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Description
FIELD OF THE INVENTION
[0001] The present invention relates to a method and system for mapping cardiac substrate.
BACKGROUND OF THE INVENTION

[0002] A cardiac arrhythmia is a condition in which the heart’'s normal rhythm is disrupted. There are many types of
cardiac arrhythmias, including supraventricular arrhythmias that begin above the ventricles (such as premature atrial
contractions (PACs), atrial flutter, accessory pathway tachycardias, atrial fibrillation, and Atrioventricular nodal reentrant
tachycardia (AVNRT)), ventricular arrhythmias that begin in the lower chambers of the heart (such as premature ven-
tricular contractions (PVCs), ventricular tachycardia (VT), ventricular fibrillation, and long QT syndrome), and bradyar-
rhythmias that involve slow heart rhythms and may arise from disease in the heart’s conduction system. Further, cardiac
arrhythmias may be classified as reentrant or non-reentrant arrhythmias. In reentrant arrhythmias, the propagating wave
of bioelectricity that normally spreads systematically throughout the four chambers of the heart instead circulates along
a myocardial pathway and around an obstacle (reentry point) or circulates freely in the tissue as a scroll wave or spiral
(referred to herein as "rotors"). In non-reentrant arrhythmias, propagation of the normal bioelectricity wave may be
blocked or initiated at abnormal (ectopic) locations.

[0003] Certain types of cardiac arrhythmias, including ventricular tachycardia and atrial fibrillation, may be treated by
ablation (for example, radiofrequency (RF) ablation, cryoablation, ultrasound ablation, laser ablation, and the like), either
endocardially or epicardially. However, a physician must first locate the point of reentry, ectopic focus, or regions of
abnormal conduction to effectively treat the arrhythmia. Unfortunately, locating the best site for ablation has proven to
be very difficult, even for the most skilled physicians.

[0004] Cardiac electrical mapping (mapping the electrical activity of the heart that is associated with depolarization
and/or repolarization of the myocardial tissues) is frequently used to locate an optimal site for ablation, for instance, a
reentry point, ectopic focus, or a site of abnormal myocardium. However, the source of an arrhythmia may be difficult
to determine based upon the sensed electrogram morphology. In addition to signals emanating from the local myocardium,
the electrogram morphology may include fractionation due to poor electrode contact, electrode design, or complex
electrical activity in the vicinity of the electrodes. The signals may also include "far-field" content from distant tissues
(such as detection of ventricular activity on atrial electrodes) or the signal may be attenuated due to disease, ischemia,
or tissue necrosis. Further, ablation of one or more identified sites may also be problematic.

[0005] To date, such ablations require either substantial trial and error (for example, ablation of all sources of complex
fractionated electrograms) or the use of separate mapping and ablation devices (complex mapping systems utilizing
multielectrode arrays or baskets may be used to identify an ablation site, but cannot also be used to ablate the tissue).
The long term success of treating arrhythmias often depends on the determination of the exact tissue or trigger in the
heart causing the arrhythmia so that the malfunctioning tissue can be ablated and the normal rhythm of the heart restored.
Ablation of arrhythmias, like atrial fibrillation, whether paroxysmal or chronic, typically involves the simultaneous mapping
of a region of cardiac tissue with a multi-electrode catheter in order to identify and ablate tissue sources or drivers of
arrhythmias.

[0006] Mapping oftenincludes analyzing adisplayed electrogram signalin order to identify arrhythmic sites and possible
ablation targets. However, in complex electrograms, as in those in patients with atrial fibrillation, the electrogram signals
may include several deflections making an accurate real-time determination of target tissue regions cumbersome and
ambiguous.

[0007] European Patent specification no 0 911 059 discloses an apparatus for endocardiac therapy, including an
elongate probe for insertion into the heart of a subject, the probe having distal and proximal ends. The probe includes
an ablation device near the distal end of the probe for ablating heart tissue and at least two sensing electrodes, for
sensing activation signals in the heart tissue adjacent to the ablation device. Signal analyzer circuitry receives and
correlates the activation signals. Preferably, the probe includes a position sensor adjacent to the ablation device, which
generates signals responsive to the position of the probe with respect to an external frame of reference.

[0008] FENDELANDER LET AL: "Spatial coherence", JOURNAL OF ELECTROCARDIOLOGY, ELSEVIER SCI-
ENCE, XX, vol. 30, no. 1, 1 January 1997 (1997-01-01), pages 9-19, XP004876702, ISSN: 0022-0736, DOI:
10.1016/S0022-0736(97) 80030-1discloses a technique to quantify the organization of myocardial electrical activity. The
spatial coherence technique employs the use of the magnitude-squared coherence (MSC) spectrum to analyze multi-
channel electrograms obtained during cardiac mapping. In this study, MSC values for all possible pairs of electrograms
recorded from an epicardial plaque consisting of 112 electrodes were computed and systematically integrated to form
a three-dimensional coherence surface, that is, a graphical representation of average coherence values versus the
spatial orientation of one electrode to another. From this surface, two-dimensional graphs of average coherence versus
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electrode separation distance were derived, and the data were fitted to an exponentially decaying curve. Two novel
parameters indicative of myocardial organization were then extracted from the curves, the coherence length parameter
and the coherence plateau parameter. Higher values for these parameters were hypothesized to reflect greater levels
of organization of the rhythm.

SUMMARY OF THE INVENTION

[0009] According to an aspect of the present invention, there is provided a medical system as specified in claim 1.
Accordingto another aspect of the presentinvention, there is provided a medical system as specified in any of claims 2- 12.
[0010] The presentinvention advantageously provides a method and system for mapping cardiac tissue. In an exem-
plary embodiment, the method includes recording a base cardiac electrogram signal at a base electrode for a predeter-
mined amount of time. A plurality of cardiac electrogram signals at a plurality of electrodes other than the base electrode
are recorded simultaneously for the predetermined amount of time. The base cardiac electrogram signal is compared
with each of the plurality of cardiac electrogram signals. The similarities between the base cardiac electrogram signal
and each of the plurality of cardiac electrogram signals is determined. A specific area of cardiac tissue where the base
electrode is positioned is mapped based at least in part on the determined similarities.

[0011] In another embodiment, a medical system includes a medical device including a base electrode and a plurality
of electrodes. A control unit in communication with the base electrode and the plurality of electrodes is included, the
control unit being operable to: record a base cardiac electrogram signal at the base electrode for a predetermined amount
of time; record a plurality of cardiac electrogram signals at the plurality of electrodes other than the base electrode for
the predetermined amount of time; compare the base cardiac electrogram signal with each of the plurality of cardiac
electrogram signals; determine similarities between the base cardiac electrogram signal and each of the plurality of
cardiac electrogram signals; and map a specific area of cardiac tissue where the base electrode is positioned based at
least in part on the determined similarities.

[0012] In yet another embodiment, a method for treating arrhythmogenic cardiac tissue is provided. A base cardiac
electrogram signal at a base electrode is recorded for a predetermined amount of time. A plurality of cardiac electrogram
signals at a plurality of electrodes other than the base electrode are recorded for the predetermined amount of time. The
base cardiac electrogram signal is compared with each of the plurality of cardiac electrogram signals. An average
correlation coefficient associated with the base cardiac electrogram signal and each of the plurality of cardiac electrogram
signals is determined. A specific area of cardiac tissue where the base electrode is positioned is mapped based at least
in part on the determined similarities. The average correlation coefficient is analyzed to determine whether the average
correlation coefficient has a low value. The specific area of cardiac tissue is identified as arrhythmogenic cardiac tissue
when the average correlation coefficient has a low value. A medical device including an ablation element is provided.
A closed boundary between the arrhythmogenic cardiac tissue and surrounding cardiac tissue is identified based at
least in part on the average correlation coefficient. The medical device is placed in contact with the arrhythmogenic
cardiac tissue. The ablation element is activated and substantially all of the arrhythmogenic cardiac tissue within the
boundary is ablated.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] A more complete understanding of the present invention, and the attendant advantages and features thereof,
will be more readily understood by reference to the following detailed description when considered in conjunction with
the accompanying drawings wherein:

FIG. 1 is an illustration of an example of a medical system constructed in accordance with the principles of the
present invention;

FIG. 2 is an illustration of an example of a medical device assembly constructed in accordance with the principles
of the present invention;

FIG. 3is anotherillustration of an example of a medical device assembly constructed in accordance with the principles
of the present invention;

FIG. 4 is still another illustration of an example of a medical device assembly constructed in accordance with the
principles of the present invention;

FIG. 5 is yet another illustration of an example of a medical device assembly constructed in accordance with the
principles of the present invention;

FIG. 6 is a block diagram of an electrode mapping grid in accordance with the principles of the present invention;
FIG. 7 is a graph of an exemplary correlation map constructed in accordance with the principles of the present
invention;

FIG. 8 is a graph of another exemplary cardiac correlation map constructed in accordance with the principles of the
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present invention;

FIG. 9is anillustration of three different electrogram signals in accordance with the principles of the present invention;
FIG. 10 is a graph of still another exemplary correlation map created using both positive and negative correlation
coefficients constructed in accordance with the principles of the present invention; and

FIG. 11 is a flow chart illustrating an exemplary method of cardiac substrate mapping using spatial correlation maps
between neighboring unipolar electrograms.

