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SYSTEM AND METHOD FOR RECONSTRUCTING
CARDIAC ACTIVATION INFORMATION

FEDERAL GRANT

[0001] Some of the research described in this application was funded by Grants RO1
HIL83359, HL&83359-S1 and HL103800 from the National Institutes of Health. The U.S.

Government may therefore have certain rights in the invention.

CROSS REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority to and benefit of U.S. Provisional Patent
Application No. 61/481,607 filed on May 2, 2011 and U.S. Patent Application No. 13/217,123

filed on August 24, 2011, both of which are incorporated herein by reference in their entireties.

BACKGROUND
Field

[0003] The present application relates generally to heart rhythm disorders. More
specifically, the present application is directed to a system and method for reconstructing cardiac

activation information (activation onset) associated with heart rhythm disorders.

Brief Discussion of Related Art

[0004] Heart (cardiac) rthythm disorders are common and represent significant causes of
morbidity and death throughout the world. Malfunction of the electrical system in the heart
represents a proximate cause of heart rhythm disorders. Heart rthythm disorders exist in many
forms, of which the most complex and difficult to treat are atrial fibrillation (AF), ventricular
tachycardia (VT) and ventricular fibrillation (VF). Other rhythm disorders are more simple to
treat, but may also be clinically significant including atrial tachycardia (AT), supraventricular
tachycardia (SVT), atrial flutter (AFL), supraventricular ectopic complexes/beats (SVE) and
premature ventricular complexes/beats (PVC). While under normal conditions the sinus node

keeps the heart in sinus rhythm, undcer certain conditions rapid activation of the normal sinus
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node can cause inappropriate sinus tachycardia or sinus node reentry, both of which also

represent heart thythm disorders.

[0005] Treatment of heart thythm disorders -- particularly complex rhythm disorders of
AF, VF and polymorphic VT -- can be very difficult. Pharmacologic therapy for complex
rhythm disorder is not optimal, with poor efficacy and significant side effects. Ablation has been
uscd increasingly in conncction with heart rhythm disorders by mancuvering a scnsor/probe to
the heart through the blood vessels, or directly at surgery, and delivering energy to a location of
the heart that harbors a cause of the heart rhythm disorder to mitigate and in some cases to
climinate the heart rthythm disorder. However, in complex rhythm disorders ablation is often
difficult and ineffectual because tools that identify and locate a cause of the heart rhythm
disorder are poor and hinder attempts to deliver energy to the correct region of the heart to

eliminate the disorder.

[0006] Certain systems and methods are known for treating simple heart rhythm
disorders. In a simple heart rhythm disorder (e.g., atrial tachycardia), consistent activation onset
pattcrns from beat to beat can gencerally be traced back to an carlicst location, which can be
ablated to mitigate and in some cases to eliminate the disorder. Even in simple heart rhythm
disorders, such ablation of the cause of a heart rhythm disorder is challenging and experienced
practitioners often require hours to ablate simple rhythm disorders with consistent beat-to-beat

activation patterns, such as atrial tachycardia.

[0007] There are no known systems and methods that have been successful with respect
to identifying causes for the complex rhythm disorders such as AF, VF or polymorphic VT. Ina
complex rhythm disorder, an earliest location of activation onsets cannot be identified because
activation onset patterns change from beat to beat, and are “continuous” such that there is no

identifiable carlicst point (or start) or latcst point (or end).

[0008] Diagnosing and treating heart rhythm disorders often involves the introduction of
a catheter having a plurality of sensors/probes into the heart through the blood vessels of a
patient. The sensors detect electric activity of the heart at sensor locations in the heart. The
clectric activity is generally processed into clectrogram signals that represent the activation of

the heart at the sensor locations.
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[0009] In a simple heart rhythm disorder, the signal at each sensor location is generally
consistent from beat to beat in timing and often in shape and number of its deflections, cnabling
identification of activation onsets at each sensor location. However, in a complex rhythm
disorder, the signal at each sensor location from beat to beat may transition between one, several,
and multiple deflections of various shapes. For instance, when a signal for a sensor location in
AF includes 5, 7, 11 or more deflections, it is difficult if not impossible to identify which
deflections in the signal are at or near the sensor location in the heart (i.e., local activation)
versus a further removed location still sensed by the sensor in the heart (7.e., far-field activation)
or simply noisc from another part of the paticnt’s heart, other anatomic structurcs, movement or

motion of the sensor relative to the heart or external electronic systems.

[0010] There are no known systems and methods that have been able to reconstruct
cardiac activation information (onsets) in variously shaped signals associated with heart rhythm
disorders, especially in complex rhythm disorders, to facilitate identification of a cause of the

heart rhythm disorders and their elimination.
SUMMARY

[0011] The present invention is applicable to reconstructing activation information of
various thythm disorders, including heart rhythm disorders, as well as other biological rhythm
disorders, such as neurological seizures, esophageal spasms, bladder instability, irritable bowel
syndrome, and other biological disorders for which biological activation information can be
reconstructed to permit determination, diagnosis, and/or treatment of the cause or source of the
disorders. Tt is particularly useful, however, in complex rhythm disorders which result in
complex activation patterns, and especially useful in complex rhythm disorders of the heart, in
order to find the cause(s) or source(s) of the disorders such that they can be treated with

cxpediency.

[0012] Complex heart thythm disorders typically result in activation patterns that are
extremely difficult to decipher and the ability to determine accurate activation information of
heart beats in complex disorders has previously not been possible. Among the advantages of the
present invention is the ability to reconstruct cardiac activation information such that a

determination of the cause and/or source of the disorder can be determined and treated. Another
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advantage is that the present invention provides a system and method which can be carried out
rapidly whilc a sensing device -- such as a catheter having sensors thercon -- is used in or near
the patient and can be followed by treatment of cardiac tissue to ameliorate the disorder and in
many cases cure the disorder. Treatment may thus occur immediately upon computing the
reconstructed cardiac information, since it will provide the location(s) of the cause or source of

the disorder.

[0013] Prior systems and methods suffered from the inability to determine the source of
heart rhythm disorders and consequently provided no means of targeting the source for
meaningful and curative treatment. Additionally, prior systems and methods required numerous
and complex steps of treatment and yet still failed to provide a means of reconstructing cardiac
activation information sufficient to identify the cause(s) or source(s) of the heart rhythm

disorder.

[0014] In contrast to prior systems and methods, the present invention provides a
relatively few number of steps to reconstruct the activation information in order to determing the
activation onsct timcs at various scnsor locations for a heart beat amidst the virtually

indiscernible activation patterns.

[0015] As used herein, reconstruction is a process of identifying activation onset time in
a cardiac or biological signal at a sensor location distinct from nearby or adjacent sensor

locations for one or more beats of a biological or cardiac rhythm disorder.

[0016] As used herein, activation onset time is a time point at which activation

commences in a cell or tissue, as opposed to other time points during activation.

[0017] As used herein, activation is a process whereby a cell commences its operation

from a quiescent (diastolic) state to an active (electrical) state.

[0018] In accordance with an cmbodiment or aspect, a system to reconstruct cardiac
activation information is disclosed. The system includes at least one computing device. The
computing device is configured to process a first cardiac signal and a second cardiac signal to
determine whether there is a point of change in a derivative of the first cardiac signal with

respect to a derivative of the second cardiac signal above a threshold. The computing device is
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further configured to assign an activation onset time in the first cardiac signal at the point of
change to definc cardiac activation indicating a beat in the first cardiac signal if it is determined
that the point of change is above the threshold. The point of change can be determined at about

the same time point for both the first cardiac signal and the second cardiac signal.

[0019] The computing device can form a composite cardiac signal from the first cardiac
signal and the sccond cardiac signal, and can dctcrminc ratio valucs at a plurality of points in the
first cardiac signal. Each ratio value can represent a difference between the derivative of the
second cardiac signal and a derivative of the composite cardiac signal to a difference between the
derivative of the first cardiac signal and the derivative of the composite cardiac signal. The
computing device can also select as the point of change in the first cardiac signal a point having a

largest ratio value from the determined ratio values.

[0020] The computing device can match at least one characteristic of the first cardiac
signal to at least one characteristic of a reference cardiac signal in a catalog of cardiac signals if
it is determined that there is no point of change above the threshold. Thereafter, the computing
device can assign an activation onsct time in the first cardiac signal as an onsct time of the

reference cardiac signal to define cardiac activation indicating a beat in the first cardiac signal.

[0021] The computing device can iteratively select pairs of cardiac signals from a
plurality of cardiac signals. Each pair can include a first cardiac signal and different second
cardiac signal. The computing device can perform processing and assignment for each of the
pairs to define multiple cardiac activations indicating beats for the first cardiac signal in ecach of
the pairs. The computing device can further reconstruct a cardiac activation pattern based on
assigned activation onset times of cardiac activations from the plurality of cardiac signals to
indicate a source of a cardiac rhythm disorder. The computing device can also display the
rcconstructed cardiac activation pattern to facilitate trcatment of cardiac tissuc at the sourcc to

suppress, lessen or ¢liminate the cardiac rhythm disorder.

