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METHOD AND SYSTEM FOR ASSESSING
QRS COMPONENTS AND THE RISK OF
VENTRICULAR ARRHYTHMIAS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 62/164,046 filed May 20,
2015; the entire contents of Patent Application No. 62/164,
046 are hereby incorporated by reference.

FIELD

[0002] Various embodiments are described herein that
generally relate to a system and method for assessing QRS
components and the risk of ventricular arrhythmias in vari-
ous individuals.

BACKGROUND

[0003] Sudden cardiac death is the leading cause of death
in North America. Sudden cardiac death can be caused by
regional conduction delay in the heart which provides the
electrical substrate for re-entrant ventricular tachyarrhyth-
mias (VA). Regional conduction delay can produce fraction-
ation in the surface electrocardiogram (ECG) QRS complex,
which manifests as small notches, slurs or peaks [1]. Meth-
ods to quantify these abnormal QRS components have the
potential to identify regional conduction delay and therefore
discriminate patients at risk of ventricular arrhythmias and
sudden cardiac death.

SUMMARY OF VARIOUS EMBODIMENTS

[0004] In a broad aspect, at least one embodiment
described herein provides a method of assessing a risk of
ventricular arrhythmias for a patient, wherein the method
may comprise receiving ECG data obtained from the patient;
analyzing the ECG data to detect abnormal QRS peaks;
determining the risk of ventricular arrhythmias for the
patient based on the detected abnormal QRS peaks; and
providing an indication of the risk of ventricular arrhythmias
for the patient.

[0005] In at least some embodiments, the method may
comprise acquiring the ECG data from the patient using one
or more ECG recording leads.

[0006] In at least some embodiments, the method may
comprise preprocessing the ECG data. In such embodi-
ments, the preprocessing of the ECG data may comprise
applying a QRS template and optionally applying filtering.
[0007] In at least some embodiments, the ECG data may
be high resolution data that was obtained using a sampling
rate of at least 1,000 Hz.

[0008] In at least some embodiments, the method may
comprise obtaining the ECG data from a data store, the ECG
data having already been preprocessed.

[0009] In at least some embodiments, the act of analyzing
the ECG data from a given ECG recording lead may
comprise generating a local QRS (IQRS) signal from X
beats of ECG data; generating a global QRS (gQRS) signal
from Y beats of ECG data, where X and Y are integers and
the X beats of ECG data are contained in the Y beats of ECG
data; and comparing the IQRS signal with the gQRS signal
to detect the abnormal QRS peaks in the IQRS signal.
[0010] In at least some embodiments, the IQRS signal
may be generated by applying time averaging to unfiltered
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X beats of preprocessed ECG data, and the gQRS signal may
be generated by filtering the Y beats of preprocessed ECG
data using a smoothing filter and then applying time aver-
aging to the filtered Y beats of ECG data, where the X beats
of ECG data is a short data window and the Y beats of ECG
data is a larger data window that is at least one order of
magnitude larger than the short data window.

[0011] In at least some embodiments, the comparing may
comprise identifying positive and negative peaks in the
IQRS and gQRS signals; determining abnormal positive
peaks in the IQRS signal by counting the number of positive
peaks in the IQRS signal while excluding the nearest or
greatest amplitude IQRS peak within M msec of each
positive peak in the gQRS signal; determining abnormal
negative peaks in the IQRS signal by counting the number
of negative peaks in the IQRS signal while excluding the
nearest or least amplitude IQRS peak within +M msec of
each negative peak in the gQRS signal; and determining a
QRS peak (QRSp) score based on the total determined
abnormal positive peaks and the abnormal negative peaks in
the TIQRS signal.

[0012] In at least some embodiments, the method may
further comprise determining the IQRS signal using a slid-
ing average of X beats of ECG data within the Y beats of
ECG data and determining a set of QRSp scores for each set
of averaged X beats of ECG data.

[0013] In at least some embodiments, the QRSp score for
the given ECG recording lead may be an average, median or
maximum of the set of QRSp scores derived from the given
ECG recording lead.

[0014] In at least some embodiments, the QRSp score for
the patient may be an average, median or maximum of the
QRSp scores for ECG data obtained from at least a portion
of the ECG recording leads.

[0015] In at least some embodiments, the act of determin-
ing the risk of ventricular arrhythmia for a given patient may
comprise defining a quantitative risk measure associated
with the QRSp score for the patient based on a multivariable
regression model that is generated based on QRSp scores
determined for healthy subjects, patients with heart disease
but no ventricular arrhythmias and patients with heart dis-
ease in whom ventricular arrhythmias have occurred.
[0016] In at least some embodiments, the ECG data may
comprise several sets of ECG data obtained using different
ECG leads and the QRSp score is determined for each set of
ECG data.

[0017] In another broad aspect, at least one embodiment
described herein provides a system for assessing risk of
ventricular arrhythmias for a patient, wherein the system
may comprise an input interface for receiving ECG data
obtained from the patient; an output interface for providing
an indication of the risk of ventricular arrhythmia for the
patient; and a processing unit coupled to the input and the
output interfaces, the processing unit being configured to
analyze the ECG data to detect abnormal QRS peaks;
determine the risk of ventricular arrhythmia for the patient
based on detected abnormal QRS peaks; and to provide the
indication of the risk of ventricular arrhythmia for the
patient using the output interface.

[0018] In at least some embodiments, the system may
further comprise a sensor unit comprising sensors for sens-
ing ECG data from the patient during use and a data
acquisition unit coupled to the sensor unit and the processing
unit for acquiring the sensed ECG data.
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[0019] In at least some embodiments, the processing unit
may be configured to perform any of the methods described
in accordance with the teachings herein.

[0020] In another broad aspect, at least one embodiment
described herein provides a computer readable medium
comprising a plurality of instructions that are executable on
a processing unit of a device for adapting the device to
implement a method of assessing risk of ventricular arrhyth-
mias for a patient, wherein the method may be defined in
accordance with the teachings herein.

[0021] Other features and advantages of the present appli-
cation will become apparent from the following detailed
description taken together with the accompanying drawings.
It should be understood, however, that the detailed descrip-
tion and the specific examples, while indicating preferred
embodiments of the application, are given by way of illus-
tration only, since various changes and modifications within
the spirit and scope of the application will become apparent
to those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] For a better understanding of the various embodi-
ments described herein, and to show more clearly how these
various embodiments may be carried into effect, reference
will be made, by way of example, to the accompanying
drawings which show at least one example embodiment, and
which are now described. The drawings are not intended to
limit the scope of the teachings described herein.

[0023] FIG. 1 1is a block diagram of an example embodi-
ment of a system for analyzing cardiac signals.

[0024] FIG. 2A is a flowchart of an example embodiment
of a method for analyzing cardiac signals to assess risk of
ventricular arrhythmias.

[0025] FIG. 2B is a flowchart of an example embodiment
of a method for detecting abnormal QRS peaks (QRSp).
[0026] FIGS. 3A and 3B show detection of normal and
abnormal QRS peaks from precordial electrocardiogram
recordings in a patient with ischemic cardiomyopathy (ICM)
using the teachings described herein.

[0027] FIG. 4 shows an example of an unfiltered 10-beat
QRS average (solid line) and an unfiltered 100-beat QRS
average (dashed line) for a patient.

[0028] FIG. 5A shows simulated precordial QRS com-
plexes with no added abnormal peaks (solid line) and a
single added abnormal peak (dashed line).

[0029] FIG. 5B shows a representative five beat segment
from simulated ECG lead V1 with a single abnormal QRS
peak and 40 pV of white noise.

[0030] FIGS. 6A and 6B show total number of abnormal
QRS peaks for each of the 6 precordial leads using the
teachings described herein for a normal patient and an ICM
+VA patient (i.e. an ICM patient with a history of ventricular
arrhythmias (VA)).

[0031] FIGS. 7A-7B show comparisons of QRSp Mean
(i.e. mean QRS peak score) between arrhythmic and cardiac
event groups in a clinical study.

[0032] FIGS. 7C-7D show comparisons of QRSd (i.e.
QRS duration) between arrhythmic and cardiac event groups
in the clinical study.

[0033] FIGS. 8A-8B show the performance of QRSp
Mean and QRSd in predicting arrhythmic and cardiac events
in the clinical study.

[0034] FIG. 9 shows the correlation of QRSp Mean and
QRSd in the clinical study.
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[0035] FIG. 10 is an illustration of QRSp Mean in a patient
with narrow QRS duration without an arrhythmic event in
the clinical study.

[0036] FIG. 11 is an illustration of QRSp Mean in a patient
with narrow QRS duration with an arrhythmic event in the
clinical study.

[0037] FIG. 12 is an illustration of QRSp Mean in a patient
with broad QRS duration without an arrhythmic event in the
clinical study.

[0038] FIG. 13 is an illustration of QRSp Mean in a patient
with broad QRS duration with an arrhythmic event in the
clinical study.

[0039] FIGS. 14A-14B show comparisons of QRSp Mean
between arrhythmic and cardiac event groups in patients
with ICM (i.e. Ischemic CardioMyopathy) in the clinical
study.

[0040] FIGS. 14C-14D show comparisons of QRSd
between arrhythmic and cardiac event groups in patients
with ICM in the clinical study.

[0041] FIGS. 15A-15B show the performance of QRSp
and QRSd in predicting arrhythmic and cardiac events in
patients with ICM in the clinical study.

[0042] FIGS. 16A-16B show comparisons of QRSp Mean
between arrhythmic and cardiac event groups in patients
with DCM (i.e. non-ischemic Dilated CardioMyopathy) in
the clinical study.

[0043] FIGS. 16C-16D show comparisons of QRSd
between arrhythmic and cardiac event groups in patients
with DCM in the clinical study.

[0044] FIGS. 17A-17B show the performance of QRSp
Mean and QRSd in predicting arrhythmic and cardiac events
in patients with DCM in the clinical study.

[0045] Further aspects and features of the example
embodiments described herein will appear from the follow-
ing description taken together with the accompanying draw-
ings.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0046] Various systems, devices or methods will be
described below to provide an example of at least one
embodiment of the claimed subject matter. No embodiment
described herein limits any claimed subject matter and any
claimed subject matter may cover systems, devices or meth-
ods that differ from those described herein. The claimed
subject matter is not limited to systems. devices or methods
having all of the features of any one process or device
described below or to features common to multiple or all of
the systems, devices or methods described herein. It is
possible that a system, device or method described herein is
not an embodiment of any claimed subject matter. Any
subject matter that is disclosed in a system, device or method
described herein that is not claimed in this document may be
the subject matter of another protective instrument, for
example, a continuing patent application, and the applicants,
inventors or owners do not intend to abandon, disclaim or
dedicate to the public any such subject matter by its disclo-
sure in this document.

[0047] Furthermore, it will be appreciated that for sim-
plicity and clarity of illustration, where considered appro-
priate, reference numerals may be repeated among the
figures to indicate corresponding or analogous elements. In
addition, numerous specific details are set forth in order to
provide a thorough understanding of the embodiments
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described herein. However, it will be understood by those of
ordinary skill in the art that the embodiments described
herein may be practiced without these specific details. In
other instances, well-known methods, procedures and com-
ponents have not been described in detail so as not to
obscure the embodiments described herein. Also, the
description is not to be considered as limiting the scope of
the embodiments described herein.

[0048] It should also be noted that the terms “coupled” or
“coupling” as used herein can have several different mean-
ings depending on the context in which these terms are used.
For example, the terms coupled or coupling can have a
mechanical, electrical or communicative connotation. For
example, as used herein, the terms coupled or coupling can
indicate that two or more elements or devices can be directly
connected to one another or connected to one another
through one or more intermediate elements or devices via an
electrical element, electrical signal or a mechanical element
depending on the particular context. Furthermore, the term
“communicative coupling” indicates that an element or
device can electrically, optically, or wirelessly send data to
or receive data from another element or device.

[0049] It should also be noted that, as used herein, the
wording “and/or” is intended to represent an inclusive-or.
That is, “X and/or Y is intended to mean X or Y or both,
for example. As a further example, “X, Y, and/or 77 is
intended to mean X or Y or Z or any combination thereof.
[0050] It should be noted that terms of degree such as
“substantially”, “about” and “approximately” as used herein
mean a reasonable amount of deviation of the modified term
such that the end result is not significantly changed. These
terms of degree may also be construed as including a
deviation of the modified term if this deviation does not
negate the meaning of the term it modifies.

