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(7) ABSTRACT

Cardiac electrograms are recorded in a plurality of channels.
Beats are classified automatically into respective classifica-
tions according to a resemblance of the morphologic char-
acteristics of the beats to members of a set of templates.
Respective electroanatomic maps of the heart are generated
from the classified beats.
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AUTOMATIC CREATION OF MULTIPLE
ELECTROANATOMIC MAPS

COPYRIGHT NOTICE

[0001] A portion of the disclosure of this patent document
contains material that is subject to copyright protection. The
copyright owner has no objection to the facsimile reproduc-
tion by anyone of the patent document or the patent disclo-
sure, as it appears in the Patent and Trademark Office patent
file or records, but otherwise reserves all copyright rights
whatsoever.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] This invention relates to detecting, measuring or
recording bioelectric signals of the body. More particularly,
this invention relates to generation of electroanatomic maps
of the heart.

2. Description of the Related Art

[0003] The meanings of certain acronyms and abbrevia-
tions used herein are given in Table 1.

TABLE 1

Acronyms and Abbreviations

LAT Local Activation Time
ECG Electrocardiogram

[0004] Cardiac arrhythmias such as atrial fibrillation are
an important cause of morbidity and death. Commonly
assigned U.S. Pat. No. 5,546,951, and U.S. Pat. No. 6,690,
963, both issued to Ben Haim; and PCT application WO
96/05768, all of which are incorporated herein by reference,
disclose methods for sensing an electrical property of heart
tissue, for example, local activation time, as a function of the
precise location within the heart. Data are acquired with one
or more catheters having electrical and location sensors in
their distal tips, which are advanced into the heart. Methods
of creating a map of the electrical activity of the heart based
on these data are disclosed in commonly assigned U.S. Pat.
No. 6,226,542, and U.S. Pat. No. 6,301,496, both issued to
Reisfeld, which are incorporated herein by reference. As
indicated in these patents, location and electrical activity is
typically initially measured on about 10 to about 20 points
on the interior surface of the heart. These data points are then
generally sufficient to generate a preliminary reconstruction
or map of the cardiac surface. The preliminary map is often
combined with data taken at additional points in order to
generate a more comprehensive map of the heart’s electrical
activity. Indeed, in clinical settings, it is not uncommon to
accumulate data at 100 or more sites to generate a detailed,
comprehensive map of heart chamber electrical activity. The
generated detailed 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 elec-
trical activity and to restore normal heart rhythm.

[0005] Conventionally, a particular type of arrhythmia,
characterized by the signal morphology of the arrhythmia,
may be viewed on a single electroanatomic map generated
from electroanatomical recordings. Other arrhythmias that
are present in the electrical recording are often manually
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deleted. If the physician detects several morphologies, he
may create a mixed map with polymorphic beats and sepa-
rate them later on by moving points to a new opened map.

SUMMARY OF THE INVENTION

[0006] Embodiments of the present invention use the
electroanatomical recordings to generate multiple maps of
the various arrhythmias that may be present in a set of data.
The user may utilize all available data at the same time. Even
when mapping a specific arrhythmia, cardiac cycles, (also
referred to herein as “beats”) representing a different
arrhythmia are recorded and acquired on an additional map
or saved to a storage bank.

[0007] During a session a patient may exhibit various
arrhythmic states. For example the patient may show tran-
sitions in various combinations and sub-combinations
among sinus rhythm, paroxysmal ventricular contractions,
atrial flutter, and ventricular tachycardia. The various
arrhythmias affect electroanatomic maps. Embodiments of
the invention analyze intracardiac electrograms morphologi-
cally to identify beats with the various arrhythmias, and
concurrently generate respective electroanatomic maps. The
necessity of a separate operation to separate the various
morphologies in order to create separate maps correspond-
ing to the respective arrhythmias is avoided.

[0008] According to embodiments of the invention mul-
tiple maps are automatically created based on respective
templates of signal morphologies of the different arrhyth-
mias. The signals used for the preparing the maps may be
intracardiac or body surface signals.

[0009] In one embodiment a pre-defined template repre-
senting a certain arthythmia is provided. Each beat’s mor-
phology can be compared in real time to the template while
the user collects data in the heart chambers. The beat is
accepted or rejected to the map based on the morphology.
[0010] In another embodiment templates of different
arrhythmias are prepared adaptively, based on recorded beat
morphologies.