DETAILED DESCRIPTION OF THE INVENTION

[0014] Substrate mapping, sequential or simultaneous, may be used to identify arrhythmia circuits that are often the
targets of ablation. Sequential mapping may involve using a roving catheter probe to record electrical activity, such as
potentials, voltages and electrograms, at a time and point within the myocardium, and then moving the catheter to another
point to record electrical activity at a different subsequent time. Simultaneous substrate mapping may involve using a
multi-electrode basket catheter to record electrical activity simultaneously over multiple points within a region of mapping.
The processing of the recorded electrical information helps identify the arrhythmia circuit.

[0015] Conventional mapping involves extracting cardiac activation times by picking up points of deflection or steepest
negative slope, and displaying the times over a surface (isochronal map). The patterns during an arrhythmia are observed.
For example, an observed pattern may include a rotor around which electrical activation rotates during atrial fibrillation.
However, extraction of activation times becomes difficult when the recorded electrogram signals are complex and consist
of multiple deflections. Processing of such electrogram signals to identify valid information may also be a time-consuming
process, precluding real-time applications of such method during mapping and ablation procedures.

[0016] Successful ablation of arrhythmias like AF relies on methods which can efficiently and accurately identify
appropriate ablation targets. For example, rotors associated with AF have been shown to be successful ablation targets
in trials. However, methods for identification of such rotors require a significant amount of electrogram signal pre-
processing, which may prevent the application of such methods universally and/or in real-time. The present disclosure
describes methods of creating spatial maps of correlation of electrograms between spatially adjacent electrodes that
may be simpler to implement than previous methods. The method disclosed may be more universally applicable than
the previous methods for identifying cardiac substrate that can be the target of ablation.

[0017] As such, the presentinvention advantageously provides a system and methods of use thereof for simultaneous
cardiac substrate mapping using spatial correlation maps between neighboring unipolar electrograms. In an exemplary
embodiment, a two-dimensional ("2D") or three-dimensional ("3D") spatial map of correlation coefficients is created. The
correlation coefficient at a given point on the correlation map may be calculated by averaging the simple Pearson
correlation coefficients between a unipolar electrogram signal recorded at an electrode positioned at that given point,
and simultaneously recorded unipolar electrogram signals at spatially adjacent electrodes. The 2D or 3D correlation
map created may be displayed on a display system, wherein the image includes a visual representation of the average
of the correlation coefficients calculated.

[0018] Regions in the correlation map may be automatically delineated where the correlation coefficient values are
less than a pre-specified threshold. The border between regions of high correlation and regions of low correlations may
be identified as the defining boundary of the driver/rotor of the arrhythmia circuit. Areas of low correlation within such
boundaries may be selected as possible ablation targets for termination of arrhythmias. Such correlation maps may be
created over multiple epochs or cycles to identify the movement of the border (rotor). The trajectory of the border between
areas of low and high correlation over multiple cycles may also be delineated on a display system to indicate the possible
areas of RF/cryo-ablation. In some cases signal morphology may vary from one cycle to another. For example the rotor
may not be stable from one cycle to other, but may exhibit some spatial movement. In those cases, the morphology of
egm at the site in/near the rotor may change from one cycle to another.

[0019] A method of creating spatial maps of correlated electrogram signals from spatially adjacent electrodes belonging
to a multi-electrode system to identify arrhythmia circuits and possible ablation targets is provided. An exemplary appli-
cation may involve identifying rotors associated with atrial fibrillation from electrical recordings obtained from a multi-
electrode balloon catheter or a constellation catheter.

[0020] Referring now to the drawing figures in which like reference designations refer to like elements, an embodiment
of a medical system constructed in accordance with principles of the present invention is shown in FIG. 1 and generally
designated as "10." The system 10 generally includes a medical device 12 that may be coupled to a control unit 14 or
operating console. The medical device 12 may generally include one or more diagnostic or treatment regions for energetic,
therapeutic and/or investigatory interaction between the medical device 12 and a treatment site or region. The diagnostic
or treatment region(s) may deliver, for example, cryogenic therapy, radiofrequency energy, or other energetic transfer
with a tissue area in proximity to the treatment region(s), including cardiac tissue.

[0021] The medical device 12 may include an elongate body 16 passable through a patient's vasculature and/or
proximate to a tissue region for diagnosis or treatment, such as a catheter, sheath, or intravascular introducer. The
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elongate body 16 may define a proximal portion 18 and a distal portion 20, and may further include one or more lumens
disposed within the elongate body 16 thereby providing mechanical, electrical, and/or fluid communication between the
proximal portion of the elongate body 16 and the distal portion of the elongate body 16, as discussed in more detail below.
[0022] The medical device 12 may include a shaft 22 at least partially disposed within a portion of the elongate body
16. The shaft 22 may extend or otherwise protrude from a distal end of the elongate body 16, and may be movable with
respect to the elongate body 16 in longitudinal and rotational directions. That is, the shaft 22 may be slidably and/or
rotatably moveable with respect to the elongate body 16. The shaft 22 may further define a lumen 24 therein for the
introduction and passage of a guide wire. The shaft 22 may include or otherwise be coupled to a distal tip 26 that defines
an opening and passage therethrough for the guide wire.

[0023] The medical device 12 may further include a fluid delivery conduit 28 traversing at least a portion of the elongate
body and towards the distal portion. The delivery conduit 28 may be coupled to or otherwise extend from the distal
portion of the elongate body 16, and may further be coupled to the shaft 22 and/or distal tip of the medical device 12.
The fluid delivery conduit 28 may define a lumen therein for the passage or delivery of a fluid from the proximal portion
of the elongate body 16 and/or the control unit 14 to the distal portion and/or treatment region of the medical device 12.
The fluid delivery conduit 28 may further include one or more apertures or openings therein, to provide for the dispersion
or directed ejection of fluid from the lumen to an environment exterior to the fluid delivery conduit 28.

[0024] The medical device 12 may further include one or more expandable elements 30 at the distal portion of the
elongate body 16. The expandable element 30 may be coupled to a portion of the elongate body 16 and also coupled
to a portion of the shaft 22 and/or distal tip 26 to contain a portion of the fluid delivery conduit 28 therein. The expandable
element 30 defines an interior chamber or region that contains coolant or fluid dispersed from the fluid delivery conduit
28, and may be in fluid communication with an exhaust lumen 32 defined by or included in the elongate body 16 for the
removal of dispersed coolant from the interior of the expandable element 30. The expandable element 30 may further
include one or more material layers providing for puncture resistance, radiopacity, or the like.

[0025] The medical device 12 may further include one or more electrically-conductive segments or electrodes 34
positioned on or about the elongate body for conveying an electrical signal, current, or voltage to a designated tissue
region and/or for measuring, recording, or otherwise assessing one or more electrical properties or characteristics of
surrounding tissue. The electrodes 34 may be configured in a myriad of different geometric configurations or controllably
deployable shapes, and may also vary in number to suit a particular application, targeted tissue structure or physiological
feature. For example, as shown in FIG. 1, the electrodes 34 may include a first pair proximate to the expandable element
and a second electrode pair distal to the expandable element. Alternative electrode configurations of the medical device
12 are illustrated in FIGS. 2-5. FIG. 2 includes an electrode array 36 configurable into a looped or substantially circular
configuration. The electrode array 36 in FIG. 3 includes a plurality of arms 38, with the electrodes 34 positioned in a
proximal-facing direction or orientation on the arms 38. FIG. 4 also includes a plurality of extendable or deployable arms
38 having a plurality of electrodes 34 in a square-like or "X"-shaped configuration. Turning to FIG. 5, a plurality of
electrodes 34 are shown in a substantially linear array 36 extending along a portion of the elongate body 16 of the
medical device 12. In each of these embodiments shown in FIGS. 2-5, the electrodes 34 may be positioned on the
medical device 12 substantially equidistant from an adjacent electrode 34 in the array or may be variable distances from
each adjacent electrode 34.

[0026] Each electrode 34 may be electrically coupled to an output portion of a radiofrequency signal generator, and
each electrode 34 may also include a sensor, such as a thermocouple, an electrical conductivity sensor, a spectrometer,
a pressure sensor, a fluid flow sensor, a pH sensor, and/or a thermal sensor (not shown) coupled to or in communication
with the electrodes. The sensors may also be in communication with a feedback portion of the control unit 14 to trigger
or actuate changes in operation when predetermined sequences, properties, or measurements are attained or exceeded.
[0027] Referring again to FIG. 1, the medical device 12 may include a handle 40 coupled to the proximal portion of
the elongate body 16. The handle 40 can include circuitry for identification and/or use in controlling of the medical device
12 or another component of the system. Additionally, the handle 40 may be provided with a fitting 42 for receiving a
guide wire that may be passed into the guide wire lumen 24. The handle 40 may also include connectors 44 that are
mateable to the control unit 14 to establish communication between the medical device 12 and one or more components
or portions of the control unit 14.

