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PROPAGATION PATTERNS METHOD AND
RELATED SYSTEMS AND DEVICES

[0001] The present technology is generally related to
methods and related systems and devices for cardiac therapy.
[0002] The cardiac conduction system includes the sinus
atrial (SA) node, the atrioventricular (AV) node, the bundle
of His, bundle branches and Purkinje fibers. A heartbeat is
initiated in the SA node, which may be described as the
natural “pacemaker” of the heart. An electrical impulse
arising from the SA node causes the atrial myocardium to
contract. The electrical impulse, or electrical pulse or signal,
is conducted to the ventricles via the AV node which
inherently delays the conduction to allow the atria to stop
contracting before the ventricles begin contracting thereby
providing proper AV synchrony. The electrical impulse is
conducted from the AV node to the ventricular myocardium
via the bundle of His, bundle branches, and Purkinje fibers.
[0003] Patients with a conduction system abnormality,
such as poor AV node conduction or poor SA node function,
may receive an implantable medical device (IMD), such as
a pacemaker, to restore a more normal heart rhythm and AV
synchrony. Some types of IMDs, such as cardiac pacemak-
ers, implantable cardioverter defibrillators (ICDs), or car-
diac resynchronization therapy (CRT) devices, provide
therapeutic electrical stimulation to a heart of a patient via
electrodes on one or more implantable endocardial, epicar-
dial, or coronary venous leads that are positioned in or
adjacent to the heart. The therapeutic electrical stimulation
may be delivered to the heart in the form of pulses or shocks
for pacing, cardioversion, or defibrillation. In some cases, an
IMD may sense intrinsic depolarizations of the heart, and
control the delivery of therapeutic stimulation to the heart
based on the sensing.

[0004] Cardiac arrhythmias may be treated by delivering
electrical shock therapy for cardioverting or defibrillating
the heart in addition to cardiac pacing, for example, from an
ICD, which may sense a patient’s heart rhythm and classify
the rhythm according to an arrhythmia detection scheme in
order to detect episodes of tachycardia or fibrillation.
Arrhythmias detected may include ventricular tachycardia
(VT), fast ventricular tachycardia (FVT), ventricular fibril-
lation (VF), atrial tachycardia (AT) and atrial fibrillation
(AT). Anti-tachycardia pacing (ATP) can be used to treat
ventricular tachycardia (VT) to terminate substantially many
monomorphic fast rhythms.

[0005] Delivery of therapeutic electrical stimulation to the
heart can be useful in addressing cardiac conditions such as
ventricular dyssynchrony that may occur in patients. Ven-
tricular dyssynchrony may be described as a lack of syn-
chrony or a difference in the timing of contractions in the
right and left ventricles of the heart. Significant differences
in the timing of contractions can reduce cardiac efficiency.
CRT, delivered by an IMD to the heart, may enhance cardiac
output by resynchronizing the electromechanical activity of
the ventricles of the heart. CRT may include “triple-chamber
pacing” when pacing the right atrium, right ventricle (RV),
and left ventricle (LV).

[0006] CRT is typically applicable to patients with abnor-
mal impulse conduction through the ventricles such as left
bundle branch block (LBBB). CRT is generally considered
a successful heart failure (HF) therapy. However, about 30%
of patients do not have a significant response effect to CRT.
Attempting CRT may include irreversible implantation of a
costly device and pacing electrodes during an invasive
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surgical procedure. Improper lead placement or insufficient
programming of an IMD may contribute to unsuccessful
attempts to provide CRT.

SUMMARY

[0007] Thetechniques of this disclosure generally relate to
methods and related systems and devices for cardiac therapy,
such as single-chamber or multiple chamber pacing (e.g.,
dual- or triple-chamber pacing), atrioventricular synchro-
nous pacing, asynchronous pacing, triggered pacing, cardiac
resynchronization pacing or therapy, or tachycardia-related
therapy. This disclosure provides techniques that use
pseudo-electric vectors (PEVs) for characterizing and rep-
resenting the electrical forces generated by a patient’s heart
in a three-dimensional (3D) manner, which may be used to
understand propagation patterns of the patient’s heart. For
example, electrical dyssynchrony of the heart may be evalu-
ated using pseudo-electric vectors. In some cases, pseudo-
electric vectors may be used to predict whether a patient will
respond to pacing therapy prior to implant, during implant,
or in the follow-up after implant. Techniques of the present
disclosure may be used with various cardiac therapy systems
and devices, such as an electrocardiogram (ECG) belt or
vest, which may include a plurality of external electrodes.

[0008] In one aspect, the present disclosure relates to a
cardiac sensing system including electrode apparatus having
a plurality of external electrodes to sense electrical activity
from tissue of a patient and computing apparatus having
processing circuitry operatively coupled to the electrode
apparatus. The processing circuitry is configured to: sense
electrical activity using the plurality of external electrodes;
determine a pseudo-electric vector for one or more of the
external electrodes based on an estimated center of the
patient’s heart and the sensed electrical activity; and gener-
ate spatial representation data of the sensed electrical activ-
ity based on the one or more determined pseudo-electric
vectors.

[0009] In another aspect, the present disclosure relates to
a method including sensing electrical activity of a patient’s
heart using a plurality of external electrodes; determining a
pseudo-electric vector for one or more of the external
electrodes based on an estimated center of the patient’s heart
and the sensed electrical activity; and generating spatial
representation data of the sensed electrical activity based on
the one or more the determined pseudo-electric vectors.

[0010] In another aspect, the present disclosure relates to
a system including interface circuitry configured to receive
electrical activity information measured by a plurality of
external electrodes that represents sensed electrical activity
from tissue of a patient and processing circuitry operatively
coupled to the interface circuitry. The processing circuitry is
configured to: receive the electrical activity information;
determine a pseudo-electric vector for one or more of the
external electrodes based on an estimated center of the
patient’s heart and the received electrical activity informa-
tion; and generate spatial representation data of the electrical
activity information based on the one or more determined
pseudo-electric vectors.

[0011] The details of one or more aspects of the disclosure
are set forth in the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages of the
techniques described in this disclosure will be apparent from
the description and drawings, and from the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a diagram of an illustrative system
including electrode apparatus, display apparatus, and com-
puting apparatus for use with, e.g., the illustrative methods
of FIGS. 14-15.

[0013] FIGS. 2-3 are diagrams of illustrative external
electrode apparatus for measuring torso-surface potentials
for use with, e.g., the illustrative methods of FIGS. 14-15.
[0014] FIG. 4 is a diagram of the interface/amplifier
circuitry and the computing apparatus of FIGS. 2-3.
[0015] FIG. 5 is a visualized model of electrical activity of
a patient’s heart showing pseudo-electric vectors (PEVs)
generated using, e.g., the system and apparatus of FIGS. 1-4.
[0016] FIG. 6 is a visualized model of electrical activity of
a patient’s heart showing a sensor-integrated PEV generated
using, e.g.. the system and apparatus of FIGS. 1-4.

[0017] FIGS. 7A-B are visualized models of electrical
activity of a patient’s heart showing pseudo-vectorcardiog-
raphy (VCG) loops generated using, e.g., the system and
apparatus of FIGS. 1-4.

[0018] FIG. 8 is a visualized model of electrical activity of
a patient’s heart showing a time-integrated PEV generated
using. e.g.. the system and apparatus of FIGS. 1-4.

[0019] FIGS. 9-13 are visualized models of electrical
activity of a patient’s heart showing a time-integrated PEV
in response to different pacing timing generated using, e.g.,
the system and apparatus of FIGS. 1-4.

[0020] FIG. 14 is a diagram showing one example of a
method of using PEVs generated using, e.g., the system and
apparatus of FIGS. 1-4.

[0021] FIG. 15 is a diagram showing one example of a
method of generating spatial representation data using, e.g.,
the system and apparatus of FIGS. 1-4.

DETAILED DESCRIPTION

[0022] The techniques of this disclosure generally relate to
methods and related systems and devices for cardiac therapy,
such as single-chamber or multiple chamber pacing (e.g.,
dual- or triple-chamber pacing), atrioventricular synchro-
nous pacing, asynchronous pacing, triggered pacing, cardiac
resynchronization pacing or therapy, or tachycardia-related
therapy. Although reference is made herein to implantable
medical devices, such as a pacemaker, the methods and
techniques may be used with any medical devices or systems
related to a patient’s heart. Various other applications will
become apparent to one of skill in the art having the benefit
of the present disclosure.

[0023] It may be beneficial to provide a technique for
capturing and effectively visualizing propagation patterns of
the patient’s heart to detect electrical dyssynchrony and
provide information that may be helpful to locate a lead or
program a medical device. It may also be beneficial to
provide a technique that uses fewer computational
resources, such as processing and memory resources, then
existing techniques. It may further be beneficial to provide
a technique that uses less complicated equipment than
existing techniques.

[0024] As used herein, the term “capture” generally refers
to obtaining information or data, for example, related to
imaging. The term “capture” in the context of pacing (e.g.,
effective capture of the heart from pacing) refers to deter-
mining whether a desired response is sensed in response to
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stimuli, such as sensing desirable electrical activity in
response to electrical pulses delivered to a portion of the
heart.

[0025] As used herein, the term “effective” generally
refers to meeting conditions that would be sufficient to a
person of ordinary skill in the art for performing a particular
fanction. For example, effective pacing of the left ventricle
may result in capture of the left ventricle when electrical or
mechanical activity of the left ventricle is sensed and
determined to provide cardiac therapy as desired.

[0026] The present disclosure provides propagation pat-
terns techniques that use pseudo-electric vectors (PEVs) for
characterizing and representing the electrical forces gener-
ated by the patient’s heart in a three-dimensional (3D)
manner. These techniques may be used to measure the
magnitude and direction of the electrical forces generated by
the heart at one or more points in time. Electrical dyssyn-
chrony of the heart may be evaluated using pseudo-electric
vectors, for example, without using computed tomography
(CT) scan and/or without calculating an inverse solution. In
some cases, pseudo-electric vectors may be used to predict
whether a patient will respond to pacing therapy prior to
implant, during implant, and in the follow-up after implant.
For example, the effectiveness of CRT may be predicted
based on information derived from pseudo-electric vectors.
Before implantation, pseudo-electric vectors may be used to
select patients as candidates for CRT and to determine what
pacing may be available for CRT. During implantation,
pseudo-electric vectors may be used to locate the lead and to
program of the implantable medical device, which may
reduce procedure time in some cases. After implantation, the
device may be reprogrammed. Techniques of the present
disclosure may be used with various cardiac therapy systems
and devices, such as an electrocardiogram (ECG) belt or
vest, which may include a plurality of external electrodes or
a reduced set of external electrodes. The electrodes may be
used to sense electrical activity, which may be used to
calculate one or more pseudo-electric vectors.