[0011] There is provided according to embodiments of the
invention a method, which is carried out by recording
electrograms of a heart of a living subject in a plurality of
channels, automatically placing the beats of the electro-
grams into respective classifications according to a resem-
blance of the morphologic characteristics of the beats to
members of a set of templates, and generating multiple
electroanatomic maps of the heart from the beats in the
respective classifications.

[0012] According to one aspect of the method, recording
is performed with a plurality of electrodes to produce
multiple respective electrograms.

[0013] According to an additional aspect of the method,
the set of templates are predefined.

[0014] In another aspect of the method placing the beats
into respective classifications includes calculating respective
overall correlations between instances of a selected beat in
all the channels and the members of the set of templates, and
associating the selected beat with a member of the set of
templates having the highest ranked correlation when the
correlation exceeds a predefined correlation threshold.
[0015] When none of the overall correlations exceeds the
predefined correlation threshold the method is further car-
ried out by creating a new member of the set of templates
with the selected beat.
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[0016] In a further aspect of the method placing the beats
into respective classifications is carried out by creating a
new member of the set of templates with a selected beat,
calculating an overall correlation between instances of the
selected beat in all the channels and the new member, and
when the overall correlation exceeds a predefined correla-
tion threshold associating the selected beat with the new
member.

[0017] According to still another aspect of the method,
calculating an overall correlation includes calculating
respective correlations between the instances of the selected
beat in the channels and the new member, and weighting the
respective correlations according to maximum signal ampli-
tudes of the instances of the selected beat in the electro-
grams.

[0018] Yet another aspect of the method is carried out
when the overall correlation fails to exceed the predefined
correlation threshold by shifting a phase of the electrograms,
and thereafter iterating the steps of calculating and associ-
ating.

[0019] There is further provided according to embodi-
ments of the invention an apparatus including a probe
having a plurality of electrodes on a distal portion thereof,
electrical circuitry for recording respective time-varying
electrograms from the electrodes when the probe is at a
location in a heart of a living subject, a memory for storing
the electrograms, a display, and a processor connected to the
memory and operative for recording electrograms of a heart
of a living subject in a plurality of channels, automatically
placing the beats of the electrograms into respective classi-
fications according to a resemblance of the morphologic
characteristics of the beats to members of a set of templates,
and generating multiple electroanatomic maps of the heart
from the beats in the respective classifications and present-
ing the maps on the display.

[0020] There is further provided according to embodi-
ments of the invention a computer software product, includ-
ing a non-transitory computer-readable storage medium in
which computer program instructions are stored, which
instructions, when executed by a computer, cause the com-
puter to perform a method comprising the steps of accepting
electrograms of a heart of a living subject in a plurality of
channels, automatically placing the beats of the electro-
grams into respective classifications according to a resem-
blance of the morphologic characteristics of the beats to
members of a set of templates, and generating multiple
electroanatomic maps of the heart from the beats in the
respective classifications.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0021] For a better understanding of the present invention,
reference 1s made to the detailed description of the inven-
tion, by way of example, which is to be read in conjunction
with the following drawings, wherein like elements are
given like reference numerals, and wherein:

[0022] FIG. 1 is a pictorial illustration of a system for
evaluating electrical activity in a heart of a living subject in
accordance with an embodiment of the invention;

[0023] FIG. 2 is a flow diagram of a method for preparing
electroanatomic maps of the heart in accordance with an
embodiment of the invention;

Jan. 11,2018

[0024] FIG. 3 is a schematic block diagram illustrating
operation of a signal analyzing algorithm, according to an
embodiment of the invention;

[0025] FIG. 4 is a block diagram of a morphology match-
ing filter in accordance with an embodiment of the inven-
tion,;

[0026] FIG. 5 is detailed block diagram of the filter shown
in FIG. 4 in accordance with an embodiment of the inven-
tion;

[0027] FIG. 6 is a graphical representation of a correlation
calculation in accordance with an embodiment of the inven-
tion;

[0028] FIG. 7 is a graphical representation of an overall
weighted correlation in accordance with an embodiment of
the invention;

[0029] FIG. 8 is a graphical representation of a method for
introducing phase shifts into a cyclic cardiac electrogram in
accordance with an embodiment of the invention;

[0030] FIG. 9 is a flow chart of a method of multiple
electroanatomic map creation in accordance with an
embodiment of the invention;

[0031] FIG. 10 is a diagram of a group of beats obtained
from intracardiac electrograms, which are analyzed in accor-
dance with an embodiment of the invention; and

[0032] FIG. 11 is a graph illustrating correlations between
the electrograms shown in FIG. 10 and a reference template
that was selected in accordance with an embodiment of the
invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0033] In the following description, numerous specific
details are set forth in order to provide a thorough under-
standing of the various principles of the present invention. It
will be apparent to one skilled in the art, however, that not
all these details are necessarily needed for practicing the
present invention. In this instance, well-known circuits,
control logic, and the details of computer program instruc-
tions for conventional algorithms and processes have not
been shown in detail in order not to obscure the general
concepts unnecessarily.