[0022] In accordance with another embodiment or aspect, a method of reconstructing
cardiac activation information is disclosed. The method includes processing a first cardiac signal
and a sccond cardiac signal via a computing device to detcrmine whether there is a point of

change in a derivative of the first cardiac signal with respect to a derivative of the second cardiac

3-
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signal above a threshold. The method further includes assigning an activation onset time in the
first cardiac signal at the point of changce to definc cardiac activation indicating a beat in the first
cardiac signal if it is determined that the point of change is above the threshold. The point of
change can be determined at about the same time point for the first cardiac signal and the second

cardiac signal.

[0023] The determination of the point of change in the method can includce the following
operations. A composite cardiac signal can be formed from the first cardiac signal and the
second cardiac signal. Ratio values at a plurality of points in the first cardiac signal can be
determined. Each ratio value can represent a difference between the derivative of the second
cardiac signal and a derivative of the composite cardiac signal to a difference between derivative
of the first cardiac signal and the derivative of the composite cardiac signal. A point having a
largest ratio value from the determined ratio values can be selected as the point of change in the

first cardiac signal.

10024] If it is determined that there is no point of change above the threshold, the method
can include matching at lcast onc characteristic of the first cardiac signal to at lcast onc
characteristic of a reference cardiac signal in a catalog of cardiac signals. Thereafter, an
activation onset time of the reference cardiac signal can then be assigned as an activation onset
time in the first cardiac signal to define cardiac activation indicating a beat in the first cardiac

signal.

[0025] The method for reconstructing cardiac activation information can further
include iteratively selecting pairs of cardiac signals from a plurality of cardiac signals. Each pair
includes a first cardiac signal and different second cardiac signal. The operations of processing
and assigning for each of the pairs can be performed to define multiple cardiac activations
indicating beats for the first cardiac signal in cach of the pairs. Thercafter, a cardiac activation
pattern can be reconstructed based on assigned activation onset times of cardiac activations from

the plurality of cardiac signals to indicate a source of a cardiac rhythm disorder.

10026] In accordance with a further embodiment aspect, a method of treating a cardiac
rhythm disordcr is discloscd. Thc mcthod includes itcratively accessing a first cardiac signal and

a sccond cardiac signal from a plurality of cardiac signals. The first cardiac signal and the

6-
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second cardiac signal are processed via a computing device to determine whether there are points
of changc in a derivative of the first cardiac signal with respecet to a derivative of the sccond
cardiac signal above a threshold. Activation onset times are assigned to the first cardiac signal at
the points of change to define cardiac activations indicating beats in the first cardiac signal if it is
determined that the points of change are above the threshold. The method further includes
reconstructing a cardiac activation pattern based on the assigned activation onset times to
indicate a source of the rhythm disorder. Still further, the method includes treating cardiac tissue

at the source to suppress or eliminate the rthythm disorder.

[0027] These and other purposes, goals and advantages of the present application will
become apparent from the following detailed description read in connection with the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0028] Some embodiments or aspects are illustrated by way of example and not

limitation in the figurcs of the accompanying drawings in which:
[0029] FIG. 1 illustrates an example cardiac activation reconstruction system;

[0030] FIG. 2 illustrates an example simple electrogram signal of a heart rhythm

disorder from a sensor positioned at a sensor location in a heart illustrated in FIG. 1;

[0031] FIG. 3 illustrates an example complex clectrogram signal of a heart rhythm

disorder from a scnsor positionced at a sensor location in a heart illustrated in FIG. 1;

[0032] FIG. 4 illustrates an example array of sensors of a catheter illustrated in FIG. 1
and an cxamplc sclection of signals from the scnsors to reconstruct cardiac activation

information,

[0033] FIG. § illustrates example comparison pairs of signals from the sensors of the

array illustrated in FIG. 4;

[0034] FIG. 6 is an illustration of an example signal pair comparison of analysis signal

(SIG1) and reference signal (SIG2);
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[0035] FIG. 7 is an illustration of another example signal pair comparison of analysis

signal (SIG1) and rcference signal (SIG2);

[0036] FIG. 8 is an illustration of a further example signal pair comparison of analysis

signal (SIG1) and reference signal (SIG2) utilizing a composite signal,

[0037] FIG. 9 is a flowchart that illustrates an example method of reconstructing cardiac

activation information associated with heart rhythm disorders;

[0038] FIG. 10 is an illustration of an example signal pair comparison of analysis signal
(SIG1) and reference signal (SIG2) that can be processed in accordance with the method of FIG.

9 to reconstruct cardiac activation information;

10039] FIG. 11 is an illustration of an example mapping of processed signals in

accordancc with FIGS. 1-10; and

[0040] FIG. 12 1s a block diagram of an illustrative embodiment of a general computer
systcm.

DETAILED DESCRIPTION
[0041] A systecm and mcthod for reconstructing cardiac activation information associated

with heart rhythm disorders are disclosed herein. In the following description, for the purposes
of explanation, numerous specific details are set forth in order to provide a thorough
understanding of example embodiments or aspects. It will be evident, however, to one skilled in
the art, that an example embodiment may be practiced without all of the disclosed specific

dctails.

[0042] FIG. 1 illustrates an example cardiac activation reconstruction system 100. The
example system 100 is configured to detect and reconstruct cardiac activation information
collected/detected from a patient’s heart in connection with a heart rhythm disorder. The heart

includes a right atrium 122, left atrium 124, right ventricle 126 and left ventricle 128.

[0043] The example system 100 includes a catheter 102, signal processing device 114,

computing device 116 and analysis databasc 118.
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[0044] The catheter 102 is configured to detect cardiac activation information in the heart
and to transmit the dctected cardiac activation information to the signal processing deviee 114,
either via a wireless or wired connection. The catheter includes a plurality of probes/sensors

104-112, which can be inserted into the heart through the patient’s blood vessels.

10045] In some embodiments or aspects, one or more of the sensors 104-112 are not
inscrted into the patient’s heart. For cxamplce, some sensors may detect cardiac activation via the
patient’s surface (e.g., electrocardiogram) or remotely without contact with the patient (e.g.,
magnetocardiogram). As another example, some sensors may also derive cardiac activation
information from cardiac motion of a non-¢lectrical sensing device (e.g., echocardiogram). In
various embodiments or aspects, these sensors can be used separately or in different
combinations, and further these separate or different combinations can also be used in

combination with sensors inserted into the patient’s heart.

[0046] The sensors 104-112, which are positioned at sensor locations in the heart under
consideration, can detect cardiac activation information at the sensor locations and can further
deliver encrgy to ablate the heart at the sensor locations. It is noted that the scnsors 104-112 can
also detect cardiac activation information from overlapping regions of the heart (e.g., right

atrium 122 and left atrium 124).

[0047] The signal processing device 114 is configured to process (e.g., clarify and
amplify) the cardiac activation information detected by the sensors 104-112 at the sensor
locations into electrogram signals and to provide the processed cardiac signals to the computing
device 116 for analysis or processing in accordance with methods disclosed herein. In
processing the cardiac activation information from the sensors 104-112, the signal processing
device 114 can subtract cardiac activation information from overlapping regions of the heart 120
to provide proccssed cardiac signals to the computing device 116 for analysis. While in some
embodiments or aspects, the signal processing device 114 is configured to provide unipolar
signals, in other embodiments or aspects, the signal processing device 114 can provide bipolar

signals.

[0048] The computing device 116 is configurced to reccive (or access) cardiac signals

from the signal processing device 114 and further configured to analyze or process the cardiac

9.



WO 2012/151008 PCT/US2012/029935

signals in accordance with methods, functions or logic disclosed herein to reconstruct cardiac
activation information in the cardiac signals such that it is possiblc to locatc a causc of the hcart

rhythm disorder and to eliminate the cause.

[0049] For example, the computing device 116 can process a first cardiac signal and a
second cardiac signal from the received cardiac signals to determine whether there is a point of
changc in a derivative of the first cardiac signal with respect to a derivative of the sccond cardiac
signal above a threshold. The computing device 116 can then assign an activation onset time in
the first signal at the point of change to define cardiac activation indicating a beat in the first

signal if it is determined that the point of change is above the threshold.

[0050] As another example, the computing device 116 can iteratively select pairs of
cardiac signals from the received cardiac signals, each pair having a first cardiac signal and
second cardiac signal. The computing device 116 can process and assign for each of the pairs in
order to define multiple cardiac activations indicating beats for the first cardiac signal in each of
the pairs. For example, the computing device 116 is configured to perform processing and
assigning to dcfine multiple cardiac activations indicating beats in the first cardiac signal. The
computing device 116 can then reconstruct a cardiac activation pattern based on assigned
activation onset times of cardiac activations from the received cardiac signals to indicate a source
of a rhythm disorder. In some embodiments or aspects, the computing device 116 can also
display the reconstructed cardiac activation pattern to facilitate treatment of cardiac tissue at the

source to suppress, lessen or eliminate the cardiac rhythm disorder.

