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METHOD AND APPARATUS FOR BEAT
ACQUISITION DURING TEMPLATE
GENERATION IN A MEDICAL DEVICE
HAVING DUAL SENSING VECTORS

RELATED APPLICATION

This application is a continuation-in-part of U.S. patent
application Ser. No. 14/604,111, filed on Jan. 23, 2015,
which is incorporated by reference in its entirety.

TECHNICAL FIELD

The disclosure relates generally to implantable medical
devices and, in particular, to an apparatus and method for
acquiring beats utilized for cardiac event template genera-
tion in a medical device.

BACKGROUND

Implantable medical devices are available for treating
cardiac tachyarrhythmias by delivering anti-tachycardia
pacing therapies and electrical shock therapies for cardio-
verting or defibrillating the heart. Such a device, commonly
known as an implantable cardioverter defibrillator or “ICD”,
senses electrical activity from the heart, determines a
patient’s heart rate, and classifies the rate according to a
number of heart rate zones in order to detect episodes of
ventricular tachycardia or fibrillation. Typically a number of
rate zones are defined according to programmable detection
interval ranges for detecting slow ventricular tachycardia,
fast ventricular tachycardia and ventricular fibrillation.
Intervals between sensed R-waves, corresponding to the
depolarization of the ventricles, are measured. Sensed R-R
intervals falling into defined detection interval ranges are
counted to provide a count of ventricular tachycardia (VT)
or ventricular fibrillation (VF) intervals, for example. A
programmable number of intervals to detect (NID) defines
the number of tachycardia intervals occurring consecutively
or out of a given number of preceding event intervals that are
required to detect VT or VF.

Tachyarrhythmia detection may begin with detecting a
fast ventricular rate, referred to as rate- or interval-based
detection. Once VT or VI is detected based on rate, the
morphology of the sensed depolarization signals, e.g. wave
shape, amplitude or other features, may be used in discrimi-
nating heart rhythms to improve the sensitivity and speci-
ficity of tachyarrhythmia detection methods.

A primary goal of a tachycardia detection algorithm is to
rapidly respond to a potentially malignant rhythm with a
therapy that will terminate the arrhythmia with high cer-
tainty. Another goal, however, is to avoid excessive use of
ICD battery charge, which shortens the life of the ICD, e.g.
due to delivering unnecessary therapies or therapies at a
higher voltage than needed to terminate a detected tachyar-
rhythmia. Minimizing the patient’s exposure to painful
shock therapies is also an important consideration. Accord-
ingly, a need remains for ICDs that perform tachycardia
discrimination with high specificity and control therapy
delivery to successfully terminate a detected VT requiring
therapy while conserving battery charge and limiting patient
exposure to delivered shock therapy by withholding therapy
delivery whenever possible in situations where the therapy
may not be required.

SUMMARY

This application provides techniques for generating beat
templates and utilizing those beat templates to detect a
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cardiac event, e.g., a tachyarrhythmia. In particular, example
methods and devices for acquiring qualified beats for tem-
plate generation are described. Additionally, techniques are
described for selecting subsets of the qualified beats to
actually use for template generation.

In one example, a method of acquiring qualified beats for
template generation in a cardiac medical device comprises
obtaining a first cardiac signal on a first sensing vector
formed via a first subset of a plurality of extravascular
electrodes, obtaining a second cardiac signal on a second
sensing vector formed via a second subset of the plurality of
extravascular electrodes having at least one electrode dif-
ferent than the first subset, wherein the second cardiac signal
is obtained concurrently with the first cardiac signal, iden-
tifying beats within the first cardiac signal and the second
cardiac signal, and applying beat qualification criteria to the
beats within the first cardiac signal and the second cardiac
signal to determine whether each of the beats is a qualified
beat, and generating a beat template based on at least a
portion of the beats determined to be qualified beats.

In another example, this disclosure provides an extravas-
cular implantable cardioverter-defibrillator (ICD) system
comprising an implantable electrical stimulation lead
including a plurality of electrodes configured to sense car-
diac electrical signals from an extravascular location within
a patient and an ICD coupled to the implantable electrical
stimulation lead. The ICD comprises a housing that is
formed at least partially of a conductive material to serve as
a housing electrode, sensing circuitry located within the
housing and configured to obtain a first cardiac signal from
a first electrode vector formed via any combination of the
plurality of electrodes of the electrical stimulation lead and
the housing electrode and obtain a second cardiac signal on
a second electrode vector formed via any combination of the
plurality of electrodes of the electrical stimulation lead and
the housing electrode, the second electrode vector having at
least one electrode different than the first electrode vector,
wherein the second cardiac signal is obtained concurrently
with the first cardiac signal, and a processor configured to
identify beats within the first cardiac signal and the second
cardiac signal, apply beat qualification criteria to the beats
within the first cardiac signal and the second cardiac signal
to determine whether each of the beats is a qualified beat,
and generate a beat template based on at least a portion of
the beats determined to be qualified beats.

In a further example, an implantable cardiac device com-
prises sensing circuitry located within the housing and
configured to obtain a first cardiac signal on a first electrode
vector formed via a first subset of a plurality of extravascular
electrodes and obtain a second cardiac signal on a second
electrode vector formed via a second subset of the plurality
of extravascular electrodes having at least one electrode
different than the first electrode vector, wherein the second
cardiac signal is sensed concurrently with the first cardiac
signal, a processor configured to identify beats within the
first cardiac signal and the second cardiac signal, apply beat
qualification criteria to the beats within the first cardiac
signal and the second cardiac signal to determine whether
each of the beats is a qualified beat, wherein the beat criteria
includes at least a heart rate criteria, a beat timing criteria
between the beats in the first cardiac signal and correspond-
ing beats in the second cardiac signal, and a beat interval
criteria between successive beats in the first cardiac signal
and successive beats in the second cardiac signal, generate
a beat template based on at least a portion of the beats
determined to be qualified beats, and detect a tachycardia
based at least on a comparison of beats to the generated beat
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template, and therapy circuitry configured to provide an
anti-tachycardia therapy from the extravascular location via
at least a portion of the plurality of extravascular electrodes
of the electrical stimulation lead in response to the processor
detecting the tachycardia.

This summary is intended to provide an overview of the
subject matter described in this disclosure. It is not intended
to provide an exclusive or exhaustive explanation of the
device, system and methods described in detail herein.
Further details of one or more examples are set forth in the
accompanying drawings and the description below.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a conceptual diagram of a patient implanted with
an example extravascular cardiac defibrillation system.

FIG. 2 is an exemplary schematic diagram of electronic
circuitry within a hermetically sealed housing of a subcu-
taneous device according to an embodiment.

FIG. 3 is a state diagram of detection of arrhythmias in a
medical device according to an embodiment.

FIG. 4 is a flowchart of a method for detecting arrhyth-
mias in an extravascular device according to an embodiment
of the present disclosure.

FIG. 5 is a flowchart of a method for performing beat-
based analysis during detection of arrhythmias in a medical
device, according to an embodiment of the present disclo-
sure.

FIG. 6 is a flowchart of a method for aligning an ECG
signal of an unknown beat with a known morphology
template for beat-based analysis during detection of arrhyth-
mias in a medical device, according to an embodiment of the
present disclosure.

FIG. 7 is a flowchart of a method for computing a
morphology metric to determine the similarity between a
known template aligned with an unknown cardiac cycle
signal according to one embodiment.

FIG. 8 is an exemplary plot of alignment of an unknown
beat and a template for computing a normalized waveform
area difference during beat-based analysis, according to one
embodiment.

FIG. 9 is an exemplary plot illustrating a technique for
determining an R-wave width and computing a normalized
waveform area difference during beat-based analysis,
according to another embodiment.

FIG. 10 is a flowchart of a method for determining an
individual beat confidence during beat-based analysis,
according to one embodiment.

FIG. 11 is an exemplary plot illustrating determining
pulses for a beat within a window during a beat-based
analysis according to an embodiment of the disclosure.

FIG. 12 is a flowchart of a method for acquiring beats for
generating a template according to an embodiment of the
disclosure.

FIG. 12A is a schematic diagram of detection of simul-
taneously sensed R-waves sensed along two sensing vectors
according to an embodiment of the disclosure.

FIG. 13 is a flowchart of generating a template according
to an embodiment of the disclosure.

FIG. 14 is a schematic diagram of determining of sub-
groups for qualified beats during generation of a template,
according to an embodiment of the disclosure.

DETAILED DESCRIPTION

FIG. 1 is a conceptual diagram of a patient 12 implanted
with an example extravascular cardiac defibrillation system
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10. In the example illustrated in FIG. 1, extravascular
cardiac defibrillation system 10 is an implanted subcutane-
ous ICD system. However, the techniques of this disclosure
may also be utilized with other extravascular implanted
cardiac defibrillation systems, such as a cardiac defibrilla-
tion system having an electrical stimulation lead implanted
at least partially in a substernal or submuscular location.
Additionally, the techniques of this disclosure may also be
utilized with other implantable systems, such as implantable
pacing systems, implantable neurostimulation systems, drug
delivery systems, automatic external defibrillators (AED) or
other systems in which leads, catheters or other components
are implanted at extravascular locations within patient 12.
This disclosure, however, is described in the context of an
implantable extravascular cardiac defibrillation system for
purposes of illustration.

Extravascular cardiac defibrillation system 10 includes an
implantable cardioverter defibrillator (ICD) 14 connected to
at least one implantable cardiac defibrillation lead 16. ICD
14 of FIG. 1 is implanted subcutaneously on the left side of
patient 12. Defibrillation lead 16, which is connected to ICD
14, extends medially from ICD 14 toward sternum 28 and
xiphoid process 24 of patient 12. At a location near xiphoid
process 24, defibrillation lead 16 bends or turns and extends
subcutaneously superior, substantially parallel to sternum
28. In the example illustrated in FIG. 1, defibrillation lead 16
is implanted such that lead 16 is offset laterally to the left
side of the body of sternum 28 (e.g., towards the left side of
patient 12).

Defibrillation lead 16 is placed along sternum 28 such that
a therapy vector between defibrillation electrode 18 and a
second electrode (such as a housing or can 25 of ICD 14 or
an electrode placed on a second lead) is substantially across
the ventricle of heart 26. The therapy vector may, in one
example, be viewed as a line that extends from a point on the
defibrillation electrode 18 to a point on the housing or can
25 of ICD 14. In another example, defibrillation lead 16 may
be placed along sternum 28 such that a therapy vector
between defibrillation electrode 18 and the housing or can
25 of ICD 14 (or other electrode) is substantially across an
atrium of heart 26. In this case, extravascular ICD system 10
may be used to provide atrial therapies, such as therapies to
treat atrial fibrillation.

The embodiment illustrated in FIG. 1 is an example
configuration of an extravascular ICD system 10 and should
not be considered limiting of the techniques described
herein. For example, although illustrated as being offset
laterally from the midline of sternum 28 in the example of
FIG. 1, defibrillation lead 16 may be implanted such that
lead 16 is offset to the right of sternum 28 or more centrally
located over sternum 28. Additionally, defibrillation lead 16
may be implanted such that it is not substantially parallel to
sternum 28, but instead offset from sternum 28 at an angle
(e.g., angled lateral from sternum 28 at either the proximal
or distal end). As another example, the distal end of defi-
brillation lead 16 may be positioned near the second or third
rib of patient 12. However, the distal end of defibrillation
lead 16 may be positioned further superior or inferior
depending on the location of ICD 14, location of electrodes
18, 20, and 22, or other factors.

Although ICD 14 is illustrated as being implanted near a
midaxillary line of patient 12, ICD 14 may also be implanted
at other subcutaneous locations on patient 12, such as further
posterior on the torso toward the posterior axillary line,
further anterior on the torso toward the anterior axillary line,
in a pectoral region, or at other locations of patient 12. In
instances in which ICD 14 is implanted pectorally, lead 16
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would follow a different path, e.g., across the upper chest
area and inferior along sternum 28. When the ICD 14 is
implanted in the pectoral region, the extravascular ICD
system may include a second lead including a defibrillation
electrode that extends along the left side of the patient such
that the defibrillation electrode of the second lead is located
along the left side of the patient to function as an anode or
cathode of the therapy vector of such an ICD system.

ICD 14 includes a housing or can 25 that forms a hermetic
seal that protects components within ICD 14. The housing
25 of ICD 14 may be formed of a conductive material, such
as titanium or other biocompatible conductive material or a
combination of conductive and non-conductive materials. In
some instances, the housing 25 of ICD 14 functions as an
electrode (referred to as a housing electrode or can elec-
trode) that is used in combination with one of electrodes 18,
20, or 22 to deliver a therapy to heart 26 or to sense electrical
activity of heart 26. ICD 14 may also include a connector
assembly (sometimes referred to as a connector block or
header) that includes electrical feedthroughs through which
electrical connections are made between conductors within
defibrillation lead 16 and electronic components included
within the housing. Housing may enclose one or more
components, including processors, memories, transmitters,
receivers, sensors, sensing circuitry, therapy circuitry and
other appropriate components (often referred to herein as
modules).