[0027] In general, electrical or mechanical activity may be
sensed, determined, acquired, or monitored using various
techniques available to one having ordinary skill in the art
who has the benefit of the present disclosure. As used herein,
the term “monitoring” generally refers to sensing, acquiring,
or receiving data or information that may be used, for
example, being processed or stored.

[0028] Reference will now be made to the drawings,
which depict one or more aspects described in this disclo-
sure. However, it will be understood that other aspects not
depicted in the drawings fall within the scope of this
disclosure. Like numbers used in the figures refer to like
components, steps, and the like. However, it will be under-
stood that the use of a reference character to refer to an
element in a given figure is not intended to limit the element
in another figure labeled with the same reference character.
In addition, the use of different reference characters to refer
to elements in different figures is not intended to indicate
that the differently referenced elements cannot be the same
or similar.

[0029] FIG. 1 depicts an illustrative system 100 including
electrode apparatus 110, display apparatus 130, and com-
puting apparatus 140, which may be used with the propa-
gation patterns technique of the present disclosure. The
illustrative system 100 may be described as a cardiac
sensing system. The electrode apparatus 110 as shown
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includes a plurality of electrodes incorporated, or included,
within a band wrapped around the chest, or torso, of a patient
120. The electrode apparatus 110 is operatively coupled to
the computing apparatus 140 (e.g., through one or wired
electrical connections, wirelessly, etc.) to provide electrical
signals from each of the electrodes to the computing appa-
ratus 140 for analysis, evaluation, etc. Tllustrative electrode
apparatus may be described in U.S. Pat. No. 9,320,446
entitled “Bioelectric Sensor Device and Methods” and
issued on Apr. 26, 2016, which is incorporated herein by
reference in its entirety. Further, illustrative electrode appa-
ratus 110 will be described in more detail in reference to
FIGS. 2-3.

[0030] Although not described herein, the illustrative sys-
tem 100 may further include imaging apparatus. The imag-
ing apparatus may be any type of imaging apparatus con-
figured to image, or provide images of, at least a portion of
the patient in a noninvasive manner. For example, the
imaging apparatus may not use any components or parts that
may be located within the patient to provide images of the
patient except noninvasive tools such as contrast solution. It
is to be understood that the illustrative systems, methods,
and interfaces described herein may further use imaging
apparatus to provide noninvasive assistance to a user (e.g.,
a physician) to calibrate and/or deliver cardiac pacing
therapy, to locate and position a device to deliver cardiac
pacing therapy, and/or to locate or select a pacing electrode
or pacing vector proximate the patient’s heart for pacing
therapy in conjunction with the evaluation of pacing therapy.

[0031] Forexample, the illustrative systems, methods, and
interfaces may provide image-guided navigation that may be
used to navigate leads including leadless devices, electrodes,
leadless electrodes, wireless electrodes, catheters, etc.,
within the patient’s body while also providing noninvasive
cardiac therapy evaluation including determining whether a
paced setting is optimal or determining whether one or more
selected parameters are optimal, such as selected location
information (e.g., location information for the electrodes to
target a particular location). Illustrative systems and meth-
ods that use imaging apparatus and/or electrode apparatus
may be described in U.S. Patent Publication No. 2014/
0371832 filed on Jun. 12, 2013, and entitled “Implantable
Electrode Location Selection.” U.S. Patent Publication No.
2014/0371833 filed on Jun. 12, 2013, and entitled “Implant-
able Electrode Location Selection,” U.S. Patent Publication
No. 2014/0323892 filed on Mar. 27, 2014 and entitled
“Systems, Methods, and Interfaces for Identifying Effective
Electrodes,” U.S. Patent Publication No. 2014/0323882 filed
on Mar. 27, 2014 and entitled “Systems, Methods, and
Interfaces for Identifying Optical-Electrical Vectors,” each
of which is incorporated herein by reference in its entirety.

[0032] Illustrative imaging apparatus may be configured
to capture x-ray images and/or any other alternative imaging
modality. For example, the imaging apparatus may be con-
figured to capture images, or image data, using isocentric
fluoroscopy, bi-plane fluoroscopy, ultrasound, computed
tomography (CT), multi-slice computed tomography
(MSCT), magnetic resonance imaging (MRI), high fre-
quency ultrasound (HIFU), optical coherence tomography
(OCT), intravascular ultrasound (IVUS), two-dimensional
(2D) ultrasound, three dimensional (3D) ultrasound, four-
dimensional (4D) ultrasound, intraoperative CT, intraopera-
tive MR, etc. Further, it is to be understood that the imaging
apparatus may be configured to capture a plurality of con-
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secutive images (e.g., continuously) to provide video frame
data. In other words, a plurality of images taken over time
using the imaging apparatus may provide video frame, or
motion picture, data. Additionally, the images may also be
obtained and displayed in two, three, or four dimensions. In
more advanced forms, four-dimensional surface rendering
of the heart or other regions of the body may also be
achieved by incorporating heart data or other soft tissue data
from a map or from pre-operative image data captured by
MRI, CT, or echocardiography modalities. Image datasets
from hybrid modalities, such as positron emission tomog-
raphy (PET) combined with CT, or single photon emission
computer tomography (SPECT) combined with CT, could
also provide functional image data superimposed onto ana-
tomical data, e.g., to be used to navigate treatment apparatus
proximate target locations (e.g., such as locations within the
patient’s heart) within the heart or other areas of interest.

[0033] Systems and/or imaging apparatus that may be
used in conjunction with the illustrative systems and method
described herein are described in U.S. Pat. App. Pub. No.
2005/0008210 to Evron et al. published on Jan. 13, 2005,
U.S. Pat. App. Pub. No. 2006/0074285 to Zarkh et al.
published on Apr. 6, 2006, U.S. Pat. App. Pub. No. 2011/
0112398 to Zarkh et al. published on May 12, 2011, U.S.
Pat. App. Pub. No. 2013/0116739 to Brada et al. published
on May 9, 2013, U.S. Pat. No. 6,980,675 to Evron et al.
issued on Dec. 27, 2005, U.S. Pat, No. 7,286,866 to Oker-
Iund et al. issued on Oct. 23, 2007, U.S. Pat. No. 7,308,297
to Reddy et al. issued on Dec. 11, 2011, U.S. Pat. No.
7,308,299 to Burrell et al. issued on Dec. 11, 2011, U.S. Pat.
No. 7,321,677 to Evron et al. issued on Jan. 22, 2008, U.S.
Pat. No. 7,346,381 to Okerlund et al. issued on Mar. 18,
2008, U.S. Pat. No. 7,454,248 to Burrell et al. issued on Nov.
18, 2008, U.S. Pat. No. 7,499,743 to Vass et al. issued on
Mar. 3, 2009, U.S. Pat. No. 7,565,190 to Okerlund et al.
issued on Jul. 21, 2009, U.S. Pat. No. 7,587,074 to Zarkh et
al. issued on Sep. 8, 2009, U.S. Pat. No. 7,599,730 to Hunter
et al. issued on Oct. 6, 2009, U.S. Pat. No. 7,613,500 to Vass
et al. issued on Nov. 3, 2009, U.S. Pat. No. 7,742,629 to
Zarkh et al. issued on Jun. 22, 2010, U.S. Pat. No. 7,747,047
to Okerlund et al. issued on Jun. 29, 2010, U.S. Pat. No.
7,778,685 to Evron et al. issued on Aug. 17, 2010, U.S. Pat.
No. 7,778,686 to Vass et al. issued on Aug. 17, 2010, U.S.
Pat. No. 7,813,785 to Okerlund et al. issued on Oct. 12,
2010, U.S. Pat. No. 7,996,063 to Vass et al. issued on Aug.
9, 2011, U.S. Pat. No. 8,060,185 to Hunter et al. issued on
Nov. 15, 2011, and U.S. Pat. No. 8,401,616 to Verard et al.
issued on Mar. 19, 2013, each of which is incorporated
herein by reference in its entirety.

[0034] The display apparatus 130 and the computing appa-
ratus 140 may be configured to display and analyze data
such as, e.g., electrical signals (e.g., electrocardiogram data),
cardiac information representative of one or more of
mechanical cardiac functionality and electrical cardiac func-
tionality (e.g., mechanical cardiac functionality only, elec-
trical cardiac functionality only, or both mechanical cardiac
functionality and electrical cardiac functionality), etc. Car-
diac information may include, e.g., electrical heterogeneity
information or electrical dyssynchrony information, surro-
gate electrical activation information or data, etc. that is
generated using electrical signals gathered, sensed, or col-
lected, using the electrode apparatus 110. In at least one
embodiment, the computing apparatus 140 may be a server,
a personal computer, or a tablet computer. The computing
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apparatus 140 may be configured to receive input from input
apparatus 142 and transmit output to the display apparatus
130. Further, the computing apparatus 140 may include data
storage that may allow for access to processing programs or
routines and/or one or more other types of data, e.g., for
calibrating and/or delivering pacing therapy, e.g., based on
at least a heartrate, for driving a graphical user interface
configured to noninvasively assist a user in targeting place-
ment of a pacing device, and/or for evaluating pacing
therapy at that location (e.g., the location of an implantable
electrode used for pacing, the location of pacing therapy
delivered by a particular pacing vector, etc.).

[0035] The computing apparatus 140 may be operatively
coupled to the input apparatus 142 and the display apparatus
130 to, e.g., transmit data to and from each of the input
apparatus 142 and the display apparatus 130. For example,
the computing apparatus 140 may be electrically coupled to
each of the input apparatus 142 and the display apparatus
130 using, e.g., analog electrical connections, digital elec-
trical connections, wireless connections, bus-based connec-
tions, network-based connections, internet-based connec-
tions, etc. As described further herein, a user may provide
input to the input apparatus 142 to manipulate, or modify,
one or more graphical depictions displayed on the display
apparatus 130 and to view and/or select one or more pieces
of information related to the cardiac therapy.

[0036] Although as depicted the input apparatus 142 is a
keyboard, it is to be understood that the input apparatus 142
may include any apparatus capable of providing input to the
computing apparatus 140 for performing the functionality,
methods, and/or logic described herein. For example, the
input apparatus 142 may include a mouse, a trackball, a
touchscreen (e.g., capacitive touchscreen, a resistive touch-
screen, a multi-touch touchscreen, etc.), etc. Likewise, the
display apparatus 130 may include any apparatus capable of
displaying information to a user, such as a graphical user
interface 132 including cardiac information, textual instruc-
tions, graphical depictions of electrical activation informa-
tion, graphical depictions of anatomy of a human heart,
images or graphical depictions of the patient’s heart, graphi-
cal depictions of a leadless pacing device used to calibrate
and/or deliver pacing therapy, e.g.. based on at least a
measured heartrate, graphical depictions of a leadless pacing
device being positioned or placed to provide pacing therapy,
graphical depictions of locations of one or more electrodes,
graphical depictions of a human torso, images or graphical
depictions of the patient’s torso, graphical depictions or
actual images of implanted electrodes and/or leads, etc.
Further, the display apparatus 130 may include a liquid
crystal display, an organic light-emitting diode screen, a
touchscreen, a cathode ray tube display, etc.

