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(57) Abstract: At least some aspects of the present disclosure is directed to a system for processing cardiac information. The system
comprises a processing unit configured to: receive an activation waveform comprising a set of activation waveform data of a plurality
of signal sections collected at a plurality of locations; receive a range of window size. The processing unit is further configured to: for
each signal section of the plurality of signal sections, determine a set of confidence values, each confidence value corresponding to a
window size, by iterating through a plurality of window sizes in the range of window size. The processing unit is further configured to
determine one of a plurality of local cycle lengths for the each of the plurality of signal sections based on the selected window size and
generate a local cycle length histogram based on the plurality of local cycle lengths.
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GLOBAL HISTOGRAM OF LOCAL CYCLE LENGTH

CROES REFERENCE TO RELATED APPLICATION

(00601} This application claims priority to Provisional Application No. 63/085,653,

filed Seplember 30, 2020, which is herein incorporated by reference in its entirety.

TECHNICAL FIELD

06023 The present disclosure relates (o electrophysiology systems and methods

for processing cardiac electrical signais and cardiac mapping.

BACKGROUND

[08031 Use of minimally invasive procedures, such as catheter ablation, to treat a
variety of heart conditions, such as supraventricular and ventricular arrhythmias, is
becoming increasingly more prevalent. Such procedures involve the mapping of
electrical activity in the heart (e.q., based on cardiac signals), such as at various
locations on the endocardium surface {("cardiac mapping”), to identify the sife of origin of
the arrhythmia followed by a largeted ablation of the site. To perform such cardiac
mapping, a catheter with one or more electrodes can be inseried info the patient’s heart
chambaer.

16004 Conventional three-dimensional (3D} mapping techniguss include contact
mapping, non-contact mapping, and a combination of contact and non-contact mapping.
in both contact and non-contact mapping, one or more catheters are advanced into the
heart. With some cathetlers, once in the chambaer, the catheler may be deployed {0
assume a 3D shape. In contact mapping, physiclogical signails resuiting from the
glecirical aclivity of the heart are acquired with one or more electrodes located at the
catheter distal {ip after defermining that the tip is in stable and steady contact with the
endocardium surface of a particular heart chamber. In non-contact-based mapping
sysiems, using the signals detected by the non-contact electrodes and information on
chamber anatomy and relative electrode tocation, the system provides physiclogical
information regarding the endocardium of the heart chamber. Location and electrical

activity are usually measured sequentially on a point-by-point basis at about 50 {0 200
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points on the internal surface of the heart to construct an electro-anatomical depiction of
the hearl. The generated map may then serve as the basis for decidingon a
therapeautic course of action, for example, tissue ablation, to aller the propagation of the
heart's electrical aclivity and to restore normal heart rhythm.

(0005} i many conventional mapping systems, the dlinician visually inspects or
examines the caplured electrograms (EGMs), which increases examination time and
cost. During an automatic slectro-anatomical mapping process, howsver,
approximately 8,000 {o 20,000 intracardiac electrograms (EGMs) may be captured,
which does not lend itself o being manually inspected in full by a clinician (e.g., a
physician) for a diagnostic assessment, EGM categorization, andfor the like. Typically
mapping systems extract scalar vaiues from each EGM to construct voliage, activation,
or other map types o depict overall patterns of aclivity within the heart. While maps
reduce the need to inspect the captured EGMs, they also condense the often complex
and useful information in the EGMs. Further, maps may be misleading due to slectrical
artifacts or inappropriate selection of fealures such as activation times. Additionaily,
due to the complex nature of conventional technigues, cardiac maps often are not

suitable for accurate and efficient interpretation.

SUMMARY

[0006] As recited in examples, Example 1is a method of processing cardiac
information. The method includes the steps of receiving an activation waveform
comprising a set of activation waveform data of a plurality of signal sections collected at
a plurality of locations; receiving a set of window parameters comprising a range of
window size. For each signal section of the plurality of signal sections, the method
further includes the steps of: determining a set of confidence values, each confidence
value corresponding to a window size, by iterating through a plurality of window sizes in
the range of window size; for each window size of the plurality of window sizes,
selecting a position of a central window, the central window having the each window
size; calculating a set of correlations, each of the set of correlations being a correlation
of the activation waveform in the central window and the aclivation waveform in a

shifted window, the shifled window being a sample window shifted from the central
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window and having the each window size; and determining one of the set of confidence
values based on the set of correlations. For each signal section of the plurality of signal
sections, the method further includes the steps of. comparing the set of confidence
values to select a designated confidence value and a selected window size
corresponding (o the designated confidence value; and defermining one of a plurality of
local cycle lengths for the each of the plurality of signal sections based on the selecied
window size. The method further includes the step of. generating a local cycle length
histogram based on the plurality of local cycle lengths.

[0007] Example 2 is the method of Example 1, wherein the plurality of locations
are seleclted based on an input.

[0008] Example 3 is the method of Example 2, wherein the input indicates a
probe location in the heart chamber, and wherein the plurality of locations are within a
predetermined radius from the probe iocation.

160097 Example 4 is the method of any one of Examples 1-3, wherein the plurality
of locations cover a part of a heart chamber.

00103 Example § is the method of any one of Exampies 1-4, wherein the set of
correlations comprise a set of backward correlations and a set of forward correlations,
wherein each of the set of backward correlations is a correlation of the central window
and a backward shifted window, whersin the backward shifted window is the ceniral
window shifted backward, wherein each of the set of forward correlations is a correiation
of the central window and a forward shifted window, whersin the forward shifted window
is the central window shifted forward.

160611} Example 6 is the method of Example &, wherein the set of confidence
values comprise a set of backward confidence values and a set of forward confidence
values, wherein sach of the set of backward confidencs values is a backward
confidence value determined based on backward correlations of & window size, and
wherein each of the set of forward confidence values is a forward confidence valus
determined based on forward correlations of a window size.

(60123 Example 7 is the method of bxampie 8, further comprising: comparing the
set of backward confidence values 1o select a designated backward confidence valus

and a selected backward window size corresponding (o the designated backward
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corfidence value; comparing the set of forward confidence values to select a
designated forward confidence vaiue and a selecled forward window size corresponding
to the designated forward confidence value, and determining the local cycle length

hasead on thea selectad backward window size and the sslected forward window size.

(00131 Example 8 is the meathod of any one of Examples 1-7, further comprising:
(60143 generating a representation of the local cycle length histogram.

(00153 xample 9 is the meathod of Example 8, further comprising:

(6016} receiving an input for & region of interest; overlaying a representation of

the region of inlerest on the representation of the local cydle length histogram.

160173 Example 10 is the method of any one of Examples 1-9, further comprising:
for each signal section of the plurality signal sections, determining one of a plurality of
duty cycles based on the aclivation waveform of a selected central window having the
selected window size, wherein the selected central window is corresponding to the

designated confidence value.

[0018] Example 11 is the method of Example 10, wherein the one of the plurality
of duty cycles is an average of the activation waveform dala in the selected central
window.

00193 Example 12 is a system for processing cardiac information. The system

comprisaes a processing unit configured {o: receive an activation waveform comprising a
set of activation waveform data of a plurality of signal seclions collected at a plurality of
locations,; receive a sel of window parameters comprising a range of window size. The
processing unit is further configured to: for each signal section of the plurality of signal
sections, determine a set of confidence values, each confidence value corresponding o
a window size, by iterating through a plurality of window sizes in the range of window
size; for each window size of the plurality of window sizes, select a position of a central
window, the central window having the each window size; calculate a set of correlations,
gach of the set of correlations being a correlation of the activation waveform in the
cantral window and the activation waveform in a shifled window, the shifted window
being a sample window shifted from the central window and having the each window
size: and determine one of the setl of confidence valuas based on the seat of correlations.

The processing unit is further configurad to: for each signal section of the plurality of
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signal sections, compare the set of confidence values o select a designated confidence
value and a selected window size corresponding to the designated confidence value,
and determine oneg of a plurality of local cycle lengths for the sach of the plurality of
signal sections based on the seiected window size. The processing unit is further
configured to generate a local cycle length histogram based on the plurality of local
cycle lengths.

00207 Example 13 is the system of Example 12, wherein the plurality of locations
are selected based on an input.

0021} Example 14 is the system of Example 13, wherein the input indicales a
probe location in the heart chamber, and wherein the plurality of locations are within a
predetermined radius from the probe iocation.

160223 Example 15 is the system of any one of Examples 12-14, wheregin the set
of correlations comprise a set of backward correlations and a set of forward
corralations, wherein each of the set of backward correlations is a correlation of the
central window and a backward shifted window, wherein the backward shifted window is
the central window shifted backward, wherein each of the set of forward correlalions is a
corralation of the central window and a forward shifted window, wherein the forward
shifted window is the central window shifted forward.

(0023} Example 16 is a method of processing cardiac information. The method
inciudes the steps of. receiving an activation waveform comprising a set of activation
waveform data of a plurality of signal sections collected at a plurality of locations;
receiving a setl of window parameters comprising a range of window size. For each
signal section of the plurality of signal sections, the method further includes the steps of.
determining a set of confidence values, each confidence value corresponding o a
window size, by iterating through a pluralily of window sizes in the range of window size;
for each window size of the plurality of window sizes, selecting a position of a central
window, the central window having the sach window size; calculating a set of
correlations, each of the set of correlations being a correlation of the activation
waveform in the central window and the activation waveform in a shifted window, the
shifted window being a sample window shifted from the central window and having the

gach window size; and determining one of the set of confidence values based on the ast
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of correlations. For each signal section of the plurality of signal sections, the method
further includes the steps of. comparing the set of confidences values 1o selact g
designaled confidences value and a selected window size corresponding to the
designated confidence value; and determining one of a plurality of local cycle lengths for
the each of the pluralily of signal sections based on the selected window size. The
method further includes the step of. generating a local cycle length histogram based on
the plurality of logal cycle lengths.

(60243 Example 17 is the method of Example 16, wherain the plurality of
locations are selecied based on an inpul.

10028} Example 18 is the method of Exampie 17, wherein the input indicates a
probe location in the heart chamber, and wherein the plurality of locations are within a
predetermined radius from the probe iocation.

[0026] Example 19 is the method of Example 18, wherein the plurality of
locations cover a part of a heart chamber.

00273 Example 20 is the method of Example 18, wherein the set of correlations
comprise a set of backward correlations and a set of forward correlations, wherein each
of the set of backward correlations is g correlation of the central window and a
backward shifted window, wherein the backward shifted window is the central window
shifted backward, wherein each of the set of forward correlations is a correlation of the
ceniral window and a forward shifted window, wherein the forward shifted window is the
central window shifted forward.

[0G28] Example 21 is the method of Example 20, wherein the set of confidence
values comprise a set of backward confidence values and a set of forward confidence
values, wherein each of the set of backward confidence values is & backward
confidence value determined based on backward correlations of a window size, and
wherein each of the set of forward confidence values is a forward confidence value
determined based on forward correlations of a window size.

(00291 Example 22 is the method of Example 21, further comprising: comparing
the set of backward confidence values {0 select a designated backward confidence
value and a selected backward window size corresponding to the designated backward

confidence value, comparing the set of forward confidence values to select a
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designated forward confidence vaiue and a selecied forward window size corresponding
to the designated forward confidence value, and determining the local cycle length
based on the selected backward window size and the selectaed forward window size.
(60307 Example 23 is the method of Example 16, further comprising: generaling a
representation of the local cycle length histogram.

60313 Example 24 is the method of Example 23, further comprising: receiving an
input for a region of interest; overlaying a representation of the region of interest on the
reprasentation of the local cycle length histogram.

0032} Example 25 is the method of Example 18, further comprising: for each
signal section of the piurality signal sections, determining one of a pluraiity of duty
cycles based on the activation waveform of a selected central window having the
selected window size, wherein the selecied ceniral window is corresponding to the
designated confidence value.

16033} Example 26 is the method of Example 25, whereain the one of the plurality
of duty cycles is an average of the activation waveform data in the selecled central
window.

(0034} Example 27 is the method of Example 25, further comprising: generating a

local duty cycle histogram based on the plurality of duty cycles.

(0035} Example 28 is the method of Example 27, further comprising: generating a
representation of the local duty cycle histogram.

(0036} Example 29 is the method of Example 18, further comprising: for each
signal section of the pluralily of signal sections, determining one of a plurality of section
confidence values based on set of confidence values.

(0637} Example 30 is the method of Example 22, further comprising: for each
signal section of the plurality of signal sections, determining one of a plurality of section
corfidence values based on the designated backward confidence vailue, the designaied
forward confidences value, the selecied backward window size, and the selactsd forward
window size.

(6038} Example 31 is the method of Example 28, wherain each of the set of
confidence valuas is based on an amplitude of the aclivation waveform in the central

window of the selected window size and tha sat of corralations.
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(0639} Example 32 is the method of Example 28, further comprising: generating a
confidence value histogram based on the plurality of section confidence values.

(00407 xample 33 is the method of Example 32, further comprising: generating a
reprasentation of the confidence value histogram.

(00413 Example 34 is a system for processing cardiac information. The system
comprises a processing unit configured to: receive an aclivation waveform comprising a
set of aclivation waveform data of a plurality of signal seclions collected at a plurality of
locations, receive a set of window parameters comprising a range of window size. The
processing unit is further configured to: for each signal section of the plurality of signal
sections, determine a set of confidence values, each confidence value corresponding {0
a window size, by iterating through a plurality of window sizes in the range of window
size; for each window size of the plurality of window sizes, select a position of a central
window, the central window having the each window size; calculate a set of correlations,
each of the set of correlations being a correlation of the activation waveform in the
central window and the activation waveform in a shified window, the shifted window
being a sample window shifted from the central window and having the each window
size; and determine one of the set of confidence values bassed on the set of correlations.
The processing unit is further configured to: for each signal section of the plurality of
signal sections, compare the set of confidence values to select a designated confidence
value and a selected window size corresponding to the designated confidence vailue;
and determine one of a plurality of local cycle lengths for the each of the plurality of
signal sections based on the selected window size. The processing unit is further
configured to generate a local cydle length histogram based on the plurality of local
cycle lengths.

(00423 Example 35 is the system of Example 34, wherein the plurality of locations
are selecled based on an input.

(0043} While mulliple embaodiments are disclosed, still other embodiments of the
present invention will become apparent {0 those skilled in the art from the following
detailed description, which shows and describes iilustrative embodiments of the
invention. Accordingly, the drawings and detailed description are {0 be regarded as

Hlustrativa in nature and not restrictiva.
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BRIEF DESCRIPTION OF THE DRAWINGS

10044 FiG. 1 is a conceptual schematic diagram depicting an illustrative
electrophysiciogy system, in accordance with some embodiments of the present
disclosure.