[0051] Furthermore, the recitation of numerical ranges by
endpoints herein includes all numbers and fractions sub-
sumed within that range (e.g. 1 to 5 includes 1, 1.5, 2, 2.75,
3,3.90, 4, and 5). It is also to be understood that all numbers
and fractions thereof are presumed to be modified by the
term “about” which means a variation of up to a certain
amount of the number to which reference is being made if
the end result is not significantly changed, such as 10%, for
example.

[0052] The example embodiments of the systems, devices
or methods described in accordance with the teachings
herein may be implemented as a combination of hardware or
software. For example, the embodiments described herein
may be implemented, at least in part, by using one or more
computer programs, executing on one or more program-
mable devices comprising at least one processing element,
and at least one data storage element (including volatile and
non-volatile memory and/or storage elements). These
devices may also have at least one input device (e.g. a
keyboard, a mouse, a touchscreen, and the like), and at least
one output device (e.g. a display screen, a printer, a wireless
radio, and the like) depending on the nature of the device.
[0053] It should also be noted that there may be some
elements that are used to implement at least part of the
embodiments described herein that may be implemented via
software that is written in a high-level procedural language
such as object oriented programming. The program code
may be written in C, C** or any other suitable programming
language and may comprise modules or classes, as is known
to those skilled in object oriented programming. Alterna-
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tively, or in addition thereto, some of these elements imple-
mented via software may be written in assembly language,
machine language or firmware as needed. In either case, the
language may be a compiled or interpreted language.

[0054] At least some of these software programs may be
stored on a storage media (e.g. a computer readable medium
such as, but not limited to, ROM, magnetic disk, optical
disc) or a computing device that is readable by a general or
special purpose programmable device having a processor, an
operating system and the associated hardware and software
that is necessary to implement the functionality of at least
one of the embodiments described herein. The software
program code, when read by the computing device, config-
ures the computing device to operate in a new, specific and
predefined manner in order to perform at least one of the
methods described herein.

[0055] Furthermore, at least some of the programs asso-
ciated with the systems and methods of the embodiments
described herein may be capable of being distributed in a
computer program product comprising a computer readable
medium that bears computer usable instructions, such as
program code, for one or more processors. The medium may
be provided in various forms, including non-transitory forms
such as, but not limited to, one or more diskettes, compact
disks, tapes, chips, and magnetic and electronic storage. In
alternative embodiments, the medium may be transitory in
nature such as, but not limited to, wire-line transmissions,
satellite transmissions, internet transmissions (e.g. down-
loads), media, digital and analog signals, and the like. The
computer useable instructions may also be in various for-
mats, including compiled and non-compiled code.

[0056] Conventional methods to quantify abnormal QRS
components to identify regional conduction delay and there-
fore discriminate patients at risk of ventricular arrhythmias
have two limitations. First, the slurred components of the
QRS, that do not produce actual peaks, may be overvalued.
Conduction delays producing slurs may be less arryth-
mogenic than those associated with peaks. Second, transient
QRS peaks may be undervalued as a consequence of long
duration signal averaging which gives them the appearance
of slurs. These transient QRS peaks can arise from small
displacements of the recording ECG leads on the chest wall
during respiration, which can subtly change the QRS mor-
phology [2]. These limitations in combination may contrib-
ute to the poor sensitivity of conventional methods for
identifying cardiac patients at risk of ventricular arrhythmias
[3, 4] and cardiac death [5].

[0057] To address these limitations, at least one example
embodiment of a novel time-domain based method that
quantifies abnormal QRS peaks using a shorter averaging
window in accordance with the teachings herein is
described. The methods may be more selective in identifying
abnormal QRS peaks which deviate from the intrinsic shape
of the QRS complex and which are more likely to indicate
arrhythmogenicity. By considering peaks and not slurs, the
methods described herein may be more selective in identi-
fying abnormal QRS components that deviate from the
intrinsic shape of the QRS complex. Furthermore, by using
averages based on a smaller number of beats such as, but not
limited to, using a 10 to 50-beat average, the methods
described herein may be more sensitive to identifying peaks
that would otherwise be lost using a larger time averaging
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window. Accurate risk assessment is essential in cardiac
patients to direct life-saving therapy such as costly implant-
able defibrillators.

[0058] In at least some embodiments, the detection of
abnormal peaks in the QRS complex may be done automati-
cally.

[0059] In at least some embodiments, the shorter beat
averages may be unfiltered. For example, it may be possible
to use unfiltered data that is captured in a low noise
environment. However, this is not always possible and a
minimal amount of filtering to reduce noise during the
preprocessing stage may be used.

[0060] As described herein, a simulation was performed
using synthetic QRS peaks to assess the robustness to noise
of the methods described herein. The performance of the
methods described herein was also tested using high-reso-
lution precordial lead electrocardiograms recorded from
normal subjects and patients with cardiomyopathy. In an
example assessment, the 10-beat average performance was
compared to a 100-beat average and shown to be more
sensitive in detecting abnormal QRS peaks. An average of at
least 100 beats is used in conventional QRS component
algorithms depending on the amount of noise in the recorded
data. Clinical performance was also tested in two clinical
studies of cardiomyopathy patients and the methods
described herein were shown to discriminate those at risk of
ventricular arrhythmias with high sensitivity and specificity
in these studies.

[0061] Referring now to FIG. 1, shown therein is a block
diagram of an example embodiment of a cardiac risk assess-
ment system 10 that may be used to analyze cardiac signals
to assess risk of ventricular arrhythmia for a patient. The
cardiac risk assessment system 10 includes an operator unit
12 that has at least one input for receiving cardiac electrical
data, at least one processing unit for processing the cardiac
electrical data to determine the electrical substrate and the
risk of ventricular arrhythmias, and at least one output for
providing an indication of electrical substrate and the risk of
ventricular arrhythmias.

[0062] The cardiac risk assessment system 10 is provided
as an example and there may be other embodiments of the
system 10 with different components or a different configu-
ration of the components described herein. The system 10
further includes several power supplies (not all shown)
connected to various components of the treatment planning
system 10 for providing power thereto as is commonly
known to those skilled in the art.

[0063] In general, a user may interact with the operator
unit 12 to analyze cardiac electrical data from a patient to
determine whether there is a certain cardiac risk associated
with the patient, such as a risk of ventricular arrhythmias.
After the analysis, the user can then use the operator unit 12
to provide, display and/or store an indication of the cardiac
risk. In some cases, the user may use the system 10 to obtain
cardiac electrical data from the patient using appropriate
sensors and data acquisition hardware and software.
[0064] The operator unit 12 comprises a processing unit
14, a display 16, a user interface 18, an interface unit 20,
Input/Output (I/O) hardware 22, a wireless unit 24, a power
unit 26, and a memory unit 28. The memory unit 28
comprises software code for implementing an operating
system 30, various programs 32, a data acquisition module
34, a preprocessing module 36, a QRS peak analysis module
38, a ventricular arrhythmia (VA) assessment module 40,
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and one or more databases 42. Modules 34 to 40 will be
described in greater detail with respect to FIGS. 2 to 6B.
Some of the modules may be combined in some embodi-
ments. Many components of the operator unit 12 can be
implemented using a desktop computer, a laptop, a mobile
device, a tablet, and the like.

[0065] In some embodiments, in which ECG data is to be
obtained from a patient, the system 10 further comprises a
data acquisition unit 44 and a sensor unit 46, which are
described in further detail below.

[0066] The processing unit 14 controls the operation of the
operator unit 12 and can be any suitable processor, controller
or digital signal processor that can provide sufficient pro-
cessing power depending on the configuration and opera-
tional requirements of the cardiac risk assessment system 10
as is known by those skilled in the art. For example, the
processing unit 14 may be a high performance general
processor. In alternative embodiments, the processing unit
14 may include more than one processor with each processor
being configured to perform different dedicated tasks. In
alternative embodiments, specialized hardware can be used
to provide some of the functions provided by the processing
unit 14.

[0067] The display 16 can be any suitable display that
provides visual information depending on the configuration
of the operator unit 12. For instance, the display 16 can be
a cathode ray tube, a flat-screen monitor and the like if the
operator unit 12 is a desktop computer. In other cases, the
display 16 can be a display suitable for a laptop, tablet or a
handheld device such as an LCD-based display and the like.

[0068] The user interface 18 can include at least one of a
mouse, a keyboard, a touch screern, a thumbwheel, a track-
pad, a track-ball, a card-reader, voice recognition software
and the like again depending on the particular implementa-
tion of the operator unit 12. In some cases, some of these
components can be integrated with one another.

[0069] The interface unit 20 can be any interface that
allows the operator unit 12 to communicate with other
devices or systems. In some embodiments, the interface unit
20 may include at least one of a serial bus or a parallel bus,
and a corresponding port such as a parallel port, a serial port
or a USB port that provides USB connectivity. The busses
may be external or internal. The busses may be at least one
of a SCSI, USB, IEEE 1394 interface (FireWire), Parallel
ATA, Serial ATA, PCle, or InfiniBand. Other communica-
tion protocols may be used by the bus in other embodiments.
The host interface component 134 may use these busses to
connect to the Internet, a Local Area Network (LAN), a
Wide Area Network (WAN), a Metropolitan Area Network
(WAN), a Wireless Local Area Network (WLAN), a Virtual
Private Network (VPN), or a peer-to-peer network, either
directly or through a modem, router, switch, hub or other
routing or translation device.

[0070] The I/O hardware 22 is optional and can include,
but is not limited to, at least one of a microphone, a speaker,
a keyboard, a mouse, a touch pad, a display device and a
printer, for example.

[0071] The wireless unit 24 is optional and can be a radio
that communicates utilizing CDMA, GSM, GPRS or Blu-
etooth protocol according to standards such as IEEE 802.
11a, 802.11b, 802.11g, or 802.11n. The wireless unit 24 can
be used by the operator unit 12 to communicate with other
devices or computers.
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[0072] The power unit 26 can be any suitable power
source that provides power to the operator unit 12 such as a
power adaptor or a rechargeable battery pack depending on
the implementation of the operator unit 12 as is known by
those skilled in the art.

[0073] The memory unit 28 can include RAM, ROM, one
or more hard drives, one or more flash drives or some other
suitable data storage elements such as disk drives, etc. The
memory unit 28 may be used to store the operating system
30 and programs 32 as is commonly known by those skilled
in the art. For instance, the operating system 30 provides
various basic operational processes for the operator unit 12.
The programs 32 include various user programs so that a
user can interact with the operator unit 12 to perform various
functions such as, but not limited to, acquiring data, pre-
processing data, analyzing preprocessed data, determining
cardiac risk based on the analysis as well as viewing,
manipulating, communicating and storing data as the case
may be.

[0074] The databases 42 can be used to store data for the
system 10 such as system settings, parameter values, and
calibration data. The databases 42 can also store other
information required for the operation of the programs 32 or
the operating system 30 such as dynamically linked libraries
and the like.

[0075] The data acquisition module 34 may be used to
obtain cardiac electrical data (e.g. bipolar and unipolar body
surface ECG, bipolar and unipolar intracardiac electro-
grams) from a patient. The preprocessing module 36 then
preprocesses the cardiac electrical data so that it may be
analyzed more accurately. The QRS peak analysis module
38 then analyzes the preprocessed cardiac electrical data to
determine the abnormal QRS peaks. The ventricular arrhyth-
mia (VA) assessment module 40 then determines a risk of
ventricular arrhythmias based on the abnormal QRS peaks.
The operation of the modules 34 to 40 will be discussed in
more detail in relation to the description of FIGS. 2 to 6B.
Tt should be noted that the various modules 34 to 40 may be
combined or further divided into other modules. The mod-
ules 34 to 40 are typically implemented using software, but
there may be some instances in which at least some of these
modules are implemented using FPGA or application spe-
cific circuitry.

[0076] The databases 42 can be used to store data for the
system 10 such as system settings, parameter values, and
calibration data. The databases 42 may also be used to store
other information required for the operation of the programs
32 or the operating system 30 such as dynamically linked
libraries and the like. The databases 42 may also be used to
store data on patients from which electrogram data has been
obtained and the results of assessing cardiac risk.