[0034] Documents incorporated by reference herein are to
be considered an integral part of the application except that,
to the extent that any terms are defined in these incorporated
documents in a manner that conflicts with definitions made
explicitly or implicitly in the present specification, only the
definitions in the present specification should be considered.

Definitions

[0035] “Annotations” or “annotation points” refer to
points of time on an electrogram that are considered to
denote events of interest. In this disclosure the events are
typically local activation time of the propagation of an
electrical wave as sensed by the electrode.

[0036] “Activity” in an electrogram is used herein to
denote a distinct region of bursty or undulating changes in
an electrogram signal. Such a region may be recognized as
being outstanding between regions of baseline signals. In
this disclosure “activity” more often refers to a manifesta-
tion on an electrogram of one or more electrical propagation
waves through the heart.

[0037] A “wave” refers to continuous electrical propaga-
tion within a mapped area of the heart.
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Overview.

[0038] Turning now to the drawings, reference is initially
made to FIG. 1, which is a pictorial illustration of a system
10 for performing ablative procedures on a heart 12 of a
living subject, which is constructed and operative in accor-
dance with a disclosed embodiment of the invention. The
system comprises a catheter 14, which is percutaneously
inserted by an operator 16 through the patient’s vascular
system into a chamber or vascular structure of the heart 12.
The operator 16, who is typically a physician, brings the
catheter’s distal tip 18 into contact with the heart wall, for
example, at an ablation target site. Electrical activation maps
may be prepared, according to the methods disclosed in U.S.
Pat. Nos. 6,226,542, and 6,301,496, and in commonly
assigned U.S. Pat. No. 6,892,091 and U.S. Patent Applica-
tion Publication No. 20070197929, entitled Mapping of
Complex Fractionated Atrial Electrogram, all of whose
disclosures are herein incorporated by reference.

[0039] The system 10 may comprise a general purpose or
embedded computer processor, which is programmed with
suitable software for carrying out the functions described
hereinbelow. Thus, although portions of the system 10
shown in other drawing figures herein are shown as com-
prising a number of separate functional blocks, these blocks
are not necessarily separate physical entities, but rather may
represent, for example, different computing tasks or data
objects stored in a memory that is accessible to the proces-
sor. These tasks may be carried out in software running on
a single processor, or on multiple processors. The software
may be provided to the processor or processors on tangible
non-transitory media, such as CD-ROM or non-volatile
memory. Alternatively or additionally, the system 10 may
comprise a digital signal processor or hard-wired logic. One
commercial product embodying elements of the system 10 is
available as the CARTO® 3 System, available from Bio-
sense Webster, Inc., 3333 Diamond Canyon Road, Diamond
Bar, Calif. 91765. This system may be modified by those
skilled in the art to embody the principles of the invention
described herein.

[0040] Areas determined to be abnormal, for example by
evaluation of the electrical activation maps, can be ablated
by application of thermal energy, e.g., by passage of radiof-
requency electrical current through wires in the catheter to
one or more electrodes at the distal tip 18, which apply the
radiofrequency energy to the myocardium. The energy is
absorbed in the tissue, heating it to a point (typically about
50° C.) at which it permanently loses its electrical excit-
ability. When successful, this procedure creates non-con-
ducting lesions in the cardiac tissue, which disrupt the
abnormal electrical pathway causing the arrhythmia. The
principles of the invention can be applied to different heart
chambers to diagnose and treat many different cardiac
arrhythmias.

[0041] The catheter 14 typically comprises a handle 20,
having suitable controls on the handle to enable the operator
16 to steer, position and orient the distal end of the catheter
as desired for the ablation. To aid the operator 16, the distal
portion of the catheter 14 contains position sensors (not
shown) that provide signals to a processor 22, located in a
console 24. The processor 22 may fulfill several processing
functions as described below.