[0037] The processing programs or routines stored and/or
executed by the computing apparatus 140 may include
programs or routines for computational mathematics, matrix
mathematics, dispersion determinations (e.g., standard
deviations, variances, ranges, interquartile ranges, mean
absolute differences, average absolute deviations, etc.), fil-
tering algorithms, maximum value determinations, mini-
mum value determinations, threshold determinations, mov-
ing windowing algorithms, decomposition algorithms,
compression algorithms (e.g., data compression algorithms),
calibration algorithms, image construction algorithms, sig-
nal processing algorithms (e.g., various filtering algorithms,
Fourier transforms, fast Fourier transforms, etc.), standard-
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ization algorithms, comparison algorithms, vector math-
ematics, or any other processing required to implement one
or more illustrative methods and/or processes described
herein. Data stored and/or used by the computing apparatus
140 may include, for example, electrical signal/waveform
data from the electrode apparatus 110, dispersions signals,
windowed dispersions signals, parts or portions of various
signals, electrical activation times from the electrode appa-
ratus 110, graphics (e.g., graphical elements, icons, buttons,
windows, dialogs, pull-down menus, graphic areas, graphic
regions, 3D graphics, etc.), graphical user interfaces, results
from one or more processing programs or routines employed
according to the disclosure herein (e.g., electrical signals,
cardiac information, etc.), or any other data that may be
necessary for carrying out the one and/or more processes or
methods described herein.

[0038] In one or more embodiments, the illustrative sys-
tems, methods, and interfaces may be implemented using
one or more computer programs executed on programmable
computers, such as computers that include, for example,
processing capabilities, data storage (e.g., volatile or non-
volatile memory and/or storage elements), input devices,
and output devices. Program code and/or logic described
herein may be applied to input data to perform the func-
tionality described herein and generate desired output infor-
mation. The output information may be applied as input to
one or more other devices and/or methods as described
herein or as would be applied in a known fashion.

[0039] The one or more programs used to implement the
systems, methods, and/or interfaces described herein may be
provided using any programmable language, e.g., a high-
level procedural and/or object orientated programming lan-
guage that is suitable for communicating with a computer
system. Any such programs may, for example, be stored on
any suitable device, e.g., a storage media, that is readable by
a general or special purpose program running on a computer
system (e.g., including processing apparatus) for configuring
and operating the computer system when the suitable device
is read for performing the procedures described herein. In
other words, at least in one embodiment, the illustrative
systems, methods, and/or interfaces may be implemented
using a computer readable storage medium, configured with
a computer program, where the storage medium so config-
ured causes the computer to operate in a specific and
predefined manner to perform functions described herein.
Further, in at least one embodiment, the illustrative systems,
methods, and/or interfaces may be described as being imple-
mented by logic (e.g., object code) encoded in one or more
non-transitory media that includes code for execution and,
when executed by a processor, is operable to perform
operations such as the methods, processes, and/or function-
ality described herein.

[0040] The computing apparatus 140 may be, for example,
any fixed or mobile computer system (e.g.. a controller, a
microcontroller, a personal computer, minicomputer, tablet
computer, etc.) and may be generally described as including
processing circuitry. The exact configuration of the comput-
ing apparatus 140 is not limiting, and essentially any device
capable of providing suitable computing capabilities and
control capabilities (e.g., graphics processing, etc.) may be
used. As described herein, a digital file may be any medium
(e.g., volatile or non-volatile memory, a CD-ROM, a punch
card, magnetic recordable medium such as a disk or tape,
etc.) containing digital bits (e.g., encoded in binary, trinary,
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etc.) that may be readable and/or writeable by computing
apparatus 140 described herein. Also, as described herein, a
file in user-readable format may be any representation of
data (e.g., ASCII text, binary numbers, hexadecimal num-
bers, decimal numbers, graphically, etc.) presentable on any
medium (e.g., paper, a display, etc.) readable and/or under-
standable by a user.

[0041] Inview of the above, it will be readily apparent that
the functionality as described in one or more embodiments
according to the present disclosure may be implemented in
any manner as would be known to one skilled in the art. As
such, the computer language, the computer system, or any
other software/hardware which is to be used to implement
the processes described herein shall not be limiting on the
scope of the systems, processes, or programs (e.g., the
functionality provided by such systems, processes, or pro-
grams) described herein.

[0042] Electrical activation times of the patient’s heart
may be useful to evaluate a patient’s cardiac condition
and/or to calibrate, deliver, or evaluate cardiac therapy to be
or being delivered to a patient. Surrogate electrical activa-
tion information or data of one or more regions of a patient’s
heart may be sensed, or determined, using electrode appa-
ratus 110 as shown in FIGS. 1-3. The illustrative electrode
apparatus 110 may be configured to measure body-surface
potentials of a patient 120 and, more particularly, torso-
surface potentials of a patient 120.

[0043] As shown in FIG. 2, the illustrative electrode
apparatus 110 may include a set, or array, of electrodes 112,
a strap 113, and interface/amplifier circuitry 116. In at least
one embodiment, a portion of the set of electrodes may be
used wherein the portion corresponds to a particular location
on the patient’s heart. The electrodes 112 may be attached,
or coupled, to the strap 113, and the strap 113 may be
configured to be wrapped around the torso of a patient 120
such that the electrodes 112 surround the patient’s heart. As
further illustrated, the electrodes 112 may be positioned
around the circumference of a patient 120, including the
posterior, lateral, posterolateral, anterolateral, and anterior
locations of the torso of a patient 120.

[0044] Further, the electrodes 112 may be electrically
connected to interface/amplifier circuitry 116 via wired
connection 118. The interface/amplifier circuitry 116 may be
configured to amplify the signals from the electrodes 112
and provide the signals to the computing apparatus 140.
Other illustrative systems may use a wireless connection to
transmit the signals sensed by electrodes 112 to the inter-
face/amplifier circuitry 116 and, in turn, the computing
apparatus 140, e.g., as channels of data. For example, the
interface/amplifier circuitry 116 may be electrically coupled
to each of the computing apparatus 140 and the display
apparatus 130 using, e.g., analog electrical connections,
digital electrical connections, wireless connections, bus-
based connections, network-based connections, internet-
based connections, etc. In some embodiments, the interface/
amplifier circuitry 116 may be described as being part of the
computing apparatus 140.

[0045] Although in the example of FIG. 2 the electrode
apparatus 110 includes a strap 113, in other examples any of
a variety of mechanisms, e.g., tape or adhesives, may be
employed to aid in the spacing and placement of electrodes
112. In some examples, the strap 113 may include an elastic
band, strip of tape, or cloth. In other examples, the electrodes
112 may be placed individually on the torso of a patient 120.
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Further, in other examples, electrodes 112 (e.g., arranged in
an array) may be part of, or located within, patches, vests,
and/or other manners of securing the electrodes 112 to the
torso of the patient 120.

[0046] The electrodes 112 may be configured to surround
the heart of the patient 120 and record, or sense, the
electrical signals associated with the depolarization and
repolarization of the heart after the signals have propagated
through the torso of a patient 120. Each of the electrodes 112
may be used in a unipolar configuration to sense the torso-
surface potentials that reflect the cardiac signals. The inter-
face/amplifier circuitry 116 may also be coupled to a return
or indifferent electrode (not shown) that may be used in
combination with each electrode 112 for unipolar sensing. In
some examples, there may be about 12 to about 50 elec-
trodes 112 spatially distributed around the torso of the
patient. Other configurations may have more or fewer elec-
trodes 112.

[0047] The computing apparatus 140 may record and
analyze the electrical activity (e.g., torso-surface potential
signals) sensed by electrodes 112 and amplified/conditioned
by the interface/amplifier circuitry 116. The computing
apparatus 140 may be configured to analyze the signals from
the electrodes 112 to provide as anterior and posterior
electrode signals and surrogate cardiac electrical activation
times, e.g., representative of actual, or local, electrical
activation times of one or more regions of the patient’s heart
as will be further described herein. The computing apparatus
140 may be configured to analyze the signals from the
electrodes 112 to provide as anterior-septal electrode signals
and surrogate cardiac electrical activation times, e.g., rep-
resentative of actual, or local, electrical activation times of
one or more anterior-septal regions of the patient’s heart, as
will be further described herein, e.g.. for use in calibrating,
delivering, and/or evaluating pacing therapy. Further, the
electrical signals measured at the left anterior surface loca-
tion of a patient’s torso may be representative, or surrogates,
of electrical signals of the left anterior left ventricle region
of the patient’s heart, electrical signals measured at the left
lateral surface location of a patient’s torso may be repre-
sentative, or surrogates, of electrical signals of the left lateral
left ventricle region of the patient’s heart, electrical signals
measured at the left posterolateral surface location of a
patient’s torso may be representative, or surrogates, of
electrical signals of the posterolateral left ventricle region of
the patient’s heart, and electrical signals measured at the
posterior surface location of a patient’s torso may be rep-
resentative, or surrogates, of electrical signals of the poste-
rior left ventricle region of the patient’s heart. In one or more
embodiments, measurement of activation times can be per-
formed by measuring the period of time between an onset of
cardiac depolarization (e.g., onset of QRS complex) and an
appropriate fiducial point such as, e.g., a peak value, a
minimum value, a minimum slope, a maximum slope, a zero
crossing, a threshold crossing, etc.

[0048] Additionally, the computing apparatus 140 may be
configured to provide graphical user interfaces depicting the
surrogate electrical activation times obtained using the elec-
trode apparatus 110. Illustrative systems, methods, and/or
interfaces may noninvasively use the electrical information
collected using the electrode apparatus 110 to evaluate a
patient’s cardiac condition and/or to calibrate, deliver, or
evaluate pacing therapy to be or being delivered to the
patient.
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[0049] FIG. 3 illustrates another illustrative electrode
apparatus 110 that includes a plurality of electrodes 112
configured to surround the heart of the patient 120 and
record, or sense, the electrical signals associated with the
depolarization and repolarization of the heart after the
signals have propagated through the torso of the patient 120.
The electrode apparatus 110 may include a vest 114 upon
which the plurality of electrodes 112 may be attached, or to
which the electrodes 112 may be coupled. In at least one
embodiment, the plurality, or array, of electrodes 112 may be
used to collect electrical information such as, e.g., surrogate
electrical activation times.

[0050] Similar to the electrode apparatus 110 of FIG. 2,
the electrode apparatus 110 of F1IG. 3 may include interface/
amplifier circuitry 116 electrically coupled to each of the
electrodes 112 through a wired connection 118 and be
configured to transmit signals from the electrodes 112 to
computing apparatus 140. As illustrated, the electrodes 112
may be distributed over the torso of a patient 120, including,
for example, the anterior, lateral, posterolateral, anterolat-
eral, and posterior surfaces of the torso of the patient 120.