[0077] The operator unit 12 comprises at least one inter-
face that the processing unit 14 communicates with in order
to receive or send information. This interface can be the user
interface 18, the interface unit 20 or the wireless unit 24. For
instance, the amount of cardiac electrical data, as well as the
recording, processing and analysis parameters that may be
used by the system 10 may be inputted by a user or otherwise
selected through the user interface 18 or this information
may be received through the interface unit 20 from a
computing device. The processing unit 14 can communicate
with either one of these interfaces as well as the display 16
or the 1/O hardware 22 in order to use this input information
to analyze cardiac electrical data obtained from a patient and

May 10, 2018

in some cases to obtain and preprocess the cardiac electrical
data from the patient. In addition, users of the operator unit
12 may communicate information across a network connec-
tion to a remote system for storage and/or further analysis of
the trials and their associated simulation results in some
embodiments.

[0078] A user can also use the operator unit 12 to provide
information needed for system parameters that are needed
for proper operation of the system 10 such as calibration
information and other system operating parameters as is
known by those skilled in the art. Data that is obtained from
patients, as well as parameters used for operation of the
system 10, may be stored in the memory unit 28. The stored
data may include raw sampled data as well as processed
cardiac electrical data, and/or analyzed data.

[0079] The data acquisition unit 44 comprises hardware
circuitry that is needed to record cardiac electrical data from
a patient. Different variations are possible for the data
acquisition unit 44 as is known by those skilled in the art.
For example, the data acquisition unit 44 may comprise a
multi-channel digital data acquisition system with a control-
ler and one or more data acquisition boards each having a
certain number of recording channels. Each data acquisition
board may generally comprise an amplifier bank, a filter
bank, a multiplexer, an Analog to Digital Controller (ADC)
and a DSP unit. The DSP unit may be implemented by one
or more processors or by specialized circuitry as is known by
those skilled in the art.

[0080] In use, data measured by a given recording channel
is amplified by a corresponding amplifier in the amplifier
bank, filtered by a corresponding filter in the filter bank,
multiplexed by the multiplexer, and then digitized by the
ADC. The individual gains of the amplifiers in the amplifier
bank may be applied to groups of channels and may be
automatically set by the processing unit 14 or an on-board
DSP unit in the data acquisition unit 44 that receives
commands from the operator unit 12 via a communication
link (such as, but not limited to an RS-232 link, for
example). Data and commands may be exchanged between
the one or more acquisition boards and the processing unit
14 via one or more buses.

[0081] During data acquisition, the data acquisition unit
44 obtains cardiac electrical data and sends the cardiac
electrical data through a link to the operator unit 12 for
storage and analysis. A multiplexer circuit may be used to
interface all of the data acquisition boards. The processor or
on-board DSP unit may also control the data acquisition
parameters (e.g. amplifier gains, filter coefficients, detection
threshold and sampling sequence during data acquisition).
Sampling rates may be set to at least 1,000 Hz and analog
filters may be set to have a passband of about 0.05-400 Hz.
In addition, amplifiers may be selected so that the common
mode rejection ratio on the bipolar and unipolar channels is
greater than about 90 dB from DC to 1,000 Hz, which is
sufficient for 12 bit resolution. In some cases, the front end
of the data acquisition unit 44 may be battery-operated,
providing full electrical isolation.

[0082] The sensor unit 46 may be used to record cardiac
signals, such as body surface ECG signals or intracardiac
signals, from which ECG data is derived. The electrodes can
be standard ECG electrodes, carbon electrodes, platinum
electrodes, silver-silver chloride electrodes, or variations
thereof. The electrodes can be configured in the standard
12-lead configuration or Frank lead vectorial configuration.
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Alternatively, the number of ECG electrodes and their body
surface configuration can be varied, such as in multielec-
trode thorax body surface mapping. These electrode sensors
can be configured to record body surface or intracardiac
electrical potentials in either a bipolar or unipolar configu-
ration.

[0083] Referring now to FIG. 2A, shown therein is a
flowchart of an example embodiment of a method 100 for
analyzing cardiac signals to determine a risk of ventricular
arrhythmias. This may generally include obtaining and pre-
processing ECG data, determining cardiac risk by analyzing
the preprocessed ECG data to determine abnormal QRS
peaks, and then providing an indication of the abnormal
QRS peaks and/or the risk of ventricular arrhythmias.
[0084] In some embodiments, the number of abnormal
QRSp can also be measured serially over time, such as days,
months or years apart, to provide a measure of changing
electrical substrate in a patient and hence changing risk of
ventricular arrhythmias. Based on a threshold number of
abnormal QRS peaks and/or a threshold change in the
number of abnormal QRS peaks, therapeutic decisions can
be made such as altering a patient’s medications or institut-
ing cardiac interventions such as cardiac surgery, percuta-
neous coronary intervention, catheter ablation and/or defi-
brillator therapy.

[0085] This analysis may be done for different portions of
ECG readings obtained from different areas of the patient’s
body surface or heart. For example, QRS peak detection
may be done in consecutive 10 to 50 beat windows and the
number of abnormal QRS peaks (QRSp) in each ECG
recording over a 100 to 500 beat recording sequence may be
determined.

[0086] The cardiac risk assessment method 100 starts with
obtaining ECG data at 102 in which the sensor unit 46 is
applied to a patient or subject to measure ECG data using a
plurality of leads placed on the body surface or within the
heart. The data acquisition module 34 in combination with
the data acquisition unit 44 and the sensor unit 46 may be
used at 102. Unipolar lead configuration (e.g. precordial
leads V1-V6) may be preferable since each is an indepen-
dent recording. However, in alternative embodiments, a
bipolar lead configuration may be used. The ECG data is
obtained using a sufficient sampling rate and resolution to
identify abnormal QRS peaks according to the teachings
herein. For example, high resolution ECG data is preferable,
which may be obtained using a sampling rate of at least
1,000 Hz.

[0087] At 104, the ECG data is preprocessed. The prepro-
cessing may include using a QRS template matching stage
followed by an ECG signal filtering stage. This processing
may be done by the preprocessing module 36.

[0088] For example, in at least some embodiments, a QRS
template may be constructed for each ECG recording lead
by manually or automatically defining the QRS start and end
points on a representative QRS complex (e.g. a QRS com-
plex resulting from native or intrinsic electrical conduction
of the heart as opposed to a QRS complex derived from a
premature beat or fusion beat or artifact). In other embodi-
ments, an automatic QRS start and end detector may be
implemented. The earliest QRS onset found in any lead may
be used as the template start point for each lead and the latest
QRS offset found in any lead may be used as the template
end point for each lead. The QRS template may be aligned
and compared with each QRS complex to identify morpho-
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logically dissimilar beats (i.e. QRS beats arising from pre-
mature beats, fusion beats or artifacts) that are excluded
from analysis. The R wave location of each QRS complex in
the ECG may be identified using the Pan and Tompkins
automated peak detection method [6], in at least some
embodiments. However, other methods to identify R wave
location may also be used in some embodiments, such as,
but not limited to, one of wavelet transformation, neural
networking, or dictionary-based comparative methods. For
each beat in the ECG recording, which may be 3 minutes
long for example, the R wave of the template may be aligned
with the R wave of the individual beat. The alignment can
be achieved using cross-correlation of a moving window
that may be incremented by a single sample point from a
certain time before to a certain time after the initial align-
ment position [7], such as 25 msec before to 25 msec after,
for example. The temporal point that produces the greatest
average correlation coefficient (between the QRS complexes
and template) for all ECG leads is set as the optimal
alignment position. Once QRS complexes are aligned, those
QRS complexes that do not achieve a pre-specified cross-
correlation with the template, such as >90%, on all ECG
leads, are excluded from analysis because they do not
sufficiently match the morphology of the template. This
process may be repeated until a certain number of QRS
complexes matching the template have been identified, such
as 100 to 500 QRS complexes, for example. These template-
matched QRS complexes are saved for further processing.
[0089] In at least some embodiments, the entire ECG
recording may be filtered after template matching to further
eliminate noise. For example, to attenuate high frequency
noise, a lowpass filter may be applied to the ECG data after
template matching. The lowpass filter may be a 47 order
(Butterworth) bidirectional lowpass filter with a 150 Hz
cutoff frequency, for example, although others may be used.
[0090] In at least some embodiments, the ECG filtering
may further include removing low frequency baseline wan-
der by applying cubic spline correction [8]. Spline anchors
may be placed in the isoelectric PR segment at a certain
point prior to the aligned onset of each QRS complex, such
as 15-25 ms, for example and preferably 20 ms. A cubic
spline may then be fit to the anchor points and subtracted
from the original ECG recordings to remove the baseline
wander.

[0091] It should be noted that acts 102 and 104 may be
optional in that the method 100 may be applied to ECG data
that has already been obtained and preprocessed. In this
case, the preprocessed ECG data is loaded from a data
source, such as a data store, and the method starts at act 106.
[0092] At act 106, the method 100 comprises analyzing
the preprocessed ECG data to detect abnormal QRS peaks,
referred to hereafter as abnormal QR Sp, that actually perturb
the underlying QRS morphology and to determine scores for
abnormal QRSp. This detection may be done for ECG data
recorded from one ECG lead or multiple ECG leads. For
example, scores for abnormal QRSp, hereafter referred to
generally as QRSp scores may be determined. There are
several different types of QRSp scores that may be deter-
mined as described below. For example, scores for abnormal
QRSp may be separately determined for smaller time win-
dows of ECG data for each lead, such as a 10 beat window,
for example, where the smaller time window is slid along a
larger time window having a larger number of beats, such as
100 beats, for example; in this case the abnormal QRSp
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score is a QRSp window (QRSpW) score. Fach lead may
then be assigned a QRSplead (QRSpL) score which may be
the mean, median or maximum of the QRSp QRSpWscores
determined for each of the smaller windows of ECG data for
that lead. The final QRSp score (QRSpF) that may be used
to determine VA risk for the patient or subject may be the
QRSpL score from a single ECG lead, or may be based on
a combination of the QRSpL scores from all or a subset of
the ECG leads. The combination may be the mean, median
or maximum QRSpL score across the ECG leads that are
used for the QRSpF score. ECG data from a given lead may
be chosen to determine the QRSpF score if the amount of
noise in the ECG data for the given ECG lead is acceptable.
[0093] The detection of abnormal QRS peaks may be
performed by the QRS peak analysis module 38. According
to the teachings herein, abnormal QRSp may be distin-
guished from normal QRS peaks by comparing two prepro-
cessed versions of the QRS complex, namely the local QRS
average (IQRS) and the global QRS average (gQRS). The
2QRS may be generated by applying a smoothing filter, such
as a 15-point bidirectional moving average filter, for
example, to the ECG data from a lead and then performing
averaging on a plurality of filtered QRS complexes such as
from Y beats of ECG data. Other smoothing filters may be
used in alternative embodiments such as, but not limited to,
median filters, low pass FIR filters (e.g. Butterworth, Che-
byshev, etc.) or wavelet based filters. Typically, 100 to 500
filtered QRS complexes may be averaged, with 100 being
preferable, for example. This produces the gQRS which is a
smoothed QRS complex with low frequency contours,
which constitutes the normal QRS peaks. The IQRS may be
generated by averaging a smaller number of unfiltered
consecutive QRS complexes such as from X beats of ECG
data. Typically 10 to 50 unfiltered QRS complexes may be
averaged, with 10 being preferable, to obtain the IQRS.
Unfiltered in this context means that there is no additional
filtering after the preprocessing of the ECG data. The
parameters X and Y are integers and the X beats of ECG data
are contained in the Y beats of ECG data. Since the IQRS is
unfiltered, it will contain both normal QRS peaks and
abnormal QRS peaks. As illustrated in FIGS. 3A and 3B,
abnormal QRSp may be defined by comparing the IQRS
signal with the gQRS signal to detect the abnormal QRS
peaks in the IQRS signal which may be all of the peaks in
the IQRS complex that are not in the gQRS complex. This
may be repeated by sliding a window of X beats of ECG data
within the larger window of Y beats of ECG data.

[0094] In some embodiments, the X and Y beats of ECG
data may be continuous in time. Alternatively, in some
embodiments, the X and Y beats of ECG data may not be
continuous as at least one intermediate beat of ECG data
may be discarded for having too much noise.

[0095] Referring now to FIG. 2B, shown therein is a
flowchart of an example embodiment of a method 150 for
detecting abnormal QRS peaks and quantifying a QRSpL
score, which may be performed independently for each ECG
recording lead. At 152, the IQRS signal and the gQRS signal
are determined as explained above. The IQRS signal is a
shorter local QRS average of the ECG data for a given
recording ECG lead and the gQRS signal is a longer global
QRS average of the ECG data for the given ECG recording
lead.