[0042] The catheter 14 is a typically multi-electrode cath-
eter, which can be a basket catheter as shown in the upper
part of balloon 37. or a spline catheter as shown in the lower
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part. In any case there are multiple electrodes 32, which are
used as sensing electrodes and have known locations on the
basket or spline, and known relationships to one another.
Thus, once the catheter is located in the heart, for example
by constructing a current position map, the location of each
of the electrodes 32 in the heart is known. One method for
generation of a current position map is described in com-
monly assigned U.S. Pat. No. 8,478,383 to Bar-Tal et al.,
which is herein incorporated by reference.

[0043] Electrical signals can be conveyed to and from the
heart 12 from the electrodes 32 located at or near the distal
tip 18 of the catheter 14 via cable 34 to the console 24.
Pacing signals and other control signals may be conveyed
from the console 24 through the cable 34 and the electrodes
32 to the heart 12.

[0044] Wire connections 35 link the console 24 with body
surface electrodes 30 and other components of a positioning
sub-system for measuring location and orientation coordi-
nates of the catheter 14. The processor 22, or another
processor (not shown) may be an element of the positioning
subsystem. The electrodes 32 and the body surface elec-
trodes 30 may be used to measure tissue impedance at the
ablation site as taught in U.S. Pat. No. 7,536,218, issued to
Govari et al., which is herein incorporated by reference. A
temperature sensor (not shown), typically a thermocouple or
thermistor, may be mounted near the distal tip 18 of the
catheter 14.

[0045] The console 24 typically contains one or more
ablation power generators 25. The catheter 14 may be
adapted to conduct ablative energy to the heart using any
known ablation technique, e.g., radiofrequency energy,
ultrasound energy, and laser-produced light energy. Such
methods are disclosed in commonly assigned U.S. Pat. Nos.
6,814,733, 6,997,924, and 7,156,816, which are herein
incorporated by reference.

[0046] In one embodiment, the positioning subsystem
comprises a magnetic position tracking arrangement that
determines the position and orientation of the catheter 14 by
generating magnetic fields in a predefined working volume
and sensing these fields at the catheter, using field generating
coils 28. The positioning subsystem U.S. Pat. No. 7,756,576,
which is hereby incorporated by reference, and in the
above-noted U.S. Pat. No. 7,536,218.

[0047] As noted above, the catheter 14 is coupled to the
console 24, which enables the operator 16 to observe and
regulate the functions of the catheter 14. Console 24
includes a processor, preferably a computer with appropriate
signal processing circuits. The processor is coupled to drive
a monitor 29. The signal processing circuits typically
receive, amplify, filter and digitize signals from the catheter
14, including signals generated by the above-noted sensors
and a plurality of location sensing electrodes (not shown)
located distally in the catheter 14. The digitized signals are
received and used by the console 24 and the positioning
system to compute the position and orientation of the
catheter 14 and to analyze the electrical signals from the
electrodes as described in further detail below.

[0048] Typically, the system 10 includes other elements,
which are not shown in the figures for the sake of simplicity.
For example, the system 10 may include an electrocardio-
gram (ECG) monitor, coupled to receive signals from one or
more body surface electrodes, so as to provide an ECG
synchronization signal to the console 24. As mentioned
above, the system 10 typically also includes a reference
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position sensor, either on an externally applied reference
patch attached to the exterior of the subject’s body, or on an
internally-placed catheter, which is inserted into the heart 12
and maintained in a fixed position relative to the heart 12.
The system 10 may receive image data from an external
imaging modality, such as an MRI unit or the like and
includes image processors that can be incorporated in or
invoked by the processor 22 for generating and displaying
images that are described below.

[0049] Reference is now made to FIG. 2, which is a high
level flow diagram of a method for preparing electroana-
tomic maps of the heart in accordance with an embodiment
of the invention. The process steps are shown in a particular
linear sequence in FIG. 2 and the other flowcharts herein for
clarity of presentation. However, it will be evident that many
of them can be performed in parallel, asynchronously, or in
different orders. Those skilled in the art will also appreciate
that a process could alternatively be represented as a number
of interrelated states or events, e.g., in a state diagram.
Moreover, not all illustrated process steps may be required
to implement the method.

[0050] At initial step 39 the heart is catheterized conven-
tionally, usually, but not necessarily, with a multi-electrode
mapping catheter. Catheters such as the PentaRay® NAV or
Navistar® Thermocool® catheters, available from Biosense
Webster, are suitable for initial step 39. The electrodes of the
catheter are placed in galvanic contact with respective
locations in one of the heart chambers. Additionally or
alternatively ECG readings may be recorded.