Defibrillation lead 16 includes a lead body having a
proximal end that includes a connector configured to con-
nect to ICD 14 and a distal end that includes one or more
electrodes 18, 20, and 22. The lead body of defibrillation
lead 16 may be formed from a non-conductive material,
including silicone, polyurethane, fluoropolymers, mixtures
thereof, and other appropriate materials, and shaped to form
one or more lumens within which the one or more conduc-
tors extend. However, the techniques are not limited to such
constructions. Although defibrillation lead 16 is illustrated
as including three electrodes 18, 20 and 22, defibrillation
lead 16 may include more or fewer electrodes.

Defibrillation lead 16 includes one or more elongated
electrical conductors (not illustrated) that extend within the
lead body from the connector on the proximal end of
defibrillation lead 16 to electrodes 18, 20 and 22. In other
words, each of the one or more elongated electrical conduc-
tors contained within the lead body of defibrillation lead 16
may engage with respective ones of electrodes 18, 20 and
22. When the connector at the proximal end of defibrillation
lead 16 is connected to ICD 14, the respective conductors
may electrically couple to circuitry, such as a therapy
module or a sensing module, of ICD 14 via connections in
connector assembly, including associated feedthroughs. The
electrical conductors transmit therapy from a therapy mod-
ule within ICD 14 to one or more of electrodes 18, 20 and
22 and transmit sensed electrical signals from one or more
of electrodes 18, 20 and 22 to the sensing module within
ICD 14.

ICD 14 may sense electrical activity of heart 26 via one
or more sensing vectors that include combinations of elec-
trodes 20 and 22 and the housing or can 25 of ICD 14. For
example, ICD 14 may obtain electrical signals sensed using
a sensing vector between electrodes 20 and 22, obtain
electrical signals sensed using a sensing vector between
electrode 20 and the conductive housing or can 25 of ICD
14, obtain electrical signals sensed using a sensing vector
between electrode 22 and the conductive housing or can 25
of ICD 14, or a combination thereof. In some instances, ICD
14 may sense cardiac electrical signals using a sensing
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vector that includes defibrillation electrode 18, such as a
sensing vector between defibrillation electrode 18 and one of
electrodes 20 or 22, or a sensing vector between defibrilla-
tion electrode 18 and the housing or can 25 of ICD 14.

ICD may analyze the sensed electrical signals to detect
tachycardia, such as ventricular tachycardia or ventricular
fibrillation, and in response to detecting tachycardia may
generate and deliver an anti-tachycardia electrical therapy to
heart 26. For example, ICD 14 may deliver one or more
defibrillation shocks via a therapy vector that includes
defibrillation electrode 18 of defibrillation lead 16 and the
housing or can 25. Defibrillation electrode 18 may, for
example, be an elongated coil electrode or other type of
electrode. In some instances, ICD 14 may deliver one or
more pacing therapies prior to or after delivery of the
defibrillation shock, such as anti-tachycardia pacing (ATP)
or post shock pacing. In these instances, ICD 14 may
generate and deliver pacing pulses via therapy vectors that
include one or both of electrodes 20 and 22 and/or the
housing or can 25. Electrodes 20 and 22 may comprise ring
electrodes, hemispherical electrodes, coil electrodes, helix
electrodes, segmented electrodes, directional electrodes, or
other types of electrodes, or combination thereof. Electrodes
20 and 22 may be the same type of electrodes or different
types of electrodes, although in the example of FIG. 1 both
electrodes 20 and 22 are illustrated as ring electrodes.
Example therapy circuitry for delivering pacing therapy
(including ATP) and cardioversion/defibrillation therapy is
described with respect to FIG. 2.

Defibrillation lead 16 may also include an attachment
feature 29 at or toward the distal end of lead 16. The
attachment feature 29 may be a loop, link, or other attach-
ment feature. For example, attachment feature 29 may be a
loop formed by a suture. As another example, attachment
feature 29 may be a loop, link, ring of metal, coated metal
or a polymer. The attachment feature 29 may be formed into
any of a number of shapes with uniform or varying thickness
and varying dimensions. Attachment feature 29 may be
integral to the lead or may be added by the user prior to
implantation. Attachment feature 29 may be useful to aid in
implantation of lead 16 and/or for securing lead 16 to a
desired implant location. In some instances, defibrillation
lead 16 may include a fixation mechanism in addition to or
instead of the attachment feature. Although defibrillation
lead 16 is illustrated with an attachment feature 29, in other
examples lead 16 may not include an attachment feature 29.

Lead 16 may also include a connector at the proximal end
of lead 16, such as a DF4 connector, bifurcated connector
(e.g., DF-1/IS-1 connector), or other type of connector. The
connector at the proximal end of lead 16 may include a
terminal pin that couples to a port within the connector
assembly of ICD 14. In some instances, lead 16 may include
an attachment feature at the proximal end of lead 16 that
may be coupled to an implant tool to aid in implantation of
lead 16. The attachment feature at the proximal end of the
lead may separate from the connector and may be either
integral to the lead or added by the user prior to implanta-
tion.

Defibrillation lead 16 may also include a suture sleeve or
other fixation mechanism (not shown) located proximal to
electrode 22 that is configured to fixate lead 16 near the
xiphoid process or lower sternum location. The fixation
mechanism (e.g., suture sleeve or other mechanism) may be
integral to the lead or may be added by the user prior to
implantation.

The example illustrated in FIG. 1 is exemplary in nature
and should not be considered limiting of the techniques
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described in this disclosure. For instance, extravascular
cardiac defibrillation system 10 may include more than one
lead. In one example, extravascular cardiac defibrillation
system 10 may include a pacing lead in addition to defibril-
lation lead 16.

In the example illustrated in FIG. 1, defibrillation lead 16
is implanted subcutaneously, e.g., between the skin and the
ribs or sternum. In other instances, defibrillation lead 16
(and/or the optional pacing lead) may be implanted at other
extravascular locations. In one example, defibrillation lead
16 may be implanted at least partially in a substernal
location. In such a configuration, at least a portion of
defibrillation lead 16 may be placed under or below the
sternum in the mediastinum and, more particularly, in the
anterior mediastinum. The anterior mediastinum is bounded
laterally by pleurae, posteriorly by pericardium, and anteri-
orly by sternum 28. Defibrillation lead 16 may be at least
partially implanted in other extra-pericardial locations, e.g.,
locations in the region around, but not in direct contact with,
the outer surface of heart 26. These other extra-pericardial
locations may include in the mediastinum but offset from
sternum 28, in the superior mediastinum, in the middle
mediastinum, in the posterior mediastinum, in the sub-
xiphoid or inferior xiphoid area, near the apex of the heart,
or other location not in direct contact with heart 26 and not
subcutaneous. In still further instances, the lead may be
implanted at a pericardial or epicardial location outside of
the heart 26.

FIG. 2 is an exemplary schematic diagram of electronic
circuitry within a hermetically sealed housing of an
extravascular device according to an embodiment. As illus-
trated in FIG. 2, extravascular device 14 includes a low
voltage battery 153 coupled to a power supply (not shown)
that supplies power to the circuitry of the extravascular
device 14 and the pacing output capacitors to supply pacing
energy in a manner well known in the art. The low voltage
battery 153 may be formed of one or two conventional
LiCF_, LiMnO, or Lil, cells, for example. The extravascular
device 14 also includes a high voltage battery 112 that may
be formed of one or two conventional LiSVO or LiMnO,
cells. Although two both low voltage battery and a high
voltage battery are shown in FIG. 2, according to an embodi-
ment, the device 14 could utilize a single battery for both
high and low voltage uses.

Further referring to FIG. 2, extravascular device 14 func-
tions are controlled by means of software, firmware and
hardware that cooperatively monitor the ECG signal, deter-
mine when a cardioversion-defibrillation shock or pacing is
necessary, and deliver prescribed cardioversion-defibrilla-
tion and pacing therapies. The extravascular device 14 may
incorporate circuitry set forth in commonly assigned U.S.
Pat. No. 5,163,427 “Apparatus for Delivering Single and
Multiple Cardioversion and Defibrillation Pulses” to Keimel
and U.S. Pat. No. 5,188,105 “Apparatus and Method for
Treating a Tachyarrhythmia” to Keimel for selectively deliv-
ering single phase, simultaneous biphasic and sequential
biphasic  cardioversion-defibrillation ~ shocks typically
employing ICD housing electrodes 28 coupled to the COM-
MON output 123 of high voltage output circuit 140 and
cardioversion-defibrillation electrode 18 disposed and
coupled to the HVI output 113 of the high voltage output
circuit 140.

The cardioversion-defibrillation shock energy and capaci-
tor charge voltages can be intermediate to those supplied by
ICDs having at least one cardioversion-defibrillation elec-
trode in contact with the heart and most AEDs having
cardioversion-defibrillation electrodes in contact with the
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skin. The typical maximum voltage necessary for ICDs
using most biphasic waveforms is approximately 750 Volts
with an associated maximum energy of approximately 40
Joules. The typical maximum voltage necessary for AEDs is
approximately 2000-5000 Volts with an associated maxi-
mum energy of approximately 200-360 Joules depending
upon the model and waveform used. The extravascular
device 14 of uses maximum voltages in the range of about
300 to approximately 1000 Volts and is associated with
energies of approximately 25 to 150 joules or more. The
total high voltage capacitance could range from about 50 to
about 300 microfarads. Such cardioversion-defibrillation
shocks are only delivered when a malignant tachyarrhyth-
mia, e.g., ventricular fibrillation is detected through process-
ing of the far field cardiac ECG employing the detection
algorithms as described herein below.

In FIG. 2, sense circuitry 190 in conjunction with pacer/
device timing circuit 178 processes the far field ECG sense
signal that is developed across a particular ECG sense vector
defined by a selected pair of the extravascular electrodes 18,
20, 22 and the can or housing 25 of the device 14, or,
optionally, a virtual signal (e.g., a mathematical combination
of two vectors) if selected. The selection of the sensing
electrode pair is made through the switch matrix/MUX 191
in a manner to provide the most reliable sensing of the ECG
signal of interest, which would be the R wave for patients
who are believed to be at risk of ventricular fibrillation
leading to sudden death. The far field ECG signals are
passed through the switch matrix/MUX 191 to the input of
the sense circuitry 190 that, in conjunction with pacer/device
timing circuit 178, evaluates the sensed EGM.

The sense circuitry 190 may include one or more sense
amplifiers, filters, rectifiers, threshold detectors, compara-
tors, analog-to-digital converters (ADCs), or other analog or
digital components. In some examples, sense circuitry 190
includes multiple sensing channels for acquiring cardiac
electrical signals from multiple sensing vectors selected
from electrodes 18, 20, 22, and housing electrode 25. Each
sensing channel may be configured to amplify, filter and
rectify the cardiac electrical signal received from selected
electrodes coupled to the respective sensing channel to
improve the signal quality for sensing cardiac events, e.g,,
P-waves and/or R-waves. Each sensing channel includes
cardiac event detection circuitry for sensing cardiac events
from the received cardiac electrical signal developed across
the selected sensing electrode vector(s). The sensed cardiac
events, e.g., R-waves, are used for detecting cardiac rhythms
and determining a need for therapy as described in more
detail herein. In some examples, cardiac electrical signals
such as sensed R-waves are used to detect capture of a
pacing pulse delivered by ICD 14. Although the output of
sense circuity 190 is illustrated in FIG. 2 as being provided
to pacer timing circuit 178, in other examples, the output
may go directly to microprocessor 142 for analysis and/or
stored within a memory (not shown) or other non-transitory
computer-readable storage medium for later processing.

Bradycardia, or asystole, is typically determined by an
escape interval timer within the pacer timing circuit 178
and/or the control circuit 144. Pace Trigger signals are
applied to the pacing pulse generator 192 generating pacing
stimulation when the interval between successive R-waves
(R-R intervals) exceeds the escape interval. Bradycardia
pacing is often temporarily provided to maintain cardiac
output after delivery of a cardioversion-defibrillation shock
that may cause the heart to slowly beat as it recovers back
to normal function. Sensing extravascular far field signals in
the presence of noise may be aided by the use of appropriate
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denial and extensible accommodation periods as described
in U.S. Pat. No. 6,236,882 “Noise Rejection for Monitoring
ECGs” to Lee, et al and incorporated herein by reference in
its’ entirety.

Detection of a malignant tachyarrhythmia is determined
in the Control circuit 144 as a function of the intervals
between R-wave sense event signals (R-R intervals) that are
output from the pacer/device timing 178 and sense circuit
190 to the timing and control circuit 144. It should be noted
that device 14 may utilize not only interval based signal
analysis method but also supplemental sensors and morphol-
ogy processing method and apparatus as described herein
below.