[0051] The vest 114 may be formed of fabric with the
electrodes 112 attached to the fabric. The vest 114 may be
configured to maintain the position and spacing of electrodes
112 on the torso of the patient 120. Further, the vest 114 may
be marked to assist in determining the location of the
electrodes 112 on the surface of the torso of the patient 120.
In one or more embodiments, the vest 114 may include about
17 or more anterior electrodes positionable proximate the
anterior torso of the patient, and about 39 or more posterior
electrodes positionable proximate the anterior torso of the
patient. In some examples, there may be about 25 electrodes
112 to about 256 electrodes 112 distributed around the torso
of the patient 120, though other configurations may have
more or fewer electrodes 112.

[0052] As described herein, the electrode apparatus 110
may be configured to measure electrical information (e.g.,
electrical signals) representing different regions of a
patient’s heart. For example, activation times of different
regions of a patient’s heart can be approximated from
surface electrocardiogram (ECG) activation times measured
using surface electrodes in proximity to surface areas cor-
responding to the different regions of the patient’s heart. In
at least one example, activation times of the anterior-septal
region of a patient’s heart can be approximated from surface
ECG activation times measured using surface electrodes in
proximity to surface areas corresponding to the anterior-
septal region of the patient’s heart. That is, a portion of the
set of electrodes 112, and not the entire set, can be used to
generate activation times corresponding to a particular loca-
tion of the patient’s heart that the portion of the set of
electrodes corresponds to.

[0053] The illustrative systems, methods, and interfaces
may be used to provide noninvasive assistance to a user in
the evaluation of a patient’s cardiac health or status, and/or
the evaluation of cardiac therapy such as pacing therapy by
use of the electrode apparatus 110 (e.g., cardiac therapy
being presently-delivered to a patient during implantation or
after implantation). Further, the illustrative systems, meth-
ods, and interfaces may be used to assist a user in the
configuration, or calibration, of the cardiac therapy, such as
pacing therapy, to be or being delivered to a patient (e.g.,
based on a measured heartrate).

Jun. 25, 2020

[0054] Electrical activity may be sensed using a plurality
of external electrodes, such as electrodes 112 of FIGS. 1-3.
The electrical activity can be sensed by a plurality of
electrodes during pacing therapy or in the absence of pacing
therapy. The sensed electrical activity can be used to evalu-
ate pacing therapy to a patient. The electrical activity sensed
using the ECG belt described can be used to evaluate at least
one paced setting of the pacing therapy on the heart. As an
example, a paced setting can be any one parameter or a
combination of parameters including, but not limited to,
electrode position, pacing polarity, pacing output, pacing
pulse width, timing at which pacing is delivered relative to
atrial (A) or ventricular (V) timing, pacing rate, etc.

[0055] Further, body-surface isochronal maps of ventricu-
lar activation can be constructed using the sensed electrical
activity during pacing therapy or in the absence of pacing
therapy. The sensed electrical activity and/or the map of
ventricular activation can be used to generate electrical
heterogeneity information (EHI). The electrical heterogene-
ity information can include determining metrics of electrical
heterogeneity. The metrics of electrical heterogeneity can
include a metric of standard deviation of activation times
(SDAT) of electrodes on a left side of a torso of the patient
and/or a metric of mean left ventricular activation time
(LVAT) of electrodes on the left side of the torso of the
patient. A metric of LVAT may be determined from elec-
trodes on both the anterior and posterior surfaces, which are
more proximal to the left ventricle. The metrics of electrical
heterogeneity information can include a metric of mean right
ventricular activation time (RVAT) of electrodes on the right
side of the torso of the patient. A metric of RVAT may be
determined from electrodes on both the anterior and poste-
rior surfaces which are more proximal to the right ventricle.
The metrics of electrical heterogeneity can include a metric
of mean total activation time (mTAT) taken from a plurality
of electrode signals from both sides of the torso of the
patient, or it may include other metrics (e.g., standard
deviation, interquartile deviations, a difference between a
latest activation time and earliest activation time) reflecting
a range or dispersion of activation times on a plurality of
electrodes located on the right side of the patient torso or left
side of the patient torso, or combining both right and left
sides of the patient torso. The metrics of electrical hetero-
geneity information can include a metric of anterior-septal
activation times (ASAT) of electrodes on the torso in close
proximity to the anterior-septal portion of the heart.

[0056] Electrical heterogeneity information (EHI) may be
generated during delivery of pacing therapy at one or more
paced settings. The electrical heterogeneity information can
be generated using metrics of electrical heterogeneity. As an
example, the metrics of electrical heterogeneity can include
one or more of an SDAT, an LVAT, an RVAT, an mTAT, and
an ASAT. In at least one embodiment, only ASAT may be
determined and further used, and/or ASAT may be more
heavily weighted than other values.

[0057] One or more paced settings associated with the
pacing therapy may be evaluated. A paced setting can
include a plurality of pacing parameters. The plurality of
pacing parameters can be optimal if the patient’s cardiac
condition improves, if the pacing therapy is effectively
capturing a desired portion of the patient’s heart, and/or if a
metric of electrical heterogeneity improves by a certain
threshold compared to a baseline rhythm or therapy. In at
least one embodiment, the determination of whether the
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paced setting is optimal can be based on at least one metric
of electrical heterogeneity generated from electrical activity
during pacing (and also, in some embodiments, during
native conduction, or in the absence of pacing). The at least
one metric can include one or more of an SDAT, an LVAT,
an RVAT, an mTAT, and an ASAT.

[0058] Further, the plurality of pacing parameters can be
optimal if a metric of electrical heterogeneity is greater than
or less than a particular threshold, and/or if the location of
the pacing therapy to excite one or more portion of the
patient’s heart causes a particular pattern of excitation of the
muscle fibers in the heart. In addition, the plurality of pacing
parameters can be optimal if a metric of electrical hetero-
geneity indicates a correction of a left bundle branch block
(LBBB), and/or if a metric of electrical heterogeneity indi-
cates a complete engagement of a Purkinje system, etc. As
an example, a metric of electrical heterogeneity of an ASAT
less than or equal to a threshold (e.g., a threshold of 30 ms)
and an LVAT less than or equal to a threshold (e.g., a
threshold of 30 ms) can indicate a correction of an LBBB,
and thus, the paced setting is optimal. As an example, a
metric of electrical heterogeneity of an RVAT less than or
equal to a threshold (e.g., a threshold of 30 ms), an ASAT
less than or equal to a threshold (e.g., a threshold of 30 ms),
and an LVAT less than or equal to a threshold (e.g., a
threshold of 30 ms) can indicate a complete engagement of
the Purkinje system, and thus the paced setting is may be
optimal.

[0059] The paced setting can be determined to be optimal
in response to the pacing therapy using the paced setting
being acceptable, being beneficial, being indicative of com-
plete engagement of patient’s native cardiac conduction
system, being indicative of correction of a ventricular con-
duction disorder (e.g., left bundle branch block), etc. A
paced setting can include one or more of a pacing electrode
position (including one or more of a depth, an angle, an
amount of turn for a screw-based fixation mechanism, etc.),
a voltage, a pulse width, an intensity, a pacing polarity, a
pacing vector, a pacing waveform, a timing of the pacing
delivered relative to an intrinsic or paced atrial event or
relative to the intrinsic His bundle potential, and/or a pacing
location, etc. A pacing vector can include any two or more
pacing electrodes such as, e.g., a tip electrode to a can
electrode, a tip electrode to a ring electrode etc., that are used
to deliver the pacing therapy, etc. The pacing location can
refer to the location of any of the one or more pacing
electrodes that are positioned using a lead, a leadless device,
and/or any device or apparatus configured to deliver.
[0060] A paced setting for pacing therapy may be
adjusted. In at least one embodiment, the paced setting can
be adjusted in response to the paced setting being not
optimal. In at least one embodiment, the paced setting can be
adjusted in response to the paced setting being within an
optimal range but in order to determine whether the paced
setting can be at a position within the optimal range that is
more beneficial, more useful, more functional, etc., for the
pacing therapy. The paced setting could be adjusted to find
the most optimal metric of electrical heterogeneity.

[0061] In one or more embodiments, a determination of
whether the paced setting is optimal can be based on a
particular metric of electrical heterogeneity using an ECG
belt. In at least one example, the paced setting can be
adjusted at intervals that correlate with a change in the
metric of electrical heterogeneity until the metric of electri-

Jun. 25, 2020

cal heterogeneity is at or proximate a particular metric value.
For instance, the adjusting of the paced setting can cause the
metric of electrical heterogeneity to approach a particular
threshold metric of electrical heterogeneity and, as the
metric approaches the particular threshold, the rate at which
the paced setting is adjusted can be slowed down. Put
another way, as the metric of electrical heterogeneity is
further from the particular threshold metric, the paced set-
ting can be adjusted more quickly and as the metric of
electrical heterogeneity gets closer to the particular thresh-
old metric, the paced setting can be adjusted more slowly
until the metric of electrical heterogeneity is at the particular
threshold metric.

[0062] Various techniques for utilizing an electrode appa-
ratus having a plurality of external electrodes to sense
electrical activity from tissue of a patient that may be used
with the devices, systems, and methods described herein are
disclosed in U.S. patent application Ser. No. 15/934,517,
filed 23 Mar. 2018, entitled “Evaluation of Ventricle from
Atrium Pacing Therapy,” which is incorporated herein by
reference in its entirety.

[0063] In general, the computing apparatus 140 may be
operatively coupled to the electrode apparatus 113 or 114
and configured to use pseudo-electric vectors (PEVs) to
generate spatial representation data based on sensed electri-
cal activity from the electrode apparatus 113 or 114. Each
PEV may contain spatio-temporal information that may be
used to provide the spatial representation data.

[0064] FIG. 4 is a diagram of the interface/amplifier
circuitry 116 operatively coupled to the computing apparatus
140. As shown, the computing apparatus 140 may include
processing circuitry 150 operatively coupled to memory
152. Each of these components may be used cooperatively
to sense electrical activity from the tissue of the patient, such
as the patient’s heart. For example, the interface/amplifier
circuitry 116 may receive electrical activity information
measured by a plurality of external electrodes of the elec-
trode apparatus, which may represent sensed electrical activ-
ity from the tissue of the patient. The processing circuitry
150 may be used to execute programs stored in the memory
152, for example, to receive the electrical activity informa-
tion, or data, from the interface/amplifier circuitry 116, to
determine a pseudo-electric vector for one or more of the
external electrodes, and to generate spatial representation
data, or information, of the electrical activity information
based on one or more determined pseudo-electric vectors.
Such spatial representation data may be used to assist
physicians in screening of patients, in the implantation of
electrodes, and in programming of a medical device (e.g., a
pacemaker).