[0028] The handle 40 may also include one or more actuation or control features that allow a user to control, deflect,
steer, or otherwise manipulate a distal portion of the medical device 12 from the proximal portion of the medical device
12. For example, the handle 40 may include one or more components such as a lever or knob 46 for manipulating the
elongate body 16 and/or additional components of the medical device 12. For example, a pull wire 48 with a proximal
end and a distal end may have its distal end anchored to the elongate body 16 at or near the distal portion 20. The
proximal end of the pull wire 48 may be anchored to an element such as a cam in communication with and responsive
to the lever 46. The medical device 12 may include an actuator element 50 that is movably coupled to the proximal
portion of the elongate body 16 and/or the handle 40 for the manipulation and movement of a portion of the medical
device 12, such as the shaft 22, and/or one or more portions of the electrode assemblies described above, for example.
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[0029] The system 10 may include one or more treatment sources coupled to the medical device for use in an operative
procedure, such as tissue ablation, for example. The control unit 14 may include a fluid supply 52 including a coolant,
cryogenic refrigerant, or the like, an exhaust or scavenging system (not shown) for recovering or venting expended fluid
for re-use or disposal, as well as various control mechanisms. In addition to providing an exhaust function for the fluid
or coolant supply 52, the control unit 14 may also include pumps, valves, controllers or the like to recover and/or re-
circulate fluid delivered to the handle 40, the elongate body 16, and/or the fluid pathways of the medical device 12. A
vacuum pump 54 in the control unit 14 may create a low-pressure environment in one or more conduits within the medical
device 12 so that fluid is drawn into the conduit(s)/lumen(s) of the elongate body 16, away from the distal portion 20 and
towards the proximal portion 18 of the elongate body 16.

[0030] The control 14 unit may include a radiofrequency generator or power source 56 as a treatment or diagnostic
mechanism in communication with the electrodes 34 of the medical device 12. The radiofrequency generator 56 may
have a plurality of output channels, with each channel coupled to anindividual electrode 34. The radiofrequency generator
56 may be operable in one or more modes of operation, including for example: (i) bipolar energy delivery between at
least two electrodes on the medical device within a patient’s body, (ii) monopolar or unipolar energy delivery to one or
more of the electrodes 34 on the medical device 12 within a patient's body and through a patient return or ground
electrode (not shown) spaced apart from the electrodes 34 of the medical device 14, such as on a patient’s skin for
example, and (iii) a combination of the monopolar and bipolar modes.

[0031] The system 10 may further include one or more sensors to monitor the operating parameters throughout the
system, including for example, pressure, temperature, flow rates, volume, power delivery, impedance, or the like in the
control unit 14 and/or the medical device 12, in addition to monitoring, recording or otherwise conveying measurements
or conditions within the medical device 12 or the ambient environment at the distal portion of the medical device 12. The
sensor(s) may be in communication with the control unit 14 for initiating or triggering one or more alerts or therapeutic
delivery modifications during operation of the medical device 12. One or more valves, controllers, or the like may be in
communication with the sensor(s) to provide for the controlled dispersion or circulation of fluid through the lumens/fluid
paths of the medical device 12. Such valves, controllers, or the like may be located in a portion of the medical device
12 and/or in the control unit 14.

[0032] The control unit 14 may include one or more controllers, processors, and/or software modules containing
instructions or algorithms to provide for the automated operation and performance of the features, sequences, calcula-
tions, or procedures described herein. For example, the control unit 14 may include a signal processing unit 58 to
measure one or more electrical characteristics between the electrodes 34 of the medical device 12. An excitation current
may be applied between one or more of the electrodes 34 on the medical device 12 and/or a patient return electrode,
and the resulting voltage, impedance, or other electrical properties of the target tissue region may be measured, for
example, in an electrogram, as described in more detail below. Unipolar electrograms ("egms") may be recorded with
the mapping electrode 34 as the positive electrode, and another electrode 34 on the body surface or remote from the
field or cardiac excitation as the negative electrode. The control unit may further include a display 60 to display the
various recorded signals and measurement, for example, an electrogram.

[0033] FIG. 6is ablock diagram of an exemplary electrode mapping grid 62, including base electrode e 34a, electrode
e1 34b, electrode e2 34c, electrode €3 34d, electrode e4 34e, electrode e5 34f, electrode e6 34g, electrode e7 34h and
electrode e8 34i. Additionally, electrode mapping grid 62 includes electrodes 34j, 34k, 341, 34m, 34n, 340, 34p, 34q,
34r, 34s, 34t, 34u, 34v, 34w, 34x and 34y. Electrodes 34 within a certain predefined physical distance d of base electrode
e 34amay be referred to as neighbor/neighboring electrodes 34. The distance d can be any value between one millimeter
and twenty millimeters.

[0034] The exact distance may depend on the particular design and inter-electrode spacing of the medical device 12,
e.g., the mapping catheter. In the exemplary electrode mapping grid 62, the distance between each electrode 34 is two
millimeters. As such, for a pre-defined value of d of two millimeters, the electrodes 34 that are neighbors of base electrode
e 34a include electrodes e1 34b, electrode e2 34c, electrode €3 34d, electrode e4 34e, electrode e5 34f, electrode e6
349, electrode e7 34h and electrode €8 34i.

[0035] In an exemplary embodiment, a base cardiac electrogram signal is recorded at the base electrode e 34a for a
predetermined amount of time, which may be the length of an arrhythmia cycle. Electrogram signals at electrode e1
34b, electrode e2 34c, electrode e3 34d, electrode e4 34e, electrode e5 34f, electrode e6 34g, electrode e7 34h and
electrode e8 34i are recorded simultaneously to the recording of the base cardiac electrogram signal for the same
predetermined amount of time.

[0036] The electrogram signals may be recorded for several milliseconds. For example, the electrogram signals may
be recorded for 100ms to 350ms, i.e., the length of time the electrogram signal is recorded may equal the length of time
of an arrhythmia cycle, which is usually 100ms to 350ms. The recording may be performed over multiple arrhythmia
cycles, the correlation map may be created for each cycle, and spatial display of the maps over multiple cycles may be
presented to track the movement of the boundary between areas of low and high correlation.

[0037] The base cardiac electrogram signal and the plurality of cardiac electrogram signals may be recorded simul-
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taneously. Recording the base cardiac electrogram signal at the same time as the plurality of electrogram signals from
the neighboring electrodes 34 may ensure that all of the electrogram signals correspond to a particular arrhythmia cycle.
Correlation maps may be constructed over each cycle and analysis of correlation-maps may be performed over multiple
cycles to track the trajectory of the areas of low and high correlation over multiple cycles.

[0038] In order to map the location where electrode e 34a is positioned, the electrogram signal recorded at base
electrode e 34a is compared to each of the other electrogram signals of the other electrodes 34, i.e., to each electrogram
signal from electrode e1 34b, electrode e2 34c, electrode e3 34d, electrode e4 34e, electrode e5 34f, electrode €6 34g,
electrode e7 34h and electrode e8 34i.

[0039] In this exemplary embodiment, only the electrogram signals from neighboring electrodes 34 that are neighbors
to electrode e 34a (e.g., electrode e1 34b, electrode e2 34c, electrode e3 34d, electrode e4 34e, electrode e5 34f,
electrode e6 34q, electrode e7 34h and electrode e8 34i) are compared to the base cardiac electrogram signal from
base electrode e 34a. However, the invention is not limited to such, as any number of electrogram signals from any
number of electrodes 34 may be compared to any electrogram signal from any electrode 34.

[0040] The similarities between the electrogram signals are determined, i.e., the similarities between the base cardiac
electrogram signal and each of the plurality of cardiac electrogram signals from electrode e1 34b, electrode e2 34c,
electrode e3 34d, electrode e4 34e, electrode e5 34f, electrode e6 34g, electrode e7 34h and electrode e8 34i are
determined. For example, the similarities between (i) the base cardiac electrogram signal and the cardiac electrogram
signal from electrode e1 34b is determined; (ii) the base cardiac electrogram signal and the cardiac electrogram signal
from electrode e2 34c is determined; (iii) the base cardiac electrogram signal and the cardiac electrogram signal from
electrode e3 34d is determined; (iv) the base cardiac electrogram signal and the cardiac electrogram signal from electrode
e4 34e is determined; (v) the base cardiac electrogram signal and the cardiac electrogram signal from electrode e5 34f
is determined; (vi) the base cardiac electrogram signal and the cardiac electrogram signal from electrode e6 34g is
determined; (vii) the base cardiac electrogram signal and the cardiac electrogram signal from electrode e7 34h is de-
termined; and (viii) the base cardiac electrogram signal and the cardiac electrogram signal from electrode e8 34i is
determined.

[0041] Inanexemplary embodiment, the similarities between the electrogram signals are determined using any method
that can measure and establish the morphological similarities of signals, such as wavelet algorithms, correlation, etc.
The determined similarities and/or differences between the electrogram signals are used to map cardiac tissue. A
representation, such as a visual depiction, of the determined similarities and/or differences between the electrogram
signals is associated with a location in a two-dimensional ("2D") or three-dimensional ("3D") spatial map of cardiac tissue.
[0042] By way of example, if the base cardiac electrogram signal from the base electrode e 34a is compared against
each of the electrogram signals from electrode e1 34b, electrode e2 34c, electrode e3 34d, electrode e4 34e, electrode
e5 34f, electrode e6 349, electrode e7 34h and electrode e8 34i (for a total of eight comparisons), a specific area of
cardiactissue where the base electrode e 34a s positioned is mapped based atleast in part on the determined similarities.
[0043] In an exemplary embodiment, correlation techniques may be used to compare the electrogram signals and
determine the similarities between the electrogram signals. A correlation value between the base cardiac electrogram
signal and each of the electrogram signals from electrode e1 34b, electrode e2 34c, electrode e3 34d, electrode e4 34e,
electrode e5 34f, electrode e6 34q, electrode e7 34h and electrode e8 34i may be determined. As such, for this example,
a total of eight correlation values are calculated. In order to create a physical correlation map, the average of the
correlation values is mapped to the location of the base electrode 34a.