Supplemental sensors such as tissue color, tissue oxygen-
ation, respiration, patient activity and the like may be used
to contribute to the decision to apply or withhold a defibril-
lation therapy as described generally in U.S. Pat. No.
5,464,434 “Medical Interventional Device Responsive to
Sudden Hemodynamic Change” to Alt and incorporated
herein by reference in its entirety. Sensor processing block
194 provides sensor data to microprocessor 142 via data bus
146 and/or to a memory (or other computer-readable storage
medium) for later processing. Specifically, patient activity
and/or posture may be determined by the apparatus and
method as described in U.S. Pat. No. 5,593,431 “Medical
Service Employing Multiple DC Accelerometers for Patient
Activity and Posture Sensing and Method” to Sheldon and
incorporated herein by reference in its entirety. Patient
respiration may be determined by the apparatus and method
as described in U.S. Pat. No. 4,567,892 “Implantable Car-
diac Pacemaker” to Plicchi, et al and incorporated herein by
reference in its entirety. Patient tissue oxygenation or tissue
color may be determined by the sensor apparatus and
method as described in U.S. Pat. No. 5,176,137 to Erickson,
et al and incorporated herein by reference in its entirety. The
oxygen sensor of the *137 patent may be located in the
subcutaneous device pocket or, alternatively, located on the
lead 18 to enable the sensing of contacting or near-contact-
ing tissue oxygenation or color.

Certain steps in the performance of the detection algo-
rithm criteria are cooperatively performed in microcomputer
142, including microprocessor, RAM and ROM, associated
circuitry, and stored detection criteria that may be pro-
grammed into RAM via a telemetry interface (not shown)
conventional in the art. Data and commands are exchanged
between microcomputer 142 and timing and control circuit
144, pacer timing/amplifier circuit 178, and high voltage
output circuit 140 via a bi-directional data/control bus 146.
The pacer timing/amplifier circuit 178 and the control circuit
144 are clocked at a slow clock rate. The microcomputer 142
is normally asleep, but is awakened and operated by a fast
clock by interrupts developed by each R-wave sense event,
on receipt of a downlink telemetry programming instruction
or upon delivery of cardiac pacing pulses to perform any
necessary mathematical calculations, to perform tachycardia
and fibrillation detection procedures, and to update the time
intervals monitored and controlled by the timers in pacer/
device timing circuitry 178.

When a malignant tachycardia is detected, high voltage
capacitors 156, 158, 160, and 162 are charged to a pre-
programmed voltage level by a high-voltage charging circuit
164. It is generally considered inefficient to maintain a
constant charge on the high voltage output capacitors 156,
158, 160, 162. Instead, charging is initiated when control
circuit 144 issues a high voltage charge command HVCHG
delivered on line 145 to high voltage charge circuit 164 and
charging is controlled by means of bi-directional control/
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data bus 166 and a feedback signal VCAP from the HV
output circuit 140. High voltage output capacitors 156, 158,
160 and 162 may be of film, aluminum electrolytic or wet
tantalum construction.

The negative terminal of high voltage battery 112 is
directly coupled to system ground. Switch circuit 114 is
normally open so that the positive terminal of high voltage
battery 112 is disconnected from the positive power input of
the high voltage charge circuit 164. The high voltage charge
command HVCHG is also conducted via conductor 149 to
the control input of switch circuit 114, and switch circuit 114
closes in response to connect positive high voltage battery
voltage EXT B+ to the positive power input of high voltage
charge circuit 164. Switch circuit 114 may be, for example,
a field effect transistor (FET) with its source-to-drain path
interrupting the EXT B+ conductor 118 and its gate receiv-
ing the HVCHG signal on conductor 145. High voltage
charge circuit 164 is thereby rendered ready to begin charg-
ing the high voltage output capacitors 156, 158, 160, and
162 with charging current from high voltage battery 112.

High voltage output capacitors 156, 158, 160, and 162
may be charged to very high voltages, e.g., 300-1000V, to be
discharged through the body and heart between the electrode
pair of extravascular cardioversion-defibrillation electrodes
113 and 123. The details of the voltage charging circuitry are
also not deemed to be critical with regard to practicing the
present disclosure; one high voltage charging circuit
believed to be suitable for the purposes of the present
disclosure is disclosed. High voltage capacitors 156, 158,
160 and 162 may be charged, for example, by high voltage
charge circuit 164 and a high frequency, high-voltage trans-
former 168 as described in detail in commonly assigned U.S.
Pat. No. 4,548,209 “Energy Converter for Implantable Car-
dioverter” to Wielders, et al. Proper charging polarities are
maintained by diodes 170, 172, 174 and 176 interconnecting
the output windings of high-voltage transformer 168 and the
capacitors 156, 158, 160, and 162. As noted above, the state
of capacitor charge is monitored by circuitry within the high
voltage output circuit 140 that provides a VCAP, feedback
signal indicative of the voltage to the timing and control
circuit 144. Timing and control circuit 144 terminates the
high voltage charge command HVCHG when the VCAP
signal matches the programmed capacitor output voltage,
e.g., the cardioversion-defibrillation peak shock voltage.

Control circuit 144 then develops first and second control
signals NPULSE 1 and NPULSE 2, respectively, that are
applied to the high voltage output circuit 140 for triggering
the delivery of cardioverting or defibrillating shocks. In
particular, the NPULSE 1 signal triggers discharge of the
first capacitor bank, comprising capacitors 156 and 158. The
NPULSE 2 signal triggers discharge of the first capacitor
bank and a second capacitor bank, comprising capacitors
160 and 162. It is possible to select between a plurality of
output pulse regimes simply by modifying the number and
time order of assertion of the NPULSE 1 and NPULSE 2
signals. The NPULSE 1 signals and NPULSE 2 signals may
be provided sequentially, simultaneously or individually. In
this way, control circuitry 144 serves to control operation of
the high voltage output stage 140, which delivers high
energy cardioversion-defibrillation shocks between the pair
of the cardioversion-defibrillation electrodes 18 and 25
coupled to the HV-1 and COMMON output as shown in
FIG. 2.

Thus, extravascular device 14 monitors the patient’s car-
diac status and initiates the delivery of a cardioversion-
defibrillation shock through the cardioversion-defibrillation
electrodes 18 and 25 in response to detection of a tachyar-
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rhythmia requiring cardioversion-defibrillation. The high
HVCHG signal causes the high voltage battery 112 to be
connected through the switch circuit 114 with the high
voltage charge circuit 164 and the charging of output capaci-
tors 156, 158, 160, and 162 to commence. Charging con-
tinues until the programmed charge voltage is reflected by
the VCAP signal, at which point control and timing circuit
144 sets the HVCHG signal low terminating charging and
opening switch circuit 114. The extravascular device 14 can
be programmed to attempt to deliver cardioversion shocks to
the heart in the manners described above in timed synchrony
with a detected R-wave or can be programmed or fabricated
to deliver defibrillation shocks to the heart in the manners
described above without attempting to synchronize the
delivery to a detected R-wave. Episode data related to the
detection of the tachyarrhythmia and delivery of the cardio-
version-defibrillation shock can be stored in RAM for uplink
telemetry transmission to an external programmer as is well
known in the art to facilitate in diagnosis of the patient’s
cardiac state. A patient receiving the device 14 on a pro-
phylactic basis would be instructed to report each such
episode to the attending physician for further evaluation of
the patient’s condition and assessment for the need for
implantation of a more sophisticated ICD.

Extravascular device 14 desirably includes telemetry cir-
cuit (not shown in FIG. 2), so that it is capable of being
programmed by means of external programmer 20 via a
2-way telemetry link (not shown). Uplink telemetry allows
device status and diagnostic/event data to be sent to external
programmer 20 for review by the patient’s physician. Down-
link telemetry allows the external programmer via physician
control to allow the programming of device function and the
optimization of the detection and therapy for a specific
patient. Programmers and telemetry systems suitable for use
in the practice of the present disclosure have been well
known for many years. Known programmers typically com-
municate with an implanted device via a bi-directional
radio-frequency telemetry link, so that the programmer can
transmit control commands and operational parameter val-
ues to be received by the implanted device, so that the
implanted device can communicate diagnostic and opera-
tional data to the programmer. Programmers believed to be
suitable for the purposes of practicing the present disclosure
include the Models 9790 and CareLink® programmers,
commercially available from Medtronic, Inc., Minneapolis,
Minn.

Various telemetry systems for providing the necessary
communications channels between an external program-
ming unit and an implanted device have been developed and
are well known in the art. Telemetry systems believed to be
suitable for the purposes of practicing the present disclosure
are disclosed, for example, in the following U.S. patents:
U.S. Pat. No. 5,127,404 to Wyborny et al. entitled “Telem-
etry Format for Implanted Medical Device”; U.S. Pat. No.
4,374,382 to Markowitz entitled “Marker Channel Telem-
etry System for a Medical Device”; and U.S. Pat. No.
4,556,063 to Thompson et al. entitled “Telemetry System for
a Medical Device”. The Wyborny et al. 404, Markowitz
*382, and Thompson et al. 063 patents are commonly
assigned to the assignee of the present disclosure, and are
each hereby incorporated by reference herein in their respec-
tive entireties.

According to an embodiment of the present disclosure, in
order to automatically select the preferred ECG vector set,
it is necessary to have an index of merit upon which to rate
the quality of the signal. “Quality” is defined as the signal’s
ability to provide accurate heart rate estimation and accurate

20

25

40

45

60

65

12

morphological waveform separation between the patient’s
usual sinus rhythm and the patient’s ventricular tachyar-
rhythmia.

Appropriate indices may include R-wave amplitude,
R-wave peak amplitude to waveform amplitude between
R-waves (e.g., signal to noise ratio), low slope content,
relative high versus low frequency power, mean frequency
estimation, probability density function, or some combina-
tion of these metrics.

Automatic vector selection might be done at implantation
or periodically (daily, weekly, monthly) or both. Atimplant,
automatic vector selection may be initiated as part of an
automatic device turn-on procedure that performs such
activities as measure lead impedances and battery voltages.
The device turn-on procedure may be initiated by the
implanting physician (e.g., by pressing a programmer but-
ton) or, alternatively, may be initiated automatically upon
automatic detection of device/lead implantation. The turn-on
procedure may also use the automatic vector selection
criteria to determine if ECG vector quality is adequate for
the current patient and for the device and lead position, prior
to suturing the extravascular device 14 device in place and
closing the incision. Such an ECG quality indicator would
allow the implanting physician to maneuver the device to a
new location or orientation to improve the quality of the
ECG signals as required. The preferred ECG vector or
vectors may also be selected at implant as part of the device
turn-on procedure. The preferred vectors might be those
vectors with the indices that maximize rate estimation and
detection accuracy. There may also be an a priori set of
vectors that are preferred by the physician, and as long as
those vectors exceed some minimum threshold, or are only
slightly worse than some other more desirable vectors, the a
priori preferred vectors are chosen. Certain vectors may be
considered nearly identical such that they are not tested
unless the a priori selected vector index falls below some
predetermined threshold.

Depending upon metric power consumption and power
requirements of the device, the ECG signal quality metric
may be measured on the range of vectors (or alternatively, a
subset) as often as desired. Data may be gathered, for
example, on a minute, hourly, daily, weekly or monthly
basis. More frequent measurements (e.g., every minute) may
be averaged over time and used to select vectors based upon
susceptibility of vectors to occasional noise, motion noise,
or EMI, for example.

Alternatively, the extravascular device 14 may have an
indicator/sensor of patient activity (piezo-resistive, acceler-
ometer, impedance, or the like) and delay automatic vector
measurement during periods of moderate or high patient
activity to periods of minimal to no activity. One represen-
tative scenario may include testing/evaluating ECG vectors
once daily or weekly while the patient has been determined
to be asleep (using an internal clock (e.g., 2:00 am) or,
alternatively, infer sleep by determining the patient’s posi-
tion (via a 2- or 3-axis accelerometer) and a lack of activity).

If infrequent automatic, periodic measurements are made,
it may also be desirable to measure noise (e.g., muscle,
motion, EMI, etc.) in the signal and postpone the vector
selection measurement when the noise has subsided.

Extravascular device 14 may optionally have an indicator
of the patient’s posture (via a 2- or 3-axis accelerometer).
This sensor may be used to ensure that the differences in
ECG quality are not simply a result of changing posture/
position. The sensor may be used to gather data in a number
of postures so that ECG quality may be averaged over these
postures or, alternatively, selected for a preferred posture.
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In the preferred embodiment, vector quality metric cal-
culations would occur a number of times over approximately
1 minute, once per day, for each vector. These values would
be averaged for each vector over the course of one week.
Averaging may consist of a moving average or recursive
average depending on time weighting and memory consid-
erations. In this example, the preferred vector(s) would be
selected once per week.