(0045} FIG. 2 is a block diagram depicting an Hlustrative processing unit for use
with an slectrophysiology sysiem, in accordance with embodiments of the subject
matier disclosed herein.

(60486} FIG. 3 is a flow diagram depicting an fllustrative process for generating a
cardiac map, in accordance with embaodiments of the subject matter disclosed herein.
(60471 FIGS. 4A-4D are flow diagrams depicting illustrative methods of
processing electrophysiclogical information, in accordance with embodiments of the
subiject matter disclosed hergin.

[06481 FIG. 5A depicts an exemplary graphical representation fllustrating
electrical signals received from a mapping catheter.

(06481 FIG. 58 depicts a waveform of raw cardiac electrical signais and an
activation waveform corresponding to the cardiac electrical signals.

[00801 FiG. 5C shows an illustrative example of a central window, a backward
shifted window and a forward shifted window.

(085813 FiG. 5D shows an example activation waveform with a ceniral window, a
backward shifted window, and a forward shifted window.

(065623 FiG. 5E shows an illustrative example of a set of correlation values of
different window sizes.

16053} FiG. 5F shows one illustrative example of a set of channel correlations for
windows with a jittering range of -5ms to 5ms.

10054} FiG. 5G shows another illustrative example of a set of correlation values
of different window sizes.

100565} FIG. 5H shows another llustrative example of a set of channel! correlations
for windows with a jittering range of -bms {o Sms.

100586} FiG. 5l depicts an illustrative example of a maximum waveform.
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(0057} FIG. 6 is a flow diagram depicting an lllustrative method of processing
glectrophysioiogical information {0 generate histograms, in accordance with

embodiments of the subject matier disclosed herein.

HE FIG. 7Ais an Hlustrative example of a local cycle length histogram.

(00591 FiG. 78 is an illustrative example of a local duty cycle histogram.

(60601 FIG. 70 is an iilustrative example of a confidence value histogram,

[oos1} FiG. 7D depicts an illustrative example of a representation of a local cycle

length histogram with a cardiac map.

[o6s2} FIG. 8A is a flow diagram depicting an illustrative method of processing
electrophysioiogy information {0 generate a representation of electrogram
characieristics, in accordance with some embodiments of the present disclosure.
(60631 FI(3. 8B is a flow diagram depicting an illustrative method of using a
representation of electrogram characleristics to refine a cardiac map, in accordance
with some embodiments of the present disclosure.

[0064} FiG. SA depicts an illusirative example of cardiac maps with electrogram
characteristics indications.

(0065} FiG;. 9B depicts one illusirative example of a graphical representation
having a roving probe.

(0066} FiG. 9C depicts one illustrative exampile of a scatter piot.

[0067} FIG. 80 depicts one lllustrative example of a graphical representation
having a scaiter plot and one or more cardiac maps.

10068} FIG. Ok depicts an illustrative example of a graphical representation of a
set of electrogram characteristics.

10069} FIG. OF depicts an iHustrative example of a cardiac map overlaid with
activation waveform indicatlions.

10070} FIG. 96 depicts an illustrative example of a reprocessed cardiac map
based on the cardiac map depicted in FIG. 8F.

(00713 While the invention is amenable {o various moedifications and alternative
forms, specific embodiments have been shown by way of example in the drawings and
are described in detail below. The intention, however, (s not o limit the invention to the

particular embodiments described. On the contrary, the invention is infended to cover
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all modifications, eguivalents, and alternatives falling within the scope of the invention
as defined by the appended claims.

DETAILED DESCRIPTION

(006723 As the terms are used herein with respect 1o measurements (e.¢.,
dimensions, characteristics, attributes, components, efc)), and ranges thereof, of
tangible things (e.g., products, inventory, efc.} and/or intangible things (e.g., data,
electronic represeniations of currency, accounts, information, portions of things (e.g.,
percentages, fractions), calculations, data modeals, dynamic system models, algorithms,
parameters, efc), "about” and “approximately” may be used, interchangsably, (o refer (o
a measurement that includes the stated measurement and that also includes any
measurements that are reasonably close (o the stated measurement, but that may differ
by a reasonably small amount such as will be understood, and readily asceriained, by
individuals having ordinary skill in the relevant arts {0 be atiribuiable {o measurement
grror, differences in measurement andfor manufacturing squipment calibration; human
grror in reading andfor setling measurements,; adjustments made to opltimize
performance and/or structural parameters in view of other measurements {(e.g.,
measurements associated with other things), particular implementation scenarios,
imprecise adjustment and/or manipulation of things, setlings, and/or measurements by
a person, a computing device, and/or a machine,; system tolerances; control loops;
machine-learning; foreseeable variations {e.q., stalistically insignificant variations,
chaotic variations, system and/or model instabilities, efc.); preferences,; and/or the like.
0073} Although illustrative methods may be represented by one or more
drawings (e.g., flow diagrams, communication fiows, etc.}, the drawings should not be
interpreted as implying any requirement of, or particular order among or between,
various steps disclosed herein. However, certain some embodiments may require
certain steps and/or certain orders between certain steps, as may be explicitly
described herein andfor as may be understood from the naiure of the steps themselves
{2.g., the performance of some steps may depend on the outcome of a previous stap).

Additionally, a “set,” “subset,” or “group” of items {e.q., inputs, aigorithms, data values,
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ate.) may include one or more items, and, similarly, a subset or subgroup of ilems may
include one or more items. A “plurality” means more than one.

(00743 As used herein, the term “based on” is not meant to be rastrictive, but
rather indicates that a determination, identification, prediction, calculation, and/or the
fike, is performed by using, at least, the {erm following “based on” as an inpul. For
example, pradicting an oulcome based on a particular piece of information may
additionally, or altermnatively, base the same determination on ancther piece of
information.

[007 5] During atrial fibrilation (AF), traditional activation mapping using a
reference electrode on a coronary sinus {(C8) catheter is likely not possible due to the
disorganized and dissociated nature of aclivation on the CS. This limits the utility of the
cardiac mapping system during many AF cases, most notably persistent AF. ithas
demonstrated the presence of clear and consistent organization with discrete cycle
length patierns in some areas of the atria during AF. Knowiedge on how local cycle
length and duty cycle data patterns cluster spatially is important in finding AF drivers. In
some cases, for a given cycle length, duty cycle gives important information as (o the
nature of the different patterns observed, for example, the type of AF driver responsible
for each cycie length observed, and how that driver might best identified/eliminated.
Embodiments of systems and methods described herein faciliiale determining
characteristics (e.q., local cycle length, local duty cycle, confidence values, and the
like), also referred to as waveform characteristics, of cardiac electrical signals recorded
on a mapping catheter without a fixed or associated reference electrode or without
referencing the signals measured by a fixed or associated reference electrods.
Determination of local cycle length according to the present disclosure provides the
clinician with a diagnostic estimation of actual atrial fibrillation cycle length, which can
he difficult to asceriain using conventional methods. in embodiments, the local cycle
length can be determined without the need for a fixed or associated reference cycle,
and/or without referencing the signals measured by a fixed or associated reference
glectrode. Local duty cycle of cardiac electrical signals can be determined based on the

focal cycle length. In embodiments, the local duty cycle can delermined without the
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need for a fixed or associated reference cycle length, and/or without referencing the
signals measured by a fixed or associated reference electrode.

(0076} Embodiments of the present disclosure facilitate finding meaningful
deflactions while rejecting noises and arlifacis. An activation waveform, or referred to
as an annotation waveform, is a set of activation waveform values and may include, for
gxample, a set of discrete activation waveform values (.q., a sel of activalion waveform
values, a set of aclivation fime annotations, eic.), a function defining an activation
waveform curve, and/or the like. In some embodiments, each data point of an aclivation
waveform represents the per-sampie "probability” of tissue activation. In some
embodiments, the waveform characteristics may be displayed, used o present in an
activation propagation map, used o facilitaie diagnoses, used to facilitate classification
of electrical signals, and/or the like. To perform aspects of embodiments of the
methods described herein, the cardiac electrical signals may be oblained from a
mapping catheter (e.¢., associated with & mapping system), which may be used in
conunction with other equipment typically used in an electrophysiclogy lab, e.g., a
recording system, a coronary sinus (CS) catheter or other reference catheter, an
ablation catheter, a memory device (e.g., a local memory, a cloud server, eic), a
communication component, a medical device {&.¢., an implaniable medical device, an
gxternal medical device, a telemetlry device, elc.), and/or the like.

0077} As the term is used herein, a sensed cardiac electrical signal may refer to
one or more sensed signals. kach cardiac electrical signal may comprise intracardiac
electrograms (EGMs) sensed within a patient’s heart and may include any number of
features that may be ascertfained by aspects of an electrophysiology system. Examples
of cardiac electrical signal features include, but are not limited to, activation times,
activations, activation waveforms, filtered activation waveforms, minimum vollage
values, maximum voltages values, maximum negative time-derivatives of voliages,
instantanecus polentials, voltage amplitudes, dominant frequencies, peak-to-peak
voltages, and/or the like. A cardiac glectrical signal feature may refer to one or more
features extracted from one or more cardiac electrical signals, derived from one or more
features that are extracted from one or more cardiac electrical signals, and/or the hike.

Additionally, a representation, on a cardiac andfor a surface map, of a cardiac electrical
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signal feature may represent one or more cardiac electrical signal features, an
interpolation of a number of cardiac slectrical signal features, andfor the like.

(0078} fach cardiac signal aiso may be associated with a sel of respective
position coordinates that corresponds o the location at which the cardiac electrical
signal was sensed. Etach of the respeclive position coordinates for the sensed cardiac
signals may include three-dimensional Cartesian coordinates, polar coordinates, and/or
the ike. In some cases, other coordinate systems can be used. In some embodiments,
an arbitrary origin is used and the respective position coordinates refer to positions in
space relalive to the arbitrary origin.  Since, in some embodiments, the cardiac signals
may be sensed on the cardiac surfaces, the respeclive position coordinates may be on
the endocardial surface, epicardial surface, in the mid-myocardium of the patient's
heart, and/or in the vicinity of one of one of these.

(06781 FIG. 1 shows a schematic diagram of an exemplary embodiment of an
electrophysioiogy system 100, As indicated above, embodiments of the subject matier
disciosed herein may be implementad in an electrophysiclogy system (e.g., a mappings
system, a cardiac mapping system), while other embodiments may be implemented in
an ablation system, a recording system, a computer analysis system, and/or the like.
The electrophysiclogy system 100 includes a moveable catheter 110 having mulliple
spatially distribuied electrodes. During a signal-acquisition stage, the catheter 110 is
displaced to multiple iocations within the heart chamber into which the catheter 110 is
inseried. In some embodiments the distal end of the catheter 110 is fitted with muitiple
electrodes spread somewhat uniformily over the catheter. For example, the electrodes
may be mountad on the catheter 110 following a 3D olive shape, a basket shape, and/or
the like. The elecirodes are mounted on a device capable of deploying the elecirodes
into the desired shape while inside the heart, and refracting the elecirodes when the
catheter is removed from the heart. To allow deployment into a 3D shape in the heart,
glacirodes may be mounted on a balloon, shape memory material such as Nitinol,
actuable hinged structure, andfor the like. According to embodiments, the catheter 110
may be a mapping catheter, an ablation catheter, a diagnostic catheter, a S catheter,
andfor the like. For example, aspects of embodiments of the catheter 114, the electrical

signals obtained using the catheter 110, and subsequent processing of the electrical
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signals, as described herein, may also be applicable in implementations having a
recording system, ablation system, and/or any other system having a catheler with
glecirodes that may be configured {0 obiain cardiac elactrical signals.

(60807 Al sach of the locations to which the catheter 110 is moved, the catheler's
muitiple electrodes acquire signals resulting from the electrical activity in the hearl.
Consequently, reconstructing and praesenting to a user (such as a doctor andfor
technician) physiclogical data pertaining to the heart's electrical activity may be based
on information acquired at multiple locations, thereby providing a more accurate and
faithful reconstruction of physiclogical behavior of the endocardium surface. The
acquisition of signals at mulliple catheter locations in the heart chamber enables the
catheter to effectively act as a "mega-cathelter” whose effective number of electrodes
and electrode span is proportional to the product of the number of locations in which
signal acquisition is performed and the number of electrodes the catheler has.

160813 To enhance the quality of the reconsiructed physiological information at
the endocardium surface, in some embodiments the catheter 110 is moved to more
than three locations (for example, more than 5, 10, or even 50 locations) within the
heart chamber. Further, the spatlial range over which the catheter is moved may be
larger than one third (1/3) of the diameter of the heart cavity {for example, larger than
35%, 40%, 50% or even 80% of the diametler of the heart cavily). Additionally, in some
embodiments the reconstrucied physiological information is computed based on signals
measured over several heart beats, either at a single catheter location within the heart
chambaer or over several iocations. In circumstances where the reconstructed
physiological information is based on multiple measurements over several heart beats,
the measurements may be synchronized with one another so that the measurement are
performed at approximately the same phase of the heart ¢cycle. The signal
measuraments over multiple beats may be synchronized based on fealures detected
from physiclogical data such as surface electrocardiograms (ECGs) and/or intracardiac
electrograms (EGMs).

(60823 The slectrophysiclogy system 100 further includes a processing unit 120
which performs several of the operations periaining to the mapping procedure, including

the reconstruction procedure to determine the physiological information at the
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endocardium surface {€.¢., as described above) andfor within a heart chamber. The
processing unit 120 also may perform a catheter registration procedure. The
processing unit 120 also may generale a 3D grid used o aggregate the information
captured by the catheter 110 and to facilitate display of portions of that information.
(00831 The location of the catheter 110 inserted into the heart chamber can be
determined using a conventional sensing and tracking system 180 that provides the 3D
spatial coordinates of the catheler and/or its multiple electrodes with respect o the
catheter's coordinate system as established by the sensing and tracking system. These
3D spatial locations may be used in building the 3D grid. Embodiments of the system
100 may use a hybrid location {echnology that combines impedance location with
magnetic location technolegy. This combination may enable the system 100 {o
accurately track catheters that are connacied to the system 100, Magnetic location
technology uses magnetic fields generated by a localization generator positioned under
the patient table to track cathelers with magnetic sensors. Impedance location
technology may be used to track cathelers that may not be equipped with a magnetic
location sensor, which may be used with surface ECG paiches.