[0051] Next, at step 41 intracardiac electrograms are
recorded and annotated with the multiple electrodes of the
catheter, each having a respective location, which can be
determined using the position tracking capabilities of the
system 10 (FIG. 1). The recordings may be obtained and
processed concurrently. The electrograms may be recorded
and data collected throughout a catheterization session as the
catheter is navigated within the heart. Additionally or alter-
natively the data may be collected in a “hunting mode”,
wherein the catheter is stable in a location, and the operator
awaits rhythm changes generally, or the appearance of a
particular arrhythmia. The data may be collected using
unipolar or bipolar electrode configurations.

[0052] Annotation of the intracardiac electrograms may be
performed using the teachings of commonly assigned U.S.
Patent Application Publication No. 20150073246, entitled
Method for Mapping Ventricular/Atrial Premature Beats
During Sinus Rhythm, U.S. Pat. No. 9,380,953, entitled
Hybrid Bipolar/Unipolar Detection of Activation Wavefront,
and U.S. Patent Publication No. 20150208942, entitled
Double Bipolar Configuration for Atrial Fibrillation Anno-
tation, which are herein incorporated by reference.

[0053] Next, beat acquisition step 43 is performed. Step 43
comprises template selection step 45, and template matching
step 47, in which the morphology of the intracardiac elec-
trograms is automatically matched to the templates beat-by-
beat. Step 43 also comprises step 49 in which the classified
beat data is accumulated in respective storage.

[0054] Then, at final step 51 a functional electroanatomic
map, e.g., an LAT map, is automatically generated for each
class that was identified in step 43.

[0055] Arrhythmia Identification.

[0056] During a session a patient may exhibit various
arrhythmic states. For example the patient may show tran-
sitions in various combinations and sub-combinations
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among sinus rhythm, paroxysmal ventricular contractions,
atrial flutter, and ventricular tachycardia. The various
arrhythmias affect electroanatomic maps. Embodiments of
the invention analyze intracardiac electrograms morphologi-
cally to identify beats with the various arrhythmias, detect
all the morphologic templates and concurrently generate
respective electroanatomic maps. Each map comprises mor-
phologic beats that correspond to a respective template and
thus represents the same arrhythmia.

[0057] Reference is now made to FIG. 3, which is a
schematic block diagram illustrating operation of a signal
analyzing algorithm, according to an embodiment of the
invention. The algorithm morphologically identifies beats
with a template representing a cardiac arrhythmia. The
algorithm is executed by a processor 53. Input data com-
prising processed signals 55 obtained from a body surface
electrode or internal unipolar or bipolar electrode. The input
data includes reference annotations 57, patterns 59, and
correlation thresholds 61, all inputs being submitted to a
morphology matching filter 63. The outputs of the algorithm
comprise accepted beats 65, correlations 67 of the beats with
a single channel and an overall amplitude-weighted corre-
lation 69. The outputs may be presented on a display 71. In
some applications the correlation calculations can be per-
formed continuously by moving the template with respect to
the ECG signals, rather than positioning the template around
pre-determined discrete points.

[0058] Reference is now made to FIG. 4, which is a
detailed block diagram of the morphology matching filter 63
(FIG. 3) in accordance with an embodiment of the invention.
The filter 63 produces the single channel correlations 67, the
overall weighted correlation 69 and a phase shift indicator
73

[0059] Reference is now made to FIG. 5, which is a more
detailed block diagram of the filter 63 (FIG. 4) in accordance
with an embodiment of the invention. A pattern template is
input at block 75 together with electrograms. The template
1is prepared automatically and adaptively from the electrode
readings. A window of interest defining a beat is automati-
cally defined, using known methods, about an annotation in
each electrogram.

[0060] Then at block 77 single channel correlations are
made between each of the template channels and each of the
electrograms input at block 75.

[0061] Next, at block 79 an overall weighted correlation
between the electrograms and the template is calculated.
Details are presented below in the discussion of FIG. 7.
[0062] At block 81 a phase shift is fed back to the input of
block 77 and the iterations repeated with the phase-shifted
signal in order to maximize the weighted correlation in
block 79, as explained in further detail below. The phase-
shifted signal may be applied either to the template, or the
electrode data.

[0063] Finally, in block 83 a decision is made to accept or
reject the beat and to report the correlations obtained in
block 79.

[0064] Reference is now made to FIG. 6, which is a
graphical representation of the calculation in block 77 (FIG.
5). In block 85 For each template (denoted as pattern i), and
each electrogram in block 87 a correlation is calculated in
block 89 using the indicated correlation formula. The result
is output in block 91.