FIG. 3 is a state diagram of detection of arrhythmias in a
medical device according to an embodiment. As illustrated
in FIG. 3, during normal operation, the device 14 is in a not
concerned state 302, during which R-wave intervals (R-R
intervals) are being evaluated to identify periods of rapid
rates and/or the presence of asystole. Upon detection of short
R-wave intervals simultaneously in two separate ECG sens-
ing vectors, indicative of an event that, if confirmed, may
require the delivery of therapy, the device 14 transitions
from the not concerned state 302 to a concerned state 304.
In the concerned state 304 the device 14 evaluates a prede-
termined window of ECG signals to determine the likeli-
hood that the signal is corrupted with noise and to discrimi-
nate rhythms requiring shock therapy from those that do not
require shock therapy, using a combination of R-wave
intervals and ECG signal morphology information.

If a rhythm requiring shock therapy continues to be
detected while in the concerned state 304, the device 14
transitions from the concerned state 304 to an armed state
306. If a rhythm requiring shock therapy is no longer
detected while the device is in the concerned state 304 and
the R-wave intervals are determined to no longer be short,
the device 14 returns to the not concerned state 302. How-
ever, if a rhythm requiring shock therapy is no longer
detected while the device is in the concerned state 304, but
the R-wave intervals continue to be detected as being short,
processing continues in the concerned state 304.

In the armed state 306, the device 14 charges the high
voltage shocking capacitors and continues to monitor
R-wave intervals and ECG signal morphology for sponta-
neous termination. If spontaneous termination of the rhythm
requiring shock therapy occurs, the device 14 returns to the
not concerned state 302. If the rhythm requiring shock
therapy is still determined to be occurring once the charging
of the capacitors is completed, the device 14 transitions from
the armed state 306 to a shock state 308. In the shock state
308, the device 14 delivers a shock and returns to the armed
state 306 to evaluate the success of the therapy delivered.
The shock may be delivered using the therapy circuitry of
device 14, which may include control circuit 144, HV charge
circuit 164, HV output circuit 140, as well as various other
components, e.g., 156, 158, 160, 162, 168, 170, 172, and
174.

The transitioning between the not concerned state 302, the
concerned state 304, the armed state 306 and the shock state
308 may be performed as described in detail in U.S. Pat. No.
7,894,894 to Stadler et al., incorporated herein by reference
in its entirety.

FIG. 4 is a flowchart of a method for detecting arrhyth-
mias in an extravascular device according to an embodiment
of the present disclosure. As illustrated in FIG. 4, device 14
continuously evaluates the two channels ECG1 and ECG2
associated with two predetermined electrode vectors to
determine when sensed events occur. For example, the
electrode vectors for the two channels ECG1 and ECG2 may
include a first vector (ECG1) selected between electrode 20
positioned on lead 16 and the housing or can 25 of ICD 14,
while the other electrode vector (ECG 2) is a vertical
electrode vector between electrode 20 and electrode 22
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positioned along the lead 16. However, the two sensing
channels may in any combination of possible vectors,
including those formed by the electrodes shown in FIG. 2,
or other additional electrodes (not shown) that may be
included along the lead or positioned along the housing of
ICD 14.

According to an embodiment of the present application,
for example, the device 14 determines whether to transition
from the not concerned state 302 to the concerned state 304
by determining a heart rate estimate in response to the
sensing of R-waves, as described in U.S. Pat. No. 7,894,894
to Stadler et al., incorporated herein by reference in its
entirety. Device 14 may, in one example, transition from the
not concerned state 302 to the concerned state 304 when
heart rate estimates on both channels ECG1 and ECG2 is
greater than a VI/VF threshold heart rate. The heart rate
estimate of each of the sensing channels may be estimated
based on the average (or median, mode or other metric) of
a plurality of R-R intervals, e.g., average of the last 12 R-R
intervals. The VI/VF threshold heart rate may be between
150 to 240 beats per minute.

Upon transition from the not concerned state to the
concerned state, Block 305, a most recent window of ECG
data from both channels ECG1 and ECG2 are utilized, such
as three seconds, for example, so that processing is triggered
in the concerned state 304 by a three-second timeout, rather
than by the sensing of an R-wave, which is utilized when in
the not concerned state 302. It is understood that while the
processing is described as being triggered over a three
second period, other times periods for the processing time
utilized when in the concerned state 304 may be chosen, but
should preferably be within a range of 0.5 to 10 seconds. As
a result, although sensing of individual R-waves continues
to occur in both channels ECG1 and ECG2 when in the
concerned state 304, and the buffer of 12 R-R intervals
continues to be updated, the opportunities for changing from
the concerned state 304 to another state and the estimates of
heart rate only occur once the three-second timer expires.
Upon initial entry to the concerned state 304, it is advanta-
geous to process the most recent three-seconds of ECG data,
e.g., BECG data for the three seconds leading up to the
transition to the concerned state 304. This requires a con-
tinuous circular buffering of the most recent three seconds of
ECG data even while in the not concerned state 302.

While in the concerned state 304, device 14 determines
how sinusoidal and how noisy the signals are in order to
determine the likelihood that a ventricular fibrillation (VF)
or fast ventricular tachycardia (VT) event is taking place,
since the more sinusoidal and low noise the signal is, the
more likely a VI/VF event is taking place. As illustrated in
FIG. 4, once the device transitions from the not concerned
state 302 to the concerned state 304, Block 305, a buffer for
each of the two channels ECG 1 and ECG2 for storing
classifications of 3-second segments of data as “shockable”
or “non-shockable” is cleared. Processing of signals of the
two channels ECG1 and ECG2 while in the concerned state
304 is then triggered by the three second time period, rather
than by the sensing of an R-wave utilized during the not
concerned state 302.

Once the three second time interval has expired, YES in
Block 341, morphology characteristics of the signal during
the three second time interval for each channel are utilized
to determine whether the signals are likely corrupted by
noise artifacts and to characterize the morphology of the
signal as “shockable” or “not shockable”. For example,
using the signals associated with the three second time
interval, a determination is made for each channel ECG1 and
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ECG 2 as to whether the channel is likely corrupted by noise,
Block 342, and a determination is then made as to whether
both channels ECG1 and ECG2 are corrupted by noise,
Block 344. According to one embodiment, for example, the
device makes the noise determination in Block 344 as
described in U.S. patent application Ser. No. 14/255,159 to
Zhang, incorporated herein by reference in its entirety.

Upon determining whether the channels ECG1 and ECG2
are corrupted by noise is made, Block 342, a determination
is made as to whether both channels are determined to be
noise corrupted, Block 344. If the signal associated with
both channels ECG1 and ECG2 is determined to likely be
corrupted by noise, both channels are classified as being not
shockable, Block 347, and therefore a buffer for each
channel ECG1 and ECG 2 containing the last three classi-
fications of the channel is updated accordingly and the
process is repeated for the next three-second windows. If
both channels ECG1 and ECG2 are not determined to be
likely corrupted by noise, No in Block 344, the device
distinguishes between either one of the channels being not
corrupted by noise or both channels being not corrupted by
noise by determining whether noise was determined to be
likely in only one of the two channels ECG1 and ECG2,
Block 346.

If noise was likely in only one of the two channels, a
determination is made whether the signal for the channel not
corrupted by noise, e.g., the clean channel, is more likely
associated with a VT event or with a VF event by deter-
mining, for example, whether the signal for that channel
includes R-R intervals that are regular and the channel can
be therefore classified as being relatively stable, Block 348.
If the R-R intervals are determined not to be relatively
stable, NO in Block 348, the signal for that channel is
identified as likely being associated with VF, which is then
verified by determining whether the signal is in a VF shock
zone, Block 350, described below. If R-R intervals for that
channel are determined to be stable, YES in Block 348, the
signal is identified as likely being associated with VT, which
is then verified by determining whether the signal isina VT
shock zone, Block 352, described below.

If noise was not likely for both of the channels, No in
Block 346, e.g., both channels are determined to be clean
channels, a determination is made whether the signal for
both channels is more likely associated with a VT event or
with a VF event by determining whether the signal for both
channels includes R-R intervals that are regular and can be
therefore classified as being relatively stable, Block 356.
The determination in Block 356 of whether the R-R intervals
are determined to be relatively stable may be made using the
method described in U.S. Pat. No. 7,894,894 to Stadler et al.,
incorporated herein by reference in its entirety. If the R-R
intervals are determined not to be relatively stable, NO in
Block 356, the signal for both channels is identified as likely
being associated with VF, which is then verified by deter-
mining whether the signal for each channel is in a VF shock
zone, Block 360, described below. If R-R intervals for both
channels are determined to be stable, YES in Block 356, the
signal is identified as likely being associated with VT, which
is then verified by determining, based on both channels,
whether the signal is in a VT shock zone, Block 358.

A VF shock zone is defined for each channel ECG1 and
ECG2 based on the relationship between the calculated low
slope content and the spectral width associated with the
channel, as described in U.S. patent application Ser. No.
14/255,159 to Zhang, incorporated herein by reference in its
entirety.
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A determination is made for each channel ECG1 and
ECG2 as to whether the low slope content for that channel
is less than both the first boundary 502 and the spectral width
is less than the second boundary 504, e.g., the low slope
content is less than —=0.0013xspectral width+0.415, and the
spectral width is less than 200. For example, once the event
is determined to be associated with VF, e.g., the intervals for
both channels are determined to be irregular, No in Block
356, a determination is made that channel ECG1 is in the VF
shock zone, Yes in Block 360, if, for channel ECG1, both the
low slope content is less than the first boundary 502 and the
spectral width is less than the second boundary 504. The
three second segment for that channel ECG1 is then deter-
mined to be shockable, Block 363 and the associated buffer
for that channel is updated accordingly. If either the low
slope content for the channel is not less than the first
boundary 502 or the spectral width is not less than the
second boundary, the channel ECG1 is determined not to be
in the VF shock zone, No in Block 360, the three second
segment for that channel ECG1 is then determined to be not
shockable, Block 365, and the associated buffer is updated
accordingly.

Similarly, a determination is made that channel ECG2 is
in the VF shock zone, Yes in Block 362, if, for channel
ECG2, both the low slope content is less than the first
boundary 502 and the spectral width is less than the second
boundary 504. The three second segment for that channel
ECG?2 is then determined to be shockable, Block 369 and the
associated buffer for that channel is updated accordingly. If
either the low slope content for the channel is not less than
the first boundary 502 or the spectral width is not less than
the second boundary, the channel ECG2 is determined not to
be in the VF shock zone, No in Block 362, the three second
segment for that channel ECG2 is then determined to be not
shockable, Block 367, and the associated buffer is updated
accordingly.

During the determination of whether the event is within
the VT shock zone, Block 358 of FIG. 4, the low slope
content and the spectral width is determined for each chan-
nel ECG1 and ECG2, as described above in reference to
determining the VF shock zone. A determination is made as
to which channel of the two signal channels ECG1 and
ECG2 contains the minimum low slope content and which
channel of the two signal channels ECG 1 and ECG2
contains the minimum spectral width. A first VT shock zone
is defined based on the relationship between the low slope
content associated with the channel determined to have the
minimum low slope content and the spectral width associ-
ated with the channel determined to have the minimum
spectral width.

As described, during both the VF shock zone test, Blocks
360 and 362, and the VT shock zone test, Block 358, the test
results for each channel ECG1 and ECG2 as being classified
as shockable or not shockable are stored in a rolling buffer
containing the most recent eight such designations, for
example, for each of the two channels ECG1 and ECG2 that
1s utilized in the determination of Block 356, as described
below.

If only one of the two channels ECG1 and ECG2 is
determined to be corrupted by noise, Yes in Block 346, a
determination is made whether the signal for the channel not
corrupted by noise, e.g., the “clean channel”, is more likely
associated with a VT event or with a VF event by deter-
mining whether the signal for the clean channel includes
R-R intervals that are regular and can be therefore classified
as being relatively stable, Block 348. If the R-R intervals are
determined not to be relatively stable, NO in Block 348, the
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signal for the clean channel is identified as likely being
associated with VF, which is then verified by determining
whether the signal for the clean channel is in a VF shock
zone, Block 350, described below. If R-R intervals for the
clean channel are determined to be stable, YES in Block
348, the signal is identified as likely being associated with
VT, which is then verified by determining whether the signal
for the clean channel is in a VT shock zone, Block 352.

According to an embodiment, in order to determine
whether the signal for the clean channel includes R-R
intervals that are regular and the clean channel can be
therefore classified as being either relatively stable, Yes in
Block 348, or relatively unstable, No in Block 348, the
device discriminates VT events from VF events in Block
348 by determining whether the relative level of variation in
the RR-intervals associated with the clean channel is regular,
as described in U.S. patent application Ser. No. 14/255,159
to Zhang, incorporated herein by reference in its entirety. For
example, predetermined maximum and minimum intervals
for the clean channel are identified from the updated buffer
of 12 RR-intervals, Block 342 of FIG. 4. According to an
embodiment, the largest RR-interval and the sixth largest
RR-interval of the twelve RR-intervals are utilized as the
maximum interval and the minimum interval, respectively.

The difference between the maximum RR-interval and the
minimum RR-interval of the 12 RR-intervals is calculated to
generate an interval difference associated with the clean
channel. A determination is then made as to whether the
interval difference is greater than a predetermined stability
threshold, such as 110 milliseconds, for example.