[0051] The analysis database 118 is configured to support or aid in the analysis of the
signals by the computing device 116. In some embodiments or aspects, the analysis database
118 can store a catalog of reference signals and associated activations to enable the computing
device 116 to determinc an activation onsct associatcd with a signal being considered (e.g., when
point of change is below threshold during a time window), as will be described in greater detail

herein.

10052] FIG. 2 illustrates an example simple electrogram signal 200 of a heart rhythm
disorder from a scnsor positioncd at a scnsor location in the heart 120. For cxample, scnsor 104

of catheter 102 can be positioned at a sensor location in the right atrium 122, as shown in FIG. 1.

-10-
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As an example, the heart rhythm disorder can be a complex rhythm disorder AF, VF and
polymorphic VT, or another heart rhythm disorder.

[0053] The example signal 200 is for a time period between about 300 ms and about 900
ms. During this time period, the signal 200 is expected to have four (4) local activation onsets
204-208, e.g., those activation onsets that originate at or near (locally to) the sensor location in
the heart 120 of scnsor 104. Specifically, based on cstablished obscrvations in heart rhythm
disorders, cycle length between activation onsets of about 100 ms to about 300 ms can be
expected for AF, and cycle length between activation onsets of about 180 ms to about 240 ms
can be expected for complex ventricular arrhythmias. As an example, cycle length 210 of about
100 ms to about 300 is expected between activation onset 202 and activation onset 204. In the
example signal 200, the activation onsets 204-208 arc generally identifiable as having a small
degree of baseline wander superposed in the local signal with few far-field artifacts that could be
mistaken as local activity. Local activity in this example can be characterized by an activation
onset with a sharp inflection point and high slope, followed by a period of gentle, low-deviation

slope representing repolarization, typically lasting between about 100 ms and 250 ms.

[0054] In the example signal 200, an example far-field deflection 212 is illustrated
between location activation onset 206 and local activation onset 208, e.g., an activation onset that
originates at a location in the heart 120 that is different than the sensor location associated with
the sensor 104. Specifically, the heart 120 at the sensor location associated with sensor 104
cannot physiologically activate again after activation onset 206 in a shorter cycle than about 100
ms to about 300 ms because local tissue must undergo repolarization. Moreover, the deflection
212 cannot be local to the sensor location associated with the sensor 104 when the deflection 212
is also significantly present in signals collected by neighbor sensors in multiple directions to
sensor 104. For example, the far-field deflection 212 detected by sensor 104 can be associated

with activation onset at a sensor location associated with sensor 106.

[0055] FIG. 3 illustrates an example complex electrogram signal 300 of a heart rhythm
disorder from a sensor positioned at a sensor location in the heart 120. For example, sensor 106

of catheter 102 can be positioned at a sensor location in the right atrium 122, as shown in FIG. 1.

11-
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As an example, the heart rhythm disorder can be a complex rhythm disorder AF, VF and
polymorphic VT, or another heart rhythm disorder.

[0056] Similarly to example signal 200, example signal 300 is for a time period between
about 300 ms and about 900 ms. During this time period, the signal 300 is expected to have four
(4) local activation onsets, e.g., activation onsets that originate locally to the sensor location in
the heart 120 of sensor 106. Howecever, in the cxample signal 300 there are cleven (11) possible
activation onsets 302-322. Multiple deflections of short duration (shorter than shortest cycle
length of about 100 ms) caused by the heart rhythm disorder makes the discernment of local
activation onsets at the sensor location of sensor 104 as opposed to far-field activations or simply

noise prohibitively difficult.

[0057] FIG. 4 illustrates an example array of sensors 400 of catheter 102 and an example
selection of signals from the sensors to reconstruct cardiac activation information (e.g.,
activation onsets). The array 400 includes fifteen (15) example sensors for simplicity and clarity
of the description. It is to be understood that the array 400 can include fewer or more sensors to
as may be dcterminced to cover different portions of the heart 120. In some ecmbodiments or

aspects, the array 400 can include 160 or more sensors.

[0058] The sensors of the array 400 are shown in example spatial arrangement with
respect to the right atrium 122 of the heart 120. Similarly, the array 400 can be spatially
arranged in other chambers of the heart, e.g., left atrium, right ventricle, left ventricle, or for
combinations of chambers including the endocardial or epicardial surfaces. In FIG. 4, the spatial
arrangement of electrodes in the array 400 is shown to be uniform and planar for simplicity and
clarity of the description. However, the heart 120 is not a uniform or planar structure.
Accordingly, the spatial arrangement of electrodes in the array 400 can be varied with respect to

the shapc of the heart 120 to improve detection of clectric activity in the heart 120.

[0059] In one example embodiment or aspect, catheter 102 of FIG. 1 can be a basket
catheter with the example sensors of the array 400 disposed in spatial arrangements along splines
406-408 of the basket catheter 102. Different catheters with various spatial arrangements of the
scnsors in the sensor array 400 can be uscd, such as spiral, radial spokcs or other spatial

arrangements.

-12-
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[0060] Pairs of sensors (signals of sensors) in the array 400 are iteratively selected for
processing as will be described in greater detail herein in order to reconstruct cardiac activation
information (activation onsets) of the heart 120 in the right atrium 122, or another chamber in

which the array 400 may be disposed.

[0061] As illustrated at 402, an analysis signal (1) is selected for processing. A reference
signal (2) -- a ncighbor to thc analysis signal (1) -- is then sclected to form a first pair that is
processed to determine activation onsets in the analysis signal (1). Similarly, as illustrated at
404, an analysis signal (1) is selected for processing. A reference signal (2) -- another neighbor
to the analysis signal (1) -- is then selected to form a second pair that is processed to determine
activation onsets in the analysis signal (1). The activation onsets from the first pair and the
second pair of signals can be stored in memory of computing device 116 or database 118 of FIG.
1. The neighboring sensors (signals) can but do not have to be adjacent, as will be described in

greater detail below.

10062] The selections and processing are repeated for the sensors of the array 400
(signals) that ncighbor the analysis signal (1). The activation onscts in thc analysis signal (1) for
all pairs of signals can also be stored in memory of computing device 116 or database 118.
Thereafter, another analysis signal is selected and the selections and processing are repeated for
that analysis signal. In this fashion, each of the plurality of analysis signals in array 400 is
processed against its neighboring signals. The number of neighboring signals for a given
analysis signal can be fewer or greater depending on the spatial arrangement of the sensors in the

array 400, the chamber of the heart analyzed and the heart rhythm disorder treated.

[0063] FIG. S illustrates example comparison pairs of signals from the sensors of the
array 400 illustrated in FIG. 4. Neighbor signals can include not only those signals that are
immecdiatcly adjacent to the analysis signal but also thosc signals not adjacent to the analysis
signal. Spatially separating the paired sensors can have the effect of spatially extending the arca
over which deflections are considered to be local activity. Local activity is therefore
approximately defined by the separation of the paired sensors. As illustrated in example 1 of
FIG. 5, selected analysis signal (1) is processed against adjacent signals (2)-(5) and also against a

non-adjacent signal (6). As further illustrated in example 2 of FIG. 5, selected analysis signal (1)
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is processed against adjacent signals (2)-(5) and also against a non-adjacent signals (6) and (7).
Whilc closcst ncighbor signals arc preferred, ncighbor signals in various spatial oricntations with

respect to the analysis signal can be used.

[0064] For cach analysis signal, there could be a plurality of reference signals (e.g., four
(4) reference signals or greater). A final activation onset in the analysis signal is determined
with reference to or based on the combination of the reference signals’ possible activation onscts.
Specifically, the activation onsets determined from each pair can be referenced against cach
other to check for correspondence or association of activations in the analysis signal. An
activation onset for the analysis signal is finalized based on the possible activation onsets of the

referenced pairs of signals.

[0065] The final activation onset for the analysis signal can be determined in various
ways. In one embodiment or aspect, the final activation onset for the analysis signal can be
determined based on an average of the possible activation onsets from the various pairs of
referenced signals. In another embodiment or aspect, the final activation onset for the analysis
signal can be dctermined bascd on an avcrage of the possible activation onscts from thosc pairs
of signals in which a majority of the possible activation onsets are within a predetermined time
interval of each other (e.g., =5 ms). The time interval used can be chosen to be lower or higher.
Alternatively, the final activation can also be determined by performing a “center-of-mass”
calculation weighted by the significance value of each of the possible activation onsets in the
majority, or by analysis of a predominant direction of activation onsets relative to sensor

locations.