(0084} in some embodiments, to perform 8 mapping procedure and reconstruct
physiological information on the endocardium surface, the processing unit 120 may
align the coordinate system of the catheter 110 with the endocardium surface’s
coordinate system. The processing unit 120 (or some other processing component of
the system 100) may delermine a coordinale system transformation function that
transforms the 30 spatial coordinates of the catheter’s locations inlo coordinates
gxprassed in terms of the endocardium surface’s coordinate system, and/or vice-versa.
in some cases, such a transformation may notf be necessary, as some embodiments of
the 3D grid may be used fo capture contact and non-contact EGMs, and select mapping
values based on siatistical distributions associated with nodes of the 2D grid. The
processing unit 120 aiso may perform post-processing operations on the physiological
information {o extract and display useful features of the information {o the operator of
the system 100 and/or other parsons {&.q., a physician).

(00853 According to embodiments, the signals acquired by the muitiple eleclrodes

of catheler 110 are passed to the processing unit 120 via an electrical module 140,
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which may include, for example, a signal conditioning component. The electrical
module 140 receives the signals communicated from the catheter 110 and performs
signal enhancement operations on the signals before they are forwarded to the
processing unit 120, The slectrical moduie 140 may include signal conditioning
hardware, software, andfor firmware that may be used o amplify, filler and/or sample
intracardiac potential measured by one or more elecitrodes. The intracardiac signals
typically have a maximum amplifude of 80mY, with a mean of a few millivolts.

(60863 in some eambodiments, the signals are fillered by a bandpass filter with a
frequency range {e.g., 0.5-500Hz) and sampled with analog {o digital converters (e.¢.,
with 15-bit resclution at 1kHz). To avoid interference with elecirical equipment in the
room, the signals may be fillered t© remove the frequency corresponding {o the power
supply {e.g., 60 Hz). Cther types of signal processing operations such as spectral
gqualization, automatic gain control, efc. may aisc take place. In some
impiementations, the intracardiac signals may be unipolar signals measured relative to
a reference {which may be a virtual reference}. In such implementations, the reference
can be, for example, a coronary sinus catheter or Wilson's Central Terminal (WCT),
from which the signal processing operations may compute differences to generate
multipolar signals (e.g., bipolar signals, tripolar signais, etc.). In some other
impiementations, the signais may be processed {e.q., filtered, sampled, etc.) before
and/or after generating the muitipolar signals. The resuliant processed signais are
forwarded by the electrical module 140 to the processing unit 120 for further processing.
10087} As further shown in FIG. 1, the electrophysiology system 100 also may
inciude peripheral devices such as a printer 150 and/or display device 170, both of
which may be interconnectad to the processing unit 120, Additionally, the
glectrophysiology system 100 includes storage device 160 that may be used to store
data acguired by the various interconnected modules, including the volumelric images,
raw data measured by elecirodes and/or the resultant endocardium representation
computed therefrom, the partially computed transformations used to expediie the
mapping procedures, the reconstructed physiological information corresponding o the

endocardium surface, andfor the like.
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(0688} in some embodiments, the processing unit 120 may be configured to
automatically improve the accuracy of its algorithms by using one or more artificial
inteiligence {echnigues {(e.g., machine leaming models, deep leaming modeis),
classifiers, andfor the like. In some embodiments, for example, the processing unit may
Use one or more supervised and/or unsupervised techniques such as, for example,
support vector machinas (SVMs}, k-nearest neighbor techniques, neural networks,
convolutional neural networks, recurrent neural networks, and/or the like. In some
embaodiments, classifiers may be trained andfor adapted using feedback information
from a user, other metrics, and/or the like.

[6089] The Hlustrative electrophysiclogy system 100 shown in FIG. 1 is not
intended o suggest any iimitation as {o the scope of use or functionality of
embodiments of the present disclosure. Neither should the illustrative electrophysiclogy
sysiem 100 be interpreted as having any dependency or requirement related to any
single component or combination of components illustrated therein. Additionally,
various compoenents depicted in FIG. 1 may be, in some embodiments, integrated with
various ones of the other components depicted therein {and/or componenis not
flustrated), all of which are considered {0 be within the ambit of the subject matier
disciosed herein. For example, the electrical module 140 may be integrated with the
processing unit 120, Additionally, or alternatively, aspects of embodiments of the
electrophysiciogy system 100 may be implemented in a computer analysis sysiem
configured to receive cardiac electrical signals andfor other information from a memory
device {&.qg., a cloud server, a mapping system memory, efc.}, and perform aspecis of
embaodiments of the methods described herein for processing cardiac information (2.q.,
determining annctation waveforms, eic.). That is, for example, a computer analysis
system may include a processing unit 120, but not a mapping catheter.

100803 FIG. 2 is a block diagram of an iilustrative processing unit 200, in
accordance with embodiments of the present disclosure. The processing unit 200 may
be, be similar {o, include, or be included in the processing unit 120 depicted inFIG. 1.
As shown in FIG. 2, the processing unit 200 may be implementead on a computing
device that includes one or more procassors 202 and one or more memories 204,

Although the processing unit 200 is referred {0 hereain in the singular, the processing unit
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200 may be implemented in muitiple instances (e.q., as a server cluster), distributed
across multipie computing devices, instantiated within multiple virtual machines, and/or
the like. One or more components for facilifating cardiac mapping may be stored in the
memory 204, In some embodiments, the processor 202 may be configured to
instantiate the one or more components (o generate an activation waveform, a set of
waveform analysis results, electrogram characteristics, a histogram, and a cardiac map,
any one or more of which may be stored in the data repository 206,

(6081} As depicted in FIG. 2, the processing unit 200 may include an acceptor
212 configured to receive elecinical signals from a mapping catheter {e.g., the catheler
110 depicted in FIG. 1). The measured electrical signals may include a number of
intracardiac electrograms (EGMs) sensed within g patient’s heart. The acceptor 212
may also receive an indication of a measurement location corresponding (o each of the
glecirical signals. In some embodiments, the acceplor 212 may be configured to
determine whether to accept the elecirical signals that have been received. The
accepior 212 may utilize any number of different components and/or technigques o
determine which electrical signals or beats to accept, such as filtering, beat matching,
morphology analysis, positional information (g.g., catheter motion), respiration gating,
andfor the like. The received electrical signais and/or the processed electrical signals
may be stored in the data repository 206,

00923 The accepled electrical signals are received by an activation waveform
generator 214 that is configured to exiract at least one annotation feature from each of
the electrical signals, in cases in which the electrical signal includes an annotation
feature to extract. in some embodiments, the at isast one annotation feature includes at
least one value corresponding o at least one annotation metric. The at least one
feature may include at least one event, where the at least one event includes the at
least one value corresponding o the at least one metric andior al least one
corresponding time (a corresponding time does not necessarily exist for each
annotation feature). In some embaodiments, the at least one melnic may include, for
gxample, an activation time, minimum voltage value, maximum voltage value, maximum
negative time-derivative of voltage, an instantaneous potential, a voltage amplitude, a

dominant frequency, a peak-to-peak voltage, an activation duration, and/or the ftke. In
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some embaodiments, the activation waveform generator 214 may be configured {o delect
activations and to generate an aclivation waveform. in some cases, the waveform
generator 214 can use any one of aclivation waveform embodiments, for example,
including those described in U.S. Patent Publication 2018/0296113, entitied
"ANNOTATION WAVEFORM,” the disclosure of which is hereby expressly incorporated
herain by reference.

(0083} As illustrated in FIG. 2, the processing unit 200 includes a waveform
analyzer 216 {o analyze the activation waveform generated by the activation waveform
generator 214 and the received cardiac electrical signals. The waveform analyzer 216
is configured determine one or more characteristics of the cardiac electrical signals, or
referred to as electrogram characteristics, for exampie, the cydle length, the local cycle
length, the duty cycle, the local duty cycle, and confidence values associated thersof.
(06941 As shown in FIG. 2, the processing unit 200 includes a histogram
generator 218 that is configured o generate an analysis histogram having a number of
bins within which analysis resulls (e.g., local cydle lengths, local duty cydles) from the
waveform analyzer 216 are included. The processing unit 200, using the histogram
generator 218, may be configured to aggregate a sel of analysis resulls by including
each of the analysis results in a histogram. For exampie, the histogram generator 218
may be configured to aggregate a set of local cycle length, iocal duty cycles, and
corfidence levels in 3 histogram. Additionally, the processing unit 200 includes a map
engine 220 that is configured to facilitate presentation of a map corresponding o a
cardiac surface based on the electrical signals. In some embodiments, the map may
inciude a voltage map, an activation map, a fractionation map, velocity map, confidence
map, and/or the like. In some embodiments, the map may include overlaid
reprasentations of analysis resuli{s) {e.q., local cycle length, iocal duty cycle, efc) at a
corresponding location in the heart chamber.

(0095} The Hlustrative processing unit 200 shown in FIG. 2 is not intended to
suggest any limitation as o the scope of use or functionality of embodiments of the
present disclosure. Neaither should the ilustrative processing unit 200 be interpreled as
having any dependency or requirement related to any single component or combination

of compaonents Hustrated therein. Additionally, any one or more of the components
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depicted in FIG. 2 may be, in some embodiments, integrated with various ones of the
other components depicted therein {(and/or componeanis not Hllustrated), all of which are
considered 10 be within the ambit of the subject matter disclosed herein. For example,
the acceptor 212 may be integrated with the histogram generator 218 andior the
mapping engine 220. In some embaodiments, the procassing unit 200 may not include
an acceptor 212, while in other embodiments, the acceplior 212 may be configured (o
recaive glectrical signals from a memory device, a communication componeant, and/or
the like.

[0096] Additionaily, the processing unit 200 may (alone and/or in combination
with other components of the system 100 depicted in FIG. 1, and/or other components
not illustrated) perform any number of different funclions and/or processes associated
with cardiac mapping (&.¢., triggering, blanking, field mapping, etc.} such as, for
gxampie, those described in U.S. Patent Publication 2018/0296113, entitled
ANNOTATION WAVEFORM.” U.S. Paltent 8,428,700, entiled
‘ELECTROANATOMICAL MAPPING;” U.S. Patent 8,848,837, entitled
‘ELECTROANATOMICAL MAPPING;” U.S. Patent 8,615,287, entitled “CATHETER
TRACKING AND ENDOCARDIUM REPRESENTATION GENERATION;” U.S. Patent
Fublication 2015/0065836, entitied “ESTIMATING THE PREVALENCE OF
ACTIVATION PATTERNS IN DATA SEGMENTS DURING ELECTROPHYSICLOGY
MAPPING;” U.S. Patent 6,070,094, entitled “SYSTEMS AND METHODS FOR
GUIDING MOVABLE ELECTRODE ELEMENTS WITHIN MULTIPLE-ELECTRODE
STRUCTURE,” U.B. Patent 8,233,491, entitled "CARDIAC MAPPING AND ABLATION
SYSTEMS,” U.5. Patent 6,735,485, entitled "SYSTEMS AND PROCESSES FOR
REFINING A REGISTERED MAP OF A BODY CAVITY,” the disclosures of which are
hereby expressly incorporated herein by reference.

10687} According to embodiments, varicus components of the electrophysiology
system 100, illustrated in FIG. 1, and/or the processing unit 200, lllustrated in FIG. 2,
may be implemeanted on one or more compuling devices. A computing device may
include any type of computing device suitable for implementing embodiments of the
disciosure, Examples of computing devices include spedialized computing devices or

general-purpose computing devices such “workstations,” "servers,” “laptops,”
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“‘deskiops,” “tablet computers,” *hand-held devices,” “general-purpose graphics
processing units (GPGRUS),” and the like, all of which are contemplated within the
scope of FIGS. 1 and 2 with reference {0 various components of the system 100 andfor
processing unit 200

[008R] i some embodiments, a computing device includes a bus that, directly
and/or indirectly, couples the following devices: a processor, a memaory, an input/output
(VO port, an VO component, and a power supply. Any number of additional
componeants, different components, and/or combinalions of components may also be
included in the computing device. The bus represents what may be ong or more
busses {(such as, for example, an address bus, data bus, or combination thereof).
Sirmilarly, in some embodiments, the computing device may include a number of
processors, a number of memory components, 8 number of YO ports, a number of /O
components, and/or a number of power supplies. Additionally, any number of these
components, or combinations thereof, may be disiribuied and/or duplicated across a
number of computing devices.

100997 in some embodiments, memeory {e.q., the storage device 160 depicted in
FIG. 1, the memory 204 and/or the data repository 206 depicied in FIG. 2) includes
computer-readabile media in the form of volatiie and/or nonvolatile memory, transitory
and/or non-transitory storage media and may be removable, norwemovable, or g
combination thereof. Media examples include Random Access Memory (RAM); Read
Only Memory {(ROM); Electronically Erasable Programmable Read Only Memory
(EEPROM); flash memory,; optical or holographic media; magnetic casseties, magnetic
tape, magnetic disk storage or other magnelic storage devices; data transmissions;
and/or any other medium thai can be used 1o siore information and can be accessed by
a computing device such as, for example, guantum state memory, andfor the like. In
some embaodiments, the memory 204 and/or the storage device 160 stores compuier-
execuiable instructions for causing a processor (e.qg., the processing unit 120 depicted
in FIG. 1 andfor the processor 202 depicted in FIG. 2) to implemaeant aspects of
embaodiments of system components discussed herein and/or to perform aspects of

embodiments of methods and procedures discussed herein.
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100100] Computer-exgcutable instructions may include, for example, computer
code, machine-useable instructions, and the like such as, for example, program
components capable of being executed by one or more processors associated with a
computing device. Examples of such program components include the acceptor 212,
the waveform generator 214, the waveform analyzer 218, the histogram generator 218,
and the mapping engine 220. Program components may be programmed using any
number of different programming environments, including various languages,
development Kits, frameworks, and/or the like. Some or all of the funclionality
contemplated herein may aiso, or alternatively, be implemented in hardware andfor
firmware.

00101} The data repository 206 may be implementied using any one of the
configurations described below. A data repository may include random access
memorias, flat files, XML files, and/or one or more database management systems
(DBMS) executing on one or more database servers or a data center. A database
management system may be a relational (RDBMS), hierarchical (HDBMS),
multidimensional (MDBMS), object oriented (ODBMS or OODBMS) or object relational
(ORDBMS) database management system, and the like. The data repository may be,
for example, a single relational database. In some cases, the data repository may
inciude a plurality of databases that can exchange and aggregate daia by data
integration process or software application. In an exemplary embodiment, at least part
of the data repository 206 may be hosted in a cloud data center. In some cases, a data
repository may be hosted on a single computer, a server, a storage device, a cloud
server, or the like. In some cther cases, a data repository may be hosied on a series of
networked computers, servers, or devices. In some cases, a data repository may be
hosted on tiers of data storage devices including local, regional, and central.