If the interval difference is greater than the stability
threshold, the event is classified as an unstable event, and
therefore the clean channel is determined not to include
regular intervals, No in Block 348, and a determination is
made as to whether the signal associated with the clean
channel is within a predetermined VF shock zone, Block 350
of FIG. 4, described below. If the interval difference is less
than or equal to the stability threshold, the device determines
whether the minimum R-R interval is greater than a mini-
mum interval threshold, such as 200 milliseconds, for
example.

If the minimum interval is less than or equal to the
minimum interval threshold, the event is classified as an
unstable event, and therefore the clean channel is determined
not to include regular intervals, No in Block 348, and a
determination is made as to whether the signal associated
with the clean channel is within a predetermined VF shock
zone, Block 350 of FIG. 4, described below. If the minimum
interval is greater than the minimum interval threshold, the
device determines whether the maximum interval is less
than or equal to a maximum interval threshold, such as 333
milliseconds for example. If the maximum interval is greater
than the maximum interval threshold, the event is classified
as an unstable event and therefore the clean channel is
determined not to include regular intervals, No in Block 348,
and a determination is made as to whether the signal
associated with the clean channel is within a predetermined
VF shock zone, Block 350 of FIG. 4, described below. If the
maximum interval is less than or equal to the maximum
interval threshold, the event is classified as a stable event
and therefore the clean channel is determined to include
regular intervals, Yes in Block 348, and a determination is
made as to whether the signal associated with the clean
channel is within a predetermined VT shock zone, Block 352
of FIG. 4, described below.

The determination of whether the clean channel is within
the VF shock zone, Block 350, is made based upon a low
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slope content metric and a spectral width metric, similar to
the VF shock zone determination described above in refer-
ence to Blocks 360 and 362, both of which are determined
for the clean channel using the method described above.
Once the low slope content metric and a spectral width
metric are determined for the clean channel, the determina-
tion of whether the clean channel is in the VF shock zone is
made as described in U.S. patent application Ser. No.
14/255,159 to Zhang, incorporated herein by reference in its
entirety, so that if either the low slope content for the clean
channel is not less than the first boundary or the spectral
width is not less than the second boundary, the clean channel
is determined not to be in the VF zone, No in Block 350 and
both channels are classified as not shockable, Block 351, and
the associated buffers are updated accordingly.

If the low slope content for the clean channel is less than
the first boundary and the spectral width is less than the
second boundary, the clean channel is determined to be in
the VF zone, Yes in Block 350. A determination is then made
as to whether the channel determined to be corrupted by
noise, e.g., the “noisy channel”, is within the VF shock zone,
Block 354. If either the low slope content for the noisy
channel is not less than the first boundary or the spectral
width is not less than the second boundary, the noisy channel
is determined not to be in the VF zone, No in Block 354, the
clean channel is classified as shockable and the noisy
channel is classified as not shockable, Block 355, and the
associated buffers are updated accordingly.

If the low slope content for the noisy channel is less than
the first boundary and the spectral width is less than the
second boundary, the noisy channel is determined to be in
the VF zone, Yes in Block 354, both the clean channel and
the noisy channel are classified as being shockable, Block
353, and the associated buffers are updated accordingly.

Similar to the VT shock zone determination described
above in reference to Block 358, during the determination as
to whether the clean channel is within the VT shock zone in
Block 352, the low slope content and the spectral width is
determined for the clean channel as described above in
reference to determining the VF shock zone. The first VT
shock zone is defined based on the relationship between the
low slope content and the spectral width associated with the
clean channel and the second VT shock zone is defined
based on the relationship between the low slope count and
the normalized mean rectified amplitude associated with the
clean channel. The normalized mean rectified amplitudes for
the clean channel is the same as described above in reference
to the noise detection tests of Block 344. For example,
according to an embodiment, the second VT shock zone is
defined by a second boundary 526 associated with the
relationship between the low slope count and the normalized
mean rectified amplitude of the clean channel.

If both the low slope count is less than the first boundary
and the normalized mean rectified amplitude is greater than
the second boundary, the clean channel is determined to be
in the VT shock zone, Yes in Block 352, both channels are
classified as being shockable, Block 353, and the associated
buffers are updated accordingly. If the clean channel is
determined to be outside the VT shock zone, No in Block
352, both channels are classified as being not shockable,
Block 351, and the associated buffers are updated accord-
ingly.

According to an embodiment of the present disclosure, in
addition to the classification of the sensing channels ECG1
and ECG2 as being shockable or not shockable using a gross
morphology analysis, as described in FIG. 4, for example,
the device also performs a beat-based analysis of the indi-
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vidual beats within each of the three-second windows, Block
368, so that the decision on state transitions (e.g. as to
whether to transition from the concerned operating state 304
to the armed operating state 306 in Block 370, or from the
armed state 306 to the shock state 308) is made based on the
results of both an analysis of the gross morphology of the
signal in the three-second window or windows for each
sensing channel ECG1 and ECG2, and an analysis of the
morphology of individual beats or R-waves in the three-
second window or windows for each sensing channel ECG1
and ECG?2, as described below. For a three-second segment
to be classified as shockable, both the gross morphology and
beat-based analysis have to classify the same three-second
segment as shockable.

According to an embodiment, the device also determines
a confidence level measurement during the beat-based
analysis, Block 368, to determine whether the beat-based
analysis may be corrupted by noise, and therefore determine
whether the beat-based classification is verified. In other
words, the device determines whether a window around the
beat itself is corrupted by noise. This window is different
than the three-second window of ECG1 and ECG 2. In one
example, this window may be defined to include a number
of samples before and after an identified peak of the beat or
the sensing marker from the vector. In this way, the device
performs two separate noise determinations of the same
signal within the same sensing channels ECG1 and ECG2
for use in the state transition decision, one determination
during the gross morphology analysis, Block 342-346, and
the second determination during the beat-based analysis,
Block 368.

For example, according to an embodiment, in order to
determine whether to transition from the concerned operat-
ing state 304 to the armed operating state 306, the device
determines whether a predetermined number, such as two
out of three for example, of three-second segments for both
channels ECG1 and ECG2 have been classified as being
shockable during the gross morphology analysis, Blocks
353, 357, 363 and 369, and determines whether those
three-second segments for both channels have also been
classified as being shockable during the beat-based analysis,
and/or whether the beat-based analysis for one or both of the
channels may be corrupted by noise, Block 368. If the
predetermined number of three-second segments in both
channels ECG1 and ECG2 have been classified as shockable
during both the gross morphology analysis and the beat-
based analysis and noise determination, the device transi-
tions from the concerned state 304 to the armed state 306,
Yes in Block 370. When the device determines to transition
from the concerned state 304 to the armed state 306, Yes in
Block 370, processing continues to be triggered by a three-
second time out as is utilized during the concerned state 304,
described above.

If the predetermined number of three-second segments in
both channels ECG1 and ECG2 have not been classified as
shockable during both the gross morphology analysis and
the beat-based analysis, the device does not transition from
the concerned state 304 to the armed state 306, No in Block
370, and a determination as to whether to transition back to
the not concerned state 302 is made, Block 372. The
determination as to whether to transition from the concerned
state 304 back to the not concerned state 302 is made, for
example, by determining whether a heart rate estimate is less
than a heart rate threshold level in both of the two channels
ECG1 and ECG2, using the method for determining a heart
rate estimate as described in U.S. Pat. No. 7,894,894 to
Stadler et al., incorporated herein by reference in its entirety.
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If it is determined that the device should not transition to the
not concerned state 302, e.g., either of the two heart rate
estimates are greater than the heart rate threshold, No in
Block 372, the process continues using the signal generated
during a next three-second window, Block 341.

As described above, the determination of whether the
sensing channels ECG1 and ECG2 are shockable or not
shockable, Blocks 353, 355, 357, and 363-369, is performed
by analyzing the gross morphology of a sensed waveform
occurring within the three-second windows. The ECG signal
is segmented into n-second intervals, e.g., 3 second intervals
that are used for determining gross morphology features of
the three-second waveform. In particular, the gross morphol-
ogy features are determined across an n-second time interval
without relying on R-wave sensing and are therefore fea-
tures making up the whole waveform signal that can be
determined from the ECG signal independent of individual
cardiac signals of the cardiac cycle, e.g., individual beats or
R-waves contained within the three-second window that are
within the entire three-second window. A single waveform in
the n-second window begins at the start of the window,
extends through entire window, ending at the end of the
three-second window so that a single morphology determi-
nation is made for the single waveform included within the
single three-second window.

On the other hand, multiple cardiac cycles, e.g., R-waves
signals, are included within the three-second window, and
therefore the n-second window may start and end at any time
point relative to each of the individual R-wave signals
irrespective of where an individual R-wave signal starts and
ends, so that multiple individual beat-based determinations
are made during the beat-based analysis for the multiple beat
waveforms included within the single three-second window.

Morphology features computed for the single waveform
extending across the n-second time period are referred to as
“gross” morphology features because the features are char-
acteristics of the single signal, extending from the start to the
end of the window, that is extracted, independent of cardiac
cycle timing, from a time segment that includes multiple
individual cardiac cycles. In contrast, morphology features
extracted from the ECG signal during a cardiac cycle are
referred to as “beat-based” features. Beat-based features are
determined from an ECG signal segment over a time interval
of one cardiac cycle of multiple cardiac cycles contained
within a single three-second window. Beat-based features
may be averaged or determined from multiple cardiac cycles
but are representative of a single feature of the ECG signal
during a cardiac cycle. Determination of a beat feature is
dependent on identifying the timing of a cardiac cycle, or at
least a sensed event such as an R-wave, as opposed to
determining gross features independent of the cardiac cycle
over a time segment that is typically longer than one cardiac
cycle.

Therefore, as described above, in addition to performing
the morphology analysis of the whole waveform within the
three-second windows associated with each sensing channel
ECG1 and ECG2, the device performs a beat-based analysis
of the signal sensed simultaneously within both channels
ECG1 and ECG2, and/or whether the beat-based analysis for
one or both of the channels is likely corrupted by noise
Block 368. During the beat-based analysis, individual beats
located within a three-second window are compared to a
stored template, such as a beat template obtained during
normal sinus rhythm, for example, to determine whether
individual beats should be classified as a match beat or a
non-match beat. The template may be input within the
device manually by a clinician through visual analysis of
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ECG signals, or may be generated by the device after being
implanted in the patient. For example, according to one
embodiment, the device may generate the template using a
fourth order signal of a predetermined number of beats, as
described in commonly assigned U.S. patent application Ser.
No. 13/826,097, incorporated herein by reference in its
entirety. The techniques described herein may be used to
identify the beats to be used to generate the template.

FIG. 5 is a flowchart of a method for performing beat-
based analysis during detection of arrhythmias in a medical
device, according to an embodiment of the present disclo-
sure. Therefore, as described above, in addition to perform-
ing the morphology analysis of the whole waveform within
the three-second windows associated with each sensing
channel ECG1 and ECG2, the device performs a beat-based
analysis of the signal sensed simultaneously within both
channels ECG1 and ECG2, Block 368 of FIG. 4. In par-
ticular, as illustrated in FIG. 5, for each three-second sensing
window associated with the respective sensing channels
ECG1 and ECG2, the device locates a single beat, e.g.,
R-wave, of the multiple beats in the three-second window,
Block 400, and performs a beat-based analysis of the single
beat, Block 402. According to an embodiment, for example,
during the beat-based analysis, Block 402, the device com-
putes a normalized waveform area difference (NWAD)
between the beat, also identified herein as “the unknown
beat”, and a predetermined beat template, such as a normal
sinus rhythm beat template, for example, and determines
whether the beat matches the template, Block 404, based on
the determined normalized waveform area difference, as
described below.

Using the results of the comparison of the beat to the
template, the device determines whether the beat is either a
match beat or a non-match beat, Block 404, by determining
whether the beat matches the sinus rhythm beat template
within a predetermined percentage, such as 60 percent, for
example. If the beat matches the template by the predeter-
mined percentage or greater, Yes in Block 404, the beat is
identified as a match beat, Block 406. If the beat matches the
template by less than the predetermined percentage, No in
Block 404, the beat is identified as a non-match beat, Block
408.

FIG. 6 is a flowchart of a method for aligning an ECG
signal of an unknown beat with a known morphology
template for beat-based analysis during detection of arrhyth-
mias in a medical device, according to an embodiment of the
present disclosure. In order to perform the comparison of the
unknown beat with the template in Block 404 of FIG. 5 to
identify the beat as being either a match beat or a non-match
beat, the unknown beat must be aligned with the template.
As illustrated in FIG. 6, during alignment of the unknown
beat with the template, Block 450, the device identifies
individual beats within the three-second window based on
determined R-wave sense signals, Block 452, and for each
beat stores n points before and n points after the sample
point on which the R-wave sense occurs. The 2n+1 sample
points define an alignment window within which an align-
ment point will be identified for alignment with the clinician
input or device generated template, such as a normal sinus
rhythm template, for example. In one embodiment, the
alignment window is 53 sample points centered on the
R-wave sense point. These sample points are stored in a
memory buffer at block 454.