[0066] With reference to example 1 in FIG. 5, if an analysis signal has been determined
to have possible activation onsets of 170 ms, 190 ms, 193 ms, 165 ms and 172 ms in connection
with the five (5) reference signal pairs, respectively, then the final activation onsct for the
analysis signal can be determined to be (170+165+172)/3 = 169 ms. The activation onsets of
190 ms and 193 ms that are outside the time interval can be discounted from the determination of
the final activation onset for the analysis signal. The final activation onset determined for each

signal can be saved in the database 118 of FIG. 1.
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[0067] While in the forgoing examples for the sake of brevity and clarity, only one
activation onsct was dctcrmincd for the analysis signal in conncction with cach reference signal,
it should understood that each signal (from a sensor of array 400) can represent multiple
successive analysis intervals (e.g., activation cycles) as illustrated in FIG. 2, each of which can
have an activation onset as determined based on the same time interval of multiple reference

signals (neighboring sensors of array 400).

[0068] FIG. 6 is an illustration of an example signal pair comparison 600 of example
analysis signal (SIG1) and example reference signal (SIG2). For example, the signals can be
from comparison pair 402 (or comparison pair 404) illustrated in FIG. 4, or from any comparison
pair illustrated in FIG. 5. It is noted that the signals are illustrative and occur during the same
analysis interval. As noted herein, the signals can have multiple successive analysis intervals

(e.g., activation cycles), as illustrated in FIG. 2.

[0069] The signals are processed at one or more successive time points (e.g., every
millisecond, two milliseconds, or other time points) to determine whether there is a point of
changc in a derivative of the analysis signal with respect to a derivative of the reference signal
above a threshold. The point of change can be determined from one or more of slope, amplitude,
timing and shape for the first cardiac signal and the second cardiac signal. It is noted that in
some embodiments or aspects, processing of some time points can be omitted (e.g., every other
time point or two of three time points). A first derivative (or second derivative can be used) is
determined for each of the time points in the signals. A root mean squared is determined for
cach of the signals. For example, RMS1 and RMS2 are determined by taking a root mean
squared of the derivatives for the entire signal of each of the signals (e.g., all activation cycles).
RMS can be used to normalize the amplitude of the signals with respect to one another, such that
amplitudes (e.g., voltage) of the deflections in the signals do not affect the processing of the

signals as described below.

[0070] A time point (same time point or about the same time point) is successively
selected from cach of the signals (SIG1, SIG2) for consideration and processing. For each time
point under consideration, a time increment 602, 604 in each signal starting at that time point can

be considered. For example, a time increment of 10 ms can be used. Different time increments
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can be selected. A line which is pinned to the point under consideration in each signal and which
provides the best fit to the time points in the time increment of cach signal is determined. The
determined lines represent the slopes (e.g., volts/per second) of the signals for the selected time
point. More specifically, the determined lines represent slopes of the signals at the selected time
point for the same time increment (e.g., 10 ms). A significance value (8) is determined with

respect to the slopes.

[0071] The significance value can be determined by taking an absolute value of the first
slope over its associated root mean squared value and subtracting an absolute value of the second
slope over its associated root mean squared value. A determination is made as to whether the
resulting () = -0.461 is above a significance threshold (e.g., 0.25). The significance threshold
indicates that there is a potentially significant point of change (based on slopes) for the time
point in the signals under consideration, e.g., that the derivatives diverge sufficiently from cach
other. In the example signal pair comparison 600, the significance value (8) = -0.461 is below
the significance threshold of 0.25. The low significance value indicates that the deflection in
SIG1 is far-field and not sufficiently local to a sensor location from which the signal originated,
e.g., a sensor shown in FIG. 4. Accordingly, there is no potentially significant point of change in

the example signal pair comparison 600.

[0072] As noted herein, the signals can have multiple successive analysis intervals (e.g.,
activation cycles), as illustrated in FIG. 2. In each analysis interval, it is possible to have zero,
one or more potentially significant points of change as described above. The time point under
consideration and the potentially significant point(s) of change can be recorded, such as in

database 118.

10073] FIG. 7 is an illustration of an example signal pair comparison 700 of example
analysis signal (SIG1) and cxample reference signal (SIG2). Similarly, the signals can be from
comparison pair 402 (or comparison pair 404) illustrated in FIG. 4, or from any comparison pair
illustrated in FIG. 5. The signals are illustrative and occur during the same analysis interval. As
noted herein, the signals can have multiple successive analysis intervals (e.g., activation cycles),

as illustrated i FIG. 2.
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[0074] The signals are processed at one or more successive time points to determine
whether there is a point of change in a derivative of the analysis signal with respect to a
derivative of the reference signal above a threshold. In some embodiments or aspects,
processing of some time points can be omitted (e.g., every other time point or two of three time
points). A first derivative (or second derivative) is determined for each of the time points in the
signals. A root mean squared is further determined for each of the signals. A time point (same
time point or about the same time point) is successively selected from each of the signals (SIG1,
S1G2) for consideration and processing. For each time point under consideration, a time
increment 702, 704 (e.g., 10 ms) in cach signal starting at that time point can be considered. A
line which is pinned to the point under consideration in each signal and which provides the best
fit to the time points in the time increment of each signal is determined. The determined lines
represent the slopes (e.g., volts/per second) of the signals for the selected time point. More
specifically, the determined lines represent the slopes at the selected time point for the same time

increment. A significance valuc () is determined with respect to the slopes.

[0075] The significance value can be determined by taking an absolute value of the first
slope over its associated root mean squared value and subtracting an absolute value of the second
slope over its associated root mean squared value. A determination is made as to whether the
resulting (3) = -0.063 is abovc a significancc threshold (e.g., 0.25). In the cxamplc signal pair
comparison 700, the significance value (8) =-0.063 is well below the significance threshold of
0.25. The low significance value indicates low amplitude noise. Accordingly, there is no

potentially significant point of change in the example signal pair comparison 700.

[0076] A noise level can be defined as fraction of the significance threshold or can be
defined programmatically in various ways. For example, noise level can be one-tenth (0.025) of
the significance threshold (0.25). A different fraction level can be selected. As another example,
the noise level can be defined as a Gaussian standard deviation of a plurality of significance
values. Other ways of defining the noise level are contemplated. It is noted that the significance
threshold (e.g., 0.25) is highcr than the noisc level that can be associated with the analysis signal
and reference signal in the example signal pair comparison 700. Accordingly, a point of change
at or below noise level can be associated with one or more signals from other regions of a heart,

respiratory system, gastrointestinal tract, neurological system as well as electronic interference.
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[0077] As noted herein, the signals can have multiple successive analysis intervals (e.g.,
activation cycles) and in cach analysis intcrval, it is possible to have zcro, onc or morc
potentially significant points of change as described above. The time point under consideration

and the potentially significant point(s) of change can be recorded, such as in database 118.

[0078] FIG. 8 is an illustration of an example signal pair comparison 800 of example
analysis signal (SIG1) and cxamplc reference signal (SIG2) utilizing a composite signal. Asin
the other examples, the signals can be from comparison pair 402 (or comparison pair 404)
illustrated in FIG. 4, or from any comparison pair illustrated in FIG. 5. The signals are
illustrative and occur during the same analysis interval. As noted herein, the signals can have

multiple successive analysis intervals (e.g., activation cycles), as illustrated in FIG. 2.

[0079] The signals are processed at one or more successive time points to determine
whether there is a point of change in a derivative of the analysis signal with respect to a
derivative of the reference signal above a threshold. In some embodiments or aspects,
processing of some time points can be omitted (e.g., every other time point or two of three time
points). A first derivative (zero order derivative or sccond derivative) is determined for cach of
the time points in the signals. A root mean squared is further determined for each of the signals.
A time point (same time point or about the same time point) is successively selected from each
of the signals (SIG1, SIG2) for consideration and processing. For ¢ach time point under
consideration, a time increment 802, 804 (¢.g., 10 ms) in each signal starting at that time point
can be used. A line which is pinned to the point under consideration in each signal and which
provides the best fit to the time points in the time increment of each signal is determined. The
determined lines represent the slopes (e.g., volts/per second) of the signals for the selected time
point. More specifically, the determined lines represent the slopes of the signals at the selected
time point for same time increment. A significance value (9) is determined with respect to the

slopes.

[0080] In some embodiments or aspects, the significance value can be determined by
taking an absolute value of the first slope over its associated root mean squared value and
subtracting an absolute value of the second slope over its associated root mean squared value. A

determination is made as to whether the resulting (8) = 0.546 is above a significance threshold
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(e.g., 0.25). In the example signal pair comparison 800, the significance value (8) = 0.546 is

determinced to be above the significance threshold of 0.25.