[0044] The correlation value, e.g., coefficient, at a given point on a two-dimensional ("2D") or three-dimensional ("3D")
spatial map may be computed by the average of the simple Pearson correlations between the unipolar electrogram
signal recorded at that point and simultaneously recorded unipolar electrograms at one or more spatially adjacent
electrodes 30. A correlation coefficient may be a single number that describes the degree of relationship between two
variables, e.g., two electrogram signals. The average correlation coefficient mapped this way represents how electrically
similar the mapping location is relative to the neighboring substrate. An arrhythmogenic substrate is usually created by
spatial dissimilarities in electrical properties of tissue, for example, a conduction block which may be functional and/or
anatomic.

[0045] ThePearson product-moment correlation coefficient (sometimes referred to as the PPMCC or PCC or Pearson’s
r) is a measure of the correlation (linear dependence) between two variables X and Y, having a value between +1 and
-1 inclusive. The Pearson correlation coefficient is widely used as a measure of the strength of linear dependence
between two variables. The Pearson’s correlation coefficient between two variables is defined as the covariance of the
two variables divided by the product of their standard deviations. The definition involves a ’product moment,’ i.e., the
mean (the first moment about the origin) of the product of the mean-adjusted random variables.

[0046] Pearson’s correlation coefficient when applied to a sample is referred to as the sample correlation coefficient
or the sample Pearson correlation coefficient ("r"). The formula for r is:
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[0047] For example, when using the above formula to calculate the correlation coefficient for the location where base
electrode e 34ais located, X represents a sample value of the base cardiac electrogram signal recorded at base electrode
e 34a at atime, and Y represents a sample value of one of the plurality of cardiac electrogram signals at the same time.
For instance, one of the plurality of electrogram signals may be the electrogram signal recorded at one of electrode e1
34b, electrode e2 34c, electrode e3 34d, electrode e4 34e, electrode e5 34f, electrode e6 34g, electrode e7 34h and
electrode e8 34i. The letter 'n’ represents the number of sample values obtained from the base cardiac electrogram
signal or one of the plurality of electrogram signals for a predetermined amount of time (usually equal to one cycle-length
of the arrhythmia)..

[0048] With respect to the value of 'n’, if the electrogram signals are 1kHz signals, and the electrogram signals are
recorded for 300 ms, then n would be 300, i.e., the number of sample values obtained from the base cardiac electrogram
signal may be approximately 300 samples, and the number of sample values obtained from one of the plurality of
electrogram signals may also be approximately 300 samples. The number of samples obtained may correspond to one
arrhythmia cycle at an electrode 34.

[0049] An equivalent expression gives the correlation coefficient as the mean of the products of the standard scores.
The formula for the sample Pearson correlation coefficient r, based on a sample of paired data (X, Y;), is shown below:

= T m 1 g ‘

where

XL, and sy

are the standard score, sample mean of X (i.e., the sample mean of the total number of samples), and sample standard
deviation, respectively.

[0050] The correlation coefficient ranges from -1 to 1. A correlation coefficient value of 1 implies that a linear equation
describes the relationship between X and Y perfectly, with all data points lying on a line where Y increases as Xincreases,
i.e., there is a perfect positive correlation between two variables. A correlation coefficient value of -1 implies that all data
points lie on a line for which Y decreases as X increases, i.e., that there is a perfect negative correlation between two
variables. A value of 0 implies that there is no linear correlation between the variables X and Y. Correlation values are
seldom exactly 1, 0 or -1, as most of the time the correlation values fall somewhere in between 1 and -1. The closer the
correlation value approaches zero, the greater the variation.

[0051] The correlation between variables is a measure of how well the variables are related, such as the linear rela-
tionship between two variables. For example an exemplary high correlation value may be predefined as 0.9 to 1.0; an
exemplary medium correlation value may be predefined as 0.76 to 0.9; and an exemplary low correlation value may be
predefined as any value equal to or below 0.75. A relationship between two variables exists when changes in one variable
tend to be accompanied by consistent and predictable changes in the other variable.

[0052] The direction of the relationship is measured by the sign of the correlation, whether it is positive (+) or negative
(-)- A positive correlation means that the two variables tend to change in the same direction, as one increases, the other
variable also increases. A negative correlation means that the two variables tend to change in opposite directions, e.g.,
as one increases the other variable tends to decrease. The degree of the relationship between the variables, i.e., the
strength or consistency of the relationship, is measured by the numerical value of the correlation. A value of 1 indicates
a perfect relationship and a value of 0 indicates no relationship. However, in an exemplary embodiment, for the purpose
of this invention, similarity may be determined based on a high positive value of correlation only. For example, a high
negative correlation value (e.g. -0.8), a low negative correlation value (e.g. -0.2), and a low positive correlation value
(e.g. 0.2) may be all regarded as indicators of dissimilarity.

[0053] A correlation technique may be used to compare and determine the similarities between electrogram signals.
As such, in an exemplary embodiment, a plurality of correlation coefficients, wherein each of the plurality of correlation
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coefficients corresponds to the base cardiac electrogram signal and a different one of the plurality of cardiac electrogram
signals may be determined. For instance, the following correlation coefficients may be determined: a first correlation
coefficient between the base cardiac electrogram signal from base electrode e 34a and the electrogram signal from
electrode e1 34b; a second correlation coefficient between the base cardiac electrogram signal and the electrogram
signal from electrode e2 34c; a third correlation coefficient between the base cardiac electrogram signal and the elec-
trogram signal from electrode e3 34d; a fourth correlation coefficient between the base cardiac electrogram signal and
the electrogram signal from electrode e4 34e; a fifth correlation coefficient between the base cardiac electrogram signal
and the electrogram signal from electrode e5 34f; a sixth correlation coefficient between the base cardiac electrogram
signal and the electrogram signal from electrode e6 34g; a seventh correlation coefficient between the base cardiac
electrogram signal and the electrogram signal from electrode e7 34h; and an eighth correlation coefficient between the
base cardiac electrogram signal and the electrogram signal from electrode e8 34i.

[0054] The plurality of correlation coefficients determined, e.g., the first, second, third, fourth, fifth, sixth, seventh and
eighth correlation coefficients, are averaged. For instance, the first, second, third, fourth, fifth, sixth, seventh and eighth
correlation coefficients may be 0.8, 0.4, 0.9, 0.7, 0.7, 0.8, 0.9 and 0.8 respectively. In this case, the average of the
plurality of correlation coefficients is equal to 0.75 (e.g., (0.8 + 0.4 + 0.9 + 0.7 + 0.7 + 0.8 + 0.9 + 0.8)/8). The average
of the plurality of correlation coefficients is associated to the specific area of cardiac tissue where the base electrode e
34a is positioned.

[0055] As such, the specific area of the cardiac tissue where the based electrode e 34a is positioned is mapped to
the average of the plurality of correlation coefficients, which in this example is the value 0.75. An image corresponding
to a specific area of cardiac tissue, wherein the image includes a visual representation of the average of the determined
similarities between the base cardiac electrogram signal and each of the plurality of cardiac electrogram signals may
be displayed on a display system.

[0056] The average correlation coefficient can be computed for each electrode 34 positioned at a location where
mapping is desired. For example, in order to map a different area of cardiac tissue, such as the neighbor area (neighbor
area to the specific area where base electrode e 34a is positioned) where neighbor electrode e1 34b is positioned, a
determination is made as to which electrodes 34 are neighbors to neighbor electrode e1 34b. In this example, the
neighbors of electrode e1 34b are: base electrode e 34a, electrode e2 34c, e4 34e, electrode 34r, electrode 34p, electrode
34k, electrode 341 and electrode 34m, since these electrodes 34 are located within two millimeters from electrode e1 34b.
[0057] A neighbor cardiac electrogram signal at electrode e1 34b is recorded. Additionally, electrogram signals at the
electrodes that are neighbors to e1 34b are also recorded (e.g., base electrode e 34a, electrode e2 34c, e4 34e, electrode
34r, electrode 34p, electrode 34k, electrode 341 and electrode 34m). The neighbor cardiac electrogram signal recorded
at electrode e1 34b (which is a neighbor of electrode e 34a) is compared to each of the electrogram signals recorded
at base electrode e 34a, electrode e2 34c, e4 34e, electrode 34r, electrode 34p, electrode 34k, electrode 341 and
electrode 34m.

[0058] For example, the neighbor cardiac electrogram signal recorded at electrode e1 34b is compared to the base
cardiac electrogram signal recorded at base electrode e 34a; the neighbor cardiac electrogram signal recorded at
electrode e1 34b is compared to the electrogram signal recorded at electrode e2 34c; the neighbor cardiac electrogram
signal recorded at electrode e1 34b is compared to the electrogram signal recorded at electrode e4 34e; the neighbor
cardiac electrogram signal recorded at electrode e1 34b is compared to the electrogram signal recorded at electrode
34r; the neighbor cardiac electrogram signal recorded at electrode e1 34b is compared to the electrogram signal recorded
at electrode 34p; the neighbor cardiac electrogram signal recorded at electrode e1 34b is compared to the electrogram
signal recorded at electrode 34k; the neighbor cardiac electrogram signal recorded at electrode e1 34b is compared to
the electrogram signal recorded at electrode 341; and the neighbor cardiac electrogram signal recorded at electrode e1
34b is compared to the electrogram signal recorded at electrode 34m.