Once the sample points are determined for the beat, the
device determines a fourth order difference signal for the
beat from the buffered signal sample data, Block 456. The
maximum slope of the fourth order difference signal is
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determined and compared to a maximum slope threshold,
e.g. approximately 136 analog-to-digital (A/D) conversion
units, Block 458. If the slope threshold is not met, No in
Block 458, the signal may be rejected as a weak signal, no
further analysis of that beat is performed, and the process
continues with the next beat in the three-second window,
Block 452. If the maximum slope is greater than the thresh-
old, Yes in Block 458, indicating that at least one pulse
corresponding to an R-wave is likely to be present in the
alignment window, pulses associate with the individual beat
within the alignment window are identified, Block 460.

To identify pulses associated with the beat within the
alignment window, pulse criteria may be established, such as
having a pulse width equal to at least some minimum
number of sample points and a pulse amplitude of at least
some minimum amplitude. The number of pulses identified,
or lack thereof, within the alignment window may be used
to reject a “cardiac cycle” as a noisy cycle or a weak signal.
One or more pulses, including negative-going and positive-
going pulses, may be identified according to amplitude and
pulse width criteria. In some examples, a pulse may be
identified based on a slope, maximum peak amplitude (posi-
tive or negative), pulse width or any combination thereof. If
a threshold number of pulses is identified within the align-
ment window, the cycle may be considered a noisy cycle.
While not shown explicitly in FIG. 6, a noisy cycle may be
flagged or rejected for use in morphology analysis.

After identifying all pulses from the fourth order differ-
ence signal in the alignment window, a pulse having a
maximum pulse amplitude and having the same polarity as
a stored template alignment point is identified, Block 462.
The sample point having the maximum pulse amplitude
(absolute value) that also matches the polarity of the tem-
plate alignment point is identified and defined as the
unknown signal alignment point.

An alignment shift is computed, Block 464, as the dif-
ference in sample point number between the alignment point
identified, Block 462, and the previously established tem-
plate alignment point. The alignment shift is the number of
sample points that the unknown beat must be shifted in order
to align the unknown signal alignment point with the tem-
plate alignment point. The alignment shift is applied by
shifting the unknown beat sample points to align the
unknown beat and the template over the alignment window,
Block 466. The alignment shift may be applied to the fourth
order difference signal itself if the template is stored as an
ensemble average of aligned fourth order difference signals
or stored as the fourth order difference signal of an ensemble
average of aligned raw ECG signals. The alignment shift
may additionally or alternatively be applied to the digitized
raw signal sample points of the unknown signal when the
template is the ensemble average of the raw signal sample
points acquired during a known rhythm and aligned using
the fourth order difference signal, as described in the tem-
plate generation described in commonly assigned U.S. pat-
ent application Ser. No. 13/826,097, incorporated herein by
reference in its entirety. In another variation, the template
may be the fourth order difference signal of ensemble
averaged raw signals, and the fourth order difference signal
of the unknown raw signal is aligned with the fourth order
difference template.

FIG. 7 is a flowchart of a method for computing a
morphology metric to determine the similarity between a
known template aligned with an unknown cardiac cycle
signal according to one embodiment. After aligning the
unknown beat and the template using the fourth order
difference signal alignment points, the morphology between
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the unknown beat and the template is compared, Block 470.
Numerous types of morphology analysis could be used, such
as wavelet analysis, comparisons of fiducial points (peak
amplitude, zero crossings, maximum slopes, etc.) or other
techniques. In one embodiment, a NWAD is computed using
a morphology analysis window that is a subset of, i.e. a
number of sample points less than, the alignment window.

The operations performed by the device as described in
conjunction with FIG. 7 may be performed on the aligned
raw signal and corresponding template and/or the aligned
fourth order difference signal and corresponding fourth
order difference signal template.

As illustrated in FIG. 7, during the comparing of an
individual beat with the beat template, the device determines
the R-wave width of the unknown signal, Block 472. In an
illustrative embodiment, in order to determine the R-wave
width, the device determines an onset and an offset point of
the R-wave. During the determination of the onset and
offset, the maximum positive pulse and the maximum nega-
tive of the fourth order difference signal are identified. The
maximum positive pulse is an identified pulse having posi-
tive polarity and maximum positive peak value; the maxi-
mum negative pulse is an identified pulse having negative
polarity and maximum absolute peak value. If the R wave
has a positive polarity in the raw ECG signal, the maximum
positive pulse will precede the maximum negative pulse on
the 4”-order difference waveform. An onset threshold is set
based on the amplitude of the maximum positive pulse and
an offset threshold is set based on the amplitude of the
maximum negative pulse. For example, one-eighth of the
peak amplitude of the maximum positive pulse may be
defined as the onset threshold and one eighth of the negative
peak amplitude of the maximum negative pulse may be
defined as the offset threshold.

The onset of the R-wave is identified as the first sample
point to the left of the maximum positive pulse (e.g. moving
from the pulse peak backward in time to preceding sample
points) to cross the onset threshold. The offset of the R-wave
is identified as the first sample point to the right of the
maximum negative pulse crossing the offset threshold. The
R-wave width is the difference between the onset sample
point number and the offset sample point number, i.e. the
number of sampling intervals between onset and offset.

For an R-wave having a negative polarity on the raw
waveform, the maximum negative pulse will precede the
maximum positive pulse on the fourth order difference
signal. As such, the onset threshold is set as a proportion of
the maximum negative peak amplitude of the maximum
negative pulse of the fourth order difference signal, and the
offset threshold is set as a proportion of the maximum
positive peak amplitude of the maximum positive pulse. The
R-wave onset is detected as the first sample point to cross the
onset threshold when moving left (earlier in time) from the
maximum negative peak. The R-wave offset is detected as
the first sample point to cross the offset threshold moving
right (later in time) from the maximum positive peak. The
R-wave width is the difference between the onset sample
point and the offset sample point. This method of computing
an R-wave width based on onset and offset points identified
from the fourth order difference signal is illustrated below in
FIG. 9.

The device sets a morphology analysis window in
response to the R-wave width determined from the fourth
order difference signal, Block 474. The morphology of the
R-wave itself is of greatest interest in classifying the
unknown beat. Processing time can be reduced by compar-
ing only the sample points of greatest interest without
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comparing extra points, for example baseline points or Q- or
S-wave points, preceding or following the R-wave. The
morphology analysis window is therefore a proportion of the
sample points that is less than the total number of sample
points aligned in the alignment window.

In one embodiment, different ranges of R-wave width
measurements may be defined for which different respective
sample numbers will be used to set the morphology analysis
window. For example, if the R-wave width is greater than 30
sample intervals, the morphology analysis window is set to
a first number of sample points. If the R-wave width is
greater than 20 sample intervals but less than or equal to 30
sample intervals, the morphology analysis window is set to
a second number of sample points less than the first number
of sample points. If the R-wave width is less than or equal
to 20 sample points, the morphology analysis window is set
to a third number of sample points less than the second
number of sample points. Two or more R-wave width ranges
may be defined, each with a corresponding number of
sample points defining the morphology analysis window. At
least one of the R-wave width ranges is assigned a number
of sample points defining the morphology analysis window
to be less than the alignment window. In some embodiments
all of the R-wave width ranges are assigned a number of
sample points defining the morphology analysis window to
be less than the alignment window.

In the example given above, the alignment window is 53
sample points. If the R-wave width is greater than 30 sample
intervals, the morphology window is defined to be 48 sample
points. The morphology analysis window may include 23
points preceding the R-wave sense point, the R-wave sense
point itself, and 24 points after the R-wave sense point. If the
R-wave width is greater than 20 but less than or equal to 30
sample intervals, the morphology window is defined to be 40
sample points (e.g. 19 before the R-wave sense point and 20
after the R-wave sense signal). If the R-wave width is less
than or equal to 20 sample intervals, the window is defined
to be 30 sample points (e.g. 14 before and 15 points after the
R-wave sense point and including the R-wave sense point).

In other embodiments, the number of sample points in the
morphology analysis window may be defined as a fixed
number of sample points greater than the R-wave width, for
example the R-wave width plus 12 sample points. In another
example, the number of sample points defining the mor-
phology analysis window may be computed as the R-wave
width plus a rounded or truncated percentage of the R-wave
width. For example, the morphology analysis window may
be defined as the R-wave width plus fifty percent of the
R-wave width (i.e. 150% of the R-wave width), up to a
maximum of the total alignment window or some portion
less than the total alignment window.

The morphology window is applied to both the unknown
beat and the template. With the template and unknown
cardiac signal aligned within the alignment window, the
same number of sample points taken prior to and after the
unknown beat alignment point is taken prior to and after the
template alignment point.

After setting the morphology analysis window, Block
474, a morphology metric of the similarity between the
unknown signal and the template, such as the normalized
waveform area difference (NWAD), for example, is com-
puted, Block 476. Different methods may be used to com-
pute a NWAD. In an illustrative method, the NWAD is
computed by normalizing the absolute amplitude of each of
the unknown beat sample points and the template sample
points within the morphology window by a respective
absolute maximum peak amplitude value. A waveform area
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difference is then calculated by summing the absolute ampli-
tude differences between each aligned pair of normalized
sample points in the unknown signal and in the template
over the morphology window.

This waveform area difference may be normalized by a
template area. The template area is computed as the sum of
all of the absolute values of the normalized template sample
points in the morphology window. The NWAD is then
calculated as the ratio of the waveform area difference to the
template area. The NWAD for the aligned signals is stored.

This NWAD may be compared to a threshold to classify
the unknown beat as matching the template based on a high
correlation between the unknown beat and the template
evidenced by a NWAD exceeding a match threshold. One or
more NWADs may be computed for a given unknown beat.
In the example shown in FIG. 7, additional NWADs may be
computed by shifting the aligned template relative to the
already aligned unknown signal by one or more sample
points, Block 478. In one embodiment, the template is
shifted by one sample point to the right, two sample points
to the right, one sample point to the left and two sample
points to the left to obtain five different alignments of the
template and unknown signal. For each template alignment,
i.e. with alignment points aligned, and with template and
unknown signal alignment points shifted relative to each
other by one point and two points in each direction, a NWAD
is computed, Block 480. In this way, five NWADs are
computed to measure the similarity between the unknown
beat and the template (in aligned and shifted positions).

The device selects the NWAD having the greatest value as
the morphology metric for the unknown beat, which is then
compared to the match threshold, Block 482, to classify the
unknown beat as being either a match beat or a non-match,
Block 484, as described above in Blocks 404-408 of FIG. 5.

FIG. 8 is an exemplary plot of alignment of an unknown
beat and a template for computing a normalized waveform
area difference during beat-based analysis, according to one
embodiment. As illustrated in FIG. 8, the unknown raw ECG
signal 502 and the raw ECG signal template 504 (ensemble
average of n raw signals aligned using fourth order differ-
ence signal) are used for determining a morphology match
metric over a beat window 512. The width of the beat
window 512 and the alignment of the unknown signal 502
and template 504 are based on analysis of fourth order
difference.

The raw ECG signal 502 is aligned with a template
alignment point 506 of the template 504 of the raw ECG
signal established during NSR, identified from an ensemble
averaged fourth order difference signal as the maximum
absolute pulse amplitude value. An unknown signal align-
ment point 508 is identified from the fourth order difference
signal of the unknown raw ECG signal 502. The unknown
signal alignment point 508 is the maximum absolute pulse
amplitude value having the same polarity as the template
alignment point 506.

After aligning the template 504 with the unknown raw
ECG signal 502 over an alignment window 510, a beat
window 512 is set. The beat window 512 is a subset of, i.e.
shorter than or fewer sample points than, the alignment
window 510. The beat window 512 is set based on an
R-wave width measured from the fourth order difference
signal of the unknown signal as described below in con-
Junction with FIG. 9. The beat window 512 is set in response
to the R-wave width measurement as some sample number
greater than the R-wave width, as described above.

The device determines a template area 514 as the sum of
all of the normalized absolute values of the template sample
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points within the beat window 512. The values are normal-
ized by the absolute value of the maximum amplitude of the
template. The waveform area difference 516 is computed as
the summation of the absolute values of the differences
between the aligned normalized absolute values of the
unknown ECG signal sample points and the normalized
absolute values of the template sample points. The NWAD
is determined by taking the ratio of the waveform area
difference 516 to the template area 514, which is then used
in the determination, Block 404, of whether the unknown
beat is a match beat, Block 406, or a non-match beat, Block
408, in FIG. 5.

FIG. 9 is an exemplary plot illustrating a technique for
determining an R-wave width and computing a normalized
waveform area difference during beat-based analysis,
according to another embodiment. In the example illustrated
in FIG. 9, a fourth order difference signal 520 of the
unknown raw BCG signal is aligned with a fourth order
difference signal template 522 for determining a morphol-
ogy match metric over a morphology analysis window 530.