[0081] Accordingly, there is a potentially significant point of change in the example
signal pair comparison 800 at the time point under consideration. As noted herein, the signals
can have multiple successive analysis intervals (e.g., activation cycles) and in each analysis
interval, it is possiblc to have zcro, onc or more potentially significant points of change as
described above. The time point under consideration and the potentially significant point(s) of

change can be recorded, such as in database 118.

10082] In other embodiments or aspects, the significance value can be determined with
respect to a composite signal. Specifically, a composite signal (COMP) is computed by
subtracting SIG2 (reference signal) from SIG1 (analysis signal), e.g., COMP = SIG2 -SIG1.
The composite signal can represent a bipolar signal (COMP) of constituent unipolar signals
(SIG1, SIG2). In alternate embodiments or aspects, the composite signal COMP can also be
computed by adding signals SIG1 and SIG2. The signals in the signal pair comparison 800 are
illustrative and occur during the same analysis intcrval. As noted herein, the signals can have

multiple successive analysis intervals (e.g., activation cycles), as illustrated in FIG. 2.

[0083] The signals SIG1, SIG2 are processed at one or more successive time points with
respect to the composite signal COMP to determine whether there is a point of change in a
derivative of the analysis signal with respect to a derivative of the reference signal above a
threshold. A first derivative (or second derivative) is determined for each of the time points in
the signals, SIG1, SIG2, COMP. A time point (same time point or about the same time point) is
successively selected from each of the signals (SIG1, SIG2, COMP) for consideration and
processing. For ¢ach time point under consideration, a time increment 802, 804, 806 (e.g., 10
ms) in cach signal starting at that timc point can be considercd. A linc which is pinned to the
point under consideration in each signal and which provides the best fit to the time points in the
time increment of each signal is determined. The determined lines represent the slopes (e.g.,
volts/per second) of the signals for the selected time point. More specifically, the determined
lines represent the slopes of the signals at the selected time point for the same time increment. A

significance value (3) is determined with respect to the slopes.

19-



WO 2012/151008 PCT/US2012/029935

[0084] In the embodiments or aspects employing the composite signal, the significance
valuc () can be determined by a ratio taking an absolute valuc of the sccond slope and
subtracting an absolute value of the composite slope, and dividing by a logarithm of a result of
an absolute value the first slope subtracting an absolute value of the composite slope. The
resulting significance value for the time point under consideration is (8) =31.63. Significance
values can be computed for all points under consideration. A significance threshold can be
determined to be an average of the computed significance values (8) plus a standard deviation.
Thereafter, only those significance values (d) that are above the significance threshold can be
considcred to be potentially significant points of change for the comparison pair 800. For the
example signals in the signal pair comparison 800 of FIG. 8, the determined significance
threshold can be 10. Tt is noted that the significance value(s) that is above the significance
threshold generally extends substantially above the significance threshold. For example, a

significance value (9) -- having the largest ratio -- can therefore be selected.

[0085] Accordingly, there is a potentially significant point of change in the example
signal pair comparison 800 at the time point under consideration. As noted herein, the signals
can have multiple successive analysis intervals (e.g., activation cycles) and in each analysis
interval, it is possible to have zero, one or more potentially significant points of change as
described above. The time point under consideration and the potentially significant point(s) of

change can be recorded, such as in database 118.

[0086] FIG. 9 is a flowchart that illustrates an example method 900 of reconstructing
cardiac activation information (activation onset) associated with heart rhythm disorders. The
example method 900 can be performed by the computing device 116 illustrated in FIG. 1. More
specifically, the example method 900 starts at operation 902 at which signals are received by the
computing device 116 via signal processing device 114 from sensors disposed in the heart 120.
For example, signals can be received from sensors of the sensor array 400 disposed in the right
atrium 122 of the heart 120, as shown in FIGS, 1 and 4. In some embodiments or aspects, at
lcast a portion of the signals from the scnsors can be recorded by signal processing device 114

and then provided to computing device 116.
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[0087] At operation 904, a first signal (analysis signal) is selected. At operation 906, a
sccond signal (reference signal) is sclected. Sclection of the analysis signal and the reference
signal can be performed as described in greater detail with reference to FIGS. 4 and 5. In some
embodiments or aspects, a root mean squared (RMS) can be determined for the first signal and
for the second signal. At operation 908, a time interval over which the first signal and the second
signal are to be compared is selected. The time interval can be selected to be an activation cycle
(e.g., 100 ms to 300 ms) as described in FIG. 2. In some embodiments or aspects, the time
interval can be determined by a dominant frequency analysis or other analysis of the average
cycle length of the first (analysis) signal. A dcfault time intcrval of 200 ms can be uscd if the
time interval cannot be determined computationally. In other embodiments or aspects, the time
interval can be selected manually, computationally by a different analysis method, from a
database that catalogs such time intervals for patients of a certain age, gender and type of heart

rhythm disorder, or defaulted to a value between about 100 ms and about 300 ms.

[0088] In some embodiments or aspects, a composite signal can be determined based on
the selected first signal and the second signal, such as by subtracting or adding the signals as

described with reference to FIG. 8.

[0089] At operation 910, a time point is selected for consideration in the selected time
interval. The same or about the same time point is selected for consideration in each signal (e.g.,
first signal and second signal). At operation 912, derivatives are calculated for a time increment
(e.g., 10 ms) extending from the point of consideration in each signal. In those embodiments or
aspects that use a composite signal, a derivative is also calculated for a time increment (e.g., 10
ms) extending from a time point of consideration in the composite signal. The time point of
consideration in the composite signal is the same or about the same as in the other signals (e.g.,

first signal and second signal).

[0090] At operation 914, a determination is made as to whether all points in the selected
time interval have been processed. If it is determined that all point in the selected time interval
were processed, the method 900 continues at operation 916. Alternatively, the method 900
performs operations 910, 912 until all points in the selected time interval are determined to be

processed at operation 914.
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[0091] At operation 916, points of change between the derivatives of the first signal with
respect to the derivatives of the sccond signal are determined in the time interval under
consideration. For example, a significance value (d) can be determined at each point of change

as described with reference to FIGS. 6-8.

10092] At operation 918, a determination is made as to whether there is a point(s) of
changc in the derivative of the first cardiac signal with respect to the derivative of the sccond
cardiac signal above a threshold. For example, it can be determined whether the significance
value () at the point of change is above the threshold. In some embodiments or aspects that do
not use a composite signal, the threshold can be 0.25 (or another value) as described with
reference to FIGS. 6-8, while in those embodiments or aspects that use a composite signal, the
threshold can be computed as an average value plus a standard deviation of all points of change

as described with reference to FIG. 8.

[0093] If it is determined that there is a point(s) of change above the threshold, the
method 900 continues at operation 920 where the significant point(s) of change is recorded
(sclected) as a possible activation onsct(s) for the time interval under consideration in the first
(analysis) signal. If however, it is determined that there is no point of change above the
threshold (no significant point of change), the method 900 continues at operation 924 where the
first signal is compared over the time interval to a catalog of reference signals. For example, the
catalog of reference signals for heart rhythm disorders can be maintained in database 118. At
operation 926, a determination is made as to whether there is a match to a reference signal in the
database. The comparison can be based on at least one characteristic of the first signal to at least
one characteristic of the reference signal, such as shape, slope, amplitude, frequency and/or
timing. Other characteristics can be used together with or instead of the enumerated

characteristics.

[0094] If there is no match to a reference signal at operation 926, the method 900
continues at operation 922. Alternatively, the method 900 continues at operation 928 where the
point(s) of change in the time interval under consideration is recorded (selected), which would

correspond to activation onset(s) in the reference signal that was matched.
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[0095] At operation 922, a determination is made as to whether all time intervals in the
signals havc been processed. If it is determined that all time intervals have not been processed,
the method 900 continues to perform operations 908-922 to process subsequent time intervals
until it is determined that all time intervals have been processed. The subsequent time interval
can be determined from the point(s) of change that represents the possible activation onsct at
920. Specifically, if only one point of change (above the threshold) is recorded at 920, then the
next time interval (e.g., 100 ms to 300 ms) starts at the onset time associated with the point of
change plus a half of a cycle length (e.g., 50 ms to 150 ms). If there are multiple points of
changc, then the onsct time associated with the largest point of change (significance valuc) is
used to determine the next time interval for operations 908-922. 1t is noted that the
determination of the next time interval can be extended to consider significant points of change
from all second (reference) signals for the same time interval under consideration. However, if it
is determined that all time intervals have been processed at operation 922, the method 900

continucs at opcration 930.

[0096] At operation 930, a determination is made as to whether all second (reference)
signals have been processed in association with the selected first (analysis signal. If it is
determined that all second signals have not been processed, the method 900 continues to perform
opcrations 906-930 until it is dctermined that all sccond (reference) signals have been processed
for the first (analysis) signal. However, if it is determined that all second signals have been

processed, the method 900 continues to operation 932.