100102} FIG. 3 is a flow diagram of an iflustrative processimethod 300 for
automated electro-anatomical mapping, in accordance with embodiments of the present
disciosure. Aspects of embaodiments of the method 300 may be performed, for
exampie, by a processing unit {e.g., the processing unit 120 depicted in FIG. 1, andfor
the processing unit 200 depicted in FIG. 2). A data stream 302 containing muitiple

signals is first input into the system (e.g., the cardiac elecirophysioiogy system 100
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depicted in FIG. 1). During the automated electro-anatomical mapping process, the
data stream 302 provides a collection of physiological and non-physiciogical signals that
serve as inpuls to the mapping process. The signals may be collected direclly by the
mapping system, and/or oblained from anocther sysiem using an analog or digital
interface. The data stream 302 may include signals such as unipolar andfor bipolar
intracardiac slectrograms (EGMs), surface electrocardiograms (ECGs), electrode
focation information oniginating from one or more of a vanety of methodologies
{magnetic, impedance, ultrasound, real time MR, etc.), lissue proximity information,
catheter force and/or contact information obtained from one or more of g variely of
methodologies {force spring sensing, piezo-electric sensing, oplical sensing etc.},
catheter tip and/or tissug temperature, acoustic information, catheter electrical coupling
information, catheter deployment shape information, electrode properties, respiration
phase, blood pressure, other physiclogical information, and/or the like.

1608103} For the generation of specific types of maps, one or more signals may be
used as one or more references, during a triggering/alignment process 304, {o trigger
and align the data stream 302 relative to the cardiac, other biclogical cycle andfor an
asynchroncus system clock resulting in beat datasets. Additionally, for each incoming
beat dataset, a number of beat metrics are computed during a beat metric determination
process 306. Beat metrics may be computed using information from a single signal,
spanning multiple signals within the same beat and/or from signais spanning multiple
beats. The beat metrics provide mulliple types of information on the guality of the
specific beat dataset and/or likelihood that the beat data is good for inclusion in the map
dataset A beat acceptance process 308 agoregales the criteria and determines which
heat datasets will make up the map daiaset 310, The map datasel 310 may be stored
in assgciation with a 30 grid that is dynamically generated during data acguisition.
100104 Surface geomelry data 318 may be generated concurrently during the
same data acquisition process using identical and/or different triggering and/or beat
acceptance melrics employing a surface geometry construction process 312, This
process constructs surface geometlry using data such as elecirode locations and
catheter shape coniained in the data stream. Additionally, or alternatively, previously or

concurrently collected surface geometlry 316 may be used as an input to surface
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geometry data 318 Such geomelry may have been coliected previously in the same
procedure using a different map dataset, and/or using a different maodality such as CT,
MRI, ultrasound, rotational angiography, and/or the like, and registered to the catheter
locating system. The system performs a source selection process 314, inwhich it
selects the source of the surface geometry data and provides surface geometry data
318 to a surface map generation process 320, The surface map generation process
320 is employed to generate surface map data 322 from the map dataset 310 and
surface geometry data 318,

[00108] The surface geometry construction algorithm generates the anatomical
surface on which the electroanatomical map is displayed. Surface geometry can be
constructed, for example, using aspects of a system as described U5, Patent
8,103,338, entitled “Impedance Based Anatomy Generation”; andfor U.S. Patent
8,548,837, eniitled “Clectroanatomical Mapping’, the contents of each of which is
incorporated by reference herein in its entlirsty. Additionally, or alternatively, an
anatomical shell can be construcied by the processing unit by filting a surface on
electrode locations that are determined either by the user or automatically {o be on the
surface of the chamber. In addition, a surface can be fit on the outermost elecirode
and/or catheter locations within the chamber.

(001086} As described, the map dataset 310 from which the surface is constructed
can employ identical or different beal acceptance critenia from those used for electrical
and other types of maps. The map dataset 310 for surface geometry construction can
be collected concurrently with electrical data or separately. Surface geometry can be
reprasentad as a mesh containing a collection of vertices (poinis) and the conneaclivity
hetween them (.9. triangles). Alternatively, surface geometry can be represented by
different funclions such as higher order meashes, non-uniform rational basis splines
(NURBS), and/or curvilinear shapes.

(66107} The generation process 320 generates surface map data 322, The
surface map data 322 may provide information on cardiac electrical excitation, cardiac
motion, tissue proximity information, tissue impedance information, force information,
and/or any other collectad information desirable o the dinician. The combination of

map dataset 310 and surface geometry data 318 allows for surface map generation.
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The surface map is a collection of values or waveforms {e.g., EGMs) on the surface of
the chamber of interest, whereas the map dataset can contain data that is not on the
cardiac surface. Cne approach for processing the map dataset 310 and surface
geometry data 318 {o obtain a surface map dataset 322 is described in US 7,515,854,
entitled “NON-CONTACT CARDIAC MAPPING, INCLUDING MOVING CATHETER
AND MULTI-BEAT INTEGRATION” and filed June 13, 2008, the contents of which is
incorporated by reference hearein in its entirety.

(60108} Alternatively, or in combination with the method above, an algorithm that
applies acceptance criteria to individua!l electrodes can be employed. For example,
electrode locations exceeding a set distance {e.g., 3mm) from surface geometlry can be
rejecied. Another algorithm can incorporate tissue proximity information using
impeadance for inclusion in the surface map data. In this case only elecirode location
whose proximity value is less than 3mm might be included. Additional metrics of the
underlying data can alsc be used for this purpose. For example, EGM properties similar
to beat metrics can be assessed on g per elecirode basis. In this case metrics such as
far field overlap and/or EGM consistency can be used. It should be understood that
variations on the method o project points from the map dataset 310 to the surface
andfor to select appropriate points can exist.

[06108] Once obtained, the surface map data 322 may be further processed to
annotate desired features from the underlying data, a process defined as surface map
annotation 324. Once data is collected into surface map data 322, atlributes relating to
the colleclted data may be aulomatically presenied to the user. These attributes can be
automatically determined and applied {o the data by the computer system and are
referred to herein as annotations. kExemplary annoctations include aclivation time, the
presence of double activation or fractionation, vollage amplitude, speciral content,
and/or the like. Due to the abundance of data available in automated mapping (e.¢.,
mapping completed by the computer system with minimal human input related {o the
incoming data), it is not practical for the operator {0 review and annotate data manually.
However, human input can be a valuable addition {0 the dala, and so when user input is
provided it is necessary for the computer system {o automatically propagate and apply it
to more than one data point at a time.
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00110} it may be possible o use the compuier system o automatically annotate
activation time, voltage, and other characteristics of individual EGMs. Activation time
detection may use methods similar {0 those previously described o detect a trigger and
can sirmilarly benefit from the use of blanking and powered {riggering operator. Desired
annotations may include instantansous potential, activation time, vollage amphitude,
dominant frequency andfor other properties of the signal. Once computed, the
annotations may be displayed superimposed on chamber gaometry. In some
embaodiments, a gap-filling surface map interpolation may be employed 326, For
gxample, in some embodiments, a gap-filling interpolation may be employed where a
distance between a point on the swrface to a measured EGM exceeds a threshold, as
this may indicale, for example, that grid-based interpolalion, as described herein, may
not be as effective in that situation. Displayed maps 328 can be computed and
displayed separately, and/or overlaid on top of each other.

60111 The Hlustrative process 300 shown in FIG. 3 is not intended o suggest
any himitation as to the scope of use or funclionality of embodiments of the present
disciosure. Neither should the iilustrative process 300 be interpreted as having any
dependency or requirement related to any single component or combination of
components illustrated therein. Additionally, any one or more of the components
depicted in FIG. 3 may be, for example, integrated with various ones of the other
components depicted therein (and/or components not lllustrated), all of which are
considered o be within the ambil of the present disclosure.

100112} FIG. 44 is an example flow diagram depicting an illustrative method 400A
of processing cardiac electrical signais and generaied activation waveform, in
accordance with some embodiments of the present disclosure. Aspects of
embaodiments of the method 4004 may be performed, for example, by an
electrophysiciogy system or a processing unit (e.g., the processing unit 120 depicted in
FIG. 1, and/or the processing unit 200 depicted in FIG. 2). One or more steps of
method 400Aare optional and/or can be modified by one or more steps of other
embaodiments describad herein. Addifionally, one or more steps of other embodiments
described herein may be added {0 the method 400A. First, the electrophysiclogy

sysiem receives an activation waveform (4104A). The activalion waveform includes a
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set of activation waveform data. In some embodiments, the activation waveform is
associated with a section of cardiac signais, for example, a signal section associated
with a heartbeat, a predetermined sample window, a predetermine time duration, or the
fika,

00113} The aclivation waveform can be generated using electrical signals
collecied from a catheler. A catheter may be any catheter having one or more
electrodes configurad {o obtain electrical signals (2., the cathater 110 depicted in FiG.
1, an ablation catheter, et} According to embodiments, cardiac elactric signal
features may be extracted from the cardiac electrical signals (e.g., EGMs). Examples of
features of the cardiac electrical signals include, but are not limited 1o, aclivation times,
minimum voitage values, maximum voltages values, maximum negative time-
derivalives of voltages, instantanecus polentials, voitage amplitudes, dominant
frequencies, peak-to-peak voltages, and/or the like. Each of the respective points at
which a cardiac electrical signal is sensed may have a corresponding set of three-
dimensional position coordinates. For exampie, the position coordinates of the points
may be represented in Cartesian coordinates. Other coordinate systems can be used,
as well. In some embodiments, an arbitrary origin is used and the respective position
coordinates are defined with respect to the arbitrary origin.  In some embodiments, the
points have non-uniform spacing, while in other embodiments, the points have uniform
spacing. in some embodiments, the point corresponding (o each sensed cardiac
glactrical signal may be located on the endocardial surface of the heart and/or below the
endocardial surface of the heart.

(00114} in some embodiments, identifying deflections that deviate beyond the
signal baseiine may include determining, for each sample point of an electrical signal, a
corresponding activation waveform value. For example, in embodiments, the system
may include determining a probability (2.g., a value between 0 and 1, inclusive) that a
given sample point represents an activation, based on ils relation to the signal baseline.
in embodiments, other numerical scales may be used for assigning the probability such
as, for exampile, values between 0 and 100, and/or the like. in embodiments, a
fikelinood (e.g., a probability} that a signal deflection represents an activation may be

determined based on the deviation of that deflection from the signal baseline. For
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example, a deflection having a maximum amplitude that deviates from the signal
baseline by al least a specified amount may be assigned a probability of 1, while a
deflection having a maximum amplitude that deviates from the signal baseline by at
most a specified amount may be assigned a probability of 0. Probabilities may be
assigned, in inear and/or nonlinear, fashions o deflections having ampiitudes that are
not satisfied by either of the preceding criteria based on, for example, the relative
deviation of the deflection amplitude with respect {0 the above criteria. In this manner,
for example, an activation waveform value may be a probability that an identified
deflection corresponding te a sample point represents an aclivation.

[G0118] FI(3. 5A depicts an exemplary graphical representation 500 illustrating
glectrical signals {in this case, EGMs) received from a mapping catheter, each
reprasenting a magnitude of a depolarization sequence of a heart during a
predetermined time period. in this example, EGMs of a mapping catheter having 64
electrodes are shown. Each waveform may represent unipolar signals received from an
glectrode of the mapping catheter. FIG. 5B depicts a waveform of g raw cardiac
electrical signal 502 and an aclivation waveform 504 corresponding o the cardiac
glecirical signal 502,

[061186] Referring hack o FIG. 44, the system receives a set of window
parameters (4154), for example, {o facilitale the determination of the local cycle length.
in one embodiment, the set of window parameters include a range of window size (2.q.,
minimum window size and maximum window size). In one exampie, the range of
window size can be from 120-300 milliseconds, although it is emphasized that this
window size range is exemplary only and is in no way limiting. In one embodiment, the
set of window parameters include a window increment. The system determines a set of
confidence values (4204}, where each confidence value corresponds {0 a window size
and the confidence values are calculated iterating through the window sizes in the
range of window size. In one embodiment, the window size of each iteration is
increased by the window increment size. In some embodiments, for each window size
(42543, a number of steps (e.¢., 430A-4504) are conducted. First, a position of 3
central window is selecied (4304}, As used herein, a position of a window (i.e., time

window or sample window) refers {o the center point of the window. In one
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ambodiment, the position of the central window is selected based on a beat location.
For example, the center point of the central window s set as the beat location. The
beat location can be determined, for example, using aspects of a system as described
LS. Patant No. 8,002,442 entitied "BEAT ALIGNMENT AND SELECTION FOR
CARDIAC MAPPING,” the disclosures of which are hereby exprassly incorporated
herain by reference. In some embodiments, the position of the central window is not
selecied based on a beat location. In some cases, the position of the central window is
selected in the waveform data points, for example, with a regular gap betwsen two
adjacent central windows {e.g., every 15ms).
1681177 Next, a backward correlation of the actlivation waveform in the central
window and the aclivation waveform in a backward shifted window is calculated (435A),
where the backward shifted window is the ceniral window shifted backward. In some
cases, the backward shifted window is the central window shified backward by the size
of the ceniral window. Further, a forward correlation of the aclivation waveform in the
central window and the actlivation waveform in a forward shifted window is calculated
(440A), where the forward shifted window is the central window shifted forward. in
some cases, the forward shified window is the central window shifted forward by the
size of the central window. FIG. 5C shows an illustrative example of a central window
510, a backward shifted window 512 and a forward shifted window 514, each with a
window size D, where the correlation of the central window and the backward shifted
window is low and the correlation of the central window and the forward shifted window
is also low. FIG. 5D shows an example activation waveform 504 and a central window
520 {(window B), a backward shifted window 522 (window A}, and a forward shifted
window 524 (window (), sach with a window size of 125ms.
(00118} in one example, a correlation of two sets of data, A(s) and B(s), is
calculated using equation (1) below:

C = f{A(s), B(s) (1),
where C is the correlation value, fis a selected correlation function. In one case, the
correlation function is sensilive to amplitude similarity, for exampie, the correlation value
C is the highest when A(8) and B(s) has a high level of similarity and A(s) and B(s) have
relative high ampiitude values. FIG. 5E shows one example of a set of correlation
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values of different window sizes. in this example, correlations of central windows and
backward shifted windows of different sizes are shown. As illustraied, the correlation
valua has a maximum value (L.e., §30) at window size of 230ms. FIG. 50 shows
ancther ilustrative example of a set of correlation values of different window sizes. In
this example, correlations of central windows and forward shifted windows of different
sizes are shown. As illustrated, the correlation has a maximum value (i.e., 540} al
window size of 220ms.
[60118] Referring back o FIG. 44, a backward confidence value is determined
based on the backward correlation (445A) and a forward confidence value is
determined based on the forward correlation (450A), where the backward confidence
value and the forward confidence value are added to the set of confidence values. In
some cases, the confidence value is determined based on a funclion of the correlation
values and aclivation weights. Aclivation weighis are relaled to amplitudes of data
points of the activation waveform in a respective window {e.g., backward shified
window, central window, and forward shifted window}. In some cases, activation
weights are related maximum amplitude of the activation waveform of a respective
window. For example, the confidence value is calculated using equation {(2):

Cf = Fe(fw(AW), ) ),
where Cf is the confidence value, AWis an activation weight, fvis a function to
determing weighted factors, C is the correlation value for a respective window, and fc is
a function o determine confidence values. in one example, the funclion fwv is a linear
function, for example, 1o normalize the confidence value between 0 and 1 and in
proportion to the activation weight. In another example, the funclion fiv is a binary
funchion, such as weighted factor is § if the aclivation weight is lower than a threshold,
weighted facior is 1 if the activation weight is higher than the threshold. In yetl ancther
example, the function fw is an error function.
(001207 In some cases, the system determines a central weight factor associated
with an ampilitude of the activation waveform in the central window of a specific window
size during the iteration 425A. The backward confidence value for the specific window
size may be determined based on the central weight factor, and the forward confidence

value for the specific window size may also be determined based on the central weight
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factor. In some cases, the system further determines a backward weight factor
associated with an amplitude of the activation waveform in the backward shifted window
of the specific window and/or a forward weight facior associated with an amplhifude of
the activation waveform in the forward shifted window. The backward confidence value
for the specific window size may be determined based on the backward correlation, the
central weight faclor and the backward weight factor, and the forward confidence value
for the specific window size may be determined based on the forward corralation, the
central weight factor and the forward weight factor.