[0096] At 154, the method 150 comprises identifying the
set of all positive and negative peaks for the IQRS and the
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2QRS. A positive peak may be defined as any point where
the preceding and subsequent ECG data samples have a
lower amplitude than a current ECG data sample. A negative
peak may be defined as any point where the preceding and
subsequent ECG data samples have a greater amplitude than
a current ECG data sample.

[0097] It should be noted that, in some instances, certain
smoothing filters may produce a false gQRS peak (i.e. due
to filter ringing) that has no true corresponding peak on the
IQRS. Accordingly, a moving average filter may be used as
it does not cause ringing. However, if another smoothing
filter is applied (e.g. a wavelet-based filter), then a check
may be performed to make sure that the gQRS peak is real.
For example, for each positive and negative peak of the
gQRS, a corresponding peak should exist on the non-
smoothed 100-500 beat average. Any positive peak found on
the gQRS that is not within +Z msec (which may be
considered to be a proximity window) of a positive peak of
the non-smoothed average will be considered spurious and
removed from the set of gQRS peaks. Any negative peak
found on the gQRS that is not within +7 msec (which may
be considered to be a proximity window) of a negative peak
of the non-smoothed average will be considered spurious
and removed from the set of gQRS peaks. The parameter Z
may be 10-20 msec, for example.

[0098] At 156, the method 150 comprises, for each posi-
tive gQRS peak, identifying the subset of positive IQRS
peaks within IX msec (which may be considered to be a
proximity window) of the gQRS peak location and classi-
fying the IQRS peak with the most positive amplitude in the
subset or the IQRS peak that is closest to the corresponding
2QRS peak as a normal positive peak. The parameter X may
be 10-20 msec and preferably 10 msec, for example.

[0099] At 158, the method 150 comprises, for each nega-
tive gQRS peak, identifying the subset of negative IQRS
peaks found within +Y msec (which may be considered to be
a proximity window) of the gQRS peak location and clas-
sifying the IQRS peak with the most negative amplitude (in
other words with the least amplitude) or the IQRS peak that
is closest to the corresponding gQRS peak as a normal
negative peak. The parameter Y may be 10-20 msec and
preferably 10 msec, for example. In other embodiments, the
parameters X and Y may have different values.

[0100] It should be noted that to determine which peak in
the IQRS signal was a normal peak when there are multiple
options within the proximity window one may: (1) choose
the IQRS peak that is closest to the gQRS peak or (2) choose
the IQRS peak that is of greatest magnitude. For example, if
there are multiple negative IQRS peaks within close prox-
imity to a negative gQRS peak (as in FIGS. 3A and 3B), only
one of the peaks may be considered to be the normal peak.
It was found that using either of the peak decision options
(1) or (2), the resulting QRSp value that was determined was
generally the same for both options.

[0101] At 160, the method 150 then comprises classifying
the remaining unclassified positive IQRS peaks as positive
abnormal peaks and the remaining unclassified negative
IQRS peaks as negative abnormal peaks.

[0102] At 162, the method 150 then comprises determin-
ing a QRSp score based on the abnormal positive and
abnormal negative IQRS peaks such as counting the total
number of positive abnormal and negative abnormal IQRS
peaks, for example.
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[0103] The method 150 may be repeated for a set of
consecutive short 10-50 beat ECG data windows that are
incremented by a single beat from the first to the last of all
of the 100-500 beats of ECG data to obtain a set of QRSpW
scores. ECG data windows with a QRSpW score that occurs
in fewer than N % of all windows, such as 5% for example,
may be considered spurious and can be excluded from the
subsequent QRSpL score calculations. The QRSpL. score for
each ECG lead may then be determined as the maximum,
median or the mean QRSpW score across all 10-50 beat
non-spurious data windows of that ECG lead (which are the
same size as the data window used for the IQRS). In a
similar manner, the QRSpL score may be independently
determined for all remaining ECG leads. The risk of ven-
tricular arrhythmias can be estimated from the QRSpF score,
which may be the maximum, median or mean QRSpL scores
from some or all of the ECG recording leads.

[0104] In an alternative embodiment, the act of determin-
ing the risk of ventricular arrhythmia for a given patient may
comprise defining a quantitative risk measure associated
with the QRSp score for the patient based on a multivariable
regression model. Such a model may include QRSp scores
from healthy subjects. patients with heart disease but no
ventricular arrhythmias and patients with heart disease in
whom ventricular arrhythmias have occurred. For example,
this may be done using Cox multivariable modelling (see the
Clinical Validation Study described herein including Table
5) to define a QRSp score Hazard Ratio that adjusts for the
effect of other risk predictor variables. A patient’s QRSp
score in conjunction with the QRSp score Hazard ratio may
then be used to quantify risk of ventricular arrhythmias.

[0105] Referring now to FIG. 3A, shown therein is an
[llustration of the abnormal QRS detection method applied
to precordial ECG lead V5 of an ischemic cardiomyopathy
(ICM) patient. Five positive (shown by circles) and 5
negative (shown by squares) abnormal QRS peaks are
identified on the local QRS (IQRS) (shown by a solid line)
after identifying 3 normal peaks (shown by diamonds) using
the smoothed global QRS (gQRS) (shown by a dashed line).
The number of positive and negative abnormal peaks may be
summed to produce a QRSpW score of 10 for a single 10-50
beat data window from lead V5. FIG. 3B is a magnified view
of FIG. 3A, which illustrates an example of normal QRS
peak classification. A negative peak is identified on the
smoothed gQRS (at the position labelled ‘x’). The most
negative peak on the IQRS within a certain time window,
such as but not limited to £10-20 msec, of the gQRS peak
may be classified as normal.

[0106] The aforementioned abnormal QRSp detection and
quantification method may be applied to consecutive 10-50-
beat data windows that are incremented by a single beat until
the end of the 100-500 beat QRS data set. Averaging QRS
complexes using a 10-50 beat moving data window may
improve abnormal QRS peak detection as there is minimal
respiratory chest wall movement during this brief period of
time. Longer averaging windows that include multiple respi-
ratory cycles may result in QRS peak underdetection
because the QRS morphology can subtly change with move-
ment of the chest wall [2]. This is illustrated in FIG. 4, which
is an example comparing an unfiltered 10-beat QRS average
(solid line) to an unfiltered 100-beat QRS average (dashed
line) from precordial lead V4 of a representative patient.
Although the two averaged beats appear similar, the inset
clearly shows that a small abnormal QRS peak is present in
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the 10-beat average but not in the 100-beat average. By
applying the 10-50 beat moving window analysis over
100-500 total beats, QRSp can be assessed over multiple
respiratory cycles in order to derive the maximum number of
abnormal QRS peaks. The duration of the shorter averaging
window can be set to 2-50% of the total number of beats
sampled and preferably 10%, for example depending on the
amount of beats in the larger averaging window (e.g. 100-
500 beats). If the larger averaging window has 500 beats, a
10-50 beat range may be set for the smaller averaging
window which is 2-10% of the larger averaging window.
However, if the larger averaging window is set at a mini-
mum of 100 beats, a 10-50 beat range can be selected for the
smaller averaging window which is 10-50% of the larger
averaging window. Alternatively, in some embodiments, the
duration of the smaller and larger averaging windows may
be adjusted based on the patient’s respiratory rate during the
ECG recording. The respiratory rate can be determined from
the low frequency content of the ECG recording evaluated
by spectral analysis, such as Fourier transformation. In this
way, the duration of the averaging windows can be dynami-
cally adjusted if respiratory rate changes during the ECG
recording. For instance, if the respiratory rate slows, then the
smaller and larger averaging windows would increase in
size.

[0107] Referring again to FIG. 2A, at 108, the risk of
ventricular arrhythmias may be determined from the
patient’s QRSpF score, derived from analysis of all ECG
leads. This may be performed by the ventricular arrhythmia
assessment module 40 using a variety of different tech-
niques. For example, experimental data may be obtained
from patients who are normal, who have heart disease with
a history of ventricular arrhythmias and who have heart
disease without a history of ventricular arrhythmias from
which QRSpF scores may be determined. A QRSp score
hazard ratio for developing ventricular arrhythmias can be
determined using multivariable regression analysis [9],
which can control for the effects of other clinical variables,
such as age, severity of heart disease, competing comorbidi-
ties, and other ECG metrics (such as QRS duration, etc) that
have been associated with ventricular arrhythmias. When
applied prospectively to a given cardiac patient, the QRSpF
score hazard ratio in combination with the QRSpF score can
provide a quantitative measure of individual ventricular
arrhythmia risk. For example, a QRSpF score hazard ratio of
X indicates that a patient’s risk of ventricular arrhythmia
increased X-fold for each abnormal QRSpF.

[0108] At 110, an indication of abnormal QRSp and/or
risk of ventricular arrhythmias may be provided by display-
ing this information on the display 16 or saving this infor-
mation in one of the databases 42. In some cases, a hardcopy
report with this information may also be generated. Also,
there may be some embodiments where this information is
sent over the network to a physician or caregiver for the
patient. As previously described, the number of abnormal
QRSp can also be monitored by being measured serially
over time, such as days, months or years apart, to provide a
measure of changing electrical substrate in a patient and
hence changing risk of ventricular arrhythmias. Based on a
threshold number of abnormal QRS peaks and/or a threshold
change in the number of abnormal QRS peaks, therapeutic
decisions can be made such as altering a patient’s medica-
tions or instituting cardiac interventions such as cardiac
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surgery, percutaneous coronary intervention, catheter abla-
tion and/or defibrillator therapy.

Simulation Study

[0109] A simulation study was conducted to evaluate the
robustness of the abnormal QRS peak detection method to
noise [10]. Two sets of QRS complexes were modelled using
the precordial lead QRS complexes recorded from a normal
subject with no intrinsic abnormal QRS peaks. The first set
of simulated precordial QRS complexes included no abnor-
mal QRS peaks and was modeled by fitting a cubic spline to
a set of fiducial points corresponding to the start, end and
peak points of the real QRS complexes. The second set of
precordial QRS complexes was modeled in a similar manner
but included the addition of one randomly positioned, small
abnormal QRS peak (3 pVx5 msec). FIG. 5A shows the
simulated precordial QRS complexes with no added abnor-
mal peaks (solid line) and a single added abnormal peak
(dashed line). Simulated ECGs were then constructed by
repeating the simulated QRS complexes at 1,000 msec
intervals. Multiple noisy ECGs were created by adding
Gaussian white noise to the simulated ECG in increments of
5 pV from 0 to 100 pV. For example, FIG. 5B shows a
representative five beat segment from simulated ECG lead
VI with a single abnormal peak and 40 pV of white noise.
[0110] The QRSp was analyzed at each noise level in
1,000 10-beat data windows incremented by a single beat
from the first to the last beat of each simulated ECG. The
noise level was measured for each beat (RMS-ST) by taking
the root mean square of a highpass filtered (4% order
Butterworth with 40 Hz cutoff) 40 msec portion of the ST
segment beginning 20 msec after the end of the QRS [11].
[0111] The results of the simulation were used to deter-
mine an optimal noise cutoff for real world QRSp analysis,
above which the detection of QRSp may be compromised.
It was found that the filtering done for preprocessing did not
affect QRSp detection as the QRSp detection method’s
accuracy was 100% with no added noise for both simulated
ECG sets.

[0112] For the simulated ECG data set without the added
QRS peak, false positive QRSp detections occurred with
>50 pV added noise. For the simulated ECG data set with the
added abnormal QRS peak, false positive and false negative
QRSp detections occurred with >40 and >45 pV added
noise, respectively. Based on the average RMS-ST value for
all beats (12.5+1.4 pV) measured in the presence of 40 pV
added noise, a conservative RMS-ST noise cutoff of 9.7 pV
(2 standard deviations below mean) was selected for use
with real world ECGs. Thus in the real world ECG analysis,
QRS complexes that had an RMS-ST value>9.7 pV on any
precordial lead may be excluded in order to avoid false QRS
peak detection.