[0097] At operation 932, an activation onset(s) is assigned in the first signal at the
point(s) of change to define cardiac activation(s) indicating a beat(s) in the first signal if it is
determined (at operation 918) that the point(s) of change is above the threshold. Similarly, at
operation 932 an activation onset(s) can be assigned in the first signal at the point(s) of change to
define cardiac activation(s) indicating a beat(s) in the first signal based on a matched reference
signal (at operation 928). More specifically, activation onsets are assigned to the time intervals
of the first signal bascd on the rccorded (or significant) point(s) of change of the first signal with
reference to the second signal(s). That is, an activation onset is assigned to each time interval in
the first (analysis) signal based possible activation onset(s) associated with the significant

point(s) of change in the same time interval of the second (reference) signal(s). As described
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with reference to FIG. 5, the activation onset for the time interval of the first (analysis) signal can
be determined based on an average of the activation onscts with reference to the sccond
(reference) signals. In another embodiment or aspect, the activation onset for the time interval of
the first signal can be determined based on an average of activation onsets with reference to
those second signals in which a majority of activation onsets are within a predetermined time
interval of each other (e.g., =5 ms). The assigned onset can be recorded for each interval in the

first (analysis) signal such as in database 118.

[0098] At operation 934, a determination is made as to whether all signals have been
processed or analyzed as first (analysis) signals against second (reference) signals. If it is
determined that all signals have not been processed, then the method 900 continues to perform
operations 904-932 until all signals have been processed. Alternatively, if it is determined that

all signals have been processed, the method 900 ends at operation 936.

[0099] At the conclusion of the method 900, signals collected from the heart 120 have
been reconstructed with cardiac activation information (activation onsets) such that a cause of
the heart rhythm disorder can be determined. More specifically, unipolar clectrograms or
monophasic action potentials (MAPs) can be mapped to the reconstructed activation onsets of
the signals to show unipolar or MAP sequences or representations for the signals. An activation
map or pattern can be constructed from these unipolar voltage or MAP voltage representations of
the signals to locate the cause of the heart rhythm disorder. An example MAP representation and

example activation map are illustrated in FIG. 11.

[00100] FIG. 10 is an illustration of an example signal pair comparison 1000 of analysis
signal (SIG1) and reference signal (SIG2) that can be processed in accordance with method 900
of FIG. 9 to assign an activation onset 1004. As illustrated in comparison 1000, a time interval
1002 (e.g., 100 ms — 300 ms) is sclected for comparison and processing. In some cxample
embodiments or aspects, the signals in the time interval (SIG1, SIG2, COMP) are smoothed,
such as via median filter. Significance values (8) are determined for the points of changes in the
signals’ first or second derivative, as described herein with reference to FIGS. 1-9. As illustrated
in signal pair comparison 1000, point of change 1012 in SIG1 that is above threshold 1010 is

assigned as the activation onset 1004 for the time interval 1002 in SIG1 based on the first
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derivative. Alternatively, point of change 1014 in SIG1 that is above threshold 1010 is assigned
as the activation onsct 1004 for the time interval 1002 in SIG1 bascd on the sccond derivative.
Subsequent time intervals are selected and activation onsets are assigned as described herein

with reference to FIGS. 1-9 until the analysis signal (SIG1) is processed.

[00101] FIG. 11 is an illustration of an example mapping 1100 of processed signals in
accordancc with FIGS. 1-10. Raw signal 1100 rcpresents a signal that is proccssed to assign
activation onsets (vertical lines) as described herein. For reference purposes, a composite signal
1102 is shown, which results from the raw (analysis) signal 1100 and another (reference) signal
(not shown). A monophasic action potential (MAP) voltage representation is generated from for
each processed signal 1100. Multiple signals are processed as described herein and MAPs
generated based on the processed signals. The electrical activity of all MAPs is mapped in a
sequence of example activation mappings 1106 to show activation onsets 1108, 1110, 1112 and
1114 at each time interval, respectively. These mappings can be displayed by computing device
116. Although only four mapping are shown for illustrative purposes, there can be fewer or

greater number of mappings 1106 based on the time intervals represented in the signals.

[00102] As shown by the arrows in the example mappings 1106 (e.g., activation onsets
1108-1114), the electrical activity indicates a rotational activation pattern of activation onsets
(rotor) in the heart rhythm disorder. At least a portion of the area of the heart 120 indicated by
the rotational activation pattern indicated by the arrows in FIG. 11 can be treated to eliminate the
cause of the heart thythm disorder, and therefore the heart rhythm disorder itself. Such treatment
may be delivered by ablation using various energy sources (including but not limited to
radiofrequency, cryoenergy, microwave, and ultrasound), gene therapy, stem cell therapy, pacing
stimulation, drug or other therapy. It is noted that the MAP representation and activation map
are examples to illustrate a rotational activation pattern. Other activation patterns can result from

different example signals collected by the sensors from the heart 120.

[00103] FIG. 12 is a block diagram of an illustrative embodiment of a general computer
system 1200. The computer system 1200 can be the signal processing device 114 and the
computing device 116 of FIG. 1. The computer system 1200 can include a set of instructions

that can be executed to cause the computer system 12800 to perform any one or more of the
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methods or computer based functions disclosed herein. The computer system 1200, or any
portion thercof, may opcrate as a standalonc device or may be connected, e.g., using a nctwork
or other connection, to other computer systems or peripheral devices. For example, the computer
system 1200 may be operatively connected to signal processing device 114 and analysis database

118.

[00104] The computer system 1200 may also be implemented as or incorporated into
various devices, such as a personal computer (PC), a tablet PC, a personal digital assistant
(PDA), a mobile device, a palmtop computer, a laptop computer, a desktop computer, a
communications device, a control system, a web appliance, or any other machine capable of
executing a set of instructions (sequentially or otherwise) that specify actions to be taken by that
machine. Further, while a single computer system 1200 is illustrated, the term “system” shall
also be taken to include any collection of systems or sub-systems that individually or jointly

execute a set, or multiple sets, of instructions to perform one or more computer functions.

[00105] As illustrated in FIG. 12, the computer system 1200 may include a processor
1202, e.g., a central processing unit (CPU), a graphics-processing unit (GPU), or both.
Moreover, the computer system 1200 may include a main memory 1204 and a static memory
1206 that can communicate with each other via a bus 1226. As shown, the computer system
1200 may further include a video display unit 1210, such as a liquid crystal display (LCD), an
organic light emitting diode (OLED), a flat panel display, a solid state display, or a cathode ray
tube (CRT). Additionally, the computer system 1200 may include an input device 1212, such as
a keyboard, and a cursor control device 1214, such as a mouse. The computer system 1200 can
also include a disk drive unit 1216, a signal generation device 1222, such as a speaker or remote

control, and a network interface device 1208.

[00106] In a particular cmbodiment or aspect, as depicted in FIG. 12, the disk drive unit
1216 may include a computer-readable medium 1218 in which one or more sets of instructions
1220, e.g., software, can be embedded. Further, the instructions 1220 may embody one or more
of the methods or logic as described herein. In a particular embodiment or aspect, the
instructions 1220 may reside completely, or at least partially, within the main memory 1204, the

static memory 1206, and/or within the processor 1202 during execution by the computer system
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1200. The main memory 1204 and the processor 1202 also may include computer-readable

mcdia.

[00107] In an alternative embodiment or aspect, dedicated hardware implementations,
such as application specific integrated circuits, programmable logic arrays and other hardware
devices, can be constructed to implement one or more of the methods described herein.
Applications that may includc the apparatus and systcms of various cmbodiments or aspccts can
broadly include a variety of electronic and computer systems. One or more embodiments or
aspects described herein may implement functions using two or more specific interconnected
hardware modules or devices with related control and data signals that can be communicated
between and through the modules, or as portions of an application-specific integrated circuit.
Accordingly, the present system encompasses software, firmware, and hardware

implementations.

[00108] In accordance with various embodiments or aspects, the methods described herein
may be implemented by software programs tangibly embodied in a processor-readable medium
and may be cxccuted by a processor. Further, in an cxemplary, non-limitcd cmbodiment or
aspect, implementations can include distributed processing, component/object distributed
processing, and parallel processing. Alternatively, virtual computer system processing can be

constructed to implement one or more of the methods or functionality as described herein.

[00109] It is also contemplated that a computer-readable medium includes instructions
1220 or receives and executes instructions 1220 responsive to a propagated signal, so that a
device connected to a network 1224 can communicate voice, video or data over the network
1224, Further, the instructions 1220 may be transmitted or received over the network 1224 via

the network interface device 1208.

[00110] While the computer-readable medium is shown to be a single medium, the term
“computer-readable medium” includes a single medium or multiple media, such as a centralized
or distributed database, and/or associated caches and servers that store one or more sets of
instructions. The term “computer-readable medium™ shall also include any medium that is

capablc of storing, cncoding or carrying a sct of instructions for cxccution by a processor or that
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cause a computer system to perform any one or more of the methods or operations disclosed

herein.