[00121] in one embodiment, the central weight faclor is determined by applying a
non-tinear function to an assodiated amplitude (e.¢g., maximum amplitude) of the
activation waveform in the central window. In another embodiment, the central weight
factor is determined by applying an error function to the associated amplitude of the
activation waveform in the central window. In yet another embodiment, the central
weight factor is determined by applying a linear function {o the associated amplitude of
the activation waveform in the central window.

00122} in some embodiments, the electrophysiology system determines the
correlation values and confidence values across different window sizes within a range
and compare the set of confidence values to select g designated confidence value and
a selected window size cormresponding to the designated confidence value (4554). In
some cases, the designated confidence value is the maximum confidence value in the
set. As described above, each confidence value is determined with a corresponding
window size. In the example illustrated in FIG. 5k, a designated confidence value can
be the dala point 530, with a corresponding window size of 230ms. In the example
iflustrated in FIG. G, a designated confidence value can be the data point 540, with a
corresponding window size of 220ms.

100123] Referring back 1o FIG. 4A, the electrophysiology system may determine a
local cycle length based on the selected window size (460A). In some cases, the local
cycle length is the selected window size. In some other cases, the iocal cycle length is
determined based on the selected window size, for example, with an adjustment. In
some cases, the sysiem determines a duty cycle based on the activation waveform and

the selected window size (465A). In some embodiments, the sysiem determines the
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duty cycle based on the activation waveform in the central window having the selected
window size. In some cases, the duly cycie is the average of amplitudes of sampling
points of the activation waveform in the central window.

(601247 in some embodiments, the activation wavelform is associated with data
coliected from a plurality of channels. For example, FIG. A Hllustrates cardiac electrical
signals collected from 64 channels. In such embodiments, the activation waveform
comprises a plurality of channel aclivation waveforms, and each of the plurality of
channel activation waveform comprises activalion waveform data for one of the plurality
of channels. FIG. 4B is another example flow diagram depicting an illustrative method
4008 of processing electrophysiological information across the plurality of channels, in
accordance with some embodiments of the present disclosure. Aspects of
embaodiments of the method 4008 may be performed, for example, by an
glecirophysioiogy system or a processing unit (e.g., the processing unit 120 depicted in
FIG. 1, and/or the processing unit 200 depicted in FIG. 2). Cne or more steps of
method 4008 are optional and/or can be modified by one or more steps of other
embodiments described herein. Additionally, one or more steps of other embodiments
described herein may be added to the method 4008, The electrophysiclogy system
receives an activation waveform including a plurality of channel activation waveforms
(405B), each of the plurality of channel aclivation waveform corresponding to a
respective one of a plurality of selecled channels. In some cases, the selected
channels include all channels of a mapping catheter. In some cases, the selecled
channels include channels meeling cerlain critena. In some embodimenis, the
activation waveform is associated with a section of cardiac electrical signals, for
example, a signal seclion associated with a heartheat, a predetermined sample size, a
predetermine time duration, or the like.

(001258} The system receives a set of window parameters (407B), including, for
gxampie, the range of window sizes and window size increment. The system is
configured to iterate through the window sizes in the range and determine the
correiation and confidence values related {o the activation waveform data. For sach
window size (4108), the system selects a position of central window (4158). For each

channel of a plurality of selecled channels (420B), each channel associated with a
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channel activation waveform, the electrophysioclogy system calculaies a channel
backward correlation of the channel activation waveform in the central window and the
channel activation waveform in the backward shifted window {4228); and calculates a
channe! forward correlation of the channel aclivation waveform in the central window
and the channel activation waveform in the forward shifted window {4248). The sysiem
further determines a backward confidence value based on the backward correlations
calculated for each selected channel (430B). The system also delermines a forward
confidence value based on the forward correlations calculated for each selected
chiannel (435B). In one exampile, the confidence value is determined using equation (3)

below:

Cf = S0 Fe(AW(Ch), C{Ch)) (3),
whare Cfis the confidence value, Ch is the channel, NCh is the total number of selected
channels, AWYCh) is an activation weight factor for the channel, C(Ch} is the correlation
value of the channel for a respeclive window, and fc is a function {o determine
confidence values. In some embodiments, the computed confidence value Cfis
normalized, for example, in a range of 0-1.
(00126} in some embodiments, the electrophysiology system compares the
backward confidence values, each for a window size, {0 select a designated backward
confidence value corresponding with a first selected window size {i.e., backward local
cycle length) (4408}, In some embodiments, the electrophysiology system further
compareas the forward confidence values, each for a window size, to select a designaled
forward confidence value corresponding with a second selecied window size (1.e.,
forward local cycie length) (445B). In some cases, a designated confidence value is the
highest confidence value in the sel. Next, the system may determine a local cycle
fength based on the first selected window size and the second selected window size
(4508). In one embodiment, the local cycle length is the average of the first selected
window size and the second selected window size. For example, with the first selecled
window size as 232ms and the second selected window size as 228ms, the local cycle
length is 230ms. In some embodiments, the system determines a local duty cycle

based on the activation waveform and the local cycle length (4808). Inone
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embodiment, the system selects, for each sampling point in the central window of the
local cycle length, the maximum amplitude of the channel activation waveform across
the plurality of selected channels. In some embodiments, the system may calculate an
average of these selected maximum amplitudes of the central window as the local duty
cycle,

(681277 in some embodiments, the alectrophysiology sysiem further determines a
section confidence valua (4708) for the activalion waveform. In one embaodiment, the
section confidences value is determined based on the designated backward confidence
value and the designated forward confidence value. In one embodiment, the section
confidence value is determined based on the smaller of the designated backward
confidence valug and the designated forward confidence value. In another
embodiment, the system calculates backward-forward correiations of the channel
activation waveform in the backward shifed window and the channel activation
waveform in forward shifted window for each of the selecied channeis. The system
further determines a backward-forward confidence value, for example, using equation
(3}, for each window size. After that, the system selects a designated backward-forward
confidence value from the sets of backward-forward confidence values for the various
window sizes. For example, the designated backward-forward confidence value is the
highest value in the set of backward-forward confidence values. In one embodiment,
the section confidence value is determined based on the designaied backward
confidence value, the designated forward confidence value and the designated
backward-forward confidence value. In one embodiment, the section confidence valus
is determined based on the smaliest value of the designated bhackward confidence
value, the designated forward confidence value and the designated backward-forward
confidence valus. In some embaodiments, the section confidencs value is further
determined based on the differences of the first selected window size (i.e., backward
local cycle length) and the second selected window size (i.e., forward ocal cycle
flength).

(60128} in some embodiments, the alectrophysiology sysiem may use a jitler
interval to slightly shift windows 1o reduce the amount of computation with relative large

window increment. FIG. 4C is another example flow diagram depicting an illustrative
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method 400C of processing electrophysiological information, in accordance with some
embadiments of the present disclosure. Aspects of embodiments of the meathod 400C
may be performed, for example, by an electrophysiology system or a processing unit
{e.g., the processing unit 120 depicted in FIG. 1, the processing unit 200 depicted in
FIG. 2, a computational processing unit, and/or a graphical processing unit). One or
more steps of method 400C are optional and/or can be modified by one or more steps
of other embodiments described herein. Additionally, one or more steps of other
embaodiments described herein may be added to the method 400C. The
glecirophysioiogy system receives gclivation waveform including a plurality of channel
activation waveforms, each channel waveform corresponding 1o a plurality of selected
channels (405C). The system receives a set of window parameters (407C), inciuding,
for example, the range of window sizes {(&.¢., 120ms to 250ms), window size increment
(e.g., 10ms), the range of jitters (2.¢., -5ms {0 Sms) and the jitler interval (e.g., Tms). In
ong embodiment, the jitter interval is smaller than the window size increment.

001297 The system is configuraed to iterate through the window sizes in the range,
for each window size (410C), the system selects a position of central window (415C}.
Next, for each channel of a plurality of selected channels (420C), each channel
associated with a channel aclivation waveform, the elecirophysiology system calculates
a set of channel backward correlations based on the channel activation waveform in the
central window and the channel activation waveform in a set of backward shifted jittered
windows (422C); and calculates a set of channel forward correlations based on the
channel activation waveform in the central window and the channel activation waveform
in a set of forward shifted jittered windows (424C). In some cases, the selectad
channels include all channels of a mapping catheter. In some cases, the selected
channels include channels meeling certain criteria. In some embodiments, the channel
activation waveform is associated with a section of cardiac electrical signals of a
channel, for example, a signal section associated with a heartbeat, a predelermined
sampie size, a predetermine ime duration, or the like.

(681307 in some cases, each of the sel of channel backward correlations is a
correlation of the channel activation waveform in the central window and the channel

activation waveform in the backward shifted window with a jitter adjustment within the
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range of jittering {&.¢., -5ms to 5ms). In one example, assuming a ceniral window at a
position of 400ms having a window size of 200ms and the backward shifted window at a
position of 200ms, the set of backward shifted jittered windows include the windows at a
position of 185ms, 186ms, 197ms, 188ms, 198ms, 200ms, 201ms, 202ms, 203ms,
204ms, and 205ms. FIG. 5F shows one illustrative exampie of a set of channel
backward correlations with a jittering range of -5ms 0 5ms with a jittering interval of
1ms.  In some cases, sach of the set of channel forward correlations is a correlation of
the channel activation waveform in the central window and the channel activation
waveform in the forward shifted window with a jitter adjustment within the range of
jittering {e.g., -Ems to &ms). In one example, assuming a central window at a position of
400ms having a window size of 200ms and the forward shifted window at a position of
600ms, the set of forward shifted jittered windows include the windows at a position of
585ms, 506ms, 597ms, 5898ms, 599ms, 600ms, 801ms, 602ms, 80G3ms, B04ms, and
605ms. FiG. 5H shows an illustrative example of g set of channel forward correlations
with a jittering range of -bms {0 5ms with a jillering interval of 1ms.

00131} in some embodiments, for a window size, the electrophysiology system
selects a designated channel backward correlation in the set of channel backward
correlations with a channel backward jitier value. In the example llustrated in FIG. 5F)
the data point 535 is the designated channel backward correlation (e.q., 0.972) with the
channel backward jitter value (e.g., 1ms). In some embodiments, for a window size, the
glectrophysioiogy system selects a designated channel forward correlation in the set of
channel forward correlations with a channel forward jitter value. In the example
Hustrated in FIG. 5H, the data point 545 is the designated channel forward correlation
{e.g., 0.97) with the channel forward jitter value (2.q., Oms).

(606132} For each window size, the system further determines a backward
confidence value based on the channel backward correlations (430C). inone
smbodiment, the channel backward correlations include the set of channel backward
correlations of the channel activation waveform in the central window and the channel
activation waveform in the set of backward shifted jittered windows for each of the
selected chamneis. In one embaodiment, for sach sslecied channel, the channel

backward correlations include the designated channel backward correlation. For each
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window size, the system aiso delermines a forward confidence value based on the
channel forward correlations (435C). In one embodiment, the channel forward
correlations include the set of channel forward correlations of the channel activation
waveform in the central window and the channel activation waveform in the sst of
forward shifted jitlered windows. In ong embaodiment, for each selecled channel, the
channel forward correlations include the designated channel forward correlation.
00133} i some embodiments, the electrophysiclogy system compares the sef of
backward confidence values, each for a window size, {0 select a designated backward
confidence valug corresponding with a first selected window size and compute a first
selacted jitter value (440C). In one embodiment, the designated backward confidence
value is the highest backward confidence value across the window sizes. Inone
embodiment, the first selecied window size is corresponding to the higheast backward
confidence value across the window sizes. In some cases, after the first selected
window size is determined, the sysiem compules g first select jitter value based on the
amplitudes of the activation waveform in the backward shifted window and the channel
backward jitter vaiue across the window sizes. In some embodimenis, the
glectrophysioiogy system further compares the set of forward confidence values, each
for a window size, to select a designaled forward confidence value corresponding with a
second selected window size and compute a second selected jitter value (445C). In
some cases, a designated forward confidence value is the highest forward confidence
value in the sel. In one embodiment, the first selecled window size is comresponding o
the highest forward confidence value across the window sizes. In some cases, after the
second selected window size is determined, the system computes a second select jitter
value based on the amplitudes of the aclivation waveform in the forward shifted window
and the channel forward jitter values across the window sizes.