The unknown fourth order difference signal 520 is derived
from the unknown raw ECG signal sensed by the device and
is aligned with the fourth order difference template 522
established during NSR. The template alignment point 524
is identified as the maximum absolute pulse amplitude value
of the fourth order difference template. The unknown signal
alignment point 526 is identified as the maximum absolute
pulse amplitude value having the same polarity as the
template alignment point 524. The unknown fourth order
difference signal 520 is shifted over the alignment window
528 by an alignment shift required to align the unknown
signal alignment point 526 with the template alignment
point 524 as shown.

After aligning the template 522 with the unknown fourth
order difference signal 520 over alignment window 528, a
morphology window 530 is set. The morphology window
530 is a subset of the alignment window 528 and is based on
an R-wave width 532 measured from the unknown fourth
order difference signal 520.

In order to determine the R-wave width 532, the device
determines the difference between an R-wave onset point
534 and an R-wave offset point 536 of the fourth order
difference signal 520 of the unknown beat. In order to
determine an R-wave onset point 534, the device determines
a maximum positive pulse peak amplitude 538, and sets an
onset threshold 540 as a proportion of the maximum positive
pulse peak amplitude 538. In one embodiment, the device
sets the onset threshold 540 as one-eighth of the maxinum
positive pulse peak amplitude 538. The onset point 534 is
identified as the first point to the left of the maximum
positive pulse peak crossing the onset threshold 540, i.e.
equal to or greater than the onset threshold 540.

The device sets an offset threshold 542 as a proportion of
a maximum negative pulse peak amplitude 544, and the
offset point 536 is identified as the first point crossing the
offset threshold 542 to the right of the maximum negative
pulse. The device determines the R-wave width 532 as being
the difference between the onset point 534 and the offset
point 536. The morphology analysis window 530 is set in
response to the R-wave width measurement as some sample
number greater than the R-wave width 532, as described
previously.

In other examples, the maximum negative pulse may
occur earlier in the alignment window than the maximum
positive pulse. If this is the case, the onset threshold is set as
a proportion of the maximum negative pulse peak amplitude
and the onset point is determined as the first point crossing
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the onset threshold to the left of the maximum negative
peak. Likewise, the offset threshold is set as a proportion of
the maximum positive pulse peak amplitude, and the offset
point is determined as the first point to the right of the
maximum positive pulse to cross the offset threshold.

The morphology analysis window 530 may be centered
on an R-wave sense signal. In some embodiments, the
morphology analysis window 530, determined from the
fourth order difference signal 520, is applied to the unknown
raw ECG signal aligned with a raw ECG signal template, for
example beat window 512 as shown in FIG. 8. The mor-
phology match metric is determined from the raw ECG
signal 502 and template 504. In the example illustrated in
FIG. 9, the morphology analysis window 530 is applied to
the fourth order difference signal 520; the morphology
match metric is determined from the fourth order difference
signal 520 and fourth order difference template 522.

The template area 546 is computed as the sum of all of the
normalized absolute values of the template sample points
within the morphology window 530. The values are nor-
malized by the absolute value of the maximum amplitude of
the template 522 (in this example point 526). The device
determines the waveform area difference 548 as the sum-
mation of the absolute differences between the aligned
normalized absolute values of the unknown fourth order
difference signal sample points and the normalized absolute
values of the template sample points. The NWAD is deter-
mined by the device as the ratio of the waveform area
difference 548 and the template area 546, and is compared
to a match threshold to classify the unknown beat corre-
sponding to the fourth order difference signal 520 as being
either a match beat or a non-match beat, Blocks 406 and 408
of FIG. 5.

Returning to FIG. 5, once the individual beat is identified
as being either a match beat, Block 406, or a non-match beat,
Block 408, using the normalized waveform area difference
analysis described above, the device determines whether the
individual beat may be corrupted, such as by noise, for
example, thereby reducing the level of confidence in the
determination that the beat is either a match beat, Block 406,
or a non-match beat, Block 408. Based on the determined
level of confidence, the device may determine that the beat
should be discarded in the beat-based shockable/not shock-
able analysis for the three-second window, as described
below.

If the beat confidence threshold is satisfied, Yes in Block
410, the beat is considered a high confidence beat and
therefore is identified as a beat that should not be discarded,
Block 412. If the beat confidence threshold is not satisfied,
No in Block 410, the beat is considered a low confidence
beat and therefore is identified as a beat that should be
discarded, Block 414. Once the beat is identified as either
being a high confidence beat, Block 412, or a low confidence
beat, Block 414, the device determines whether the deter-
mination has been made for all of the beats in the three-
second window, Block 416. If the determination has not
been made for all of the beats in the three-second window,
the process of identifying a beat as being either a match beat
or a non-match beat and a high confidence beat or a low
confidence beat, Blocks 400-414, is repeated for the next
beat.

FIG. 10 is a flowchart of a method for determining an
individual beat confidence during beat-based analysis,
according to one embodiment. In order to determine whether
the beat confidence threshold is satisfied in Block 410 of
FIG. 5, the device determines a narrow pulse count, e.g.,
pulse number, for the plurality of pulses associated with the
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beat using parameters previously determined during the
normalized waveform area difference analysis in Block 402,
described above.

For example, in order to determine the narrow pulse count
for each individual beat, the device determines, for each
individual pulse of the pulses identified in the alignment
window for the beat during the alignment of the unknown
beat with the template, Block 460 of FIG. 6, whether the
width of the pulse is less than a predetermined threshold. In
particular, as illustrated in FIG. 10, the device gets a single
pulse of the identified pulses for the beat, Block 600,
determines a pulse width associated with the pulse, Block
622, and determines whether the pulse width is less than or
equal to a pulse width threshold, Block 604.

In addition to determining whether the pulse width of the
individual pulse is less than or equal to the pulse width
threshold, Yes in Block 604, the device also determines
whether the absolute amplitude of the pulse is greater than
an amplitude threshold, Block 606. According to an embodi-
ment, the pulse width threshold may be set as 23 millisec-
onds, for example, and the amplitude threshold is set as a
fraction, such as one eighth, for example, of the maximum
slope used in the determination of whether the slope thresh-
old was met during the aligning of the beat with the
template, Block 458 of FIG. 6.

While the pulse width determination, Block 604, is illus-
trated as occurring prior to the amplitude threshold deter-
mination, Block 606, it is understood that the sequence of
the determinations of Blocks 604 and 606 is not overriding.
Therefore, if either the pulse width of the individual pulse is
not less than or equal to the pulse width threshold, No in
Block 604, or the absolute amplitude of the pulse is not
greater than the amplitude threshold. No in Block 606, the
pulse is determined not to be included in the narrow pulse
count. The device continues by determining whether the
determination of whether the number of pulses satisfying the
narrow pulse count parameters has been made for all of the
identified pulses (Block 460 of FIG. 6) for the beat, Block
610. If the determination has not been made for all of the
identified pulses, No in Block 610, the device identifies the
next pulse, Block 600, and the process of determining a
narrow pulse count for that beat, Blocks 602-608, is repeated
for the next pulse.

If both the pulse width of the individual pulse is less than
or equal to the pulse width threshold, Yes in Block 604, and
the absolute amplitude of the pulse is greater than the
amplitude threshold, Yes in Block 606, the number of pulses
satisfying the width and amplitude thresholds for the indi-
vidual beat, e.g., the narrow pulse count, is increased by one,
Block 608.

Once the determination has been made for all of the
identified pulses associated with the beat, Yes in Block 610,
the device sets the narrow pulse count for the beat, Block
612, equal to the resulting updated narrow pulse count,
Block 608. In this way, the narrow pulse count for the beat
is the total number of pulses of the identified pulses for the
beat that satisfy both the width threshold, e.g., the number of
pulses that have a pulse width less than 23 milliseconds, and
the amplitude threshold, e.g., the number of pulses that have
an absolute amplitude greater than one eighth of the maxi-
mum slope used in the determination of whether the slope
threshold was met during the aligning of the beat with the
template, Block 456 of FIG. 6. The final narrow pulse count
from Block 612 is then used by the device in the determi-
nation of whether the beat confidence threshold is satisfied
for the beat, Block 410 of FIG. 5.
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Returning to FIG. 5, when determining whether the beat
confidence threshold has been satisfied for the beat, the
device determines compares the narrow pulse count for the
beat obtained from Block 612 of FIG. 10 to a narrow pulse
count threshold, such as 3, for example. If the narrow pulse
count is less than the narrow pulse count threshold, the beat
confidence threshold is satisfied, Yes in Block 410, the beat
is considered a high confidence beat and therefore is iden-
tified as a beat that should not be discarded, Block 412. If the
narrow pulse count is not less than the narrow pulse count
threshold, the beat confidence threshold is not satisfied, No
in Block 410, the beat is considered a low confidence beat
and therefore is identified as a beat that should be discarded,
Block 414.

Once the determination of the beat being either a match
beat or a non-match beat, and either a high confidence or a
low confidence beat has been made for all of the beats in the
three-second window, Yes in Block 416, a determination is
made as to whether the number of non-match beats in the
three-second window that are also high confidence beats is
greater than a non-match threshold, Block 418. According to
an embodiment of the disclosure, the non-match threshold is
set as a predetermined percentage, such as 75 percent for
example, so that if the number of individual beats in the
three-second window that are identified as being non-match
beats is greater than 75 percent of the number of all of the
beats in the window, Yes in Block 418, the three-second
window is identified as being shockable based on the
beat-based analysis, Block 420.

On the other hand, if the number of individual beats in the
three-second window that are identified as being both non-
match beats and high confidence beats is not greater than 75
percent of the number of all of the beats in the window, No
in Block 418, the three-second window is identified as being
not shockable based on the beat based analysis, Block 422.
The beat-based analysis determination of the three-second
windows as being shockable 420 or not shockable, Block
422 is then used in combination with the waveform mor-
phology analysis of both of the three-second windows being
shockable, Blocks 353, 357, 363 and 369 or both not
shockable, Blocks 351, 355, 359, 365 and 367 to determine
whether to transition to the next state, Block 370, as
described above.

FIG. 11 is an exemplary plot illustrating determining
pulses for a beat within a window during a beat-based
analysis according to an embodiment of the disclosure. As
illustrated in FIG. 11, the device senses each individual
R-wave 570 occurring within a three-second window, deter-
mines a beat window 512, and determines a number of
pulses, e.g., pulse count, associated with the R-wave 570
from the fourth order difference of the R-wave 572 within
the beat window 512 for use in determining a beat confi-
dence for the R-wave 570, as described above. For example,
in response to the fourth order difference 572 of the sensed
R-wave 570, the device determines there are eight pulses
P1-P8 associated with the R-wave 570. Pulses P1, P3, P5
and P7 are positive pulses and P2, P4, P6 and P8 are negative
pulses, with each pulse P1-P8 having a pulse width 574
defined by zero-crossings of the pulses with a baseline 576,
and a pulse amplitude 578 defined between a pulse peak 580
and the baseline 576. In this way, the device uses the
determined pulses P1-P8§ and their associated pulse width
574 and pulse amplitude 578 to determine a narrow pulse
count, as described above.

As described above, techniques for use generating the
template beat during sinus rhythm are described herein. The
beat template during sinus rhythm may be used for the
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beat-based analysis described above with respect to block
368 of FIG. 4 or other beat analysis algorithm. The beat
template may be automatically acquired during an initial
template acquisition stage and may be re-acquired periodi-
cally or in response to the template failing a verification,
confirmation or quality check.

FIG. 12 is a flowchart of a method for applying beat
qualification criteria to acquire qualified beats for use in
generating a template according to an embodiment of the
disclosure. The steps performed in the flowchart of FIG. 12
may be implemented by any of a number of the components
of ICD 14, including, for example, microprocessor 142
and/or control circuit 144. Moreover, the cardiac electrical
signals obtained via sensing circuitry 190 (raw and/or pro-
cessed) and any determinations/results associated with the
cardiac signals (e.g., states of the device 14, identified beats,
beat timings, beat intervals, amplitudes, noise determina-
tions, and the like) may be stored within the memory of the
1CD14 for later processing, transmission, alerting, etc.

As illustrated in FIG. 12, in order to determine desirable
beats to be utilized during template generation, the device
identifies beats during sensing of the cardiac signal along
each sensing vector ECG1 and ECG2, Block 700. The
device determines whether the device is in the not concerned
operating state 302, Block 702. As described above, the
device may remain in the not concerned state 302 as long as
an estimated heart rate is below a threshold, e.g., a VT or VF
threshold, in one example. The estimated heart rate may be
computed as a function of the R-wave intervals (e.g., R-R
intervals), e.g., a mean of the R-wave intervals is greater
than a threshold. In other words, the device ensures that the
cardiac rhythm is not a tachyarrhythmia. If the device is not
in the not concerned operating state (e.g., the estimated heart
rate is greater than or equal to the heart rate threshold), No
in Block 702, the corresponding sensed beat is ignored as a
candidate beat for generating a template, and the process is
repeated with the next beat, Block 700. If the device is in the
not concerned operating state (e.g., the estimated heart rate
is less than the heart rate threshold), Yes in Block 702, the
device determines whether the beats for each sensing vector
ECG1 and ECG2 occur within a predetermined threshold
time of one another, Block 704. The device may utilize other
techniques to determine that the cardiac rhythm is a normal
sinus rhythm and only transition to block 704 when the
cardiac rhythm is characterized as normal sinus rhythm.