[0065] In general, spatial representation data may be used
to represent the electrical forces of the patient’s heart.
Non-limiting examples of spatial representation data include
aplurality of PEVs, combined PEVs, pseudo-vectorcardiog-
raphy (pseudo-VCG) loops, pseudo-VCG parameters, com-
binations of these, or visualized models of these. Pseudo-
VCG loops and pseudo-VCG parameters may be generated,
or determined, using PEVs representing one or more com-
plexes (e.g., QRS complex or T-wave complex). Non-
limiting examples of pseudo-VCG loops include a QRS loop
or a T-wave loop formed. Non-limiting examples of pseudo-
VCG parameters include an area of a T-wave loop, an area
of a QRS loop, an area of both QRS and T-wave loops, a
perimeter of a QRS loop, a perimeter of a T-wave loop, a
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perimeter of both QRS and T-wave loops, a ratio between
area and perimeter of a QRS loop, a ratio between area and
perimeter of a T-wave loop, a ratio between area and
perimeter of both QRS and T-wave loops, an average vector
for a QRS loop, an average vector for a T-wave loop, an
average vector of both QRS and T-wave loops, a spatial
angle between QRS and T-wave axis, a dispersion value of
the QRS loop, and a dispersion value of the T-wave loop.
Non-limiting examples of dispersion values to measure the
variability of QRS or T-wave loops is the standard deviation
of the distances between consecutive QRS or T-wave loops
or the standard deviation of the areas or other geometric
parameter of QRS or T-wave loops captured at different
times.

[0066] A T-wave axis represents the forces of ventricular
repolarization in 3D. A QRS axis represents forces of
ventricular depolarization in 3D.

[0067] The processing circuitry 150 described herein may
include a processor, such as a central processing unit (CPU),
computer, logic array, or other device capable of directing
data coming into or out of the computing apparatus 140. The
computing apparatus 140, or even processing circuitry 150,
may include one or more computing devices having
memory, processing, and communication hardware. The
computing apparatus 140 may also be described as a con-
troller. The controller may include circuitry used to couple
various components of the controller together or with other
components operably coupled to the controller. The func-
tions of the controller may be performed by hardware and/or
as computer instructions on a non-transient computer read-
able storage medium.

[0068] A processor of the controller may include any one
or more of a microprocessor, a microcontroller, a digital
signal processor (DSP), an application specific integrated
circuit (ASIC), a field-programmable gate array (FPGA),
and/or equivalent discrete or integrated logic circuitry. In
some examples, the processor may include multiple com-
ponents, such as any combination of one or more micropro-
cessors, one or more controllers, one or more DSPs, one or
more ASICs, and/or one or more FPGAs, as well as other
discrete or integrated logic circuitry. The functions attributed
to the controller or processor herein may be embodied as
software, firmware, hardware, or any combination thereof.
While described herein as a processor-based system, an
alternative controller could utilize other components such as
relays and timers to achieve the desired results, either alone
or in combination with a microprocessor-based system.
[0069] In one or more embodiments, the exemplary sys-
tems, methods, and interfaces may be implemented using
one or more computer programs using a computing appa-
ratus, which may include one or more processors and/or
memory. Program code and/or logic described herein may be
applied to input data/information to perform functionality
described herein and generate desired output data/informa-
tion. The output data/information may be applied as an input
to one or more other devices and/or methods as described
herein or as would be applied in a known fashion. In view
of the present disclosure, it will be readily apparent that the
controller functionality as described herein may be imple-
mented in any manner known to one skilled in the art.
[0070] FIG. 5 shows a visualized model 200 of electrical
activity of the patient’s heart. An electrode apparatus 202 is
visualized as a cluster of spheres. Each sphere may represent
one sensor 204, or external electrode. For example, external
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electrodes may be part of a belt, vest, or other external
electrode apparatus. A belt may also be referred to as a strap
in some cases. One example of the electrode apparatus 202
is the ECG vest 114 of FIG. 3.

[0071] The electrode apparatus 202 may extend at least
partially around the patient (not shown) when the apparatus
is worn. One portion of the electrode apparatus 202 may be
worn on a front side 206 of the patient, and another portion
of the electrode apparatus may be worn on a back side 208
of the patient. In some embodiments, the electrode apparatus
202 may have the same number of sensors 204 near, or on,
the front side 206 and the back side 208 (e.g., an even
distribution between the front and back). In other embodi-
ments, the electrode apparatus 202 may have a different
number of sensors 204 near, or on, the front side 206
compared to the back side 208 (e.g., an uneven distribution
between the front and back). In some embodiments, the
sensors 204 may be evenly distributed between the front and
back at least near the left side of the patient’s torso.

[0072] Insome embodiments, the electrode apparatus 202
may be arranged into one or more rows extending at least
partially around the patient. For example, the electrode
apparatus 202 may include one, two, three, or more rows of
electrodes on the front side 206 and/or back side 208 of the
patient. Reducing the number of sensors 204 in the electrode
apparatus 202 may provide for simpler calculations and the
use of less expensive equipment. In some embodiments, the
number of sensors 204 may be less than or equal to 40, 20,
or even 10.

[0073] A pseudo-electric vector (PEV) (E), such as PEVs
210, 212, and 214, may be calculated, or determined, based
on electrical activity sensed by the electrode apparatus 202.
The PEV may be calculated based on measurements by
external electrodes. The external electrodes may be fixed, or
substantially fixed, relative to a coordinate system of the
heart. Once determined, the PEV may be used to estimate an
electrical potential on the surface of the patient’s heart
without a computed tomography (CT) scan and/or comput-
ing an inverse solution. In contrast, other systems may use
CT scan data to reconstruct the heart and may use an inverse
solution to reconstruct the surface of the heart, which can be
time consuming and expensive.

[0074] In general, the inverse solution is performed by a
projection of potentials measured on the surface of the body
onto the surface of the heart derived either from a computer
model or from patient-specific anatomic images obtained
through medical imaging modalities (e.g., echo, MRI, CT,
etc.). Various techniques for calculating an inverse solution
are described, for example, in U.S. Patent Application
Publication No. 2017/0246460, filed Apr. 29, 2016, entitled
“Methods and systems of optimizing right ventricular only
pacing for patients with respect to an atrial event and left
ventricular event.”

[0075] For a plurality of an array of sensors 204 (e.g., an
array of external electrodes) in an electrode apparatus 202,

the PEV at time j and on sensor i (Ey) may be defined as a
function of the potential (voltage) on sensor 1 at time j (¢,)

and the distance from the sensor i to the heart’s center (T,).

A mathematical definition of ?U is shown in Equation 1.

E =y 7 €]
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[0076] where ?i is defined as the distance from the sensor
i to the center of the patient’s heart. A mathematical defi-

nition of r, is shown in Equation 1.1.

7i:7senjor i_7HeartCenter ‘11)
[0077] An estimate of the center of the patient’s heart may

be determined, for example, from imaging data from various
imaging modalities (e.g.. MRI) used to delineate the peri-
cardium surface of the patient’s heart. In some embodi-
ments, a grid or coordinate system may be defined based on
the imaging data to provide a 3D model of the patient’s
heart. Various parts of the patient’s heart may be annotated
in the grid or coordinate system based on the imaging data.
The centroid of the heart may be calculated and used as the
heart’s center.

[0078] The vector ?i has the same direction of a line that
connects the center of the patient’s heart with the sensor 1.
FIG. 5 illustrates three examples of different PEVs, a first
PEV 210, a second PEV 212, and a third PEV 214, each
associated with a different a different sensor (e.g., electrode),
a first sensor 220, a second sensor 222, and a third sensor
224.

[0079] Equation 1 defines EU as a function of ¢, and ?i.
In some embodiments, the function used to determine Eij

may be a scalar product. A mathematical definition of Eij is
shown in Equation 1.2.

Eij:(plj- [ (1.2)

[0080] The magnitude of E that originates the potential ¢
observed at sensor i may depend on the distance from the

sensor 1 to the heart’s center (?i). The bigger the distance

between the sensor i to the heart’s center (r), the smaller
the potential may be seen due to attenuation. Using a scalar
product may compensate for at least some of this attenua-
tion.

[0081] Further, the time of arrival of the potential to every
sensor, may depend on the distance from the sensor to the

heart. Thus, the timing j of the Eij on sensor 1 may be
adjusted based on the distance from the sensor 1 to the center

of the patient’s heart (T,). In other words, the timing j may
be different than the timing associated with the potential
observed (¢, for each sensor i.

[0082] In contrast to other methods, propagation patterns
methods of the present disclosure provide a representation
(e.g., the PEV) that relates the potential measured by the
sensors 204 to directions relative to the center of the heart,
instead of only to the timing of potential measured, to
characterize the electrical forces of the heart. In some
embodiments, propagation patterns methods that use a PEV
may be used to predict interventricular dyssynchrony of the
heart as shown, for example, in FIGS. 6-13.

[0083] Further, a plurality of PEVs may be combined to
provide a final vector (e.g., combined PEV) that may be
easier for a clinician to interpret, which are discussed
hereinbelow in more detail. These final vectors may provide
a dynamic representation of electrical forces over time by
means of trajectories on the epicardium surface.

[0084] FIG. 6 shows a visualized model 250 of electrical
activity of the patient’s heart 230 including an estimated
center 232 of the patient’s heart using the electrode appa-
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ratus 202 and a combined PEV 252. As illustrated, a PEV
254 is calculated for each sensor 204 of the electrode
apparatus 202, which is represented as a line extending from
each sphere representing the sensor (e.g., external elec-
trode). Because the PEVs 254 are based on the potential
measured and the direction from the center 232 of the heart,
some of the PEVs near the front side 206 point toward the
center of the heart (e.g., indicating a negative potential), and
other PEVs near the back side 208 point away from the
center of the heart (e.g., indicating a positive potential).
Further, because the PEVs 254 are based on the distance to
the center 232 of the heart, the PEVs near the back side 208
are larger relative to the PEVs near the front side 206, even
if the potentials are equal.

[0085] A plurality of PEVs may be collected to provide a
visualized model, such as visualized model 200 or 250. In
some embodiments, a PEV may be determined for some or
all the sensors 204 (e.g., for a reduced set of the sensors or
for each of the sensors, respectively). In some embodiments,
PEVs may be determined for more than one point in time.
For example, PEVs may be measured at some or all the
sensors 204 at a sampling rate of 1 kHz or any other suitable
rate to capture electrical forces of the heart. The plurality of
PEVs may be combined in various manners, for example,
over a number of sensors and/or over time, to provide
different spatial representation data.