00134} Next, the system may determine a local cycle length based on the first
selected window size and the second selected window size (450C). Inone
embodiment, the local cycle length is the average of the first selected window size and
the second selecled window size. For example, the local cycle length is an average of
231ms window size and 220ms window size. In anocther embodiment, the sysiem

determines a local cycle length based on the selected window size adjusted by the jitter
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value. In some embodiments, the system determines a local duty cycle based on the
activation waveform and the local cycle length (460C). In one embodiment, the system
selects, for each sampling point of the central window of the local cycie length, the
maximum amplifude of the channel activation waveform of the plurality of selected
channels. In some embodiments, the system may caiculate an average of these
selected amplitudes of the window as the local duty cycle. In one embodiment, the
sysiem generates a maximum waveform based on the plurality of channel activation
waveforms in the selected central window, where each data point of the maximum
waveform has a maximum value of the plurality of channel activation waveforms among
the plurality of selected channels at a corresponding data point. FIG. 51 depicts an
flustrative example of a maximum waveform. in one embodiment, the sysiem
determines a duly cycle based on maximum waveform. In one case, the duty cydle is
determined {o be the average value of data points of the maximum waveform.

[60138] FIG. 4D is yet another example flow diagram depicting an illustrative
method 4000 of processing elecirophysiciogical information, in accordance with some
embodimentis of the present disclosure. Aspects of embodiments of the method 400D
may be performed, for example, by an electrophysiology system or a processing unit
{e.g., the processing unit 120 depicled in FIG. 1, andfor the processing unit 200
depicted in FIG. 2). One or more steps of method 400D are oplional andfor can be
modified by one or more steps of other embodiments described herein. Additionaily,
one or more steps of other embaodiments described herein may be added to the method
400D, The electrophysiology system receives activation waveform including a plurality
of channel activation waveforms, each of the channel activation waveform
corresponding to one of a plurality of selected channels (405D),

[001386] In some cases, the selected channels include all channels of a mapping
catheter. in some cases, the selected channels inciude channels meetling certain
criteria.  In some embodiments, the aclivation waveform is associated with a section of
cardiac electrical signals, for example, a signal section associated with a heartbeal, a
predetermined sampile size, a predetermine time duration, or the like. The sysiem
receives a set of window parameters (4070}, including, for example, the range of

it

window sizes (e.q., 120ms to 250ms), window size increment {e.g., 10ms), the range of
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jittering {e.g., -5ms to 5ms) and the jilter interval (e.g., 1ms}. In one embodiment, the
jitter interval is smaller than the window size increment. The system is configured o
iterate through the window sizes in the range (s.g., 120ms, 130ms, eic.).

(681377 For each window size (410D), the systemn selects a position of central
window (415D}, For each channel of a plurality of selected channels (420D), each ong
associated with a channel aclivation waveform, the electrophysiclogy system calculates
a set of channel backward correlations of the channel activation waveform in the ceniral
window and the channel activation waveform in a set of backward shifted jittered
windows (422D); and calculates a set of channel forward correiations of the channel
activation waveform in the ceniral window and the channel activation waveform in g set
of forward shifted jiltered windows (4240). In some cases, each of the set of channel
backward correlations is a correlation of the channei activation waveform in the central
window and the channel aclivation waveform in the backward shifted window with a
jitter adjusiment within the range of jittering {e.g., -bms to dms). In one example, a
correlation of the set of channel backward correlations for a specific window size N, 3

specific channel Ch and a specific jitter J can be calculated using equation (4) below:

C‘iB(Ch,j) = - Zg‘;l Central(syxBackward(s) (@),

\:j I Central(s)2xEN., Backward(s)?

where Cig(Ch, J} is the correlation value, Ch is the specific channel, Jis the specific

jitter value, N is the size of window, 518 a sample point, Cenfral(s} is the amplifude of
the activation waveform of the central window at the sampile point s, and Backward(s} is
the amplitude of the activation waveform of the backward shifted jittered (by J) window
at the sampie point s.

(00138} In some cases, each of the sei of channel! forward correlations is a
correiation of the channel activation waveform in the ceniral window and the channel
activation waveform in the forward shifted window with a jitter adjustment within the
range of jittering {e.g., -5ms to 5ms). In one example, a correlation of the set of channel
forward correlations for a specific window size N, a specific channel Ch and a specific

fitter J can be caiculated using equation (5) below:
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ﬁiF(‘Ch,j} _— }_4?':1 Central(s)*Forward(s) &)

\;j SN | Central(s)2x T, Forward(s)?

where Cig(Ch, J) is the correlation value, Ch is the specific channel, Jis the specific

jitter value, N is the size of window, s is a sample point, Cenfral(s} is the amplitude of
the activation waveform of the central window at the sample point s, and Forward(s} is
the amplitude of the activation waveform of the forward shifted jittered (by J) window at
the sample point 8.

00139} in some embodiments, for each of the channels, the electrophysiciogy
sysiem compares the set of channel backward correlations to select a designated
channel backward correlation and a channel backward jifter value corresponding {o the
designated channel backward correlation (4260). In some cases, the designated
channel backward correlation is the highest correlation value in the set of the channel
backward correlations. In the example illustrated in FIG. 5F, the correlation at data
point 535 is the designated channel backward correlation (e.q., 0.972) with the
corresponding channel backward jitler value (.., 1Tms). In some embodiments, for
gach channel, the system may compare the set of channel forward correlations {0 select
a designated channel forward correiation and a channel forward jitler value
corresponding o the designated channel forward correlation (4280). In the exampie
flustrated in FIG. 5H, the correlation at data point 845 is the designated channel forward
correlation (e.q., 0.97) with the corresponding channel forward jitter value (e.g., Oms).
(00140} For each window size, the system further determines a backward
confidence value based on the designated channel backward correlations (4300}, In
one embodiment, the designated channel backward correlations include the designated
channel backward correlation for each of the selscted channels. In some cases, the

system determines an aclivation weight Wi for the central window of all selected
channels. In some cases, the system delermines an aclivation weight Wg for the

backward shifted window of all selected channels. In some cases, the system

determines an activation weight We for the forward shifted window of ali selecied

channels. In some embodiments, the aclivation weight across the selecled channeis is
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an indication of signal amplitude in the respeclive window. in some cases, the
activation weight across the seleclied channels indicates whether an aclivation occurs
within the respeactive window.

(608141} in some cases, the activation weight is delermined based on the
madmum value of the activation waveform. In some cases, the aclivation weight is
determined based on a non-linear function applying to the maximum value of the
activation waveform. In some cases, the aclivation weight i determined based on a
inear function applying to the maximum value of the activation waveform. In some
cases, the activation weight is determined based on a binary function applying to the
maximum value of the aclivation waveform. In some cases, the activation weight is
determined based on an error funclion applying o the maximum vaiue of the activation

waveform. In one example, a backward confidence value Cfg for a window size s can
be calculated using equation (8) below:
NCH vy cobNaer ol
chey Wr(Ch)XC (Ch)

Cfp(s) = SNER w(ch)

XvWe xWg (8},

where Cfn(s) is the backward confidence valug, Wg(Ch) is the aclivation weight of the
backward shifted window for a channel Ch, Cg(Ch) is the designated channel backward

correlation value at a channel Ch, Ch is a channel, NCh is the number of selected

channels, We is the activation weight of the central window across all selecled
channels, and Wy is the activation weight of the backward shifted window across all

selected channels. In some cases, an activation weight for a specific window and a

specific channel (a.g., W{Ch)) is determined based on the highest amplitude of the

activation waveform in the specific window for the specific channel. In some cases, an

activation weight for a specific window and a specific channel (e.g., W(Ch)) is the

highest amplitude of the aclivation waveform in the specific window for the specific
channel.
100142} For each window size, the system may also determine a forward

confidence value based on the designated channel forward correlations (4350}, Inone
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embodiment, the designated channel forward correlations include the designated
channel forward correiation for each channel. In one example, a forward confidence

value Cfy for a window size § can be calculated using equation (7) below:

SNCR 4., Py
CFp(s) = 2emm b ECXCEEh) o Ao TWr o),

SR wr(ch)

where Cfg(s) is the forward confidence value, Wge(Ch) is the aclivation weight of the
forward shifted window for a channel Ch, Cg(Ch) is the designated channel forward

correlation value at a channel Ch, Ch is a channel, NChH is the number of seleclad

channels, We is the activation weight of the central window across all selected
channels, and W is the aclivation weight of the forward shifted window across alil

selected channeis.

(00143} in some embodiments, the electrophysiology system compares the set of
backward confidence values, each for a window size, {0 select a designated backward
corfidence value corresponding with a first selected window size (4400}, In some
embaodiments, the electrophysioiogy system further compares the set of forward
corfidence values, each for a window size, {0 select a designated forward confidence
value corresponding with a second selected window size (44203, In one embodiment,
the designated confidence value is the highest confidence vaiue in the set. In some
embaodiments, the system delermines a backward jitter value based on the channel
backward jitler values (4440), one channel backward jitler value for each channel. In

one example, the backward jitter value Jg can be calculated using equation (8) below:

1 = S W Ry
= “NCT (
l(:hgl Wg(Ch)

{8},
where Jg is the backward jitter value, Wr(Ch) is the aclivation weight of the backward
shifted window for a channel Ch, Jg(Ch) is the channel backward jitter value for a

channel Ch, Ch is a channel, NCh is the number of selected channels. In some cases,

an activation weight for a specific window and a specific channel {e.g., Wg{Ch)) is the
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highest amplitude of the activation waveform in the specific window for the specific
charnel.

(001443 i some embodiments, the system determines a forward jitter value based
on the channel forward jitter values (4480}, one channel forward jitter value for each

channel. In one example, the backward jitter value Jg can be caiculated using equation

(9} below:

NER W (Chyx) p(Ch)

SNER Wr(Ch)

g

JF = {9,

where Jr is the backward jitter value, We(Ch) is the activation weight of the forward
shifted window for a channel Ch, J=(Ch} is the channel backward jitter value for a

channel Ch, Ch is a channel, NCh is the number of selected channels. In some cases,

an activation weight for a specific window and a specific channel {e.g., Wr{Ch}} is the

highest amplitude of the activation waveform in the specific window for the specific
channel.

(00145} Next, the system may determine a local cycle length based on the first
selected and the second selected window sizes and the backward and forward jitter
values (4500D). In one embodiment, the local cycle length is the average of the first
selectad window size adjusted by the backward jitter value and the second selected
window size adjusted by the forward jitter value. For example, with the first selected
window size of 230ms window size and backward jitter value of 1ms, and the second
selecied window size of 220ms and forward jitter value of Oms, the local cycle length is
226ms. In some embodiments, the sysiem determines a local duly cydle based on the
activation waveform and the local cycle length (4600}, in one embodiment, the system
selects, for each sampling point of the central window of the local cycie length, the
maxdmum amplitude of the channel activation waveform of the plurality of selected
channels. In some embodiments, the system may calculale an average of these
selected amplitudes of the window as the local duty cycle. In one embodiment, the
system generates a maximum waveform based on the plurality of channel activation

waveforms in the selected central window, where each data point of the maximum
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waveform has a maximum value of the plurality of channel activation waveforms among
the plurality of selected channels at a corresponding data point. FIG. Bl illustrates one
example of 2 maximum activation waveform across selected channeals (8.g., 64
channeis) for the local cycle length {8.g., 228ms).

(00146} i one embodiment, the system determines a duty cycle based on
maximum waveform. In one case, the duty cycle is determinad {0 be the average value
of data points of the maximum waveform. In some embodiments, the electrophysiology
sysiem determines a section confidence value (4700, In one embodiment, the seclion
confidence valug is determined based on the designated backward confidence value
and the designated forward confidence value. in one embodiment, the section
confidence valug is delermined based on the smaller value of the designated backward
confidence value and the designated forward confidence value. In another
gmbodiment, the system caiculates backward-forward correlations, each correlation as
a correlation of the channel activation waveform in the backward shifted window and the
channel! activation waveform in forward shifted window for gach of the selected
channels. The backward-forward correlations can be determined using an embodiment
similar o any one of the embodiments for determining forward correlations and
backward correlations. The system further determines a backward-forward confidence
value based on the backward-forward correigtions.

(00147} in one exampie, a backward-forward confidence value Cfgge for a window

size s can be calculated using eguation (10) below:

Chl Wgp{Chy#Cpp(Ch)

. Sohe
CrRF(S) = ==ixr

SRER W pp(Ch)

XAWpR < WF (10),

AN

where Cfgg(s) is the backward-forward confidence value, Wpg(Ch) is the activation
weight of the backward and forward shifted windows for a channel Ch, Cgr(Ch) is the

designated channel backward-forward correlation value at a channel Ch, Chis a

channel, NCh is the number of selected channels, Wy is the activation weight of the
backward shifted window across all selecled channels, and W is the activation weight

of the forward shifted window across all selected channels. In some ¢ases, an

45



WO 2022/072450 PCT/US2021/052583

activation weight for specific window(s) and a specific channel (s.g., W(Ch)) is
determined based on the highest amplifude of the activation waveform in the specific
window(s) for the specific channel. In some cases, an aclivation weight for specific
window(s} (e.¢., backward shifted window and forward shified window)} and a specific

chamnel {e.g., Wgr(Ch)) is the highest amplitude of the aclivation waveform in the

specific window(s) for the apecific channel.

(00148} The electrophysiology system may select a designated backward-forward
confidence value from the sets of backward-forward confidence values for the various
window sizes. For example, the designated backward-forward confidence value is the
highest value in the set of backward-forward confidence valugs. In one embodiment,
the section confidence value is determined based on the designated backward
confidence value, the designated forward confidence value and the designated
backward-forward confidence value. In one embodiment, the section confidence value
is determined based on the smaliest value of the designated backward confidence
value, the designated forward confidence value and the designated backward-forward
confidence value. In some embodiments, the section confidence value is further
determined at least partially based on the differences of the first selected window size
(i.e., backward local cycle length) and the second selecled window size {i.e., forward
local cycle lengih).

[00149] in some cases, the difference of the first selected window size and the
second selected window size is input {0 a non-lingar funclion to determine a weaight
factor. In some designs, a weight factor is a value between 0 and 1. in one example,
the weight Tactor is set {o a relalively large value (e.g., 1) when the difference of the first
selected window size and the second selected window size is relatively small (e.g., 0).
in another example, the weight factor is set to a reigtively small vaiue {e.g., 0.2) when
the difference of the first selected window size and the second selected window size is
relatively large (e.¢., 30ms). In some cases, the section confidence value is delermined
hased on the weight factor, designated backward confidence value, the designated
forward confidence value and the designated backward-forward confidence valug. In

some embodiments, the slectrophysiology system includes a downweighting technique
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to remaove signals iack of consistency. in some cases, the downweighting, for example,
stochastic downweighting, is a form of outlier rejection. In some cases, the system
downweighs the confidence of single beals or channels whose signals disagree with a
local distribution.  In some implementations, the stochastic downweighting is applied {o
remove false-posifive highlights from spurious beats whose duty cycle or cycle length
do not match the area around them.