[00111] In a particular non-limiting, example embodiment or aspect, the computer-
readable medium can include a solid-state memory, such as a memory card or other package,
which houses one or more non-volatile read-only memories. Further, the computer-readable
mcdium can be a random acccss memory or other volatile re-writable memory. Additionally, the
computer-readable medium can include a magneto-optical or optical medium, such as a disk or
tapes or other storage device to capture carrier wave signals, such as a signal communicated over
a transmission medium. A digital file attachment to an e-mail or other self-contained
information archive or set of archives may be considered a distribution medium that is equivalent
to a tangible storage medium. Accordingly, any one or more of a computer-readable medium or
a distribution medium and other equivalents and successor media, in which data or instructions

may be stored, are included herein.

100112 In accordance with various embodiments or aspects, the methods described herein
may bc implemented as onc or more softwarc programs running on a computcr proccssor.
Dedicated hardware implementations including, but not limited to, application specific integrated
circuits, programmable logic arrays, and other hardware devices can likewise be constructed to
implement the methods described herein. Furthermore, alternative software implementations
including, but not limited to, distributed processing or component/object distributed processing,
parallel processing, or virtual machine processing can also be constructed to implement the

methods described herein.

[00113] It should also be noted that software that implements the disclosed methods may
optionally be stored on a tangible storage medium, such as: a magnetic medium, such as a disk or
tapc; a magncto-optical or optical medium, such as a disk; or a solid statc medium, such as a
memory card or other package that houses one or more read-only (non-volatile) memories,
random access memories, or other re-writable (volatile) memories. The software may also
utilize a signal containing computer instructions. A digital file attachment to e-mail or other self-
contained information archive or set of archives is considered a distribution medium equivalent

to a tangible storage medium. Accordingly, a tangible storage medium or distribution medium as
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listed herein, and other equivalents and successor media, in which the software implementations

hercin may be stored, arc included hercin.

[00114] Thus, system and method to reconstruct cardiac activation information have been
described. Although specific example embodiments or aspects have been described, it will be
evident that various modifications and changes may be made to these embodiments or aspects
without departing from the broader scopc of the invention. Accordingly, the specification and
drawings are to be regarded in an illustrative rather than a restrictive sense. The accompanying
drawings that form a part hereof, show by way of illustration, and not of limitation, specific
embodiments or aspects in which the subject matter may be practiced. The embodiments or
aspects illustrated are described in sufficient detail to enable those skilled in the art to practice
the teachings disclosed herein. Other embodiments or aspects may be utilized and derived
therefrom, such that structural and logical substitutions and changes may be made without
departing from the scope of this disclosure. This Detailed Description, therefore, is not to be
taken in a limiting sense, and the scope of various embodiments or aspects is defined only by the

appended claims, along with the full range of equivalents to which such claims are entitled.

[00115] Such embodiments or aspects of the inventive subject matter may be referred to
herein, individually and/or collectively, by the term “invention” merely for convenience and
without intending to voluntarily limit the scope of this application to any single invention or
inventive concept if more than one is in fact disclosed. Thus, although specific embodiments or
aspects have been illustrated and described herein, it should be appreciated that any arrangement
calculated to achieve the same purpose may be substituted for the specific embodiments or
aspects shown. This disclosure is intended to cover any and all adaptations or variations of
various embodiments or aspects. Combinations of the above embodiments or aspects, and other
embodiments or aspects not specifically described herein, will be apparent to those of skill in the

art upon reviewing the above description.

[00116] The Abstract is provided to comply with 37 C.F.R. §1.72(b) and will allow the
reader to quickly ascertain the nature and gist of the technical disclosure. It is submitted with the

understanding that it will not be used to interpret or limit the scope or meaning of the claims.
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[00117] In the foregoing description of the embodiments or aspects, various features are
groupcd together in a single cmbodiment for the purposc of strcamlining the disclosurc. This
method of disclosure is not to be interpreted as reflecting that the claimed embodiments or
aspects have more features than are expressly recited in each claim. Rather, as the following
claims reflect, inventive subject matter lies in less than all features of a single disclosed
embodiment or aspect. Thus the following claims are hereby incorporated into the Detailed
Description, with each claim standing on its own as a separate example embodiment or aspect. It
is contemplated that various embodiments or aspects described herein can be combined or
groupcd in different combinations that arc not cxpressly noted in the Detailed Description.
Moreover, it is further contemplated that claims covering such different combinations can
similarly stand on their own as separate example embodiments or aspects, which can be

incorporated into the Detailed Description.
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CLAIMS:

1. A method of reconstructing cardiac activation information comprising;:

processing a first cardiac signal and a second cardiac signal via a computing device to
determine whether there is a point of change in a derivative of the first cardiac signal with
respect to a derivative of the second cardiac signal above a threshold; and

assigning an activation onset time in the first cardiac signal at the point of change to
define cardiac activation indicating a beat in the first cardiac signal if it is determined that the

point of changc is above the threshold.

2. The method of claim 1, wherein the point of change is determined at about the

same time point for the first cardiac signal and the second cardiac signal.

3. The method of claim 1, wherein the point of changc is determined from onc or
more of slope, amplitude, timing and shape for the first cardiac signal and the second cardiac

signal.

4, The method of claim 1, wherein determination of the point of change comprises:

forming a composite cardiac signal from the first cardiac signal and the second cardiac
signal;

determining ratio values at a plurality of points in the first cardiac signal, each ratio value
representing a difference between the derivative of the second cardiac signal and a derivative of
the composite cardiac signal to a difference between derivative of the first cardiac signal and the
derivative of the composite cardiac signal; and

selecting as the point of change in the first cardiac signal a point having a largest ratio

value from the determined ratio values.

5. The method of claim 1, wherein the threshold is higher than a noise level

associated with the first cardiac signal and the second cardiac signal.
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6. The method of claim 5, wherein a point of change at or below the noise level is
associatcd with onc or morc signals from othcer regions of a heart, respiratory system,

gastrointestinal tract, neurological system and electronic interference.

7. The method of claim 1, further comprising:

matching at least one characteristic of the first cardiac signal to at least one characteristic
of a reference cardiac signal in a catalog of cardiac signals if it is determined that there is no
point of change above the threshold; and

assigning an activation onsct timc in the first cardiac signal as an activation onsct timc of
the reference cardiac signal to define cardiac activation indicating a beat in the first cardiac

signal.

8. The method of claim 1, further comprising performing processing and assigning

to define multiple cardiac activations indicating beats in the first cardiac signal.

9. The method of claim 1, further comprising iteratively selecting the first cardiac

signal and the second cardiac signal from a plurality of cardiac signals.

10. The method of claim 1, further comprising:

iteratively selecting pairs of cardiac signals from a plurality of cardiac signals, each pair
having a first cardiac signal and different second cardiac signal,

performing processing and assigning for each of the pairs to define multiple cardiac
activations indicating beats for the first cardiac signal in each of the pairs; and

reconstructing a cardiac activation pattern based on assigned activation onset times of
cardiac activations from the plurality of cardiac signals to indicate a source of a cardiac rhythm

disorder.

11. A system to reconstruct cardiac activation information comprising:

at least one computing device configured to:
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process a first cardiac signal and a second cardiac signal to determine whether
there is a point of changc in a derivative of the first cardiac signal with respect to a derivative of
the second cardiac signal above a threshold; and

assign an activation onset time in the first cardiac signal at the point of change to
define cardiac activation indicating a beat in the first cardiac signal if it is determined that the

point of change is above the threshold.

12, A system of claim 11, further comprising a computer readable medium
comprising instructions, which when cxccuted by the at lcast onc computing device, causc the at

least one computing device to process and assign.

13. The system of claim 11, wherein the point of change is determined at about the

same time point for both the first cardiac signal and the second cardiac signal.

14. The system of claim 11, wherein the at least one computing device is further
configured to:

form a composite cardiac signal from the first cardiac signal and the second cardiac
signal;

determine ratio values at a plurality of points in the first cardiac signal, each ratio value
representing a difference between the derivative of the second cardiac signal and a derivative of
the composite cardiac signal to a difference between the derivative of the first cardiac signal and
the derivative of the composite cardiac signal; and

select as the point of change in the first cardiac signal a point having a largest ratio value

from the determined ratio values.

15. The system of claim 11, wherein the at least one computing device is further
configured to:

match at least one characteristic of the first cardiac signal to at least one characteristic of
a reference cardiac signal in a catalog of cardiac signals if it is determined that there is no point

of change above the threshold; and
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assign an activation onset time in the first cardiac signal as an onset time of the reference

cardiac signal to define cardiac activation indicating a beat in the first cardiac signal.

16. The system of claim 11, wherein the at least one computing device is further
configured to perform processing and assigning to define multiple cardiac activations indicating

beats in the first cardiac signal.