Retrospective Clinical Study

[0113] An embodiment of the QRSp method. in accor-
dance with the teachings herein, was applied to normal
subjects and ischemic cardiomyopathy (ICM) patients with
reduced left ventricular ejection fraction (i.e. <40%) [10].
The study included 8 normal subjects, 10 ICM patients with
no history of VA (-VA) and 10 ICM patients with a history
of VA (+VA). ECG data was recorded for 3 minutes from
individuals at rest in the supine position using a high
resolution 12-lead Holter monitor (CM 3000-12BT,
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Getemed, Germany) with a 0.05-120 Hz analog bandwidth,
+6 mV voltage range, 12-bit digital resolution and 1024 Hz
digital sampling rate.

[0114] The QRSp detection and analysis method was
applied to the 3 minute ECG recordings. One-hundred
analyzable beats with noise<9.7 uV were obtained for all
individuals. There was no correlation between RMS-ST
noise level and QRSp for all precordial leads (V1: r==0.3,
p=0.11; V2: r=-0.1, p=0.49; V3: r=0.1, p=0.82; V4: r=0.1,
p=0.50; V5: r=-04, p=0.07; V6: r==0.2, p=0.38). Thus,
noise was not a confounder in QRSp detection.

[0115] FIGS. 6A and 6B illustrate the QRSp results for a
representative 10-beat window from a normal subject and an
ICM +VA patient, respectively. In FIGS. 6A and 6B, normal
peaks are annotated with diamonds, abnormal positive peaks
are annotated with circles and abnormal negative peaks are
annotated with squares. No QRSp was detected in any lead
for the normal subject, which is anticipated when there is no
heart disease. In contrast, QRSp was found in 4 of 6
precordial leads (i.e. V1, V4, V5 and V6) in the ICM +VA
patient, with a maximum of QRSp of 10 detected in lead V5.

[0116] To determine the sensitivity of the QRSp detection
and analysis method for identifying abnormal peaks, the
maximum QRSp values from the 10-beat average moving
window analysis was compared to the QRSp of the single
100-beat average. As shown in Table 1, the QRSp of the
10-beat average was significantly greater than the QRSp of
the 100-beat average for all precordial leads. Thus, the
shorter 10-beat average window was more sensitive in
detecting QRSp.

TABLE 1

10-BEAT QRSp VS. 100-BEAT QRSp

10-Beat 100-Beat

QRSp Average Average P

Vip 2 (0.5-4) 2 (0-4) 0.001*
V2p 2 (0-2.8) 2 (0-2) 0.034*
Vip 2(0-4) 2 (0-2) 0.010%
Vap 2 (0.3-3.5) 2 (0-2) 0.008*
V5p 2 (0-4) 0.5 (0-3.5) 0.002*
Vop 2 (0-4) 1.5 (0-3.5) 0.003*

Values are presented as median and interquartile range.
*Significant Holm-Bonferroni adjusted p values.

[0117] The maximum 10-beat average QRSp (across the
six precordial leads, V1 to V6) results for each patient group
are shown in Table 2. Between the normal, ICM -VA and
ICM +VA groups, there was a significant difference in V5p
(0[0-0] vs. 2[0-4] vs. 6[4-7], p<0.001) and V6p (0[0-0.8] vs.
4]0-4] vs. 3[2-4.5], p=0.004). Subgroup analysis revealed
V5p (i.e. QRSp score in precordial ECG lead V5) to be
greater in ICM +VA patients than in normal (p<0.001) and
ICM -VA (p=0.002) patients. V5p was the only QRSp value
found to be greater in ICM -VA patients than in normal
individuals (p=0.009). In contrast, QRSp derived from the
100-beat average was similar between the 3 groups for all
precordial leads. Thus, it was seen in the study that the
shorter 10-beat average window was more predictive of
heart disease and VA. There was no difference in RMS -ST
noise levels between the groups.

[0118] To assess the clinical performance of the QRSp
detection method, the specificity and sensitivity of V5p for
identifying those at risk of VA amongst the 20 [CM patients
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was determined. A V5p threshold of 3 was found to achieve
an optimal specificity of 70% and sensitivity of 90%.

TABLE 2

QRSp IN NORMAL, ICM -VA AND ICM +VA PATIENTS

Normal ICM -VA ICM +VA
QRSp N=8) (N=10) (N =10) P
Vip 1(0-2) 2 (1.5-4) 3{2-6.8) 0.08
V2p 1(0-2) 2 (0-4) 2 {0-4) 0.27
V3p 2 (0-4) 0 (0-2.5) 3{1.5-4.5) 0.21
Vip 0.5 (0-2) 2 (1.5-4.5) 2 (2-4.3) 0.04
Vsp 0 (0-0) 2 (0-4) 6 (4-7) <0.001*
Vép 0 (0-0.8) 4 (0-4) 3 (2-4.5) 0.004*

Values are presented as median and interquartile range.
*Significant Holm-Bonferroni adjusted p values.

Prospective Clinical Validation Study

[0119] An additional clinical study was conducted on
patients with ischemic (ICM) or nonischemic (DCM) car-
diomyopathy (n=99), who were undergoing prophylactic
implantable cardioverter defibrillator (ICD) implantation
with no prior history of ventricular arrhythmias. High reso-
lution digital 12-lead-ECG Holters (CM 3000-12BT,
Getemed, Germany) were used to record ECG data at a
sampling rate of 1,024 Hz during intrinsic rhythm. ECG
waveforms were downloaded for custom analysis of QRSp
using an embodiment of the methods described herein. In
summary, QRSp was quantified for each precordial lead (V1
to V6) based on the total number of abnormal deflections
that deviated from its respective naive QRS template. QRSp
was expressed for each precordial lead (Vnp), the maximum
of all precordial leads (QRSp Max), and the mean of all
precordial leads (QRSp Mean). In addition, other QRS
metrics were evaluated including QRS duration (QRSd),
QRS fractionation (fQRS; present or absent), Selvester QRS
score, and QRS fractionation index (QRS FI). QRSd mea-
sures the duration of the QRS complex from its onset to
offset [12]. fQRS is a qualitative metric that manually
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evaluates the presence or absence of QRS fractionation
based on published criteria [13]. QRS FI is a quantitative
metric that isolates the high frequency content of the QRS
and computes the total number of extrema in the resulting
high frequency signal [14].

[0120] Patients were followed prospectively every 6
months in the ambulatory ICD clinic to evaluate primary and
secondary clinical endpoints. The primary endpoint of
arrhythmic events was defined as appropriate ICD therapy or
sustained ventricular tachyarrhythmias. The secondary end-
point of cardiac events that included the primary endpoint as
well as cardiac death and heart transplantation.

Results

Main Study

[0121] QRSp was measurable with high signal to noise in
each precordial lead (V1-V6) of all patients. There was no
correlation (at a Bonferroni corrected significance level of
p<0.008) between the RMS-ST noise level and the QRSp of
each precordial lead (V1: r=-0.03, p=0.72; V2: r=-0.03,
p=0.75; V3: r=-0.26, p=0.01; V4: r=0.09, p=0.37; V5:
r=-0.15, p=0.15; V6: r=-0.02, p=0.83). Thus, noise did not
contribute to the low amplitude QRSp signal.

[0122] The baseline clinical characteristics of the patients
are show in Table 3. After a median follow-up of 24 (15-43)
months, 20 patients had arrhythmic events and 25 patients
had cardiac events. There was no difference in clinical
characteristic between patients with arrhythmic events and
those without arrhythmic events. There was also no differ-
ence in clinical characteristics between patients with cardiac
events and those without cardiac events.

[0123] The ECG characteristics of the patients are shown
in Table 4. Patients with arrhythmic/cardiac events had
significantly greater QRSp (in individual precordial leads),
QRSp Max, and QRSp Mean than those without arrhythmic/
cardiac events (see FIGS. 7A-7B). Among the other QRS
metrics, QRSd (see FIGS. 7C-7D) and QRS FI were both
significantly greater in patients with arrhythmic/cardiac
events than those without.

TABLE 3

Patient characteristics

Arrhythmic  Arrhythmic Cardiac Cardiac
Total Event Event Event Event

Popul’n Negative Positive Negative Positive

(N =99) (N=179) (N =20) P (N=74) (N =25) P
Follow-Up, mos 24(15-43) 24(16-50) 19(10-34) 0.07 24(16-52) 22(11-34) 0.18
Age, yrs 62 = 11 61 =11 66 =7 0.12 62 =10 63 = 11 0.59
Male gender, n(%) 84(85) 68(86) 16(80) 0.50 63(85) 21(84) 1.00
LVEF, % 27«7 27«7 267 0.68 27 =7 267 0.53
LVEF < 35%, n(%) 84(85) 67(85) 17(85) 1.00 62(84) 22(88) 0.75
Primary Etiology
of Cardiomyopathy
Ischemic, n(%) 61(62) 48(61) 13(65) 0.80 46(62) 15(60) 1.00
Non-ischemic 38(38) 31(39) 7(35) 28(38) 10(40)
dilated, n(%)
NYHA functional
class, n(%)
I 33(33) 24(30) 9(45) 0.43 23(31) 10(40) 0.19
I 44(44) 35(44) 9(43) 33(45) 11(44)
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11
TABLE 3-continued
Patient characteristics
Arrhythmic  Arrhythmic Cardiac Cardiac
Total Event Event Event Event
Popul’n Negative Positive Negative Positive
(N =99) (N =179 (N =20) P (N=74) (N =25) P
1 21021 19(24) 2(10) 18(24) 3(12)
v (1) (1) (D) 0(0) 14
Co-morbidities
(@ %)
Hypertension 51(52) 41(52) 10(30) 1.00 39(53) 12(48) 0.82
Diabetes 44(44) 33(42) 11(35) 0.32 30{41) 14(56) 0.25
Hyperlipidemia 60(61) 44(36) 16(80) 0.07 42(57) 18(72) 0.24
Smoking 48(49) 39(49) 9(43) 0.81 37(50) 11(44) 0.65
history
Prior 30(51) 37(47) 13(65) 0.21 35(47) 15(60) 0.36
revascularization
History of atrial 28(28) 19(24) 9(43) 0.09 19(26) 9(36) 0.32
fibrillation
Renal 28(28) 22(28) 6(30) 1.00 22(30) 6(24) 0.80
dysfunction*
Medications,
(0 %)
Beta-blocker 94(95) 74(94) 20(100)  0.58 69(93) 25(100)  0.33
ACE-I/ARB 90(91) 72(91) 19(90) 1.00 67(91) 23(92) 1.00
Diuretic 75(76) 60(76) 15(75) 1.00 55(74) 20(80) 0.79
Class III anti- 1111 79) 4(20) 0.23 7(10) 4(16) 0.46
arrhythmic
Calcium 4(4) 4(5) 0(0) 0.58 4(5) 0(0) 0.57
channel blockers
Lipid-lowering 78(79) 60(76) 18(90) 0.23 57(77) 21(84) 0.58
agents
Antiplatelet 64(65) 50(63) 14(70) 0.79 49(66) 15(60) 0.63
agents
*¢GFR < 61 mL/mi/1.73 m’
TABLE 4
ECG characteristics
Arthythmic  Arrhythmic Cardiac Cardiac
Total Event Event Event Event
Population Negative Positive Negative Positive
(N =99) (N =79) (N = 20) P (N =74 (N =25) P
Baseline heart 69 12 68 + 12 71 £13 0.37 68 + 12 7212 0.12
rate, bpm
Repolarization
Parameters
QT Interv., ms 428 £ 41 427 £ 41 430 + 40 0.74 428 + 42 427 + 39 0.93
QT interv., ms 452 £33 452 + 36 451 £ 34 0.93 451 + 36 454 + 34 0.68
Depolarization
parameters
QRSd, ms 112(96-136) 105(93-126)  138(117-153)  0.001  105(94-122)  137(115-151) <0.001
QRSd = 120 ms, 43(43) 29(37) 14(70) 0.01 26(33) 17(68) 0.005
n{%)
LBBB, n(%) 19(19) 12(15) 7(33) 0.06 10(14) 9(36) 0.020
Presence of 68(69) 33(67) 15(75) 0.60 51(69) 17(68) 1.00
fQRS, n(%)
QRS Score 6.0(3.09.0) 7.0(2.0-9.0)  6.0(3.0-9.0) 0.95 6.0(2.0-9.0)  7.0(3.0-9.0) 0.37
QRS
Fractionation
Index
QRSp 8.2(6.99.9) 7.8(6.7-9.3)  9.0(7.6-11.1) 0.034 7.6(6.7-9.2) 9(8.3-11.1)  0.004
Vip 2.0(0.0-4.0) 2.0(0.0-4.0)  4.0(2.0-6.0) <0.001* 2.0(0.0-4.0)  4.0(2.0-6.0) <0.001*
V2p 2.0(0.0-4.0) 2.0(0.0-3.0)  2.5(2.0-4.0) 0.006* 2.0(0.0-3.0)  2.0(1.0-4.0) 0.019
Vip 2.0(0.0-4.0) 2.0(0.0-4.0)  3.0(2.0-4.0) 0.05 2.0(0.0-4.0)  2.0(2.0-4.0) 0.08
Vép 2.0(2.0-4.0) 2.0(1.53-4.0)  4.0(3.0-3.5) <0.001* 2.0(1.0-4.0)  4.0(3.0-6.0) <0.001*
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TABLE 4-continued
ECG characteristics