(001507 it has demonstrated the presence of clear and consistent organization with
discrete cycle length patterns in some areas of the alria during atrial fibrillation (AF). In
gmbodiments of the present disclosure, aggregating the local cycle length measurement
into a histegram {e.g., 1D local cycle length histogram) can allow the user to investigate
these patierns both visually and/or by having & region of interest on a cardiac map. In
some implementations, only sections of activation waveforms associated with heart
beats with a confidence above the user-defined threshold are included in the histogram.
[601861] FI(3. 6 is a flow diagram depicting an illustrative method 800 of processing
glecirophysioiogy information to generate a histogram, in accordance with some
embodiments of the present disclosure. Aspects of embodiments of the method 800
may be performed, for example, by an electrophysiology system or a processing unit
{e.g., the processing unit 120 depicled in FIG. 1, andfor the processing unit 200
depicted in FIG. 2). One or more steps of method 800 are optional and/or can be
modified by one or more steps of other embodiments described herein. Additionaily,
one or more steps of other embaodiments described herein may be added to the method
800. First, the electrophysiology system receives an aclivation waveform (610},
inciuding a set of activation waveform data of a plurality of signal sections coliected at a
plurality of locations. In some cases, the plurality of locations include a part or all of the
heart chamber. In some cases, the pluralily of locations are selected based on, for
axample, a user input (e.g., an input via a user interface such as a graphical user
interface), a system inpui {(2.q., sysiem configuration), a software input {e.g., an inpul
via an application programming interface, web service, etc.), or the like. in some cases,
the plurality of locations are selected within a predeterminead radius of a probe (e.q.,
roving probe) location. In some designs, the roving probe can be moved around in the

heart chamber and the roving probe location is changed accordingly. In some casas,
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the roving probe location are indicated by an input, for exampie, a user input, a system
input, a software input, or the like. The system determines a plurality of local cycle
lengths (620} corresponding to the plurality of signal sections using any one of the
embaodiments describad herein. In some embodiments, the sysiem may also determine
a plurality of local duty cycles (623} corresponding 1o the plurality of signal sections
using any one of the embodiments described herein. In some embodimenis, the
sysiem further determines a plurality of section confidence values, sach corresponding
to one of the plurality of local cycle lengths (6827}, using any one of the embodiments
described herein. In some embodiments, each of the plurality of seclion confidence
values is a confidence value for a signal seclion.

00152} Next, the system may generate a local cycle length histogram based on
the plurality of local cycle lengths (830). In some embodiments, the local cycle iength
histogram is a one-dimensional histogram. In some implementations, the bin of the
local cycle tength histogram is in milliseconds. In some cases, the local cycle length
histogram is based on local cycle lengths that have confidence values greater than a
predetermined threshold. In some embodiments, the system may generate a local duty
cycle histogram based on the plurality of local duty cycles (833). In some embodiments,
the local duty cycle histogram is a cne-dimensional histogram. in some
impiementations, the bin of the local duty cycle histogram is between 0 and 1. In some
cases, the local duty cycle histogram is based on local duty cycles that have confidence
values greater than a predetermined thrashold. In some embodiments, the system may
generate a confidence value histogram based on the plurality of section confidence
values (637}, in some embodiments, the confidence value histogram is a one-
dimensional histogram. In some implementations, the bin of the confidence value
histogram is between G and 1.

(00153} Further, the system may generate a representation of the local cycle
length histogram (840). FiG. 7A is an illustrative example of a local cycle length
histogram. The sysiem may also generale a representation of the local duty cycle
histogram (843}, FIG. 7B is an llustrative exampie of a local duty cycle histogram. In
some cases, the sysiem generates a representation of the confidence value histogram

(847). FIG. 7C is an illustrative example of a confidence value histogram. In some
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ambodiments, the system may receive inputs on region(s) of interest (650}, for example,
a region of interest for the local cycle lengths, a region of interest for the local duty
cycles, andfor a region of inferest of the confidence values. In some cases, the inpuls
on region{s} of interast may be received from users, for examples, via graphical user
interface(s). In some casesg, the inputs of region{s) of interest may be received from
configuration setlings and/or profile settings. In some cases, the inpuis of region(s) of
interest may be received from a software interface, for example, an application
programming interface, a web service, or the like.

[00154] in some embodiments, the system may show and/or overlay the region(s)
of interest on the representation(s) of the histogram(s) (655, including the
representation of the local cycle length histogram, the representation of the local duty
cycle histogram, andf/or the representation of the confidence value histogram. In some
cases, the representation of the histogram is shown with a cardiac map. FIG. 7D
depicts an illustrative example of g representation of a local cycie length histogram
700D with a cardiac map 710D, The local cycle length histogram representation 700D
inciudes a region of interest 7010, As illustrated, the cardiac map 710D has indications
of local cycle length values on the map. In ong example, the cardiac map 710D
iltustrates each value/amplitude of local duty cycle by a color or a gray scale at the
location of detection. When the electrophysiology system receives an input of the
region of interest 701D, the system may updale the cardiac map 710D 1o highlight the
glactrograms having the local cydle lengths within the region of interest 7010, The
spatial dispersion of the highlighted region in the cardiac map can heip clinical
diagnosis.

(00155} Knowledge on how local cycle length and duty cycle data cluster spatially
in the anatomical context can be helpful in finding AF drivers within cardiac chambers.
Mulliple graphical representations, including interactive graphical representations, of
glectrogram characteristics {e.g., local cycle length, local duty cycle) can be generated.
FIG. 8A is a flow diagram depicling an illustrative meathod 800A of processing
glectrophysioiogy information {0 generate a representation of electrogram
characteristics, in accordance with some embodiments of the present disclosure.

Aspects of embodiments of the method 800A may be performed, for example, by an
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electrophysiciogy system or a processing unit (e.g., the processing unit 120 depicted in
FIG. 1, and/or the processing unit 200 depicted in FIG. 2). One or more steps of
method 800A are optional and/or can be maodified by one or more steps of other
embaodiments describad herein. Addifionally, one or more steps of other embodiments
described herein may be added {0 the method 800A. First, the electrophysiclogy
sysiem receives an aclivation wavelform and a set of cardiac electrical signals (810A4),
for example, including a set of activation waveform data of a plurality of signal sections
collected at a plurality of locations. in some cases, the plurality of locations include a
part or all of the heart chamber. In some cases, the plurglity of locations are selected
based on, for example, a user input {&.g., an input via a user interface such as a
graphical user interface), a system input (e.g., system configuration), a software input
{e.g., an input via an application programming interface, web service, elc.), or the like.
in some cases, the plurality of locations are selected within a predetermined radius of a
probe {e.q., roving probe) location. In some designs, the roving probe can be moved
around in the heart chamber and the roving probe location is changed accordingly. In
some cases, the roving probe location are indicated by an input, for example, a user
input, a system inpul, 3 software input, or the like.

[00156] The system determines a set of electrogram characteristics (8204}, In
some cases, the set of electrogram characteristics includes a plurality of local cycdle
lengths corresponding to the plurality of signal sections. The plurality of local duty
cycles can be determined using any one of the embodiments described hergin. In some
cases, the set of electrogram characteristics includes a plurality of local duty cycles
corresponding o the pluralily of signal sections. The plurality of local duty cycles can
he determined using any one of the embodiments described herein. In some cases, the
set of electrogram characteristics includes a plurality of section confidence values, each
corresponding to one of the plurality of local cycle lengths. The plurality of section
confidence values can be determined using any one of the embodiments described
herein. In some embodiments, each of the plurality of section confidence valuesis a
confidence value for a signal section.

001577 Next, the system generates representation(s) of the set of electrogram

characteristics (e.q., local cycle length, local duly cycle, confidence value, elc.) (830A).
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in some embodiments, the representation is a graphical representation. In some
embaodiments, the representation s an interactive graphical representation, for example,
taking inputs from users and adjusting or changing the representation based on the
inputs. In one example, the representation is a graphical representation of one or more
histograms, with examples illustrated in FIGS. 7TA-7D, for example, to illustrate a spatial
pattern and consistency of the respective characleristics. In one embodiment, the
representation is a cardiac map with one or more electrogram characteristics indicated
on the map and the value/amplitude of the characleristics represented in gray scales or
in color. One illustrative example of cardiac maps with electrogram characteristics
indications is depicted in FIG. 94, where the 3D cardiac map SU1A includes local cycle
tength indications and the 3D cardiac map 8024 includes local duty cycles indications.
in one case, the one or more electrogram characteristics (&.¢., local cycle length, local
duty cydle, ete) illustrated in the graphical representation are the ones having
confidence values above g predetermined threshold.

[00158] in another embodiment, the representation is a 3D cardiac map with one
or more histograms iliusirated on the side. in one case, the sysiem receives an input
gither by a user or by a software interface on the region of inierest of a histogram and
updates the 3D cardiac map with respective characteristic. Referring back fo FIG. 7D,
one ilustrative example of a local cycle length histogram 700D with a cardiac map 710D
is depicted. When the electrophysiology system receives an input of the region of
interest 701D, the system may update the cardiac map 7100 to highlight the
electrograms having the local cycle lengths within the region of interest 701D,

[00159] in some embodiments, the electrophysiclogy system ailows user {o move
a roving probe on a cardiac map to highlight certain area of the cardiac chamber and
the graphical representation{s) of elecirogram characteristics are updated
corresponding to the change of the highlighted area. FIG. 9B depicts one illustrative
gxample of a graphical representation SO0 having a roving probe 9128 that can be
moved around on a cardiac map 8108, The roving probe 9128 is associated with a
highlighted area 914EB that has a predelermined radius from the roving probe location,
also referred {o as a flashlight area. The graphical representation of electrogram

characteristics 8208 are updated corresponding o the change of the highlighted area
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914B. In some cases, the highlighted area 8148 is a circle of a predetermined radius of
the roving probe 8128, In the example iilustrated, the graphical representation of
glectrogram characteristics 8208, with an exploded view 8228, shows a plurality of
histograms, including the confidence value histogram, the local cycle length histogram,
and the local duty cycle histogram.

(681607 in some cases, the graphical representation is a scatler plot. In one
example, the x-axis of the scatier piot is the local cycie length and the y-axis s the local
duty cycle. FIG. 9C depicts one illustrative example of a scatter plot 800C. in some
designs, the system ailows user to select a region of interest with 2 range in local cycle
length and a range in local duty cycle. In some cases, the scalter map may be
presented along with an electrogram characteristics histogram. In FIG. 9C, the iocal
cycle length histogram 910C is illustrated with the scatter plot S00C and the region of
interest 9200 is selected by the range of the local cycle length 812C and the range of
local duty cycle 914C. In one embodiment, the points in the scatier plot are annotated
with a different color (e.g., red) or a different gray scale for the ones within a radius of a
roving probe.

(00161} in some embodiments, the graphical representation is a scaiter plot shown
with one or more 3D cardiac maps. FIG. 9D depicts one illustrative example of such
scatier plot 800D having a scatter plot 910D and one or more cardiac maps 8200, In
the example illustrated, the scatter map 910D is the same as the graphical
reprasentation 900C shown in FIG. 8C. The one or more 3D cardiac maps 920D
inciudes a cardiac map 8220 showing local cydle length indications and a cardiac map
89240 showing local duly cycle indications. In one example, the elecirophysiology
system receives input(s) of the region of interest from a user or a software interface and
updates the 3D cardiac maps according the input(s). In the example illustrated in FIG.
9D, when the region of interest 914D is changed, the corresponding highlighied regions
of interest 8230 and 825D {i.e., the respective electrogram characteristics within the
region of interest) are changed. For example, when the range of the local cycle length
is changed, the highlighted region 823D in the cardiac map 9220 is changed. As
another example, when the range of the local duly cycle is changed, the highlighted

region 825D in the cardiac map 9240 is changed. In one embodiment, the one or more
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electrogram characteristics {e.q., iocal cycle length, local duty cycle, etc)) Hllustrated in
the graphical representalion are the ones having confidence values above a
predetermined threshold. In one embodiment, the graphical representation uses
confidence values to create a mask such that the electrogram characleristics having
confidence values below a predetermined threshold are identifiable, for example, shown
in gray, whiie the electrogram characleristics having confidence values above the
predetermined threshold are shown in color(s).

(608162} in some embaodiments, the system may receive an input of parameter(s} of
the representation(s) {84CA)}, for example, a roving probe location, aradius of a
highlighted area, a region of interest for the local cycle lengths, a region of interest for
the local duty cycles, and/for a region of interest of the confidence values. In some
cases, the input of parameter{s) may be received from users, for examples, via a
graphical user interface. In some cases, the input of parameter(s) may be received
from configuration setlings and/or profile settings. In some cases, the input of
parameter(s) may be received from a software interface, for example, an application
programming interface, a web service, or the like. In some embodiments, the sysiem
may adjust the representation(s) based on the input (845A) by, for example, updating
the representation with only signals having local duty cycles in the region of interests.
(00163} in some embodiments, the electrogram characteristics representation can
be used to refine a cardiac map. In one example, the cardiac map is overlaid with
activation waveform. Fi(. 8B is a flow diagram depicting an Hllustrative method 8008 of
using a representation of electrogram characteristics {o refine a cardiac map, in
accordance with some embodiments of the present disclosure. Aspects of
embodiments of the method 800B may be performed, for example, by an
glectrophysiology system or a processing unit (e.q., the processing unit 120 depicted in
FIG. 1, and/or the processing unit 200 depicted in FIG. 2). One or more sieps of
method 8008 are optional and/or can be modified by one or more steps of other
embodiments described herein. Additionally, one or more steps of other embaodiments
described herein may be added to the method 8C0B. First, the elecltrophysiclogy
sysiem receives an activation waveform (810B), including a set of activation waveform

data of a plurality of signal sections collected at a plurality of locations. In some cases,
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the plurality of locations include a part or all of the heart chamber. In some cases, the
plurality of locations are selecied based on, for example, a user input (8.¢., an input via
a user interface such as a graphical user interface), a system input {e.q., system
configuration), a software input {&.¢., an input via an application programming interface,
web service, efc.), or the like. In some cases, the plurality of locations are selecled
within a predeterminead radius of a probe (e.g., roving probe) location. In some designs,
the roving probe can be moved around in the heart chamber and the roving probe
location is changed accordingly. In some cases, the roving probe location are indicated
by an input, for example, a user input, a system input, 8 scfiware input, or the like.
100164} The system determines a sel of electrogram characieristics {820B),
corresponding to the plurality of signal sections. In some cases, the set of electrogram
characternistics includes a plurality of local cycie lengths corresponding to the plurality of
signal seclions. The plurality of local duty cycles can be determined using any one of
the embodiments described herein. In some cases, the set of electrogram
characteristics includes a plurality of local duty cycles corresponding o the plurality of
signal sections. The plurality of local duty cycles can be determined using any one of
the embodiments described herein. In some cases, the set of electrogram
characteristics inciudes a plurality of section confidence values, each corresponding to
one of the plurality of local cycle lengths. The plurality of section confidence values can
be determined using any one of the embodiments described herein.