[0086] In some embodiments, a combined PEV may be a
combination of two or more PEVs each associated with a
different sensor (e.g., external electrode) of the electrode
apparatus 202. In some embodiments, a combined PEV may
be determined by combining PEVs 254 by integration,
summation, or averaging over the number of sensors n to
provide a sensor-integrated PEV. In the illustrated embodi-
ment, the combined PEV 252 is a sensor-integrated PEV,
which starts at the center 232 of the heart 230 and extends
generally toward the back side 208. The combined PEV 252,
as shown, may indicate that the aggregate of the electrical
forces at a particular time are generally pointing from the
front side 206 toward the back side 208. A mathematical
definition of a sensor-integrated PEV determined by sum-
mation or integration (e.g., a space-integrated PEV) is
shown in Equation 2.
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[0087] Integrated or summed PEVs 254 may be averaged
to provide space-average PEVs. A mathematical definition
of space-average PEV is shown in Equation 2.1.

n (2.1)

[0088] In some embodiments, when the electrode appara-
tus 202 has the same number of sensors 204 near the front
side 206 and the back side 208, all the PEVs 254 may be
combined in aggregate (e.g., a total summation, integration,
or averaging). In other embodiments, when the electrode
apparatus 202 has a different number of sensors 204 near the
front side 206 compared to the back side 208, the PEVs 254
associated with the front side 206 and back side 208 may be
averaged separately (e.g., into partial sensor-integrated
PEVs), and then the two averaged PEVs may be averaged
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together to arrive at a final combined PEV (e.g., a total
sensor-integrated PEV). Other techniques that would be
known to a person having skill in the art having the benefit
of the present disclosure may also be used to balance the
front side 206 versus the back side 208 when there are
different numbers of sensors 204.

[0089] FIG. 7A shows a visualized model 300 represent-
ing a plurality of combined PEVs as loops 302, 304, such as
pseudo-VCG loops representing the QRS complex or the
T-wave complex. The QRS loop 302 represents electrical
activity information for the QRS complex. The T-wave loop
304 represents electrical activity information for the T-wave
complex. Each loop represents the endpoint of combined
PEVs at different points in time and illustrates how the
electrical forces change over time.

[0090] 1In general, the QRS complex represents the depo-
larization of the ventricles of the patient’s heart. The T-wave
complex represents the repolarization of the ventricles of the
patient’s heart. The P-wave complex represents the depo-
larization of the atrium of the patient’s heart.

[0091] One or more pseudo-VCG parameters may be
determined based on combined PEVs. In particular, one or
more pseudo-VCG parameters may be determined based on
a plurality of combined PEVs that represent loops. For
example, a pseudo-VCG parameter, such as an area of the
T-wave loop or an average vector of the T-wave loop, may
be calculated based on a plurality of combined PEVs, such
as a plurality of sensor-integrated PEVs.

[0092] In some embodiments, a combined PEV may be a
combination of two or more PEVs each associated with a
different time. For example, a combined PEV may be
determined by combining PEVs by integration, summation,
or averaging over the number of time samples m to provide
a time-integrated PEV. In particular, the time-integrated
PEV may be a combination of a plurality of sensor-inte-
grated PEVs 252. Each sensor-integrated PEV may be
associated with a different time value. In some embodi-
ments, the time-integrated PEV determined by integration or
summation may be averaged to provide a time-average PEV.
A mathematical definition of a time-integrated PEV is
shown in Equation 3.

mo mono (3)
2E Y
- A =1i=1
E= m = n-m
[0093] FIG. 7B shows a visualized model 310 represent-

ing a plurality of combined PEVs as loops 312, 314, such as
pseudo-VCG loops representing the QRS complex or the
T-wave complex. The QRS loop 312 represents electrical
activity information for the QRS complex formed using a
combined QRS PEV 313, such as a sensor-integrated PEV
corresponding to the QRS complex. The combined QRS
PEV 313 may be described as a QRS axis. The T-wave loop
304 represents electrical activity information for the T-wave
complex formed using a combined T-wave PEV 315, such as
a sensor-integrated PEV corresponding to the T-wave com-
plex. The combined T-wave PEV 315 may be described as
a T-wave axis. A three-dimensional spatial angle 6 may be
defined between the combined QRS PEV 313 and the
combined T-wave PEV 315.
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[0094] From a combined PEV (E), relevant information
may be determined, such as the effect of different types of
pacing on the electrical forces of the heart. As shown in
FIGS. 8-13, different time-integrated PEVs are illustrated
that are generated based on a pacing sequence from intrinsic
conduction to an atrioventricular delay of 200 ms (AVD200)
with a left ventricular delay of 30 ms (LV30) for a patient.
For the case of the intrinsic rhythm, as shown in the

visualized model 320 of FIG. 8, the combined PEV (E) 322
is pointing to the back side 208 indicating that the propa-
gation goes from the front side 206 (e.g., right ventricle or
RV) to the back side 208 (e.g., left ventricle or LV), which
may indicate that the patient has a left bundle branch block
(LBBB) because a patient’s heart with an LBBB may
conduct from the right ventricle to the left ventricle. In the
illustrated embodiment, the combined PEV 322 represents
the integration of PEVs of the QRS complex over multiple
sensors and over a time window (e.g., a time-integrated
PEV).

[0095] When pacing is provided to the left-side part of the
heart tissue (e.g., left ventricle) with AVD100 LV30 as
shown in the visualized model 330 of FIG. 9, the combined
PEV 332 points in almost the opposite direction as combined
PEV 322. In other words, the combined PEV 332 is pointing
to the front side 206 indicating that propagation goes from
the back side 208 (e.g., LV) to the front side 206 (e.g., RV).

[0096] As AVD is increased from FIGS. 9-13, the com-
bined PEVs return, or become more similar, to an intrinsic
situation. For example, the visualized model 340 of FIG. 10
represents AVD120 LV30 and shows that the magnitude of
the combined PEV 342 may be equal to, or almost equal to
zero (and is, therefore, hidden in this perspective view). The
visualized model 350 of FIG. 11 represents AVD140 LV30
and shows that the combined PEV 342 is pointing in a
direction between the front side 206 and the back side 208
(e.g., in a sideways direction). Visualized models 340, 350
show both the front side 206 and the back side 208 being
activated. This may indicate that pacing of the left-side part
is taking over intrinsic conduction, which may be desirable
in some cases.

[0097] The visualized model 360 of FIG. 12 represents
AVD160 LV30 and shows that the combined PEV 362 is
pointing more toward the back side 208 than the combined
PEV 352 of FIG. 11. The visualized model 370 of FIG. 13
represents AVD200 LV30 and shows that the combined PEV
372 is pointing even more toward the back side 208 than the
combined PEV 362 of FIG. 12. The combined PEV 372 may
be similar to the combined PEV 322 of FIG. 8 in direction
and magnitude, for example, because the LV may have
already been paced by the RV through intrinsic conduction
before the left-side part is paced. The combined PEV 372
may be somewhat smaller than the combined PEV 322 due
to some contribution from pacing the left-side part.

[0098] In general, FIGS. 8-13 show that a combined PEV
may provide information about electrical activation of the
surface of the patient’s heart. For example, the combined
PEVs may be used to determine interventricular dyssyn-
chrony (e.g., by estimating an interventricular delay), to
predict a patient’s response to CRT (e.g., by predicting a
long-term CRT response using pseudo-VCG loops), to pro-
vide optimal lead location, or to provide optimal device
programming or reprogramming.
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[0099] In some embodiments, PEVs or combined PEVs
may be used to determine interventricular dyssynchrony. For
example, some electrodes of the electrode apparatus may be
selected and associated with the RV (e.g., front side) and
other electrodes of the electrode apparatus may be selected
and associated with the LV (e.g., back side). The PEVs for
these electrodes may be averaged and used as an estimate for
the activation times of the RV and LV. The estimated
activation times may be subtracted from one another (e.g.,
estimated LV activation time minus estimated RV activation
time) to determine an interventricular delay.

[0100] In some embodiments, PEVs or combined PEVs
may be used to select patients that will respond to CRT who
may not have a typical LBBB condition. For example, the
long-term CRT response for a patient may be predicted using
pseudo-VCG loops. The pseudo-VCG loops may provide a
measure of loop, area or other geometric indices correspond-
ing to depolarization (QRS), repolarization (T), and com-
bined depolarization and repolarization (QRST), which may
be used to predict the long-term CRT response when the
baseline value of these measures exceeds a certain threshold
or is bound by certain thresholds.

[0101] In some embodiments. PEVs or combined PEVs
may be used to provide optimal lead location and/or optimal
device programming during implant, for example, using
changes in measurements based on PEV during pacing
relative to baseline values. In particular, a baseline measure-
ment of the PEV loops may be taken before the patient
receives a pacing device. During implant, a physician may
test potential implantation sites for a pacing device. The
PEV loops at each potential implantation site may be com-
pared with the baseline measurements to determine which
potential implantation site to use, for example, because the
PEV loops comparison indicates a potential response to
therapy at that site. Once the implantation site is selected,
different programming of the pacing device may be tested
and the PEV loops may be measured and compared to the
baseline measurements to determine which programming to
use.

[0102] In some embodiments, PEVs or combined PEVs
may be used to provide optimal device reprogramming after
implant, for example, during follow-up appointments with a
clinician. Due to an implanted pacing device, the heart may
be adapting to therapy (e.g., remodeling). The pacing device
may be reprogrammed to find optimal programming for the
current state of the patient’s heart. Different programming of
the pacing device may be tested and the PEV loops may be
measured and compared to the baseline measurements (e.g.,
from before implantation) to determine which programming
to use.

[0103] FIG. 14 is a diagram showing one example of a
method 400 for using PEVs. The method 400 may include
sensing electrical activity 402, for example, using a plurality
of sensors (e.g., external electrodes). The method 400 may
also include determining a PEV 404, for example, for one or
more of the sensors based on an estimated center of the
patient’s heart and the sensed electrical activity. At least one
PEV may be determined for each of the sensors in the
plurality of sensors or for a reduced set of sensors in the
plurality of sensors. The method 400 may further include
generating spatial representation data 406, for example, of
the sensed electrical activity based on the one or more the
determined pseudo-electric vectors.
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[0104] FIG. 15 is a diagram showing one example of a
method 406 of generating spatial representation data and
possible relationships between the data. The method 406
may include determining a plurality of PEVs 412, for
example, using multiple sensors and/or at multiple points in
time. The method 406 may include determining a sensor-
integrated PEV 414, for example, based on a combination of
two or more PEVs each associated with a different sensor of
the plurality of sensors.

[0105] Method 406 may include determining a plurality of
sensor-integrated PEVs 416, for example, with each sensor-
integrated PEV being associated with a different time value
(e.g., at different points in time). Method 406 may also
include determining a time-integrated PEV 418, for
example, based on a combination of two or more sensor-
integrated PEVs with each sensor-integrated PEV being
associated with a different time value.

[0106] Method 406 may include determining a pseudo-
VCG loop 420 and/or a pseudo-VCG parameter 422, for
example, based on one or more sensor-integrated PEVs.
Various loops and parameters may be determined, for
example, as described hereinabove.

[0107] Method 406 may also include generating a visual-
ized model 424 based on PEVs or combined PEVs. For
example, visualized models may be generated based on one
or more of: a PEV, a plurality of PEVs, a sensor-integrated
PEV, a plurality of sensor-integrated PEVs, a time-inte-
grated PEV, a pseudo-VCG loop, or a pseudo-VCG param-
eter.