Arrhythmic  Arrhythmic Cardiac Cardiac

Total Event Event Event Event

Population Negative Positive Negative Positive

(N=99) (N =79) (N = 20) P (N =74 (N =25) P

Vip 20(1.0-5.0) 2.0(1.0-4.0)  5.0(4.0-7.3) <0.001* 2.0(1.0-40)  3.0(40-7.0) <0.001*
Vép 20(0.5-4)  2.0(0.0-4.0)  4.0(3.0-6.0) <0.001* 2.0(0.0-4.0)  4.0(2.0-5.0) 0.001*
QRSp Max 6.0(4.0-7.0) 4.0(3.0-6.0)  6.0(6.0-9.0) 0.001* 4.0(3.0-6.0)  7.0(6.0-8.0) <0.001*
QRSp Mean 23(14-34) 2.0(1.3-3.0)  3.6(2.7-43) <0.001* 1.9(1.3-3.0) 3.5(2.7-42) <0.001*

*QRSp variables below Bonferroni corrected significance level (p < 0.00625)

[0124] Cox regression analysis was used to assess the
predictive value of QRSp Mean for arrhythmic/cardiac
events (Table 5). Previously established clinical predictors
(age and left ventricular ejection fraction (LVEF)) and the
QRS metrics that were significant univariable predictors
(QRS FIand QRSp Mean, p<0.1) were used to construct two
separate multivariable models. Because of co-linearity
between QRSp Mean and QRS FI, these two variables were
evaluated separately in the models as follows: In Model #1
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that included age, LVEF, QRSd and QRS F1, only QRSd was
an independent predictor of arrhythmic/cardiac events. In
Model #2 that included age, LVEF, QRSd and QRSp Mean,
only QRSp Mean was an independent predictor of arrhyth-
mic/cardiac events. Thus, QRS FI was not an independent
predictor of arrhythmic/cardiac events in either multivari-
able model, while QRSd and QRSp Mean were the only
independent predictor of arrhythmic/cardiac events in
Model #1 and Model #2, respectively.

TABLE 5

Cox regression analysis for prediction of arrhythmic and cardiac events

Univariable Analysis

Multivariable Model #1 Multivariable Model #2

HR (95% CI) P

HR (95% CI) P HR (95% CI) P

Arthythmic Events

Age (per 5 yrs)  1.19 (0.94-1.50)  0.15  1.14 (0.88-1.47) 033  1.20(0.93-1.55) 0.17

LVEF (per 5%) 0.91 (0.66-1.26)  0.57 099 (0.71-1.39) 096  1.01 (0.68-1.51)  0.95

QRSd (per 1.27 (1.09-1.47)  0.002 1.50(1.13-2.01)  0.006 1.11(0.92-1.33)  0.28

10 ms)

Presence of 1.38 (0.50-3.81)  0.53 — — —

fQRS

QRS Score 1.02 (0.93-1.12)  0.68 — — —

QRS 1.19 (0.99-1.44)  0.070 0.78 (0.55-1.12)  0.18 — —

Fractionation

Index

Mean QRSp 2.13 (1.56-2.92) <0.001 — 1.96 (1.39-2.78)  <0.001
Cardiac Events

Age (per 5 yrs)  1.06 (0.88-1.28)  0.560 1.02(0.82-1.26)  0.87  1.06 (0.86-1.29)  0.58

LVEF (per 5%) 0.91 (0.68-1.21)  0.510 1.00 (0.74-1.35) 100  1.01(0.71-145) 0.94

QRSd (per 1.28 (1.11-1.46) <0.001  1.46 (1.11-1.91)  0.006 1.13 (0.96-1.33)  0.13

10 ms)

Presence of 0.95 (0.41-2.2) 0.900 — — —

fQRS

QRS Score 1.06 (0.98-1.15)  0.180 — — —

QRS 1.23 (1.04-1.46)  0.010 0.83 (0.60-1.15)  0.26 — —

Fractionation

Index

Mean QRSp 2.09 (1.56-2.79)  <0.001 — 1.89 (1.38-2.39)  <0.001




US 2018/0125385 Al

[0125] Based on the results of the multivariable models
above, ROC curve analysis was used to evaluate the per-
formance characteristics of QRSp Mean compared to QRSd.
The area under the ROC curve trended to be greater (p=0.11)
for QRSp Mean than QRSd. Using a QRSp Mean cutpoint
of 22.25, the sensitivity and negative predictive value for
identifying arrhythmic events were 100% and 100%, respec-
tively (see FIG. 8A). With the same cutpoint, the sensitivity
and negative predictive value of QRSp Mean for identifying
cardiac events were 96% and 98%, respectively (see FIG.
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QRSp Mean=2.25 had significantly greater QTc interval,
QRSd, QRS Score, QRS FI and QRSp Mean. The proportion
of patients with QRSd=120 ms and L.BBB was also signifi-
cantly greater amongst those with QRSp Mean=2.25.
[0128] Subanalysis was performed for the ICM (n=61)
and DCM (n=38) groups. A comparison of the clinical
characteristics between these groups is presented in Table 8.
ICM patients were significantly older than DCM patients. A
comparison of the ECG characteristics between these groups
is presented in Table 9. ICM patients had significantly larger
QRSp Mean and QRS score than DCM patients.

TABLE 6

QRSp Mean <2.25 vs. QRSp Mean =2.25 Patient Characteristics

Toal  QRSp <2.25 QRSp 225

8B). In comparison, the sensitivity and negative predictive
value for QRSd=120 ms (traditional cut-point used in clini-
cal practice) was significantly lower for both arrhythmic
(p<0.05) and cardiac events (p<0.05), while there was no
difference in specificity and positive predictive value (see
FIGS. 8A-8B).

[0126] The QRSp Mean did not strongly correlate with
QRSd (see FIG. 9). FIGS. 10 and 11 illustrate 2 patients with
QRSd<120 ms who have either small or large QRSp Mean,
respectively. FIGS. 12 and 13 illustrate 2 patients with QRS
2120 ms who have either small or large QRSp Mean,
respectively. The dark line indicates the short windowed
QRS average (i.e. local QRS complex), while the light gray
line indicates the long windowed QRS average (i.e. global
QRS complex) for each ECG lead. The diamond indicates
normal QRSp and the circle indicates abnormal positive/
negative QRSp for each ECG lead.

[0127] The clinical and ECG characteristics of patients
with QRSp Mean<2.25 versus QRSp Mean=2.25 are pre-
sented in Table 6 and Table 7, respectively. No differences
in clinical characteristics were observed. Patients with

Population ~ Population  Population
(N =99) (N =47 (N=52) P
Follow-Up, mos 24(15-43) 24(14-50) 24(15-39) 045
Age, y1s 62 =11 60 =11 64 =10 0.19
Male gender, n (%) 84(85) 38(81) 46(89) 0.40
LVEF, % 277 28 +7 26x6 0.21
LVEF <35%, n (%) 84(85) 38(81) 46(89) 0.40
Primary Etiology of Cardiomyopathy
Ischemic, n (%) 61(62) 25(533) 36(69) 0.15
Non-ischemic dilated, n (%) 38(38) 22(47) 16(31)
NYHA functional class, n (%)
I 33(33) 13(27) 20(39) 032
I 44(44) 21(45) 23(44)
I 2121 13(28) 8(15)
I\% (D 0(0) 1(2)
Co-morbidities
Hypertension, n (%) 51(52) 25(53) 26(50) 0.84
Diabetes, n (%) 44(44) 20(43) 24(46) 0.84
Hyperlipidemia, n (%) 60(61) 26(55) 34(65) 0.41
Smoking history, n (%) 48(49) 26(55) 22(42) 0.23
Prior revascularization, n (%) 50(51) 22(47) 28(54) 0.55
History of atrial fibrillation, n (%) 28(28) 10(21) 18(35) 0.18
Renal dysfunction®, n (%) 28(28) 15(32) 13(25) 0.51
Medications
Beta-blocker, n (%) 94(95) 45(96) 49(94) 1.00
ACE-T/ARB, n (%) 90(91) 41(87) 49(94) 0.30
Diuretic, n (%) 75(76) 35(75) 40(77) 0.82
Class III anti-arthythmic, n (%) 11(11) 4(9) 7(14) 0.53
Calcium channel blockers, n (%) 4(4) 2(4) 2(4) 1.00
Lipid-lowering agents, n (%) 78(79) 36(77) 42(81) 0.63
Antiplatelet agents, n (%) 64(65) 29(62) 35(67) 0.67
TABLE 7

QRSp Mean <2.25 vs. QRSp Mean =2.25 ECG Characteristics

Total  QRSp<2.25 QRSp =2.25

Population  Population Population
(N =99) (N =47) (N =52) P

Baseline heart 69 =12 69 = 12 69 = 12 0.93
rate, bpm
Repolarization
Parameters
QT Interval, ms 428 £ 41 420 + 39 435 £ 42 0.07
QTe interval, ms 452 + 35 444 + 32 459 + 37 0.033
Depolarization
parameters
QRSd, ms 112(96-136)  97(92-109)  129(112-151)  <0.001
QRSd 2120 ms, 43(43) 7(15) 36(69) <0.001
n (%)
LBBB, n (%) 19(19) 3(6) 16(31) 0.002
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TABLE 7-continued TABLE 9-continued
QRSp Mean <2.25 vs. QRSp Mean =2.25 ECG Characteristics ICM vs. DCM ECG Characteristics
TOtal. QRSp <:.2'25 QRSp 22.25 Total ICM DCM
P{opulanon Population Population Population Population ~ Population
(N=99)  (N=47) (N =52) P (N = 99) (N=61) (N =38 P
f:éii;l?f c;;:) 68(69) 33(70) 35(67) 0.83 Depolarization
QRS Score 6.0(3.09.0) 4.0(1.5-8.0) 8.0(5.5-10.0) <0.001 parameters
QRS 82(6999) 6.9(6.0-7.9) 92(82-113) <0.001
Fracrionation QRSd, ms 112(96-136)  111(96-139)  114(95-128)  0.71
Index QRSd 2120 ms, 43(43) 26(43) 17(45) 0.84
QRSp Mean 23(14-3.5) 1.3(0.9-1.8)  33(3.0-3.8)  <0.001 n (%)
LBBB, n (%) 19(19) 9(15) 10(26) 0.19
TABLE 8
ICM vs. DCM Patient Characteristics
Total IcM DCM
Population ~ Population ~ Population
(N =99) (N =61) (N =38) P
Follow-Up, mos 24(15-43) 24(16-39) 19(13-43) 049
Age, yrs 62 = 11 64 £ 8 59 +13 0.021
Male gender, n (%) 84(85) 55(90) 29(76) 0.08
LVEF, % 277 86 257 0.06
LVEF <35%, n (%) 84(85) 50(82) 34(90) 0.40
NYHA functional class, n (%)
1 33(33) 19(31) 14(37) 0.55
I 44(44) 28(46) 16(42)
i 21(21) 14(23) 7(18)
v 1(1) 0(0) 13)
Co-morbidities
Hypertension, n (%) 51(52) 34(56) 17(45) 0.31
Diabetes, n (%) 44(44) 27(44) 17(45) 1.00
Hyperlipidemia, n (%) 60(61) 41(67) 19(50) 0.10
Smoking history, n (%) 48(49) 27(44) 21(35) 0.31
Prior revascularization, n (%) 50(51) 48(79) 2(5) <0.001
History of atrial fibrillation, n (%) 28(28) 16(26) 12(32) 0.65
Renal dysfunction*, n (%) 28(28) 19(31) 9(24) 0.50
Medications
Beta-blocker, n (%) 94(95) 56(92) 38(100)  0.15
ACE-T/ARB, n (%) 90(91} 54(89) 36(95) 0.48
Diuretic, n (%) 75(76) 42(69) 33(87) 0.05
Class III anti-arthythmic, n (%) 11(11) 8(13) 3(8) 0.52
Calcium channel blockers, n (%) 4(4) 3(5) 1(3) 1.00
Lipid-lowering agents, n (%) 78(79) 56(92) 22(58) <0.001
Antiplatelet agents, n (%) 64(65) 50(82) 14(37) <0.001
TABLE 9 TABLE 9-continued
ICM vs. DCM ECG Characteristics
ICM vs. DCM ECG Characteristics
Total ICM DCM
Population Population Population
Total ICM DCM N = 99) N = 61) N =38 .
Population Population Population
(N = 99) (N =61) (N = 38) P Presence of 68(69) 42(69) 26(68) 1.00
' fORS, 1 (%)
QRS Score 60(3.09.0) 80(6.0-11.0)  3.0(2.0-6.0) <0.001
Baseline heart 69 + 12 67 £ 10 72:14 0027 QRS 82(69-99) 82(7.2-102) 7.8(5.890) 0.10
rate, bpm TFractionation
’ Index
Repolarization QRSp Mean 23(14-3.5  27(1.7-3.7)  1.8(1.0-3.0)  0.007
Parameters
QT Intervel, ms 428 =41 43234 42150 025 Ischemic Cardiomyopathy Subgroup Analysis
QTec interval, ms 432 =35 451 £ 35 453£35 078 [0129] The clinical and ECG characteristics of the ICM