[0065] Reference is now made to FIG. 7. which is a
graphical representation of the calculation of the overall
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weighted correlation (correlation 69, FIG. 4; block 79, FIG.
5). A 12-lead electrocardiogram as assumed by way of
example. However the method is applicable to any number
of electrodes, for example, in a multi-electrode catheter as
described above.

[0066] The correlations obtained from multiple leads that
are output in block 91 (FIG. 6) are represented by blocks 93.
The absolute values of the amplitudes of the ECG channels
at their annotations and throughout the cardiac cycle are
represented by blocks 95, 97, respectively. An overall
weighted correlation is calculated in block 99 using the
inputs from blocks 93, 95, 97, using the formula shown. The
result is output in block 101.

[0067] Reference is now made to FIG. 8, which is a
detailed graphical representation of the feedback repre-
sented by block 81 (FIG. 5) that produces a phase shift in
each of the individual electrograms so as to optimize the
overall weighted correlation (FIG. 7). A predefined correla-
tion threshold represented by block 103 is compared with
the overall correlation 69 (FI1G. 4), represented in FIG. 8 by
block 105. The result is added in block 107 to a phase shift
(k) (block 109), which is described below. If the correlation
threshold has not been achieved, the phase of all the chan-
nels is shifted and used in the next iteration of the correlation
algorithm to produce new correlations for the single chan-
nels, and a new overall correlation in blocks 111, 113. The
phase-shifted signals may be applied either to the template,
or the electrode data.

[0068] At block 115 it is determined if the shifted overall
correlation produced in block 113 is better than the overall
correlation obtained in the previous iteration of the feedback
loop. If so then the overall correlation is updated in block
117.

[0069] Ifnot, or after the update in block 117 in a decision
block 119 it is determined if the number of loop iterations
has reached a predetermined limit. If the value of the current
phase has not reached the limit, then a phase shift is
performed in block 109 and the loop iterated.

[0070] Otherwise, in decision block 121 it is determined if
the current value of the overall correlation exceeds the
correlation threshold input in block 103. If so the current
cardiac cycle beat is accepted in the corresponding map in
block 123. If not, then the current beat is rejected and
excluded from the map in block 125. In any case the current
value of the overall correlation is reported in one of blocks
127, 129.

Multiple Map Creation.

[0071] Reference is now made to FIG. 9, which is a flow
chart of a method of multiple electroanatomic map creation
in accordance with an embodiment of the invention. As
noted above in the discussion of FIG. 2, a parallel imple-
mentation may be chosen in order that the algorithm be
performed in near real time. It is assumed that beats from
multiple electrodes are accumulated and annotated. Typi-
cally, instances of the process shown in FIG. 9 are performed
concurrently for respective channels. Annotation and accu-
mulation of the beats as described above (FIG. 3; FIG. 5)
may occur concurrently with the process of FIG. 9. Alter-
natively, steps of the process may be performed off-line,
concurrently or sequentially for different channels in many
combinations. In this embodiment templates are created
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dynamically, according to the morphologic patterns of a
particular patient. Newly accumulated beats are then corre-
lated with the templates.

[0072] In initial step 131 one of the templates is selected
as a reference template and becomes the first member of a
set of templates. This set may be augmented under condi-
tions that are described below.

[0073] Next, at step 133 a time interval, i.e., a window of
correlation from the channel is selected. Correlation of the
current time interval with the reference template is calcu-
lated in step 135 as described above in the discussion of FIG.
6.

[0074] Next, at decision step 137, it is determined if the
correlation that was calculated in step 135 exceeds a pre-
defined correlation threshold. If the determination at deci-
sion step 137 is affirmative, then control proceeds to step
139. The beat is classified in accordance with the reference
template that was chosen in initial step 131. The current beat
is accumulated for creation of an electroanatomic map to be
created using known methods.

[0075] Next, at decision step 141, it is determined if more
beats in the channel remain to be processed. If the determi-
nation at decision step 141 is negative, then control proceeds
to final step 143 and the procedure terminates. If the
determination at decision step 141 is affirmative, then con-
trol returns to step 133 to iterate with another beat.

[0076] If the determination at decision step 137 is nega-
tive, then control proceeds to step 145. A phase shift is
introduced (block 81; FIG. 5) and correlations are computed
between the phase-shifted beat and the reference template,
and between the phase-shifted beat and all other members of
the set of templates that have been introduced in previous
iterations of the process or other instances of the process.

[0077] Next, at step 147 the correlations calculated in step
145 are ranked. Then at decision step 149, it is determined
if the predetermined correlation threshold is exceeded by the
highest ranked correlation. If the determination at step 149
is affirmative, then control proceeds to step 139 for classi-
fication of the beat in accordance with the most highly
correlated template.