[0108] While the present disclosure is not so limited, an
appreciation of various aspects of the disclosure will be
gained through a discussion of the specific illustrative
embodiments provided below. Various modifications of the
illustrative embodiments, as well as additional embodiments
of the disclosure, will become apparent herein.

llustrative Embodiments

[0109] In illustrative embodiment Al, a cardiac sensing
system comprises electrode apparatus comprising a plurality
of external electrodes to sense electrical activity from tissue
of a patient and computing apparatus comprising processing
circuitry operatively coupled to the electrode apparatus. The
processing circuitry is configured to: sense electrical activity
using the plurality of external electrodes; determine a
pseudo-electric vector for one or more of the external
electrodes based on an estimated center of the patient’s heart
and the sensed electrical activity; and generate spatial rep-
resentation data of the sensed electrical activity based on the
one or more determined pseudo-electric vectors.

[0110] In illustrative embodiment A2, a system comprises
a system according to embodiment A1, wherein the process-
ing circuitry is further configured to determine a sensor-
integrated pseudo-electric vector based on a combination of
two or more pseudo-electric vectors each associated with a
different external electrode of the plurality of external elec-
trodes.

[0111] In illustrative embodiment A3, a system comprises
a system according to embodiment A2, wherein the process-
ing circuitry is further configured to determine a pseudo-
VCG parameter based on the sensor-integrated pseudo-
electric vector.

[0112] In illustrative embodiment A4, a system comprises
a system according to embodiment A3, wherein the pseudo-
VCG parameter represents one or more of: an area of a
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T-wave loop, an area of a QRS loop, an area of both QRS
and T-wave loops, a perimeter of a QRS loop, a perimeter of
a T-wave loop, a perimeter of both QRS and T-wave loops,
a ratio between area and perimeter of a QRS loop, a ratio
between area and perimeter of a T-wave loop, a ratio
between area and perimeter of both QRS and T-wave loops,
an average vector for a QRS loop, an average vector for a
T-wave loop, an average vector of both QRS and T-wave
loops, a spatial angle between QRS and T axis, a dispersion
value of the QRS loop, and a dispersion value of the T-wave
loop.

[0113] In illustrative embodiment AS, a system comprises
a system according to any embodiment A2-A4, wherein the
processing circuitry is further configured to generate the
spatial representation data of the sensed electrical activity
based on a plurality of sensor-integrated pseudo-electric
vectors, wherein each sensor-integrated pseudo-electric vec-
tor is associated with a different time value.

[0114] In illustrative embodiment A6, a system comprises
a system according to embodiment A4, wherein the spatial
representation data represents one or more of a QRS loop
and a T-wave loop.

[0115] In illustrative embodiment A7, a system comprises
a system according to any A embodiment, wherein the
processing circuitry is further configured to determine a
time-integrated pseudo-electric vector based on a combina-
tion of two or more sensor-integrated pseudo-electric vec-
tors, wherein each sensor-integrated pseudo-electric vector
is associated with a different time value.

[0116] In illustrative embodiment A8, a system comprises
a system according to any A embodiment, wherein the
processing circuitry is configured to determine at least one
pseudo-electric vector for each of the external electrodes in
the plurality the external electrodes.

[0117] In illustrative embodiment A9, a system comprises
a system according to any embodiment A2-A7, wherein the
processing circuitry is configured to determine at least one
pseudo-electric vector for a reduced set of external elec-
trodes in the plurality of external electrodes.

[0118] Inillustrative embodiment B1, a method comprises
sensing electrical activity of a patient’s heart using a plu-
rality of external electrodes; determining a pseudo-electric
vector for one or more of the external electrodes based on an
estimated center of the patient’s heart and the sensed elec-
trical activity; and generating spatial representation data of
the sensed electrical activity based on the one or more the
determined pseudo-electric vectors.

[0119] Inillustrative embodiment B2, a method comprises
a method according to embodiment B1, further comprising
determining a sensor-integrated pseudo-electric vector
based on a combination of two or more pseudo-electric
vectors each associated with a different external electrode of
the plurality of external electrodes.

[0120] Inillustrative embodiment B3, a method comprises
a method according to embodiment B2, further comprising
determining a pseudo-VCG parameter based on the sensor-
integrated pseudo-electric vector.

[0121] Inillustrative embodiment B4, a method comprises
a method according to embodiment B3, wherein the pseudo-
VCG parameter represents one or more of: an area of a
T-wave loop, an area of a QRS loop, an area of both QRS
and T-wave loops, a perimeter of a QRS loop, a perimeter of
a T-wave loop, a perimeter of both QRS and T-wave loops,
a ratio between area and perimeter of a QRS loop, a ratio
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between area and perimeter of a T-wave loop, a ratio
between area and perimeter of both QRS and T-wave loops,
an average vector for a QRS loop, an average vector for a
T-wave loop, an average vector of both QRS and T-wave
loops, a spatial angle between QRS and T axis, a dispersion
value of the QRS loop, and a dispersion value of the T-wave
loop.

[0122] Inillustrative embodiment BS, a method comprises
a method according to any embodiment B2-B4, further
comprising generating the spatial representation data of the
sensed electrical activity based on a plurality of sensor-
integrated pseudo-electric vectors, wherein each sensor-
integrated pseudo-electric vector is associated with a differ-
ent time value.

[0123] Inillustrative embodiment B6, a method comprises
a method according to embodiment BS, wherein the spatial
representation data represents one or more of a QRS loop
and a T-wave loop.

[0124] Inillustrative embodiment B7, a method comprises
a method according to any embodiment B2-B6, further
comprising determining a time-integrated pseudo-electric
vector based on a combination of two or more sensor-
integrated pseudo-electric vectors, wherein each sensor-
integrated pseudo-electric vector is associated with a differ-
ent time value.

[0125] Inillustrative embodiment B8, a method comprises
a method according to any B embodiment, wherein deter-
mining the pseudo-electric vector comprises determining at
least one pseudo-electric vector for each of the external
electrodes in the plurality the external electrodes.

[0126] Inillustrative embodiment B9, a method comprises
a method according to any embodiment B1-B7, wherein
determining the pseudo-electric vector comprises determin-
ing at least one pseudo-electric vector for a reduced set of
external electrodes in the plurality of external electrodes.
[0127] In illustrative embodiment C1, a system comprises
interface circuitry configured to receive electrical activity
information measured by a plurality of external electrodes
that represents sensed electrical activity from tissue of a
patient and processing circuitry operatively coupled to the
interface circuitry. The processing circuitry is configured to:
receive the electrical activity information; determine a
pseudo-electric vector for one or more of the external
electrodes based on an estimated center of the patient’s heart
and the received electrical activity information; and generate
spatial representation data of the electrical activity informa-
tion based on the one or more determined pseudo-electric
vectors.

[0128] In illustrative embodiment C2, a system comprises
a system according to embodiment C1, wherein the process-
ing circuitry is further configured to determine a sensor-
integrated pseudo-electric vector based on a combination of
two or more pseudo-electric vectors each associated with a
different external electrode of the plurality of external elec-
trodes.

[0129] In illustrative embodiment C3, a system comprises
a system according to embodiment C2, wherein the process-
ing circuitry is further configured to determine a pseudo-
VCG parameter based on the sensor-integrated pseudo-
electric vector.

[0130] In illustrative embodiment C4, a system comprises
a system according to embodiment C3, wherein the pseudo-
VCG parameter represents one or more of: an area of a
T-wave loop, an area of a QRS loop, an area of both QRS
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and T-wave loops, a perimeter of a QRS loop, a perimeter of
a T-wave loop, a perimeter of both QRS and T-wave loops,
a ratio between area and perimeter of a QRS loop, a ratio
between area and perimeter of a T-wave loop, a ratio
between area and perimeter of both QRS and T-wave loops,
an average vector for a QRS loop, an average vector for a
T-wave loop, an average vector of both QRS and T-wave
loops, a spatial angle between QRS and T axis, a dispersion
value of the QRS loop, and a dispersion value of the T-wave
loop.

[0131] In illustrative embodiment CS, a system comprises
a system according to any embodiment C2-C4, wherein the
processing circuitry is further configured to generate the
spatial representation data of the electrical activity informa-
tion based on a plurality of sensor-integrated pseudo-electric
vectors, wherein each sensor-integrated pseudo-electric vec-
tor is associated with a different time value.

[0132] Inillustrative embodiment C6, a system comprises
a system according to embodiment C5, wherein the spatial
representation data represents one or more of a QRS loop
and a T-wave loop.

[0133] In illustrative embodiment C7, a system comprises
a system according to any embodiment C2-C6, wherein the
processing circuitry is further configured to determine a
time-integrated pseudo-electric vector based on a combina-
tion of two or more sensor-integrated pseudo-electric vec-
tors, wherein each sensor-integrated pseudo-electric vector
is associated with a different time value.

[0134] In illustrative embodiment C8, a system comprises
a system according to any C embodiment, wherein the
processing circuitry is configured to determine at least one
pseudo-electric vector for each of the external electrodes in
the plurality the external electrodes.

[0135] In illustrative embodiment C9, a system comprises
a system according to any embodiment C1-C7, wherein the
processing circuitry is configured to determine at least one
pseudo-electric vector for a reduced set of external elec-
trodes in the plurality of external electrodes.

[0136] Thus, various embodiments of PROPAGATION
PATTERNS METHOD AND RELATED SYSTEMS AND
DEVICES are disclosed. Various aspects disclosed herein
may be combined in different combinations than the com-
binations specifically presented in the description and
accompanying drawings. It should also be understood that,
depending on the example, certain acts or events of any of
the processes or methods described herein may be per-
formed in a different sequence, may be added, merged, or
left out altogether (e.g., all described acts or events may not
be necessary to carry out the techniques). In addition, while
certain aspects of this disclosure are described as performed
by a single module or unit for purposes of clarity, the
techniques of this disclosure may be performed by a com-
bination of units or modules associated with, for example, a
medical device.

[0137] In one or more examples, the described techniques
may be implemented in hardware, software, firmware, or
any combination thereof. If implemented in software, the
functions may be stored as one or more instructions or code
on a computer-readable medium and executed by a hard-
ware-based processing unit. Computer-readable media may
include non-transitory computer-readable media, which cor-
responds to a tangible medium such as data storage media
(e.g., RAM, ROM, EEPROM, flash memory, or any other
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medium that can be used to store desired program code in
the form of instructions or data structures and that can be
accessed by a computer).