[0059] The similarities between the neighbor cardiac electrogram signal from neighbor electrode e1 34b and each of
the electrogram signals recorded at base electrode e 34a, electrode e2 34c, e4 34e, electrode 34r, electrode 34p,
electrode 34k, electrode 341 and electrode 34m are determined. Correlation coefficients may be used to determine the
similarities between: (i) the neighbor electrogram signal from neighbor electrode e1 34b and the base cardiac electrogram
signal from electrode e 34a; and (ii) the neighbor cardiac electrogram signal from neighbor electrode e1 34b and each
of the plurality of cardiac electrogram signals other than the neighbor cardiac electrogram signal (e.g. the electrogram
signals recorded at electrode e2 34c, e4 34e, electrode 34r, electrode 34p, electrode 34k, electrode 341 and electrode
34m).

[0060] In an exemplary embodiment, to determine the similarities between the neighbor cardiac electrogram signal
and the plurality of electrogram signals, a plurality of neighbor correlation coefficients are determined, wherein each of
the plurality of neighbor correlation coefficients corresponds to the neighbor electrogram signal from neighbor electrode
e134b and one of (i) a different one of the plurality of cardiac electrogram signals from electrode e2 34c, e4 34e, electrode
34r, electrode 34p, electrode 34k, electrode 341 and electrode 34m; and (ii) the base cardiac electrogram signal.
[0061] For example, the following neighbor correlation coefficients can be determined: a ninth correlation coefficient
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between the electrogram signal from neighbor electrode e1 34b and the base electrogram signal from electrode e 34a;
a tenth correlation coefficient between the electrogram signal from neighbor electrode e1 34b and the electrogram signal
from electrode e2 34c; an eleventh correlation coefficient between the electrogram signal from neighbor electrode e1
34b and the electrogram signal from electrode e4 34e; a twelfth correlation coefficient between the electrogram signal
from neighbor electrode e1 34b and the electrogram signal from electrode 34r; a thirteenth correlation coefficient between
the electrogram signal from neighbor electrode e1 34b and the electrogram signal from electrode 34p; a fourteenth
correlation coefficient between the electrogram signal from neighbor electrode e1 34b and the electrogram signal from
electrode 34k; a fifteenth correlation coefficient between the electrogram signal from neighbor electrode e1 34b and the
electrogram signal from electrode 341; and a sixteenth correlation coefficient between the electrogram signal from
neighbor electrode e1 34b and the electrogram signal from electrode 34m.

[0062] The plurality of neighbor correlation coefficients (e.g., the ninth, the tenth, the eleventh, the twelfth, the thirteenth,
the fourteenth, the fifteenth and the sixteenth correlation coefficients) are averaged, and the average of the plurality of
neighbor correlation coefficients is associated to the neighbor area of cardiac tissue where the neighbor electrode 1b
34b is positioned. For example, if the average of the correlation coefficient is 0.8, the location where electrode e1 34b
is positioned will be mapped to the value of 0.8. The method is repeated for each electrode 34, until a correlation map
64 showing a visual depiction of the average correlation coefficient for each location where electrodes 34 of interest are
positioned is created.

[0063] Referring now to FIG. 7, an exemplary spatial 2D correlation map 64 of cardiac tissue is shown. The correlation
map 64 can be generated using correlation coefficients associated with simultaneous electrogram signals obtained at
neighboring unipolar electrodes 34 for a given arrhythmia cycle. The color key 66 includes an exemplary range of average
correlation coefficient values that may be associated with an area where an electrode 34 is positioned, and associates
the average correlation coefficient values with a color. In this way, the average correlation coefficient value imputed to
an area may be visually represented by a color in the correlation map 64.

[0064] In an exemplary embodiment, the cardiac tissue mapped may include different areas, such as area 168, area
Il,area lll 70, area |V 72 and area V 74. The exemplary correlation map 64 uses grayscale to indicate the different values
of the average correlation coefficients associated to each area. For example, since area V 74 is associated with an
average correlation coefficient that is low, e.g., less than 0.5, area V 74 may be visually depicted on the correlation map
64 as an area having the darkest shade. Area IV 72 is associated with an average correlation coefficient that is 0.5 or
more but less than 0.6 and may be visually depicted on the correlation map 64 as an area with a shade that is less dark
than the shade of area V 74. Area Il 70 is associated with an average correlation coefficient that is 0.6 or more, but less
than 0.7, and may be visually represented on the correlation map 64 as an area having a light shade. Area Il may be
associated with an average correlation coefficient that is 0.7 or more, but less than 0.8, and may be visually represented
on the correlation map 64 as an area having a lighter shade than area 11l 70. Area | 68 is associated with a high average
correlation coefficient that is 0.8 or more and may be represented as the area having the lightest shade.

[0065] Since area V 74 has the darkest shading, this indicates that the average correlation coefficients corresponding
to the electrogram signals recorded at electrodes 34 positioned in area V 74 have a value below 0.5. The low correlation
coefficient may suggest that area V 74 includes damaged or arrhythmogenic cardiac tissue. The determination as to
whether a specific area of cardiac tissue is damaged or arrhythmogenic or not depends on whether or not the electrogram
signal recorded at that specific area of cardiac tissue is similar to the electrogram signals recorded at neighboring
electrodes 34. If the electrogram signal recorded at that specific area of cardiac tissue is similar to the electrogram
signals recorded at neighboring electrodes 34, then the specific area will probably not include damaged or arrhyth-
mogeniccardiac tissue, as the high degree of similarity between the electrogram signals is indicated by a high correlation
between the electrogram signals. However, if the electrogram signal recorded at that specific area of cardiac tissue is
not similar to the electrogram signals recorded at neighboring electrodes 34, then the specific area would probably
include damaged or arrhythmogenic cardiac tissue, i.e., there is a low correlation between the electrogram signals.
[0066] Inthis exemplary embodiment, the comparison of the base cardiac electrogram signal recorded atbase electrode
e 34ain area V 74 to the electrogram signals recorded at electrodes 34 that are neighbors to base electrode e 34a,
revealed that the correlation between the base cardiac electrogram signal and the plurality of neighboring electrogram
signals is low. The electrogram signals were compared using Pearson correlation coefficients. The correlation compu-
tations resulted in Pearson correlation coefficients with an average value below 0.5, such as for example 0.45. The
average correlation coefficient is mapped to the location where base electrode e 34a is positioned in area V 74, i.e.,
area V 74 is associated with a visual representation of an average correlation coefficient having a value below 0.5. As
such, mapping is achieved by associating the value of an average correlation coefficient to an area in the correlation
map 64 corresponding to cardiac tissue where an electrode 34 is positioned.

[0067] In an exemplary embodiment, a determination may be made as to whether the mapping value of the area V
74 is similar to the mapping value of the neighbor area | 68. For instance, a determination may be made as to whether
a correlation coefficient associated with area V 74 is similar to a correlation coefficient associated with area | 68. If it is
determined that the mapping value of the area V 74 of cardiac tissue is similar to the mapping value of the neighbor
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area | 68, then it may be likely that neither area V 74 or the neighbor area | 68 include damaged or arrhythmogenic
cardiac tissue. Else, if it is determined that the mapping value of the area V 74 of cardiac tissue is not similar to the
mapping value of the neighbor area | 68, then it may be determined that one of area V 74 and the neighbor area | 68
includes damaged or arrythmogenic cardiac tissue.

[0068] Different colors may be used for different areas of correlation map 64 to indicate the value of the average
correlation coefficientin each area. For example, in one embodiment, area V having a low average correlation coefficient,
such as a correlation coefficient having a value below 0.5, may be visually represented as a red area. Area IV associated
with an average correlation coefficient having a value of 0.5 or more, but less than 0.6 may be visually represented in
the correlation map 64 as a yellow area. Area lll associated with an average correlation coefficient with a value of 0.6
or more, but less than 0.7 may be visually depicted in the correlation map 64 as a light green area. Area Il associated
with an average correlation coefficient having a value of 0.7 or more, but less than 0.8 may be visually represented in
the correlation map 64 as a darker green area. Area | having an average correlation coefficient that has a value of 0.8
or above may be visually represented in the correlation map 64 as a blue area.

[0069] Simultaneous cardiac substrate mapping includes the recording of a plurality of neighboring electrogram signals
at substantially the same time, i.e., the same epoch. Since the electrogram signals are recorded at different electrodes
34 for the same arrhythmia cycle, i.e., the same epoch, there may be no need to align the electrogram signals in order
to properly compare the electrogram signals. Data obtained over multiple epochs may be used to create the correlation
map 64 in order to ensure consistency in areas of discontinuous conduction (e.g., rotor) over different epochs and as a
measure of stability of the arrhythmia cycle.

[0070] It is common to compare electrogram signals recorded at different times by aligning them with each other.
During alignment, an electrogram signal taken at a time is aligned with another electrogram signal taken at a different
time. For instance, the peaks, e.g., the maximum values of an electrogram signal, may be aligned with the peaks of
another electrogram signal. Alignment is difficult for complex electrogram signals, as these signals may have multiple
deflections and peaks, making it challenging to ascertain which peaks of an electrogram signal should be aligned with
which peaks of another electrogram signal. This complexity may result in the alignment process aligning peaks and
phases which do not correspond to each other. In an exemplary embodiment, the methods described herein may not
need alignment of the electrogram signals, given that the electrogram signals from multiple electrodes 34 are obtained
simultaneously, at the same time or at substantially the same time.