group are presented in Table 10 and Table 11, respectively.
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ICM patients with arrhythmic/cardiac events had signifi-
cantly less revascularization and more atrial fibrillation than
those without these events. ICM patients with arrhythmic/
cardiac events had significantly greater QRSp Mean than
those without arrhythmic/cardiac events (see FIGS. 14A-
14B). Among the other QRS metrics, QRSd and QRS FI
were significantly greater in patients with arthythmic/car-
diac events than those without (see FIGS. 14C-14D). The
proportion of patients with QRSd=120 ms and LBBB was
also significantly greater amongst those with cardiac events.
[0130] In ICM patients, ROC analysis was used to evalu-
ate the performance characteristics of QRSp Mean com-

May 10, 2018

pared to QRSd. The area under the ROC curve trended to be
greater (p>0.05) for QRSp Mean than QRSd. Using a QRSp
Mean cutpoint of =2.58, the sensitivity and negative predic-
tive value for identifying arrhythmic events were 100% and
100%, respectively (see FIG. 15A). With the same cutpoint,
the sensitivity and negative predictive value of QRSp Mean
in identifying cardiac events were 100% and 100%, respec-
tively (see FIG. 15B). In compatison, the sensitivity and
negative predictive value for QRSd=120 ms was lower for
both arrhythmic and cardiac events, while there was no
difference in specificity and positive predictive value (see
FIGS. 15A-15B).

TABLE 10

ICM Patient Characteristics

Arrhythmic  Arrhythmic Cardiac Cardiac
ICM Event Event Event Event
Popul’n Negative Positive Negative Positive
(N=61) (N =48) (N=13) P (N =46) (N=15) P
Follow-Up, mos 24(16-39) 25(19-54)  18(8-30) 0.07 24(19-56)  22(11-29) 0.12
Age, yrs 64 £ 8 64 +£9 65«5 0.66 64 £9 66 £5 0.52
Male gender, n(%) 55(90) 43(90) 12(92) 1.00 41(89) 14(93) 1.00
LVEF, % 286 B=+6 29+ 6 0.70 26 R +6 0.90
LVEF < 35%, n(%) 50(82) 39(81) 11(85) 1.00 37(80) 13(87) 0.72
NYHA functional
class, n(%)
I 19(31) 14(29) 5(39) 0.34 14(30) 5(33) 0.20
I 28(46) 21(44) 7(54) 19(41) 9(60)
st 14(23) 13(27) 1(8) 13(28) 1(7)
v 0(0) 0(0) 0(0) 0(0) 0(0)
Co-morbidities
Hypertension, n(%) 34(56) 26(54) 8(62) 0.76 25(54) 9(60) 0.77
Diabetes, n(%) 27(44) 21(44) 6(46) 1.00 19(41) 8(53) 055
Hyperlipidemia, n(%) 41(67) 31(65) 10(77) 0.52 31(67) 10(67) 1.00
Smoking history, n(%) 27(44) 23(48) 4(31) 035 22(48) 3(33) 038
Prior revascularization, n(%) 48(79) 35(73) 13(100)  0.05 33(71) 15(100)  0.026
History of atrial fibrillation, n(%) 16(26) 9(19) 7(54) 0.028 9(20) (47 0.05
Renal dysfunction®, n(%) 19(31) 15(31) 4(31) 1.00 15(33) 4(27) 0.76
Medications
Beta-blocker, n(%) 56(92) 43(90) 13(100)  0.58 41(89) 15(100) 032
ACE-VARB, n(%) 54(89) 43(90) 11(85) 0.63 41(89) 13(87) 1.00
Diuretic, n(%) 42(69) 33(69) 9(69) 1.00 31(67) 11(73) 0.76
Class III anti-arrhythmic, n(%) 8(13) 5(10) 3(23) 035 5(11) 3(20) 039
Calcium channel blockers, n(%) 3(5) 3(6) 0(0) 1.00 3(7 0(0) 0.57
Lipid-lowering agents, n(%) 56(92) 44(92) 12(92) 1.00 43(94) 13(87) 0.59
Antiplatelet agents, n(%) 50(82) 40(83) 10(77) 0.69 39(85) 11(73) 044
*¢GFR < 61 mL/min/1.73 m’
TABLE 11
ICM ECG Characteristics
Arrhythmic Arrhythmic Cardiac Cardiac
ICM Event Event Event Event
Population Negative Positive Negative Positive
(N =61) (N = 48) (N=13) P (N = 46) N=15) P
Baseline heart rate, bpm 67 = 10 66 + 10 69+ 9 0.31 65 = 10 70£9 0.13
Repolarization Par.
QT Interval, ms 432 + 34 432 + 35 429 + 30 0.75 432 35 430 = 30 0.84
QTc interval, ms 451 £ 35 451 =37 451 + 30 0.99 449 £ 36 455 £33 0.58
Depolarization Par.
QRSd, ms 111(96-139) 107(95-128) 143(118-154)  0.006 105(94-126) 143(126-155)  0.001
QRSd = 120 ms, n(%) 26(43) 17(35) 9(69) 0.06 15(33) 11(73) 0.008
LBBB, n(%) 9(15) 5(10) 4(31) 0.09 3(7) 6(40) 0.003
Presence of fQRS n(%) 42(69) 32(67) 10(77) 0.74 32(70) 10(68) 1.00
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TABLE 11-continued
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ICM ECG Characteristics

Arrthythmic Arrhythmic Cardiac Cardiac
Ic™M Event Lvent Event Event
Population Negative Positive Negative Positive
(N =61) (N =48) (N=13) P (N =46) (N=15) P
QRS Score 8.0(6.0-11.0) 8.0(5.0-11.5)  8.0(6.0-9.0) 0.99 8.0(5.0-11.0)  8.0(6.5-13.0) 036
QRS Fractionation Ind. 8.2(7.2-10.2) 7.9(6.9-9.7)  10.4(8.3-11.2)  0.023 7.8(6.9-9.5) 10.4(8.3-11.3)  0.007
QRSp Mean 2.7(1.7-3.7) 2.2(1.5-3.1) 4(3.5-5.2)  <0.001 2.2(1.5-3.0) 3.8(3.5-4.8)  <0.001

Dilated Cardiomyopathy Subgroup Analysis

[0131] The clinical and ECG characteristics of the DCM
group are presented in Table 12 and Table 13, respectively.
The clinical characteristics of DCM patients with arrhyth-
mic/cardiac events were similar to those without these
events. DCM patients with arrhythmic/cardiac events had
significantly greater QRSp Mean than those without arrhyth-
mic/cardiac events (see FIGS. 16A-16B). Among the other
QRS metrics, none were significantly greater in patients
with arrhythmic/cardiac events compared to those without
events (see FIGS. 16C-16D for QRSd).

[0132] In DCM patients, ROC analysis was used to evalu-
ate the performance characteristics of QRSp Mean com-

pared to QRSd. The area under the ROC curve trended to be
greater (p>0.05) for QRSp Mean than QRSd. Using a QRSp
Mean cutpoint of 22.25, the sensitivity and negative predic-
tive value for identifying arrhythmic events were 100% and
100%, respectively (see FIG. 17A). With the same cutpoint,
the sensitivity and negative predictive value of QRSp Mean
in identifying cardiac events were 90% and 95%, respec-
tively (see FIG. 17B). In comparison, the sensitivity and
negative predictive value for QRSd=120 ms was lower for
both arrhythmic and cardiac events, while there was no
difference in specificity and positive predictive value (see
FIGS. 17A-17B).

TABLE 12

DCM Patient Characteristics

Arrhythmic  Arthythmic Cardiac Cardiac
DCM Event Event Event Event
Population Negative Positive Negative Positive
(N=38  (N=31) (N=7) P (N=28 (N=10) P

Follow-Up, mos 19(13-43)  18(13-48)  20(14-35) 044  18(13-48) 27(11-42) 0.67
Age, y15 59 =13 5713 66 =9 0.10 5912 60 =16 0.80
Male gender, n(%) 29(76) 25(81) 457 032 22(79) 7(70) 0.67
LVEE, % 25«7 267 22£8 0.25 26 £ 8 23«7 0.33
LVEF < 35%, n(%) 34(90) 28(90) 6(86) 100 25(89) 9(90) 1.00
NYHA functional
class, n(%)
I 14(37) 1032) 457) 065 9(32) 5(50) 017
I 16(42) 14(45) 2(29) 14(30) 2(20)
I 7(18) 6(19) 1(14) 5(18) 2(20)
v 103) 103) 0(0) 0(0) 1(10)
Co-morbidities
Hypertension, n(%) 17(45) 15(48) 2029) 043 14(50) 3(30) 0.46
Diabetes, n(%) 17(45) 12(39) 5(71) 021 11(39) 6(60) 0.9
Hyperlipidemia, n(%) 19(50) 13(42) 6(86) 0.09 11(39) 8(80) 0.06
Smoking history, n(%) 21(35) 16(52) 5(71) 043 15(54) 6(60) 1.00
Prior revascularization, n(%) 2(5) 2(7) 0(0) 1.00 2(7) 0(0) 1.00
History of atrial fibrillation, n(%) 12(32) 10(32) 2(29) 1.00 10(36) 2(20) 0.45
Renal dysfunction®, n(%) 9(24) 7(23) 2(29) 1.00 7(25) 2(20) 1.00
Medications
Beta-blocker, n(%) 38(100) 31(100) 7(100) 100 28(100) 10(100) 100
ACE-IARB, n(%) 36(95) 29(94) 7(100) 1.00 26(93) 16(100) 1.00
Diuretic, n(%) 33(87) 27(87) 6(86) 100 24(86) 9(90) 1.00
Class TII anti-arrhythmic, n(%) 3(8) 207) 1(14) 047 27) 1(10) 1.00
Calcium channel blockers, n(%) 1(3) 1(3) 0(0) 1.00 1(4) 0(0) 1.00
Lipid-lowering agents, n(%) 22(58) 16(52) 6(86) 0.20 14(50) 8(80) 0.14
Antiplatelet agents, n(%) 14(37) 1032) 457) 039 10(36) 4(40) 1.00

