respent to the ondocardium surface; and

whuereln the determined physiological information comprises electrical potential

vilues ot the muitple locations of endocardium surtace at different phases of the hean

beat ovele, mud wherein the method Siether comprises determining frequency dependent

H
3

features of converting the elecirical potential valoes imto g fregneney representativn of
glecirieal activity ab mudtiple locations of the endocardinm surfuce during the heart hegt

oyvels.

171 The method of claim 179, forther comprising:

moving thi cathoter to cach of multiple, difforent positions in the heart cavity for
which the catheter is spaced from the endocarduas sourfics; and

for each of the different catheter positions, determining the positions of the
eatheter electrodes with respect o the sndocardiun surface and mcasuring signals at the
gatheter slectrodes in response o slootrical achivity 1o the heart cavily;

wherein the determination of the physiological information at the mudtiple

LR
3

locations of the endocardium surface 18 based further on the positions of the catheter

e

elpetrodes and the measured sigoals at the different catheter positions.

172, The method of claim 170, further comprising displaying at least a portion
of the endocardium surface to include information about the freguency representation st

conresponding focations of the endocardiom surface.

v

YA e ™ w
74, A system comprising

363
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&, Thesystern of claim 174, further conprising a displa

isplay at loast a portion of the endocardivm surface o include information ahowt the

X ks

‘The svaters of olaim 176, whereln the information

,,,
"',::,
=
&
P
5
.
5
o
%
Nv(ﬁ

Pl
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=
&
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o~

representation comprises information indicative of a donunant frequency in the frequency
representation,
178, Amethed comprising:

mserting a catheter into 2 heart cavity having an endocardium sorface, the catheter
comprising muitiple, spatially distributed electrodes;

measuring signals at the catheter electrodes in response to electrical sclivity ind
heart cavity with the catheter spaced from the endocardium surface;

determining physiological information at multiple focations of the endocardiom

surface based on the measured sipnals and positions of the catheter electrodes with

respedt 10 the endocardium surfaoe;

vepeating the measurement of catheter electrode signals and the determination of
A : [aey

{he physwological mivemation sfter dhe treatment, snd displaying a difforence map

pao}

conwrising inforoution shout how the determined physiclogical information changed in

Leg £ =

response o the treatment.

179, The method of ¢laim 17R, further comprising:

\ s .
2

morving the catheter to each of multiple, difforent positions in the heart cavity for

ta

which the catheler is spaced from the endocardium surface; an

for cach of the different catheter positions, determining the positions of the

8
catheter electrodes with respect {o the endocardivm sorfice and measuring signals gt the

rodes in vesponss te electrical activity in the heart ca

> defermination of the phivsiological infrmation at the multiple

the moeasored signals at the different catheter positions.

104
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184, The method of claim 178, wherein the treatment conmrizes ablation of one

clocted regions of the heart.

]
el
o
g
>y
[*]
s
[
& 1‘,1
.w,.

3 181 The method of claim 178, forther comprising using the determined

i

phystological information to guide treatment of the heart cavity,
it £ 3

1830 A system comprising

-

& catheter confisured 10 b nserted into a heart o avity having s endocardium

0 sarfses, the catheter comprising multiple, spatiaily distributed dlectrades, the multiple
slevtrodes configured to measare signals in response to electrical sctivity i the heart
cavity with the catheter spaced from the endocardiom surface: and

a processing unit configured to determine physiofogical information at muitiple
toegtions of the endocardium surface based on the measured signals sud positions of the

18 glectrodes with respent to the endocardium surfice; and

a cardio-treatment device configured to perform tremtment o

wheveln the clectrodes are flrther configured o messare the s
after performance of the treatraent, and the processing unitis f
determine sorrespouding sets of the signals measured before and after the performanse of

26 the treatment;

and wherein the systems further comyprises a display device configured to display
differenee map comprising infbrmation sbout how the determined physiclogies!
mnformgtion changed in response to the trestment.

25 1830 The systemof eladm 182, frther comprising:

a sensor device configured to interact with the processing wnit to determine the
ssitions of the cotheter electrodes with respect to the endoeardiom surface;
whereln the catheter is further configured to move to cach of multiple, different
positions in the heart cavity for which the catheter is spaced Fom the endocardium
3¢ suvhace;
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wherein, tor each of the different catheter positions, the sensor devies is

configured 10 deternine the positions of the catheter clevtrodes with respect to the

endocardiun swrface and the catheter electrodes are configured to 1

catheter clertrodes in response fo olectrical activity in the heart cavity;

amed wherein the processing onit is configured to determine the phystologial
mformation af the muitiple locations of the endocardivm sorfice hased farther on the
positicns of the catheter electrodes and the measured signals st the ditferomt catheter
sosions,

184, The systom of claim 182, wherein the treatmenyt comprizes ablation o one

]
or more seivcted regiony of the heart.

iR

IRE The system of claim 182, whereln g cardio-treatment device configured to

pertorm the troatment of the heart cavity based on the physiclogical infrmation

deternuined by the processing anit,
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