[0071] FIG. 8 shows an exemplary canine infarct model correlation map 76 and color key 78. The correlation map 76
may be created employing the methods described herein for simultaneous cardiac substrate mapping using spatial
correlation maps between electrograms from neighboring unipolar electrodes. The electrogram signals utilized to create
exemplary correlation map 76 may be recorded using electrodes 34 positioned directly on the epicardial layer of a
ventricle. The correlation map 76 may allow the visual identification of abnormal cardiac substrate, e.g., areas where a
possible rotor may be located. Specifically, areas of high correlation adjacent to areas of low correlation may indicate
that areas having a low correlation value include abnormal cardiac substrate. Ablation therapy may be targeted at such
areas of low correlation including the boundary between spatially adjacent areas of low and high correlation, e.g., the
border zone of an infarct which is a common target for therapeutic ablation of myocardial infarction patients with re-
entrant ventricular arrhythmias. A visual representation of correlation map 76 may be displayed on display 60.

[0072] The boundary between an area of high correlation and an area of low correlation delineates the border-zone
of the infarct, separating the infarct from the healthy tissue. During a re-entrant arrhythmia, such infarcts usually include
a rotor around the re-entry point. The rotor is identified by determining the area/region which is electrically most incon-
gruous with the rest of the other areas. The rotor-boundary may either form an anatomic block or a functional block. In
complex arrhythmias, like an AF, the rotor may also process or form a trajectory of its own over different cycles.
[0073] As such, an area of cardiac tissue associated with an average correlation coefficient having a low value may
indicate that a rotor or a myocardial scar exists in that low correlation area. Specifically, the boundary between regions
of high correlation and low correlation may be indicative of abnormal substrate. Abnormal substrate may be a potential
target for ablation, as ablation disrupts the abnormal conduction paths, which may prevent re-entrant arrhythmias.
[0074] Exemplary correlation map 76 shows a couple of areas of interest. Correlation map 76 shows exemplary area
1 80, area Il 82, area lll 84, area |V 86, area V 88, area VI 90, area VIl 92, area VIIl 94, area 1X 96, area Xl 97, selected
area 98, area Xll 99, selected area 100, area XIV 101, area X 102 and area XIII 103. In the exemplary correlation map
76, the average correlation coefficient associated with area | 80 has a value of 0.95 or above. The average correlation
coefficient associated with area Il 82 has a value of 0.9 or above, but below 0.95. The average correlation coefficient
associated with area lll 84 and area |V 86 has a value of 0.85 or above, but below 0.9. The average correlation coefficient
associated with area V 88 has a value of 0.8 or above, but below 0.85. The average correlation coefficient associated
with area VI 90 has a value of 0.75 or above, but below 0.8. The average correlation coefficient associated with area
VII 92 has a value of 0.7 or above, but below 0.75. The average correlation coefficient associated with area VIl 94 and
area IX 96 has a value that is below 0.7.

[0075] The average correlation coefficient associated with area Xl 97 has a value of 0.7 or above, but below 0.75. The
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average correlation coefficient associated with area XIl 99 has a value of 0.8 or above, but below 0.85. The average
correlation coefficient associated with area X1V 101 has a value of 0.75 or above, but below 0.8. The average correlation
coefficient associated with area Xlll 103 has a value of 0.7 or above, but below 0.75.

[0076] As such, correlation map 76 indicates that area | 80, area |l 82, area Il 84, area IV 86 and area V 88 are areas
of healthy cardiac tissue, as the electrogram signals from these areas are highly correlated with the electrogram signals
from neighboring areas. Correlation map 76 also indicates that areas VI 90, area VIl 92, area VIl 94, area XIIl 103, area
XI 97 and area IX 96 are areas of low correlation, i.e., the electrogram signals from these areas and the electrogram
signals from neighboring areas have a low correlation. Specially, correlation map 76 indicates that area VIl 92, area VIl
94, area IX 96, area XI 97, and area Xl 103 are the areas that have the lowest correlation. The electrogram signals
recorded at these areas of low correlation are poorly correlated with the electrogram signals recorded at areas of high
correlation.

[0077] Since the areas of low correlation may be indicative of abnormal substrate, these areas may be selected for
ablation. A border around the areas of low correlation may be drawn to delineate selected area A 98 and selected area
100. Selected area A 98 includes area |X 96, which has a low correlation coefficient with a value below 0.7, area Xl 97,
which has a low correlation coefficient with a value of 0.7 or above, but below 0.75, and area Xll 99, which has a
correlation coefficient with a value of 0.8 or above, but less than 0.85.

[0078] Selected area B 100 includes area 90 VI, which has a correlation value of 0.75 or above, but below 0.8; area
VIl 92 which has a correlation value of 0.7 or above but less than 0.75; area VIIl 94, which has a correlation value below
0.7, area XIV 101 which has a correlation coefficient value of 0.75 or above, but below 0.8, and area XIIl 103, which has
a correlation coefficient value of 0.7 or above, but below 0.75.

[0079] The boundaries of selected area A 98 and selected area B 100 may, for example, identify a myocardial scar
boundary. As such, selected area A 98 and area B 100 may be selected for ablation. The cardiac tissue inside the
borders of selected area A 98 and selected area B 100 may be ablated. If so, area X 102 will be an island of surviving
cardiac tissue after the ablation of selected area A 98 and selected area B 100.

[0080] Inanotherexemplary embodiment, the boundaries of the areas can be defined according to a particular specified
gradient. For example, if the difference in the correlation value is 0.2, then the mapping may be configured to visually
depict this difference. The size of an area selected for ablation may be customized depending on the differences of the
correlation value associated with the area and the correlation values associated with neighboring areas.

[0081] FIG. 9 illustrates the graphs of three different electrogram signals 104, 106 and 108. The graphs illustrate how
the voltage of the electrogram signals 104, 106 and 108 changes as a function of time (milliseconds). Electrogram signal
104 and electrogram signal 106 are highly correlated, i.e., changes in the voltage (millivolts) of electrogram signal 104
as a function of time mimic the changes in voltage of electrogram signal 106 as a function of time. Electrogram signal
104 and electrogram signal 106 may correspond to, for example, area Ill 84 and area IV 86 of FIG. 8 respectively.
Electrogram signals 104 and 106 may correspond to two neighboring electrodes 34, such as electrode e3 34d and
electrode e5 34f.

[0082] Electrogram signal 108 may correspond to, for example, electrode 34a positioned in a border zone area neigh-
boring the two electrodes 34 (e.g., electrode e3 34d and electrode e5 34f), such as area VIl 92 (shown in FIG. 8). The
electrogram signal 108 is poorly correlated with both electrogram signals 104 and 106. The low correlation may indicate
that area VIl 92 may include abnormal cardiac substrate, which may be the target of ablation for, for example, re-entrant
arrhythmias.

[0083] FIG. 10 shows another exemplary correlation map 110 and a color key 112. Exemplary correlation map 110
was produced using correlation coefficients having values that range from positive to negative. For example, area | 114
has a low average correlation coefficient that is below -0.8. The rest of the areas in correlation map 110, e.g., area Il
116, area lll 118, area IV 120, area V 122 and area V 124, have an average correlation coefficient above 0.6. Exemplary
correlation map 110 may indicate that area | 114 is a possible candidate for ablation, as it may include a myocardial
scar, a discontinuation in conduction, etc.

[0084] Of note, while the disclosure refers to cardiac tissue, the invention is not limited to such, as any type of tissue
may be mapped using the methods described herein. Further, while the disclosure refers to correlation as an exemplary
method of comparing electrogram signals, any method of comparing signals may be used. Further, the methods described
may be applied epicardially, endocardially or in any area of the body.

[0085] Referring now to FIG.11, a flow chart illustrating the various steps of an exemplary method for mapping cardiac
tissue is depicted. The method includes providing the medical device 12 having the plurality of electrodes 34 coupled
to the distal portion 20. The plurality of electrodes 34 may be positioned proximate and/or in direct contact with a tissue
region to be examined, for example, the myocardium or any cardiac tissue. When positioned proximate or in contact
with the target tissue region, radiofrequency energy may be transmitted between the plurality of electrodes 34 and/or
from at least one of the plurality of electrodes 34 to the reference electrode.

[0086] In step 126, a base cardiac electrogram signal may be recorded at a base electrode (Step 126). The base
cardiac electrogram signal may be recorded for a predetermined length of time. In one exemplary embodiment, the
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signal recorded may be an electrocardiogram signal (ECG) recorded proximate the myocardium. The recorded signal
may be in vivo or may be a previously recorded signal.

[0087] In step 128, a plurality of cardiac electrogram signals at a plurality of electrodes other than the base electrode
are recorded for the predetermined amount of time (Step 128). The base cardiac electrogram signal is compared to
each of the plurality of cardiac electrogram signals in order to determine how the base cardiac electrogram signal is
similar or different to each of the other cardiac electrogram signals (Step 130). The similarities or differences between
the base cardiac electrogram signal and each of the plurality of cardiac electrogram signals is determined (Step 132).
A specific area of cardiac tissue where the base electrode is positioned is mapped based at least in part on the determined
similarities or differences (Step 134).

[0088] It will be appreciated by persons skilled in the art that the present invention is not limited to what has been
particularly shown and described herein above. In addition, unless mention was made above to the contrary, it should
be noted that all of the accompanying drawings are not to scale. A variety of modifications and variations are possible
in light of the above teachings without departing from the scope of the invention, which is limited only by the following
claims.