[0138] Instructions may be executed by one or more
processors, such as one or more digital signal processors
(DSPs), general purpose microprocessors, application spe-
cific integrated circuits (ASICs), field programmable logic
arrays (FPGAs), or other equivalent integrated or discrete
logic circuitry. Accordingly, the term “processor” as used
herein may refer to any of the foregoing structure or any
other physical structure suitable for implementation of the
described techniques. Also, the techniques could be fully
implemented in one or more circuits or logic elements.
[0139] All references and publications cited herein are
expressly incorporated herein by reference in their entirety
for all purposes, except to the extent any aspect incorporated
directly contradicts this disclosure.

[0140] All scientific and technical terms used herein have
meanings commonly used in the art unless otherwise speci-
fied. The definitions provided herein are to facilitate under-
standing of certain terms used frequently herein and are not
meant to limit the scope of the present disclosure.

[0141] Unless otherwise indicated, all numbers expressing
feature sizes, amounts, and physical properties used in the
specification and claims may be understood as being modi-
fied either by the term “exactly” or “about.” Accordingly,
unless indicated to the contrary, the numerical parameters set
forth in the foregoing specification and attached claims are
approximations that can vary depending upon the desired
properties sought to be obtained by those skilled in the art
utilizing the teachings disclosed herein or, for example,
within typical ranges of experimental error.

[0142] The recitation of numerical ranges by endpoints
includes all numbers subsumed within that range (e.g., 1 to
5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, and 5) and any range
within that range. Herein, the terms “up to” or “no greater
than” a number (e.g., up to 50) includes the number (e.g.,
50), and the term “no less than” a number (e.g., no less than
5) includes the number (e.g., 5).

[0143] The terms “coupled” or “connected” refer to ele-
ments being attached to each other either directly (in direct
contact with each other) or indirectly (having one or more
elements between and attaching the two elements). Either
term may be modified by “operatively” and “operably,”
which may be used interchangeably, to describe that the
coupling or connection is configured to allow the compo-
nents to interact to carry out at least some functionality (for
example, a first medical device may be operatively coupled
to another medical device to transmit information in the
form of data or to receive data therefrom).

[0144] Terms related to orientation, such as “top,” “bot-
tom,” “side,” and “‘end,” are used to describe relative posi-
tions of components and are not meant to limit the orienta-
tion of the embodiments contemplated. For example, an
embodiment described as having a “top” and “bottom” also
encompasses embodiments thereof rotated in various direc-
tions unless the content clearly dictates otherwise.

[0145] Reference to “one embodiment,” “an embodi-
ment,” “certain embodiments,” or “some embodiments.”
etc., means that a particular feature, configuration, compo-
sition, or characteristic described in connection with the
embodiment is included in at least one embodiment of the
disclosure. Thus, the appearances of such phrases in various
places throughout are not necessarily referring to the same
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embodiment of the disclosure. Furthermore, the particular
features, configurations, compositions, or characteristics
may be combined in any suitable manner in one or more
embodiments.

[0146] As used in this specification and the appended
claims, the singular forms “a,” “an,” and “the” encompass
embodiments having plural referents, unless the content
clearly dictates otherwise. As used in this specification and
the appended claims, the term “or” is generally employed in
its sense including “and/or” unless the content clearly dic-
tates otherwise.

[0147] As used herein, “have,” “having,” “include,”
“including,” “comprise,” “comprising” or the like are used
in their open-ended sense, and generally mean “including,
but not limited to.” It will be understood that “consisting
essentially of,” “consisting of,” and the like are subsumed in
“comprising,” and the like.

[0148] The term ‘“and/or” means one or all the listed
elements or a combination of at least two of the listed
elements.

[0149] The phrases “at least one of,” “comprises at least
one of,” and “one or more of” followed by a list refers to any
one of the items in the list and any combination of two or
more items in the list.

1. A cardiac modeling system comprising:

electrode apparatus comprising a plurality of external

electrodes to sense electrical activity from tissue of a
patient; and

computing apparatus comprising processing circuitry

operatively coupled to the electrode apparatus and

configured to:

sense electrical activity using the plurality of external
electrodes;

determine a pseudo-electric vector for one or more of
the external electrodes based on an estimated center
of the patient’s heart and the sensed electrical activ-
ity; and

generate spatial representation data of the sensed elec-
trical activity based on the one or more determined
pseudo-electric vectors.

2. The system of claim 1, wherein the processing circuitry
is further configured to determine a sensor-integrated
pseudo-electric vector based on a combination of two or
more pseudo-electric vectors each associated with a different
external electrode of the plurality of external electrodes.

3. The system of claim 2, wherein the processing circuitry
is further configured to determine a pseudo-VCG parameter
based on the sensor-integrated pseudo-electric vector.

4. The system of claim 3, wherein the pseudo-VCG
parameter represents one or more of: an area of a T-wave
loop, an area of a QRS loop, an area of both QRS and
T-wave loops, a perimeter of a QRS loop, a perimeter of a
T-wave loop, a perimeter of both QRS and T-wave loops, a
ratio between area and perimeter of a QRS loop, a ratio
between area and perimeter of a T-wave loop, a ratio
between area and perimeter of both QRS and T-wave loops,
an average vector for a QRS loop, an average vector for a
T-wave loop, an average vector of both QRS and T-wave
loops, a spatial angle between QRS and T axis, a dispersion
value of the QRS loop, and a dispersion value of the T-wave
loop.

5. The system of any one of claims 2-4, wherein the
processing circuitry is further configured to generate the
spatial representation data of the sensed electrical activity
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based on a plurality of sensor-integrated pseudo-electric
vectors, wherein each sensor-integrated pseudo-electric vec-
tor is associated with a different time value.

6. The system of claim 5, wherein the spatial representa-
tion data represents one or more of a QRS loop and a T-wave
loop.

7. The system of any one of claim 2, wherein the
processing circuitry is further configured to determine a
time-integrated pseudo-electric vector based on a combina-
tion of two or more sensor-integrated pseudo-electric vec-
tors, wherein each sensor-integrated pseudo-electric vector
is associated with a different time value.

8. The system of claim 1, wherein the processing circuitry
1s configured to determine at least one pseudo-electric vector
for each of the external electrodes in the plurality the
external electrodes.

9. The system of any of claim 1, wherein the processing
circuitry is configured to determine at least one pseudo-
electric vector for a reduced set of external electrodes in the
plurality of external electrodes.

10. A method comprising:

sensing electrical activity of a patient’s heart using a

plurality of external electrodes;
determining a pseudo-electric vector for one or more of
the external electrodes based on an estimated center of
the patient’s heart and the sensed electrical activity; and

generating spatial representation data of the sensed elec-
trical activity based on the one or more the determined
pseudo-electric vectors.

11. The method of claim 10, further comprising deter-
mining a sensor-integrated pseudo-electric vector based on
a combination of two or more pseudo-electric vectors each
associated with a different external electrode of the plurality
of external electrodes.

12. The method of claim 11, further comprising deter-
mining a pseudo-VCG parameter based on the sensor-
integrated pseudo-electric vector.

13. The method of claim 12, wherein the pseudo-VCG
parameter represents one or more of: an area of a T-wave
loop, an area of a QRS loop, an area of both QRS and
T-wave loops, a perimeter of a QRS loop, a perimeter of a
T-wave loop, a perimeter of both QRS and T-wave loops, a
ratio between area and perimeter of a QRS loop, a ratio
between area and perimeter of a T-wave loop, a ratio
between area and perimeter of both QRS and T-wave loops,
an average vector for a QRS loop, an average vector for a
T-wave loop, an average vector of both QRS and T-wave
loops, a spatial angle between QRS and T axis, a dispersion
value of the QRS loop, and a dispersion value of the T-wave
loop.

14. The method of any one of claims 11-13, further
comprising generating the spatial representation data of the
sensed electrical activity based on a plurality of sensor-
integrated pseudo-electric vectors, wherein each sensor-
integrated pseudo-electric vector is associated with a differ-
ent time value.

15. The method of claim 14, wherein the spatial repre-
sentation data represents one or more of a QRS loop and a
T-wave loop.

16. The method of claim 11, further comprising deter-
mining a time-integrated pseudo-electric vector based on a
combination of two or more sensor-integrated pseudo-elec-
tric vectors, wherein each sensor-integrated pseudo-electric
vector is associated with a different time value.
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17. The method of claim 16, wherein determining the
pseudo-electric vector comprises determining at least one
pseudo-electric vector for each of the external electrodes in
the plurality the external electrodes.

18. The method of claim 10, wherein determining the
pseudo-electric vector comprises determining at least one
pseudo-electric vector for a reduced set of external elec-
trodes in the plurality of external electrodes.

19. A system comprising:

interface circuitry configured to receive electrical activity

information measured by a plurality of external elec-
trodes that represents sensed electrical activity from
tissue of a patient; and

processing circuitry operatively coupled to the interface

circuitry and configured to:

receive the electrical activity information;

determine a pseudo-electric vector for one or more of
the external electrodes based on an estimated center
of the patient’s heart and the received electrical
activity information; and

generate spatial representation data of the electrical
activity information based on the one or more deter-
mined pseudo-electric vectors.

20. The system of claim 19, wherein the processing
circuitry is further configured to determine a sensor-inte-
grated pseudo-electric vector based on a combination of two
or more pseudo-electric vectors each associated with a
different external electrode of the plurality of external elec-
trodes.

21. The system of claim 20, wherein the processing
circuitry is further configured to determine a pseudo-VCG
parameter based on the sensor-integrated pseudo-electric
vector.

22. The system of claim 21, wherein the pseudo-VCG
parameter represents one or more of: an area of a T-wave
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loop, an area of a QRS loop, an area of both QRS and
T-wave loops, a perimeter of a QRS loop, a perimeter of a
T-wave loop, a perimeter of both QRS and T-wave loops, a
ratio between area and perimeter of a QRS loop, a ratio
between area and perimeter of a T-wave loop, a ratio
between area and perimeter of both QRS and T-wave loops,
an average vector for a QRS loop, an average vector for a
T-wave loop, an average vector of both QRS and T-wave
loops, a spatial angle between QRS and T axis, a dispersion
value of the QRS loop, and a dispersion value of the T-wave
loop.

23. The system of any one of claims 20-22, wherein the
processing circuitry is further configured to generate the
spatial representation data of the electrical activity informa-
tion based on a plurality of sensor-integrated pseudo-electric
vectors, wherein each sensor-integrated pseudo-electric vec-
tor is associated with a different time value.

24. The system of claim 23, wherein the spatial represen-
tation data represents one or more of a QRS loop and a
T-wave loop.

25. The system of claim 20, wherein the processing
circuitry is further configured to determine a time-integrated
pseudo-electric vector based on a combination of two or
more sensor-integrated pseudo-electric vectors, wherein
each sensor-integrated pseudo-electric vector is associated
with a different time value.

26. The system of claim 19, wherein the processing
circuitry is configured to determine at least one pseudo-
electric vector for each of the external electrodes in the
plurality the external electrodes.

27. The system of claim 19, wherein the processing
circuitry is configured to determine at least one pseudo-
electric vector for a reduced set of external electrodes in the
plurality of external electrodes.
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