[00165] Nexi, the system generates a representatlion of the set of electrogram
characteristics (8308). In some embodiments, the representation is a graphical
reprasentation. In one example, the representation is a graphical representation of a
histogram, for example, to illustrate a spatial pattern and consistency of the respeciive
glectrogram characteristics. In ancther example, the represeniation is a scatter plot to
flustrate the distribution of data points. In one case, the x-axis of the scatler piot is the
local cycle lengths and the y-axis of the scatter plat of the local duty cycles. in vet
another example, the representation is one or more histogram illustrated with a scalter
plot. FiG. SE depicts an illustrative example of a graphical representation 900k of the
set of electrogram characteristics. In the example iHlustrated, the representation 800k

includes a local cycle length histogram 810k and a scatler plot 820k, In one example,
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the histogram shows two or more peaks of the respective elecirogram characleristics,
with one of the two or more peaks being of interest, or referred {0 as farget
characteristics. In one case, the target characteristics is associated with a reference
catheter. As illustrated in FIG. 8k, the histogram 910E has two peaks 912E and 914k,
whera the peak 914k is associated with target cycle length. In one embaodiment, the
target characteristics is received, for example, from a different part of the
glecirophysioiogy system {(e.q., reference catheler cycle length), ancther
glactrophysioiogy system, or from a user.

[00166] The electrophysiclogy system may aiso generale g cardiac map overlaid
with activation waveform data (835B). FIG. 9F depicts one illustrative example of a
cardiac map overiaid with activation waveform indications 800F. In some cases, the
reprasentation of the elecirogram characteristics is displayed side by side with the
cardiac map. For example, the representation S00E of FIG. SE is displayed side by side
with the cardiac map overlaid with activation waveform indications 800F of FIG. SF.
The electrophysiclogy system may receive an inputl of parameter(s) associated with the
set of electrogram characteristics (840B), for example, a region of inlerest for the local
cycle lengths, a region of interest for the local duty cycles, andfor a region of inierest of
the confidence values. in one embodiment, the system may receive an inputl of target
characieristics and determine a region of interest based on the inpul. In some cases,
the input of parameter(s} may be received from users, for examples, via a graphical
user interface. In some cases, the input of parameter(s) may be received from
corfiguration setlings and/or profile settings. In some cases, the input of parameter(s)
may be received from a software interface, for example, an application programming
interface, a wab service, or the lika.

(00167} The electrophysiclogy system can updale the cardiac map based on the
input (845B). In one example, the system may update the cardiac map including the set
of electrogram datla based on the inpul. For example, the updated cardiac map is
generated only using cardiac electrical signals of the selected electrograms within the
range of the local cycle lengths. Further, the system may generale a reprocessed
cardiac map using the new set of electrogram data. FIG. 8G depicts an illustrative

exampie of reprocessed cardiac map 900G based on the cardiac map depicted in FIG.
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9F. Comparing FIG. 9F and FIG. 96, the selected area 910G illustrates different
activation waveform indications from the selected area 910F, where FIG. 8G can be
better for identifying spatial patterns of the elecirical propagation, shown by activation
waveform indications.

(00168} Various modifications and additions can be made to the exemplary
embaodiments discussed without departing from the scope of the present invention. For
example, while the embodiments described above refer to particular features, the scops
of this invention also includes embodimeants having different combinations of features
and embodiments that do not include all of the described features. Accordingly, the
scope of the present invention is intended to embrace all such alternatives,
modifications, and variations as fall within the scope of the claims, together with all

equivalents thereof
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CLAIMS
We claim:

1. A method of processing cardiac information, comprising:
receiving an activation waveform comprising a set of activation waveform data of
a plurality of signal sections collected at a plurality of locations;
receiving a set of window parameters comprising a range of window size;
for each signal section of the plurality of signal sections,
determining a set of confidence valueas, each confidence value
corresponding to a window size, by iterating through a plurality of window sizes in
the range of window size;
for each window size of the plurality of window sizes,
selecling a postlion of a ceniral window, the central window having
the each window size;
calculating a set of correlations, each of the set of correlations
being a correlation of the activation waveform in the central window and
the activation waveform in a shifted window, the shifted window being a
sample window shified from the central window and having the each
window size; and
determining one of the set of confidence values based on the set of
correlations; and
comparing the set of confidence values to select a designaled confidence
value and a selected window size corresponding to the designated confidence
value; and
determining one of a plurality of local cycle lengths for the each of the
plurality of signal sections based on the selecied window size, and
generating a local cycle length histogram based on the plurality of iccal cycle

lengths.

2. The method of claim 1, wherein the plurality of iocalions are seiected based on

an input.
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3. The method of claim 2, wherain the input indicates a probe location in the heart
chamber, and whereain the plurality of iocations are within a predelermined radius from

the probe location.

4. The method of any one of claims 1-3, wherein the plurality of iocations cover a

part of a heart chamber.

5. The method of any one of claims 1-4, wherein the set of correlations comprise a
sat of backward correlations and a set of forward correlations, wherein each of the set
of backward correlations is a correlation of the central window and a backward shifted
window, wherein the backward shifted window is the central window shifted backward,
wherein each of the set of forward correlations is a correlation of the ceniral window and
a forward shifted window, wharsin the forward shified window is the central window

shifted forward.

8. The method of claim 5, wherein the set of confidence values comprise a set of
backward confidence values and a set of forward confidence values, wherein each of
the set of backward confidence values is a backward confidence value determined
based on backward correlations of a window size, and wherein each of the set of
forward confidence values is a forward confidence value determined based on forward

correlations of a window size.

7. The method of claim 8, further comprising:

comparing the set of backward confidence values {o select a designated
hackward confidence value and a selected backward window size comresponding to the
designatled backward confidence value;

comparing the set of forward confidence values o select a designated forward
confidences value and a selected forward window size corresponding to the designated

forward confidence value, and
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determining the local cycle length based on the selected backward window size
and the selected forward window size.

8. The method of any one of claims 1-7, further comprising:

generating a representation of the local cydle length histogram.

8. The method of claim 8, further comprising:

receiving an input for a region of inferest;

overlaying a representation of the region of interest on the representation of the
local cycle tength histogram.

10, The method of any one of claims 1-8, further comprising:
for each signal section of the plurality signal sections,
determining one of a plurality of duly cycles based on the activation
waveform of g selected central window having the seiected window size, wherein
the selected central window is corresponding to the designated confidence value.

1. The method of claim 10, wherein the one of the plurality of duty cycles is an

average of the activation waveform data in the selecled ceniral window.

12, A system for processing cardiac information, the system comprising:

a processing unit configured to:
receive an activation waveform comprising a set of activation waveform

data of a plurality of signal sections coliected at a plurality of locations;
receive a set of window parameters comprising a range of window size;
for each signal section of the plurality of signal seclions,

determine a set of confidences values, sach confidence valus

corrasponding o a window size, by iterating through a plurality of window
sizes in the range of window size;

for each window size of the plurality of window sizes,
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select a position of a central window, the central window
having the sach window size;
calculate a set of correlations, sach of the set of correlations
being a correlation of the aclivation waveform in the central window
and the activation waveform in 8 shifled window, the shifted window
being a sample window shifted from the central window and having
the sach window size; and
determine one of the set of confidence values based on the
set of correlations; and
compare the set of confidence values to select a designaled
confidence value and a selected window size corresponding to the
designated confidence value; and
determine one of a plurality of local cycle lengths for the each of the
plurality of signal seclions based on the selected window size; and
generate a local cycle length histogram based on the plurality of local

cycle lengths.

13.  The system of claim 12, wherein the plurality of locations are selected based on

an input.

14, The system of claim 13, wherein the input indicates a probe location in the heart
chamber, and wherain the plurality of iocations are within a predetermined radius from

the probe location.

15, The system of any one of claims 12-14, wherein the set of correlations comprise
a set of backward correlations and a set of forward correlations, whearein sach of the sst
of backward correlations is a correlation of the central window and a backward shifted
window, wherain the backward shifted window is the central window shifted backward,
wherein sach of the set of forward correlations is a correlation of the ceniral window and
a forward shifted window, whearein the forward shifted window is the central window

shifted forward.
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FIG. 4A 400A
-
410A T Receive an activation waveform
415A - | Receive a set of window parameters

|

Determine a set of confidence values, each confidence
420A | value corresponding to @ window size, by iterating through
a plurality of window sizes in the range of window size

4725A e For each window size

430A ~ Select a position of a central window

Calculate a backward correlation of the activation
435A 4 waveform in the central window and the activation
waveform in a backward shifted window

Calculate a forward correlation of the activation waveform
440A ~ | inthe central window and the activation waveform in a
forward shifted window

A45A ~ Determine a backward confidence value based on the
hackward correlation

4504 - Determine g forward confidence value based on the
forward correlation

ASEA Compare the set of confidence values to select a
designated confidence value with a selected window size

Determine a local cycle length based on the selected
window size

A65A - Determine a local duty cycle based on the activation
N~ waveform and the selected window size

s

460A —_|

SUBSTITUTE SHEET (RULE 26)



WO 2022/072450 PCT/US2021/052583
5/28

FIG. 4B 400R

/
¥

Recelve an activation waveform including a plurality of channel
activation waveforms

4078 ] Receive a set of window parameters

410B ——\:: For each window size

4158 Select a position of a central window
420B For each channel of a plurality of selected channels

Calculate a channel backward correlation of the channel activation
waveform in the central window and the channel activation
waveform in a backward shifted window

4228 |

]

Calculate a channel forward correlation of the channel activation
424B ++ waveform in the central window and the channel activation
waveform in a foerward shifted window

Determine a backward confidence vatue based on the channel

4308 | backward correlations
4358 - Determine a forward confidence value based on the channel
™ forward correlations
Compare the backward confidence values to select a designated
4408 ~ | backward confidence value with a first'selected window size
Compare the forward confidence values to select a designated
4458 ~_| . . cesigna
farward confidence value with a second selected window size
450B ~ Determine a local cycle length based on the first and second

selected window sizes

I

460B - Determine a local duty cycle based on the activation waveform and
™ the local cycle length
i g

A470B Datermine an overall confidence value
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FIG. 4C 400C

/
¥

405C ~_ Recelve an activation waveform including a plurality of channel
activation waveforms

407C ~_| Receive a set of window parameters

410C w2 For each window size

415C | Select a position of a central window
420C For each channel of a plurality of selected channels

Calculate a set of channel backward correlations of the channel
422C 1| activation waveform in the central window and the channel
activation waveform in a set of backward shifted jittering windows

Calculate a set of channel forward correlation of the channel
424C -\ activation waveform in the central window and the channel
activation waveform in a set of forward shiftad jittering windows

|

Determine a backward confidence vatue based on the channel

430C backward correlations
435¢ L Determine a forward confidence value based on the channel
3507 forward correlations

Compare the set of backward confidence values to select a
440C —_| designated backward confidence value with a first selected window
] size and compute a first selected jitter value

445C — Compare the set of forward confidence values 1o select a
~ designated forward confidence value with a second selected
window size and compute a second selected jitter value

450C | Determine a local cycle length based on the first and second
selected window sizes and the first and second jitter values

|
460C Determine a local duty cycle based on the activation waveform and
= the local cycle length
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FIG. 4D 4/000

¥
405D —~ Receive an activation waveform including a plurality of channel activation
waveforms

l
407D ™ Receive a set of window parameters

1
410D »i’ For each window size

\
415D ™ Select a position of & central window
420D ™ For each channel of a plurality of selected channels

Calculate a set of channel backward correlations of the ¢channel activation
422D 1~ waveform in the central window and the channel activation waveform in a set
of backward shifted jittered windows

)

424D L Calcutate a set of channe! forward correlation of the channel activation
waveform in the central window and the channel activation waveform in a set
of forward shifted jittered windows

|

426D - Compare the set.of channel backward correlations to select a designated
I~ channel backward correlation and a channel backward jitter value
428D LI Compare theset of channel forward correlationsio select a desighated
R channel forward correlation and a channel forward jitter value
E
430D | Determine a backward confidence value based on the designated channel
RS .
] backward correlations
435D Determine a forward confidence value based on the designated channel
. forward corralations
440D Compare the set of backward confidence values to select a designated
0D ™ backward confidence vaiue with a first selected window size

442D — Compare the set of forward confidence values to select a designated forward
4 confidence value with a second selected window size

444D —~. | Determine a backward jitter value based on the channel backward jitter values

I

446D | Determine a forward jitter value based on the channel forward jitter values

1

450D - Determine a local cycle length based on the first and second selected window
. sizes and the backward and forward jitter values
|
460D — Determine a local duty cycle based on the activation waveform and the local
] cycle length
I
470D I Determine an overall confidence value
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F IG . 6 1728 600
/

610 ™| Receive an activation waveform for a plurality of signal sections

620 —_| Determinea plurality of local cycle lengths

623 ~_ | Determine a plurality of local duty cycles

627 | Determine a plurality of section confidence values

630 — Generate a local cycle length histogram based on the plurality of
local cycle lengths

633 | Generate a local duty cycle histogram based on the plurality of local
duty cycles

637 . Generate a confidence value histogram based on the plurality of
section confidence values

640 —. | Generate arepresentation of the local cycle length histogram

643 . | Generate a representation of the local duty cycle histogram

647 —_| Generate a representation of the confidence value histogram

650 Receive inputs on window(s) of interest

655 - Overlay the window(s) of interest on the representation(s) of
s histogram(s)
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FIG. 8A 800A
/

810A T . . .
Receive an activation waveform and a set of

electric cardiac signals

820A —_
Determine a set of electrogram characteristics

830A ™ Generate representation(s) of the set of

electrogram characteristics

840A ™1 Receive an input of parameter(s) of the

representation(s)

845A~_
Adjust the representation(s) based on the

input
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FIG. 8B 8008
/

810B ~_
Receive an activation waveform

820B —_|
Determine a set of electrogram characteristics

8308 ~| Generate a representation of the set of

electrogram characteristics

8358 ™ Generate a cardiac map overlaid with

activation waveform indications

8408 B
Receive an input of parameter(s) associated

with the set of electrogram characteristics

8458 ~_|
Update the cardiac map based on the input
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