Claims
1. A medical system (10), comprising:

a medical device (12) including a base electrode (e34a) and a plurality of electrodes (34); and
a control unit (14) in communication with the base electrode (e 34a) and the plurality of electrodes (34), the
control unit (14) configured to:

record a base cardiac electrogram signal at the base electrode (e 34a) for a predetermined amount of time;
record a plurality of cardiac electrogram signals at the plurality of electrodes (34) other than the base
electrode (e 34a) for the predetermined amount of time simultaneously with recording the base electrogram
signal at the base electrode (e 34a), each of the plurality of electrodes (34) other than the base electrode
(e 34a) being within a predetermined distance from the base electrode (34a);

determine a plurality of different correlation coefficients, each of the plurality of correlation coefficients
corresponding to the base cardiac electrogram signal and a different one of the plurality of cardiac electro-
gram signals

average the plurality of correlation coefficients to generate a correlation coefficient average for the base
electrode (e 34a) based on the spatial relationship between the base electrode (e 34a) and the plurality of
electrodes (34) other than the base electrode (e 34a);

associate the correlation coefficient average to the specific area of cardiac tissue where the base electrode
is positioned; and

map the specific area of cardiac tissue where the base electrode (e 34a) is positioned to the average of
the plurality of correlation coefficients.

2. The medical system (10) of Claim 1, further comprising a display (60), and wherein the control unit (14) is further
configured to:

display an image corresponding to the specific area of cardiac tissue on the display (60), wherein the image
includes a visual representation of an average of the determined similarities between the base cardiac electro-
gram signal and each of the plurality of cardiac electrogram signals.

3. The medical system (10) of Claim 1, wherein the plurality of electrodes (34) includes a neighbor electrode (e1 34b)
positioned at a neighbor area of cardiac tissue, wherein the control unit (14) is further configured to:

record a neighbor cardiac electrogram signal at the neighbor electrode (e1 34b) for the predetermined amount
of time;

compare the neighbor cardiac electrogram signal with the base cardiac electrogram signal;

compare the neighbor cardiac electrogram signal with each of the plurality of cardiac electrogram signals other
than the neighbor cardiac electrogram signal;

determine similarities between:

the neighbor cardiac electrogram signal and the base cardiac electrogram signal; and
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the neighbor cardiac electrogram signal and each of the plurality of cardiac electrogram signals other than
the neighbor cardiac electrogram signal; and

map the neighbor area of cardiac tissue based at least in part on the determined similarities.
The medical system (10) of Claim 3, wherein the control unit (14) is further configured to:
determine a plurality of neighbor correlation coefficients, wherein each of the plurality of neighbor correlation
coefficients corresponds to the neighbor electrogram signal and one of a different one of the plurality of cardiac
electrogram signals and the base cardiac electrogram signal;
average the plurality of neighbor correlation coefficients; and
associate an average of the plurality of neighbor correlation coefficients to the neighbor area of cardiac tissue
where the neighbor electrode is positioned.
The medical system (10) of Claim 4, wherein a distance between the specific area of cardiac tissue where the base
electrode (e1 34a) is positioned and a neighbor area of cardiac tissue where the neighbour (e1 34b) electrode is

positioned is between one millimeter and twenty millimeters

The medical system (10) of Claim 5, further comprising a display (60), and wherein the control unit (14) is further
configured to:

display an image on the display (60), the image being associated with the specific area of cardiac tissue and
the neighbor area of cardiac tissue, wherein the image includes a visual representation of an average of the

plurality of correlation coefficients.

The medical system (10) of Claim 6, wherein the image further includes a visual representation of an average of
the plurality of neighbor correlation coefficients.

The medical system (10) of Claim 4, wherein the control unit (14) is further configured to:

determine whether the average of the plurality of correlation coefficients is different than the average of the
plurality of neighbor correlation coefficients.

The medical system (10) of Claim 8, wherein if it is determined that the average of the plurality of correlation
coefficients is different than the average of the plurality of neighbor correlation coefficients, then the control unit (14)

is further configured to:

determine that one of the specific area of cardiac tissue and the neighbor area of cardiac tissue includes one
of damaged and arrhythmogenic cardiac tissue.

The medical system (10) of Claim 1, further including a reference electrode remote from the medical device (12).
The medical system (10) of Claim 10, wherein the control unit (14) is further configured to:

transmit energy from the base electrode (e 34a) to the reference electrode.
The medical system (10) of Claim 1, wherein the control unit (14) is further configured to:

measure a cycle length of an arrhythmia in a patient having atrial fibrillation, and wherein the predetermined
amount of time is substantially equal to the cycle length of the arrhythmia

Patentanspriiche

1.

Medizinisches System (10), das Folgendes umfasst:

eine medizinische Vorrichtung (12), umfassend eine Basiselektrode (e 34a) und eine Vielzahl von Elektroden
(34); und
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eine Steuereinheit (14) in Verbindung mit der Basiselektrode (e 34a) und der Vielzahl von Elektroden (34),
wobei die Steuereinheit (14) dazu konfiguriert ist:

ein Basis-Elektrokardiogrammsignal an der Basiselektrode (e 34a) fir einen vorherbestimmten Zeitraum
aufzuzeichnen;

eine Vielzahl von Elektrodkardiogrammsignalen an der Vielzahl von Elektroden (34) aul3er der Basiselek-
trode (e 34a) fir den vorherbestimmten Zeitraum gleichzeitig mit dem Aufzeichnen des Basis-Elektrokar-
diogrammsignals an der Basiselektrode (e 34a) aufzuzeichnen, wobei jede der Vielzahl von Elektroden
(34) aulRer der Basiselektrode (e 34a) innerhalb eines vorherbestimmten Abstands von der Basiselektrode
(34a) liegt;

eine Vielzahl von unterschiedlichen Korrelationskoeffizienten zu bestimmen, wobei jeder der Vielzahl von
Korrelationskoeffizienten dem Basis-Elektrokardiogrammsignal und einem anderen der Vielzahl von Elek-
trokardiogrammsignalen entspricht;

die Vielzahl von Korrelationskoeffizienten zu mitteln, um einen Korrelationskoeffizient-Mittelwert fiir die
Basiselektrode (e 34a) basierend auf der raumlichen Beziehung zwischen der Basiselektrode (e 34a) und
der Vielzahl von Elektroden (34) auRer der Basiselektrode (e 34a) zu erzeugen;

den Korrelationskoeffizient-Mittelwert mit dem spezifischen Bereich von Herzgewebe, wo die Basiselektrode
positioniert ist, in Zusammenhang zu setzen; und

den spezifischen Bereich von Herzgewebe, wo die Basiselektrode (e 34a) positioniert ist, auf den Mittelwert
der Vielzahl von Korrelationskoeffizienten abzubilden.

2. Medizinisches System (10) nach Anspruch 1, weiter umfassend eine Anzeigevorrichtung (60), und wobei die Steu-
ereinheit (14) weiter dazu konfiguriert ist:

ein Bild, das dem spezifischen Bereich von Herzgewebe entspricht, auf der Anzeigevorrichtung (60) anzuzeigen,
wobei das Bild eine optische Darstellung eines Mittelwerts der bestimmten Ahnlichkeiten zwischen dem Basis-
Elektrokardiogrammesignal und jedem der Vielzahl von Elektrokardiogrammsignalen umfasst.

3. Medizinisches System (10) nach Anspruch 1, wobei die Vielzahl von Elektroden (34) eine Nachbarelektrode (e1
34b) umfasst, die an einem Nachbarbereich von Herzgewebe positioniert ist, wobei die Steuereinheit (14) weiter
dazu konfiguriert ist:

ein Nachbar-Elektrokardiogrammsignal an der Nachbarelektrode (e1 34b) fiir den vorherbestimmten Zeitraum
aufzuzeichnen;

das Nachbar-Elektrokardiogrammsignal mit dem BasisElektrokardiogrammsignal zu vergleichen;

das Nachbar-Elektrokardiogrammsignal mit jedem der Vielzahl von Elektrokardiogrammsignalen auler dem
Nachbar-Elektrokardiogrammesignal zu vergleichen;

Ahnlichkeiten zu bestimmen zwischen:

dem Nachbar-Elektrokardiogrammsignal und dem BasisElektrokardiogrammsignal; und

dem Nachbar-Elektrokardiogrammsignal und jedem der Vielzahl von Elektrokardiogrammsignalen auf3er
dem Nachbar-Elektrokardiogrammsignal; und

den Nachbarbereich von Herzgewebe basierend mindestens teilweise auf den bestimmten Ahnlichkeiten
abzubilden.

4. Medizinisches System (10) nach Anspruch 3, wobei die Steuereinheit (14) weiter dazu konfiguriert ist:

eine Vielzahl von Nachbar-Korrelationskoeffizienten zu bestimmen, wobei jeder der Vielzahl von Nachbar-
Korrelationskoeffizienten dem Nachbar-Elektrokardiogrammsignal und einem anderen der Vielzahl von Elek-
trokardiogrammsignalen oder dem Basis-Elektrokardiogramm entspricht;

die Vielzahl von Nachbar-Korrelationskoeffizienten zu mitteln; und

einen Mittelwert der Vielzahl von Nachbar-Korrelationskoeffizienten mit dem Nachbarbereich von Herzgewebe,
wo die Nachbarelektrode positioniert ist, in Zusammenhang zu setzen.