17. The system of claim 11, wherein the at least one computing device is further
configurcd to itcratively sclect the first cardiac signal and the sccond cardiac signal from a

plurality of cardiac signals.

18. The system of claim 11, further comprising a catheter with at least a first sensor and a

second sensor to detect the first cardiac signal and the second cardiac signal, respectively.

19. The system of claim 11, wherein the at least one computing device is further
configured to:

iteratively select pairs of cardiac signals from a plurality of cardiac signals, cach pair
having a first cardiac signal and different second cardiac signal,

process and assign for cach of the pairs to define multiple cardiac activations indicating
beats for the first cardiac signal in each of the pairs;

reconstruct a cardiac activation pattern based on assigned activation onset times of
cardiac activations from the plurality of cardiac signals to indicate a source of a cardiac rhythm
disorder; and

display the reconstructed cardiac activation pattern to facilitate treatment of cardiac tissue

at the source to suppress, lessen or eliminate the cardiac rhythm disorder.
20. A method of treating a cardiac rhythm disorder, the method comprising:

iteratively accessing a first cardiac signal and a second cardiac signal from a plurality of

cardiac signals;
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processing the first cardiac signal and the second cardiac signal via a computing device to
determine whether there arc points of change in a derivative of the first cardiac signal with
respect to a derivative of the second cardiac signal above a threshold;

assigning activation onset times to the first cardiac signal at the points of change to define
cardiac activations indicating beats in the first cardiac signal if it is determined that the points of
change are above the threshold;

reconstructing a cardiac activation pattern based on the assigned activation onset times to
indicate a source of the cardiac rhythm disorder; and

treating cardiac tissuc at the source to suppress or climinatc the cardiac rhythm disorder.



WO 2012/151008 PCT/US2012/029935

122

'\ WIRED/WIRELESS
\ COMMUNICATION

\
\
\
\

SIGNAL
PROCESSING |—
DEVICE

S

114

COMPUTING
DEVICE

ANALYSIS
DATABASE

FIG. 1



WO 2012/151008 ‘ PCT/US2012/029935

2/8

- 200
4 EXPECTED ACTIVATION ONSETS '/
(=300 ms - 900 ms)

A

CYCLE 1 T FAR-FIELD T
100 ms - 300 ms ACTIVATION S ACTIVATION
ACTIVATION | ACTIVATION  ONSET 212 ONSET

ONSET ONSET § (

§ 210 § 206 208

202 204
SIMPLE ELECTROGRAM
FIG. 2
300

¢’

4 EXPECTED - 11 POSSIBLE ACTIVATION ONSETS
(= 300 ms - 900 ms)

|

[
i

TT Tsj)s TBIZ T T
302 1 306 414 316 318 322

304 310 320
ACTIVATION ONSETS UNCLEAR

COMPLEX ELECTROGRAM
FIG. 3



WO 2012/151008 PCT/US2012/029935

3/8

FIRST PAIR SECOND PAIR
COMPARISON COMPARISON

404
e/ 402
0,2 m! O _go)o__
cpEg L opm g2
o O O a o O
o o o [ R O
o 0O O g o O
Ve
SENSOR ARRAY SAMPLING
RIGHT ATRIUM FIG. 4
COMPARISON COMPARISON
PAIRS-EXAMPLE 1 PAIRS-EXAMPLE 2
O 2 [0 Ll 17 O
5[ J—D1—>L13 [ 2 0
] 4 0O 5[0=—0DJ1—[13
] Cle [ Ol 4&! []
[] L] [ [] Ce [

FIG. 5



WO 2012/151008 PCT/US2012/029935

4/8
FAR-FIELD ACTIVATION
(NOT SIGNIFICANTLY LOCAL)

800\ _ 2-(51G1)=109.6 ‘—(%(3161)\ RMS1=179.5
SIG1 602 q
SIG2 gt (5162)=194.9 )a(SIGZ)| RMS2=181.8

604
‘ (S|G1‘ \ (SIGZ)‘
dt dt 109.6 _ 194.9 _
NIFICANCE
SIGNIFICANCE (6) = RMS1 RMS2 1795 181.8 =-0.461
FIG. 6
BACKGROUND NOISE
702 700
sieH prb —é—j—(SIG1)=7.5
704 5 =15 119012 063
SIG2 4 1795 181.8
/“WMW §f(S162) =-19.0
FIG. 7
LOCAL ACTIVATION ONSET
SIGT 800
,-/
802 4 (si61)=111.8
COMP 111.8 14
d _ - -
L (COMP)=97.7 6 =375 7315 - 0546
S1G2 JWN 4 (sie2) = 140
USING THE COMPOSITE:
d d
\—(SIGZ)I ] ‘—(COMP)’ ]
5o dt 14-97.7 .o

| [&sien- < (cowr) " Inf111.8- 9771

FIG. 8



WO 2012/151008 PCT/US2012/029935

5/8

902 START 900
: ¢

SELECT FIRST (ANALYSIS) SIGNAL _—~ 904

Y
SELECT SECOND (REFERENCE) SIGNAL |-~ 906 9})8
=
[SELECT TIME INTERVAL OVER WHICH TO COMPARE FIRST SIGNAL AND SECOND SIGNAL|
|

SELECT TIME POINT IN TIME INTERVAL (E.G., 1 MS INCREMENT) |~/‘910

¥
|CALCULATE DERIVATES OF FIRST SIGNAL AND SECOND SIGNAL |" 912
914

ALL

POINTS IN TIME INTERVAL NO

PROCESSED?
YES
DETERMINE POINTS OF CHANGE BETWEEN THE | o«
DERIVATIVE OF THE FIRST SIGNAL WITH RESPECT [~ 924
10 DERIVATIVE OF THE SECOND_SIGNAL ;

918 COMPARE SIGNAL

N0 OVER THE TIME
POINT(S) OF CHANGE ABOVE A INTERVAL TO A

?
THRESHOLD® DATABASE OF
YES REFERENCE_SIGNALS

IS

RECORD POINT(S) OF CHANGE ABOVE THRESHOLD i
AS POSSIBLE ACTIVATION ONSEW INTIME |~920 926
INTERVAL OF THE FIRST SIGNAL o T
1= & MATCHED REFERENCE
o 922 SIGNAL?
TIME INTERVALS PROCESSED? YES 7928

| RECORD POINT(S) OF
CHANGE IN THE TIME
930 INTERVAL OF THE
FIRST SIGNAL
CORRESPONDING TO

ALL
SECOND (REFERENCE) SIGNALS

PROCESSED?
932 | ACTIVATION ONSET(S)
YES S/ SET IN THE
ASSIGN ACTIVATION ONSETS 10 THE INTERVALS OF FIRST| | perpevir SiaL
SIGNAL BASED ON THE RECORDED POINT(S) OF CHANGE

934

N0 ALL SIGNALS PROCESSEDT ——2> 936
FIG. 9




WO 2012/151008 PCT/US2012/029935

ACTIVATION ONSET }00

rv-«\\ ’ /1002 .

) ~N W /\ (L v\
L \ N \ N NAYRW i W\f‘-’\
'l MWW
" P 0 COMPOSITE
AP

— ™ ax \

RN . LW [, ,"\f\\ ,“ P

W \\,I A\ \"\ ~t N\'\J a«,f"rwl"“"“" YW SIG2
oo

COMP
__\\
SIGT N\
/‘S*—Ic—;g/f—\—‘\/,—\\,\"\
EXPLODED AND SMOOTHED VIEW

FIRST DERIVATIVE SECOND DERIVATIVE

SIGNIFICANT
POINT OF

1012 CHANGE
1010
§
THRESHOLD

Ju SIGNIFICANCE VALUES ||,

1008

FIG. 10



WO 2012/151008

7/8

1000

PCT/US2012/029935

J\ RAW

AN N siotn
/Mr/\\/v MWVWW’\.COMPOSITE

SIGNAL

! TIME —~

MONOPHASIC ACTION POTENTIAL | 1102
(MAP) REPRESENTATION

—— 1104

1108
1106

UJJ> T @

87654 321

1110

FIG. 11

ELECTRICAL ACTIVITY MAPPING
SIGNALS PROCESSED FROM

SENSOR ARRAY

1114

1112




WO 2012/151008 PCT/US2012/029935

3/8
FIG.
g 12 1200
1226 4
———
1202 A - . VIDEO P
Processor N DISPLAY 1210
1220 —r Instructions
1204 - Main Memory
- . INPUT 1212
1220 — Instructions : DEVICE
1206« Static Memory
-— CURSOR
1220 —+—{ Instructions CONTROL 1214
DEVICE
NETWORK 1216
DEVICE <— | Machine-Readable | 1~1218
Medium
Instructions ~ 1220
\
SIGNAL
<—| GENERATION [~ 1222
DEVICE

1224 \}



	DESCRIPTION
	CLAIMS
	DRAWINGS