[0078] Ifthe determination at step 149 is negative, then, at
decision step 151, it is determined whether iterations of step
145 remain to be performed with the current beat before a
maximum number of phase shifts is exceeded. If the deter-
mination at decision step 151 is affirmative, then a new
phase shift is introduced in step 153, after which control
returns to step 145.

[0079] If the determination at decision step 151 is nega-
tive, then at step 155 it is concluded that the current beat
lacks sufficient correlation with any existing template. A new
type of arrhythmia may have appeared. A new template is
created from the current beat and added to the set of
templates to be evaluated in subsequent iterations. Control
then proceeds to decision step 141, which was described
above. It will be evident that as new arrhythmias become
evident in the intracardiac electrograms, they will generally
lack correlation with existing templates, and are then added
to the set of templates. The set of templates thus forms a
dynamic library that is accessible to this instance and other
instances of the process that are being performed with other
channels.
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Example

[0080] The algorithm summarized in the high level dia-
gram of FIG. 2 results in a mapping of specific arrhythmias
based on the morphology of intracardiac electrograms. Ref-
erence is now made to FIG. 10, which is a group tracings
comprising beats obtained from electrograms, which are
analyzed in accordance with an embodiment of the inven-
tion.

[0081] Reference is now made to FIG. 11 and again to
FIG. 2. FIG. 11 is a plot illustrating the correlations between
the electrograms shown in FIG. 10 and a reference template
that was selected in accordance with an embodiment of the
invention (step 45). The correlations were obtained using the
above-described algorithm (FIG. 3-FIG. 8). The morphol-
ogy of the signals beats of each electrogram is matched (step
47) against the morphology pattern of an automatically
chosen reference template. Beats with a high correlation
score (at least 0.85) are considered to represent the same
arrhythmia. In FIG. 11 there are total of 1173 data points. Of
these 767 data points lie above line 157 and represent the
same arrhythmia.

[0082] As noted above, instances of beats are accumulated
(step 49) and incorporated into a respective map derived
from the correlated beats occurring during the particular
arrhythmia (final step 51).

[0083] The procedure is repeated with additional selected
templates that respectively characterize other arrhythmias
found in the electrograms of FIG. 10.

First Alternate Embodiment

[0084] Referring again to FIG. 9, in this embodiment one
or more templates representing particular arrhythmias are
prepared in advance. Initial step 131 is modified to begin the
process with a set of reference templates from the prepared
templates, rather than create an initial reference template
with the first beat as described in the previous embodiment.

Second Alternate Embodiment

[0085] The correlation procedures described above in FIG.
5-FIG. 7 may be replaced by other comparisons between an
annotation and a template, e.g., Pearson’s correlation, the
sum of absolute differences, and mean absolute deviation.
[0086] 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 hereinabove. Rather, the
scope of the present invention includes both combinations
and sub-combinations of the various features described
hereinabove, as well as variations and modifications thereof
that are not in the prior art, which would occur to persons
skilled in the art upon reading the foregoing description.
1. A method, comprising the steps of:
recording electrograms of a heart of a living subject in a
plurality of channels, the electrograms comprising a
plurality of beats having morphologic characteristics;
automatically placing the beats into respective classifica-
tions according to a resemblance of the morphologic
characteristics of the beats to members of a set of
templates; and
generating multiple electroanatomic maps of the heart
from the beats in the respective classifications.
2. The method according to claim 1, wherein recording is
performed with a plurality of electrodes to produce multiple
respective electrograms.
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3. The method according to claim 1, wherein the set of
templates comprises predefined templates.
4. The method according to claim 1, wherein placing the
beats into respective classifications comprises the steps of:
calculating respective overall correlations between
instances of a selected beat in all the channels and the
members of the set of templates; and
associating the selected beat with a member of the set of
templates having a highest ranked one of the overall
correlations when the highest ranked one of the overall
correlations exceeds a predefined correlation threshold.
5. The method according to claim 4, further comprising
the steps of:
when none of the overall correlations exceeds the pre-
defined correlation threshold creating a new member of
the set of templates with the selected beat.
6. The method according to claim 1, wherein placing the
beats into respective classifications comprises the steps of:
creating a new member of the set of templates with a
selected beat;
calculating an overall correlation between instances of the
selected beat in all the channels and the new member;
and
when the overall correlation exceeds a predefined corre-
lation threshold associating the selected beat with the
new member.
7. The method according to claim 6, wherein calculating
an overall correlation comprises:
calculating respective correlations between the instances
of the selected beat in the channels and the new
member; and
weighting the respective correlations according to maxi-
mum signal amplitudes of the instances of the selected
beat in the electrograms.
8. The method according to claim 6, further comprising:
when the overall correlation fails to exceed the predefined
correlation threshold:
shifting a phase of the electrograms; and
thereafter iterating the steps of calculating and associat-
ing.
9. An apparatus comprising:
a probe having a plurality of electrodes on a distal portion
thereof;
electrical circuitry for recording respective time-varying
electrograms from the electrodes when the probe is at
a location in a heart of a living subject;
a memory for storing the electrograms;
a display; and
a processor connected to the memory and operative for
performing the steps of:
recording the electrograms in a plurality of channels, the
electrograms comprising a plurality of beats having
morphologic characteristics;
automatically placing the beats into respective classifica-
tions according to a resemblance of the morphologic
characteristics of the beats to members of a set of
templates; and
generating multiple electroanatomic maps of the heart
from the beats in the respective classifications; and
presenting the maps on the display.
10. The apparatus according to claim 9, wherein the set of
templates comprises predefined templates.
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11. The apparatus according to claim 9, wherein placing
the beats into respective classifications comprises the steps
of:

calculating respective overall correlations between

instances of a selected beat in all the channels and the
members of the set of templates; and

associating the selected beat with a member of the set of

templates having a highest ranked one of the overall
correlations when the highest ranked one of the overall
correlations exceeds a predefined correlation threshold.

12. The apparatus according to claim 11, wherein the
processor is operative for performing the step of:

when none of the overall correlations exceeds the pre-

defined correlation threshold creating a new member of
the set of templates with the selected beat.

13. The apparatus according to claim 9, wherein placing
the beats into respective classifications comprises the steps
of:

creating a new member of the set of templates with a

selected beat;

calculating an overall correlation between instances of the

selected beat in all the channels and the new member;
and

when the overall correlation exceeds a predefined corre-

lation threshold associating the selected beat with the
new member.

14. The apparatus according to claim 13, wherein calcu-
lating an overall correlation comprises:

calculating respective correlations between the instances

of the selected beat in the channels and the new
member; and

weighting the respective correlations according to maxi-

mum signal amplitudes of the instances of the selected
beat in the electrograms.

15. The apparatus according to claim 13, wherein the
processor is operative for performing the steps of:

when the overall correlation fails to exceed the predefined

correlation threshold:

shifting a phase of the electrograms; and

thereafter iterating the steps of calculating and associat-

ing.

16. A computer software product, including a non-transi-
tory computer-readable storage medium in which computer
program instructions are stored, which instructions, when
executed by a computer, cause the computer to perform the
steps of:

accepting electrograms of a heart of a living subject in a

plurality of channels, the electrograms comprising a
plurality of beats having morphologic characteristics;
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automatically placing the beats into respective classifica-
tions according to a resemblance of the morphologic
characteristics of the beats to members of a set of
templates; and

generating multiple electroanatomic maps of the heart

from the beats in the respective classifications.

17. The computer software product according to claim 16,
wherein placing the beats into respective classifications
comprises the steps of:

calculating respective overall correlations between

instances of a selected beat in all the channels and the
members of the set of templates; and

associating the selected beat with a member of the set of

templates having a highest ranked one of the overall
correlations when the highest ranked one of the overall
correlations exceeds a predefined correlation threshold.

18. The computer software product according to claim 17,
wherein the computer is further instructed to perform the
steps of:

when none of the overall correlations exceeds the pre-

defined correlation threshold creating a new member of
the set of templates with the selected beat.

19. The computer software product according to claim 16,
wherein placing the beats into respective classifications
comprises the steps of:

creating a new member of the set of templates with a

selected beat;

calculating an overall correlation between instances of the

selected beat in all the channels and the new member;
and

when the overall correlation exceeds a predefined corre-

lation threshold associating the selected beat with the
new member.

20. The computer software product according to claim 19,
wherein calculating an overall correlation comprises:

calculating respective correlations between the instances

of the selected beat in the channels and the new
member; and

weighting the respective correlations according to maxi-

mum signal amplitudes of the instances of the selected
beat in the electrograms.

21. The computer software product according to claim 19,
farther comprising:

when the overall correlation fails to exceed the predefined

correlation threshold:

shifting a phase of the electrograms; and

thereafter iterating the steps of calculating and associat-

ing.
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