*¢GFR <61 mL/min/1.73 m?
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TABLE 13
DCM ECG Characteristics
Arrhythmic Arrhythmic Cardiac Cardiac
DCM Event Event Event Event
Population Negative Positive Negative Positive
(N=38  (N=31) (N=7) P (N=28) (N = 10) P
Baseline heart rate, bpm 72 =14 72+13 75+ 19 0.67 72 +13 75+ 16 0.50
Repolarization
Parameters
QT Interval, ms 421 =50 418 + 49 433 £ 58 0.49 421 £ 50 422 + 51 0.94
QTc interval, ms 453 £35 453 + 34 452 £ 43 092 453 £35 453 + 36 0.97
Depolarization
parameters
QRSd, ms 114(95-128)  104(94-122) 128(118-142) 0.08  102(93-122)  124(106-140) 0.07
QRSd = 120 ms, 1(%) 17(45) 1239) 5(71) 021 11(39) 6(50) 0.29
LBBB, n(%) 10(26) 7(23) 3(43) 009 7025 3(30) 1.00
Presence of fQRS, n(%)  26(68) 21(68) 5(71) 100 19(68) 7(70) 1.00
QRS Score 3.0(2.0-60)  3.0(1.5-7.0) 30(3.0-35) 082 25(1560) 3.003.0-60) 0.40
QRS Fractionation Index ~ 7.8(5.8-9.0)  7.6(5.8-8.9) 84(7.0-10.0) 049 74(5.888)  8.8(7.1.9.0) 0.12
QRSp Mean 1.8(1.0-3.0)  1.7(0.8-2.8) 25(24-30) 0027 1.6(0.82.3) 2.6(2.3-33) 0.009
DISCUSSION patients with ventricular arrhythmias and cardiac events than
. . . . RSd, which is commonly used to risk stratify cardiomyo-
[0133] Since QRS slurs are minor perturbations in the QRSd, Y Y Y

QRS waveform, it has been determined by the inventors that
conduction delays associated with them are unlikely to be
clinically relevant in arrhythmogenesis. Thus by only con-
sidering QRS peaks in the QRSp detection and analysis
method, the QRS slur components are not unduly weighted.
[0134] In accordance with the teachings herein, it was also
found that shorter multiple beat QRS averages (e.g. 10-beat)
provided greater sensitivity in identifying abnormal QRS
peaks than a single longer QRS average (e.g. 100-beat).
QRS peaks may be influenced by minor changes in the
precordial lead position on the chest wall during respiration.
Consequently, longer signal averaged (SA) ECG windows
may cause averaging and undervaluing of these peaks.
Another consideration in detecting QRS peaks is the use of
high resolution ECG recordings with sampling rates over
1000 Hz. By improving detection of QRS peaks, the QRSp
methods described herein may distinguish normal subjects
from patients with cardiomyopathy and further identify
those patients with cardiomyopathy at risk of ventricular
arrhythmias.

[0135] The QRSp methods described in the retrospective
clinical study distinguish normal subjects from patients with
cardiomyopathy. Furthermore, it was found in the prospec-
tive clinical study that an embodiment of the QRSp methods
described herein distinguished cardiomyopathy patients
with ventricular arrhythmias from those without ventricular
arrhythmias. In particular, the QRSp Mean metric, which is
derived from the QRS peak scores in all precordial leads,
independently predicted ventricular arrhythmias and cardiac
events in patients with cardiomyopathy and no prior history
of ventricular arrhythmias. A QRSp Mean value=2.25 had a
sensitivity and negative predictive value of 100% and 100%
for arrhythmic events, respectively in this population;
thereby identifying all patients at risk of ventricular arrhyth-
mias.

[0136] The QRSp methods described in the prospective
clinical study outperformed traditional QRS morphologic
metrics, such as QRSd, fQRS, QRS score, and QRS FI. In
particular, QRSp Mean was more accurate in identifying

pathy patients [12]. The signal averaged ECG-based meth-
ods that have been used to evaluate QRS morphology have
produced sensitivities no better than 69% in identifying
patients with ventricular arrhythmias [3-5]. Thus, the QRSp
methods described herein have the potential to improve
ventricular arrhythmia risk assessment in patients with heart
disease. Accurate risk stratification may guide patient selec-
tion for cardiac therapy, in particular prophylactic defibril-
lator therapy.

[0137] One challenge may be the potential for noise to
produce false QRSp detections, which may be due to using
a smaller set of beats for averaging. However, a correlation
between QRSp and RMS -ST noise levels was not found in
both the retrospective and prospective clinical studies.
Moreover, the simulations suggest that the likelihood of a
false positive may be reduced if beats with RMS-ST val-
ues>9.7 pV are excluded from analysis.

[0138] While the applicant’s teachings described herein
are in conjunction with various embodiments for illustrative
purposes, it is not intended that the applicant’s teachings be
limited to such embodiments. On the contrary, the appli-
cant’s teachings described and illustrated herein encompass
various alternatives, modifications, and equivalents, without
departing from the embodiments described herein, the gen-
eral scope of which is defined in the appended claims.
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1. A method of assessing a risk of ventricular arrhythmias
for a patient, the method comprising:

receiving ECG data obtained from the patient via an input

interface;
analyzing the ECG data to detect abnormal QRS peaks
using a QRS peak analysis module, the analysis of the
ECG data for a given ECG lead including generating
preprocessed local and global versions of the QRS
complex from the ECG data and defining peaks found
to be present in only one of the preprocessed versions
as being abnormal,
determining the risk of ventricular arrhythmias for the
patient based on the detected abnormal QRS peaks
using a ventricular arrhythmia assessment module; and

providing an indication of the risk of ventricular arrhyth-
mias for the patient via an output interface.
2. The method of claim 1, wherein the method comprises
acquiring the ECG data from the patient using one or more
ECG recording leads or obtaining the ECG data from a data
store in which the ECG data having already been prepro-
cessed.
3. The method of claim 2, wherein when acquiring the
ECG data from the patient the method comprises prepro-
cessing the ECG data by applying a QRS template and
optionally applying filtering.
4. (canceled)
5. The method of claim 2, wherein the ECG data is high
resolution data that is obtained using a sampling rate of at
least 1,000 Hz.
6. (canceled)
7. The method of claim 1. wherein the act of analyzing the
ECG data from a given ECG recording lead comprises:
generating a local QRS (IQRS) signal from X beats of
ECG data;

generating a global QRS (gQRS) signal from Y beats of
ECG data, where X and Y are real numbers and the X
beats of ECG data are contained in the Y beats of ECG
data; and

comparing the IQRS signal with the gQRS signal to detect

the abnormal QRS peaks in the IQRS signal.

8. The method of claim 7, wherein the IQRS signal is
generated by applying time averaging to unfiltered X beats
of preprocessed ECG data, and the gQRS signal is generated
by filtering the Y beats of preprocessed ECG data using a
smoothing filter and then applying time averaging to the
filtered Y beats of ECG data, where the X beats of ECG data
is a short data window and the Y beats of ECG data is a
larger data window that is at least one order of magnitude
larger than the short data window.

9. The method of claim 7, wherein the comparing com-
prises:

identifying positive and negative peaks in the IQRS and

2QRS signals;

determining abnormal positive peaks in the IQRS signal

by counting the number of positive peaks in the IQRS
signal while excluding the nearest or greatest amplitude
IQRS peak within +M msec of each positive peak in the
gORS signal;

determining abnormal negative peaks in the IQRS signal

by counting the number of negative peaks in the IQRS
signal while excluding the nearest or least amplitude
IQRS peak within +M msec of each negative peak in
the gQRS signal; and

determining a QRS peak (QRSp) score based on the total

determined abnormal positive peaks and the abnormal
negative peaks in the IQRS signal.
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10. The method of claim 7, wherein the method further
comprises determining the IQRS signal using a sliding
average of X beats of ECG data within the Y beats of ECG
data and determining a set of QRSp scores for each set of
averaged X beats of ECG data.

11. The method of claim 9, wherein the QRSp score for
the given ECG recording lead is an average, median or
maximum of the set of QRSp scores derived from the given
ECG recording lead and the QRSp score for the patient is an
average, median or maximum of the QRSp scores for ECG
data obtained from at least a portion of the ECG recording
leads.

12. (canceled)

13. The method of claim 9, wherein the act of determining
the risk of ventricular arrhythmia for the patient comprises
selecting a quantitative risk measure associated with the
QRSp score for the patient based on a multivariable regres-
sion model that is generated based on QRSp scores deter-
mined for healthy subject, patients with heart disease but no
ventricular arthythmias and patients with heart disease in
whom ventricular arrhythmias have occurred.

14. The method of claim 1, wherein the ECG data
comprises several sets of ECG data obtained using different
ECG leads and the QRSp score is determined for each set of
ECG data.

15. A system for assessing risk of ventricular arthythmias
for a patient, wherein the system comprises:

an input interface for receiving ECG data obtained from

the patient;

an output interface for providing an indication of the risk

of ventricular arrhythmia for the patient; and

a processing unit coupled to the input and the output

interfaces, the processing unit being configured to
analyze the ECG data using a QRS peak analysis
module to detect abnormal QRS peaks; determine the
risk of ventricular arrhythmia for the patient based on
detected abnormal QRS peaks using a ventricular
arrhythmia assessment module; and to provide the
indication of the risk of ventricular arrhythmia for the
patient using the output interface, where the analysis of
the ECG data for a given ECG lead includes generating
preprocessed local and global versions of the QRS
complex from the ECG data and defining peaks found
to be present in only one of the preprocessed versions
as being abnormal.

16. The system of claim 15, wherein the system further
comprises:

a sensor unit comprising sensors for sensing ECG data

from the patient during use; and

a data acquisition unit coupled to the sensor unit and the

processing unit for acquiring the sensed ECG data.
17. The system of claim 15, wherein the processing unit
is configured to analyze the ECG data from a given ECG
recording lead by:
generating a local QRS (IQRS) signal from X beats of
ECG data;

generating a global QRS (gQRS) signal from Y beats of
ECG data, where X and Y are real numbers and the X
beats of ECG data are contained in the Y beats of ECG
data; and

comparing the IQRS signal with the gQRS signal to detect

the abnormal QRS peaks in the IQRS signal.

18. A non-transitory computer readable medium compris-
ing a plurality of instructions that are executable on a
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processing unit of a device for adapting the device to
implement a method assessing risk of ventricular arrhyth-
mias for a patient, wherein the method comprises:

receiving ECG data obtained from the patient from an
input interface;

analyzing the ECG data to detect abnormal QRS peaks
using a QRS peak analysis module, the analysis of the
ECG data for a given ECG lead including generating
preprocessed local and global versions of the QRS
complex from the ECG data and defining peaks found
to be present in only one of the preprocessed versions
as being abnormal,

determining the risk of ventricular arrhythmias for the
patient based on the detected abnormal QRS peaks
using a ventricular arrhythmia assessment module; and

providing an indication of the risk of ventricular arrhyth-
mias for the patient via an output interface.

19. The system of claim 17, wherein the processor is
configured to generate the IQRS signal by applying time
averaging to unfiltered X beats of preprocessed ECG data,
and the gQRS signal is generated by filtering the Y beats of
preprocessed ECG data using a smoothing filter and then
applying time averaging to the filtered Y beats of ECG data,
where the X beats of ECG data is a short data window and
the Y beats of ECG data is a larger data window that is at
least one order of magnitude larger than the short data
window.

20. The system of claim 17, wherein the processor is
further configured to determine the IQRS signal using a
sliding average of X beats of ECG data within the Y beats
of ECG data and determining a set of QRSp scores for each
set of averaged X beats of ECG data.

21. The system of claim 17, wherein the processor is
configured to perform the comparing by:

identifying positive and negative peaks in the IQRS and
2QRS signals;

determining abnormal positive peaks in the IQRS signal
by counting the number of positive peaks in the IQRS
signal while excluding the nearest or greatest amplitude
IQRS peak within +M msec of each positive peak in the
2QRS signal;

determining abnormal negative peaks in the IQRS signal
by counting the number of negative peaks in the IQRS
signal while excluding the nearest or least amplitude
IQRS peak within +M msec of each negative peak in
the gQRS signal; and

determining a QRS peak (QRSp) score based on the total
determined abnormal positive peaks and the abnormal
negative peaks in the IQRS signal.

22. The system of claim 21, wherein the QRSp score for
the given ECG recording lead is an average, median or
maximum of the set of QRSp scores derived from the given
ECG recording lead and the QRSp score for the patient is an
average, median or maximum of the QRSp scores for ECG
data obtained from at least a portion of the ECG recording
leads.
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23. The system of claim 21, wherein the act of determin-
ing the risk of ventricular arrhythmia for the patient com-
prises selecting a quantitative risk measure associated with
the QRSp score for the patient based on a multivariable
regression model that is generated based on QRSp scores
determined for healthy subject, patients with heart disease
but no ventricular arrhythmias and patients with heart dis-
ease in whom ventricular arrhythmias have occurred.
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