5. Medizinisches System (10) nach Anspruch 4, wobei ein Abstand zwischen dem spezifischen Bereich von Herzge-

webe, wo die Basiselektrode (e1 34a) positioniert ist, und einem Nachbarbereich von Herzgewebe, wo die Nach-
barelektrode (e1 34b) positioniert ist, zwischen einem Millimeter und zwanzig Millimetern betragt.
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Medizinisches System (10) nach Anspruch 5, weiter umfassend eine Anzeigevorrichtung (60), und wobei die Steu-
ereinheit (14) weiter dazu konfiguriert ist:

ein Bild auf der Anzeigevorrichtung (60) anzuzeigen, wobei das Bild mit dem spezifischen Bereich von Herz-
gewebe und dem Nachbarbereich von Herzgewebe in Zusammenhang steht, wobei das Bild eine optische

Darstellung eines Mittelwerts der Vielzahl von Korrelationskoeffizienten umfasst.

Medizinisches System (10) nach Anspruch 6, wobei das Bild weiter eine optische Darstellung eines Mittelwerts der
Vielzahl von Nachbar-Korrelationskoeffizienten umfasst.

Medizinisches System (10) nach Anspruch 4, wobei die Steuereinheit (14) weiter dazu ausgebildet ist:

zu bestimmen, ob der Mittelwert der Vielzahl von Korrelationskoeffizienten vom Mittelwert der Vielzahl von
Nachbar-Korrelationskoeffizienten verschieden ist.

Medizinisches System (10) nach Anspruch 8, wobei, wenn bestimmt wird, dass der Mittelwert der Vielzahl von
Korrelationskoeffizienten von dem Mittelwert der Vielzahl von Nachbar-Korrelationskoeffizienten verschieden ist,

die Steuereinheit (14) weiter dazu konfiguriert ist:

zu bestimmen, dass der spezifische Bereich von Herzgewebe oder der Nachbarbereich von Herzgewebe be-
schadigtes oder arrhythmogenes Herzgewebe umfasst.

Medizinisches System (10) nach Anspruch 1, weiter umfassend eine von der medizinischen Vorrichtung (12) ent-
fernte Bezugselektrode.

Medizinisches System (10) nach Anspruch 10, wobei die Steuereinheit (14) weiter dazu ausgebildet ist:
Energie von der Basiselekirode (e 34a) zu der Bezugselektrode zu Ubertragen.
Medizinisches System (10) nach Anspruch 1, wobei die Steuereinheit (14) weiter dazu ausgebildet ist:

eine Zykluslange einer Arrhythmie bei einem Patienten mit Vorhofflimmern zu messen, und wobei der vorher-
bestimmte Zeitraum im Wesentlichen gleich der Zyklusldnge der Arrhythmie ist.

Revendications

1.

Systeme médical (10), comprenant :

un dispositif médical (12) comportant une électrode de base (e 34a) et une pluralité d’électrodes (34) ; et
une unité de commande (14) en communication avec I'électrode de base (e 34a) et la pluralité d’électrodes
(34), 'unité de commande (14) étant configurée pour :

enregistrer un signal d’électrocardiogramme cardiaque de base au niveau de I'électrode de base (e 34a)
pendant une quantité de temps prédéterminée ;

enregistrer une pluralité de signaux d’électrocardiogramme cardiaque au niveau de la pluralité d’électrodes
(34) autres que I'électrode de base (e 34a) pendant la quantité de temps prédéterminée simultanément a
I'enregistrement du signal d’électrocardiogramme de base au niveau de I'électrode de base (e 34a), chacune
de la pluralité d’électrodes (34) autres que I'électrode de base (e 34a) se trouvant en-dega d’une distance
prédéterminée de I'électrode de base (34a) ;

déterminer une pluralité de coefficients de corrélation différents, chacun de la pluralité de coefficients de
corrélation correspondant au signal d’électrocardiogramme cardiaque de base et a un signal différent de
la pluralité de signaux d’électrocardiogramme cardiaque ;

moyenner la pluralité de coefficients de corrélation pour générer une moyenne de coefficients de corrélation
de I'électrode de base (e 34a) en fonction de la relation spatiale entre I'électrode de base (e 34a) et la
pluralité d’électrodes (34) autres que I'électrode de base (e 34a) ;

associer la moyenne de coefficients de corrélation a la zone spécifique de tissu cardiaque ou est placée
I'électrode de base ; et
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cartographier la zone spécifique de tissu cardiaque ou est placée I'électrode de base (e 34a) en fonction
de la moyenne de la pluralité de coefficients de corrélation.

Systeme médical (10) selon la revendication 1, comprenant en outre un afficheur (60), et dans lequel I'unité de
commande (14) est configurée en outre pour :

afficher une image correspondant a la zone spécifique de tissu cardiaque sur I'afficheur (60), dans lequel 'image
comporte une représentation visuelle d’'une moyenne des similarités déterminées entre le signal d’électrocar-
diogramme cardiaque de base et chacun de la pluralité de signaux d’électrocardiogramme cardiaque.

Systeme médical (10) selon la revendication 1, dans lequel la pluralité d’électrodes (34) comporte une électrode
voisine (e1 34b) placée au niveau d’'une zone voisine de tissu cardiaque, dans lequel I'unité de commande (14) est
configurée en outre pour :

enregistrer un signal d’électrocardiogramme cardiaque voisin au niveau de I'électrode voisine (e1 34b) pendant
la quantité de temps prédéterminée ;

comparer le signal d’électrocardiogramme cardiaque voisin au signal d’électrocardiogramme cardiaque de
base ;

comparer le signal d’électrocardiogramme cardiaque voisin a chacun de la pluralité de signaux d’électrocardio-
gramme cardiaque autres que le signal d’électrocardiogramme cardiaque voisin ;

déterminer des similarités entre :

le signal d’électrocardiogramme cardiaque voisin et le signal d’électrocardiogramme cardiaque de base ; et
le signal d’électrocardiogramme cardiaque voisin etchacun de la pluralité de signaux d’électrocardiogramme

cardiaque autres que le signal d’électrocardiogramme cardiaque voisin ; et

cartographier la zone voisine de tissu cardiaque en fonction au moins en partie des similarités déterminées.

4. Systéme médical (10) selon la revendication 3, dans lequel I'unité de commande (14) est configurée en outre pour :

déterminer une pluralité de coefficients de corrélation voisins, chacun de la pluralité de coefficients de corrélation
voisins correspondant au signal d’électrocardiogramme voisin et un signal différent de la pluralité de signaux
d’électrocardiogramme cardiaque et du signal électrocardiogramme cardiaque de base ;

moyenner la pluralité de coefficients de corrélation voisins ; et

associer une moyenne de la pluralité de coefficients de corrélation voisins a la zone voisine de tissu cardiaque
ou est placée I'électrode voisine.

Systeme médical (10) selon la revendication 4, dans lequel une distance entre la zone spécifique de tissu cardiaque
ou est placée I'électrode de base (e1 34a) et une zone voisine de tissu cardiaque ou est placée I'électrode voisine

(e1 34b) est comprise entre un millimétre et vingt millimétres.

Systeme médical (10) selon la revendication 5, comprenant en outre un afficheur (60), et dans lequel I'unité de
commande (14) est configurée en outre pour :

afficher une image sur I'afficheur (60), 'image étant associée a la zone spécifique de tissu cardiaque et a la
zone voisine de tissu cardiaque, dans lequel 'image comporte une représentation visuelle d'une moyenne de

la pluralité de coefficients de corrélation.

Systeme médical (10) selon la revendication 6, dans lequel I'image comporte en outre une représentation visuelle
d’'une moyenne de la pluralité de coefficients de corrélation voisins.

Systeme médical (10) selon la revendication 4, dans lequel I'unité de commande (14) est configurée en outre pour :

déterminer que la moyenne de la pluralité de coefficients de corrélation est différente ou non de la moyenne
de la pluralité de coefficients de corrélation voisins.

Systeme médical (10) selon la revendication 8, dans lequel s’il est déterminé que la moyenne de la pluralité de
coefficients de corrélation est différente de la moyenne de la pluralité de coefficients de corrélation voisins, l'unité
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de commande (14) est alors configurée en outre pour :

déterminer que I'une de la zone spécifique de tissu cardiaque et de la zone voisine de tissu cardiaque comporte
I'un d’un tissu cardiaque endommagé et d’un tissu cardiaque arhytmogéne.

Systeme médical (10) selon la revendication 1, comportant en outre une électrode de référence distante du dispositif
médical (12).

Systeme médical (10) selon la revendication 10, dans lequel I'unité de commande (14) est configurée en outre pour :
transmettre I'énergie de I'électrode de base (e 34a) a I'électrode de référence.
Systeme médical (10) selon la revendication 1, dans lequel I'unité de commande (14) est configurée en outre pour :

mesurer une longueur cyclique d’'une arythmie chez un patient présentant une fibrillation atriale, et dans lequel
la quantité de temps prédéterminée est sensiblement égale a la longueur cyclique de I'arythmie.
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START

Record a base cardiac electrogram signal at a base
electrode for a predetermined amount of time

Step 126

!

Record a plurality of cardiac electrogram signals at a
plurality of electrodes other than the base electrode
for the predetermined amount of time

Step 128

!

Compare the base cardiac electrogram signal with each
of the pluraly of cardiac electrogram signals

Step 130

!

Determine similarities between the base cardiac
electrogram signal and each of the plurality of
cardiac electrogram signals

Step 132

!

Map a specific area of heart tissue where the base
electrode is positioned based at least in part on the
determined similarites

Step 134

STOP
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