According to one embodiment, in order to determine
whether a beat sensed for one sensing vector ECG1 1s within
the threshold time of a beat simultaneously sensed in the
other sensing vector ECG2, e.g., a beat sensed in ECG2 that
is closest in time to the beat of ECGL. For example, the
device compares the sensing marker associated with the
sensing of the beat sensed for one sensing vector ECG1 with
the beat sensed for the other sensing vector ECG2. If the
difference between the time values of the two sensing
markers are within a predetermined range, such as within 60
ms or less of each other, for example, the beats are deter-
mined to be within the threshold time of one another, Yes in
Block 704. If the difference between the values of the two
sensing markers are not within the predetermined range,
e.g., the difference is greater than 60 ms, the beats are
determined not to be within the threshold time of one
another, No in Block 704, and the current beats are deter-
mined to not be qualified beats, are discarded or ignored for
template generation purposes, and the process is repeated
with the next beat, Block 700.

In this way, comparing the difference between sensing
marker values for simultaneously sensed beats sensed by the
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two sensing vectors, the device addresses possible instances
of oversensing by avoiding oversensed beats that may occur
due to P-wave, T-wave, wide QRS, or noise/artifacts within
one of the sensing vectors but not the other sensing vector.
If the simultaneously sensed beats form the two sensing
vectors are determined to be within the threshold time of one
another, Yes in Block 704, the device determines whether
RR-intervals forming the current beat simultaneously sensed
for each sensing vector, Block 706, are within a predeter-
mined interval threshold, Block 708. The interval threshold
is chosen so as to ensure that the beats used to generate the
template are acquired during instances of the patient having
a slow heart rate, such as less than 100 beats per minute, for
example.

FIG. 12A is a schematic diagram of detection of simul-
taneously sensed R-waves sensed along two sensing vectors
according to an embodiment of the disclosure. As illustrated
in FIGS. 12 and 12A, a cardiac signal 701 is sensed along
both of the two sensing vectors ECG1 and ECG2, and the
device determines that an R-wave 709 sensed along one
sensing vector ECG1 and an R-wave 711 sensed along the
other sensing vector ECG2 are simultaneously sensed when
a difference 707 between the R-waves 709 and 711 is less
than the threshold time, as described above. In order to
determine an RR-interval associated with currently sensed
simultaneously sensed R-R intervals, Block 700, the device
determines previous simultaneously sensed R-waves in the
two sensing vectors, R-wave 703 and 705, and determines,
separately for each sensing vector ECG1 and ECG2,
whether a resulting interval 713 associated with the simul-
taneously sensed R-waves 703, 705, 709 and 711 is less than
the interval threshold, block 708.

If the RR-interval 713 forming the current simultaneously
sensed beats 703, 705, 709 and 711 for each sensing vector,
Block 706, is not within the predetermined interval thresh-
old, No in Block 708, e.g., not less than 100 beats per
minute, the current beats are determined to not be qualified
beats, are discarded or ignored for template purposes and the
process is repeated with the next beat, Block 700. On the
other hand, if the RR-interval forming the current simulta-
neously sensed beats 705, 707, 709 and 711 is within the
predetermined interval threshold, Yes in Block 708, the
device determines amplitudes of both the beat from the first
sensing vector ECG1 and the beat from the second sensing
vector ECG2, Block 710. In one example, the device may
determine the amplitude of the beat as the maximum abso-
lute pulse amplitude value 524 determined as described
above with respect to FIG. 9. However, in other embodi-
ments, other techniques may be utilized for determining the
amplitudes of the beats.

The device compares the amplitudes for both the beat
from the first sensing vector ECG1 and the beat from the
second sensing vector ECG2 to a maximum amplitude
threshold, Block 712. In one example, the maximum ampli-
tude threshold may be equal to 50 puV. If the maximum
amplitudes for both beats are determined to be less than the
amplitude threshold, No in Block 712, the current beats are
determined to not be qualified beats, are discarded or
ignored for template purposes and the process is repeated
with the next beat, Block 700. If the maximum amplitude for
only one beat is determined to be greater than or equal to the
amplitude threshold, Yes in Block 712, the beat not satis-
fying the amplitude threshold is determined to not be a
qualified beat and is discarded or ignored for template
generation purposes, and the device determines whether the
beat satisfying the amplitude threshold is on a noisy channel,
Block 714. If the maximum amplitudes for both beats are
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determined to be greater than the amplitude threshold, Yes in
Block 712, the device determines whether either of the beats
is on a noisy sensing channel, Block 714.

The device, at Block 714, may determine whether a
sensing channel is a noisy by analyzing a beat window
around the sensed beat. The device, at Block 714, may
perform a similar analysis to the cardiac signal surrounding
the sensed beat as described above with respect to FIG. 10
and FIG. 11. For example, the device may define a window
of time surrounding the beat (referred to herein as a “beat
window™), e.g., that includes sample data points before and
after the beat. For each beat, for example, the device stores
n points before and n points after the sample point on which
the R-wave sense occurs. The 2n+1 sample points define the
beat window. In one embodiment, the alignment window is
53 sample points (n=26) centered on the R-wave sense point.
In other instances, the beat window may not be centered on
the R-wave sense point. Instead, the beat window may
include more sample points before the R-wave sense point
than after, or vice-versa. In one example, the device may
obtain a fourth order difference of the cardiac signal within
the beat window and determine a narrow width pulse count
for the beat window as described in FIG. 10. The device
determines that the beat window is noisy when the narrow
width pulse count is greater than a threshold number, e.g.,
six in one instance. Other techniques may be used to
determine whether a beat window is noisy without departing
from the scope of this application.

If the beat satisfying the amplitude threshold is not in a
noisy beat window, No in Block 714, the beat for that
channel is determined to be a qualified beat, Block 716, for
generating a template, as described below. If the sensing
channel satisfying the amplitude threshold is within a noisy
beat window, Yes in Block 714, the beat for that channel is
determined to not be a qualified beat, is discarded or ignored
for template purposes and the process is repeated with the
next beats, Block 700.

If the maximum amplitudes for both beats are determined
to be greater than the amplitude threshold, Yes in Block 712,
the device determines whether both sensing channels are
noisy, Block 714, and if one channel is noisy and the other
channel is not, the beat associated with the channel that is
not noisy is identified as a qualified beat, Block 716, and the
other beat is determined to not be a qualified beat, is
discarded or ignored for template purposes and the process
is repeated with the next beats. If the maximum amplitudes
for both beats are determined to be greater than the ampli-
tude threshold, Yes in Block 712, and both are determined to
not be noisy, No in Block 714, both beats are identified as
being qualified beats, Block 716, for generating a template,
as described below.

If both beats are determined to satisfy the amplitude
threshold, Yes in block 712, but both are determined be
noisy, Yes in Block 714, the current beats are determined to
not be qualified beats, are discarded or ignored for template
purposes and the process is repeated with the next beat,
Block 700. In this way, the determination of whether the
amplitude of the beats in the two channels are greater than
the amplitude threshold, Block 712 and the determination of
whether the channels are noisy, Block 714, is performed
individually for both beats of the sensing vectors.

The steps in the flowchart of FIG. 12 are one example
technique for applying beat qualification criteria to acquire
qualified beats for use in generating a template. In other
instances, the beat qualification criteria may include more or
fewer criteria. For example, one or more of the steps of the
flowchart may not be required to acquire qualified beats for
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use in generating the template and/or other additional steps
may be included. For example, qualified beats may be
detected without the beat qualification criteria requiring
amplitudes greater than a threshold or without detecting
whether the window surrounding the beat is noisy or without
either step.

FIG. 13 is a flowchart of generating a beat template
according to an embodiment of the disclosure. The steps
performed in the flowchart of FIG. 13 may be implemented
by any of a number of the components of ICD 14, including,
for example, microprocessor 142 and/or control circuit 144.
Moreover, the cardiac electrical signals obtained via sensing
circuitry 190 (raw and/or processed) and any determina-
tions/results associated with the cardiac signals (e.g., states
of the device 14, identified beats, beat timings, beat inter-
vals, morphologies, amplitudes, noise determinations, and
the like) may be stored within the memory of the ICD14 for
later processing, transmission, alerting, or the like.

The device obtains a qualified beat, Block 718, e.g., from
a memory associated with ICD 14 or directly from sensing
circuitry 190. The technique described above in FIG. 12 may
be used to identify the qualified beat(s) and store the
qualified beats within memory. Alternatively, other tech-
niques may be used to identify the qualified beat(s). The
device determines a subgroup in which to place the current
identified qualified beat, Block 720. To this end, the device
may create a plurality of subgroups within the memory
and/or flag the associated data within memory with a flag
associated with a subgroup.

The device determines whether a beat template acquisi-
tion threshold has been reached, Block 722. The beat tem-
plate acquisition threshold may be a threshold time (e.g., 60
seconds), a threshold number of qualified beats (e.g., 15
qualified beats), a threshold determined based on time and
number of beats (e.g., 15 qualified beats within 60 seconds).
If the acquisition threshold has been reached, Yes in Block
722, the template acquisition fails, the beats in the subgroups
are discarded, Block 723, and the process is restarted with
the next qualified beat, Block 718.

If the acquisition threshold has not been reached, No in
Block 718, the device determines whether one of the result-
ing subgroups is greater than or equal to a subgroup thresh-
old, Block 724. If one of the resulting subgroups is not
greater than or equal to the subgroup threshold, No in Block
724, the process is repeated using the next predetermined
number of qualified beats, Block 718. For example, accord-
ing to one embodiment, the subgroup threshold may be set
as 10 beats that are determined to be matched beats based on
the beat-based morphology matching scheme using the
normalized waveform area difference described above
device.

If one of the resulting subgroups is determined to be
greater than or equal to the subgroup threshold, Yes in Block
724, the template is generated using the 10 beats populating
the subgroup, Block 726. According to one embodiment, the
template is generated in Block 726 using the ensemble
averaging, described above, of those 10 beats.

FIG. 14 is a schematic diagram of determining of sub-
groups for qualified beats during generation of a template,
according to an embodiment of the disclosure. The tech-
nique illustrated in FIG. 14 may be utilized in block 720 of
FIG. 13 in one example. Moreover, the steps performed in
the flowchart of FIG. 12 may be implemented by any of a
number of the components of ICD 14, including, for
example, microprocessor 142 and/or control circuit 144. The
identified beats, morphologies of the beats, or other data
used in the grouping of beats into the subgroups may be
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stored within the memory of the ICD14 and/or generated
during the analysis using data stored in memory (e.g., data
associated with the cardiac signals).

The device obtains the qualified beat, Block 728, and
determines whether the qualified beat is the first qualified
beat, Block 730. If the qualified beat is the first qualified
beat, Yes in Block 730, the beat is placed within a first
subgroup within the memory, and since it is the first beat
positioned within the subgroup, the beat is identified as the
subgroup template beat, Block 732.

The device obtains the next determined qualified beat,
Block 728. Because the next qualified beat (second beat) is
not the first qualified beat, No in Block 730, the device
compares the next qualified beat to the template beat of the
first subgroup, Block 734. The device may compare the next
qualified beat to the template beat using any of a number of
beat matching techniques, including the NWAD scheme
described above. For example, the device determines
whether there is a match between the second beat and the
template beat of the first subgroup, e.g., whether a match
score is greater than a predetermined match threshold, such
as 60 percent for example.

If the second qualified beat matches the template beat of
the first subgroup, Yes in Block 734, the beat is added to the
first subgroup within the memory, Block 736. If the second
qualified beat does not match the template beat of the first
subgroup, No in Block 734, a determination is made as to
whether a second subset of beats has been created or is
populated with any beats, Block 738. If a second subset of
beats has not been created or is not populated with any beats,
No in Block 738, the beat is placed within a second subgroup
in the memory, and since it is the first beat positioned within
the second subgroup, the beat is identified as the second
subgroup template beat, Block 740.

Once the second qualified beat is either placed in the first
subgroup Block 736 or the second subgroup, Block 740, the
device obtains the next determined qualified beat (third
qualified beat), Block 728. Because the next qualified beat
(second beat) is not the first qualified beat, No in Block 730,
the third qualified beat is compared to the template beat of
the first subgroup, and a determination is made as to whether
the third beat matches the template beat of the first subgroup
(e.g., NWAD determined between the third beat and the
template beat of the first subgroup is greater than the match
threshold), Block 734. If the third qualified beat matches the
template beat of the first subgroup, Yes in Block 734, the
beat 1s added to the first subgroup within the memory, Block
736. If the third qualified beat does not match the template
beat of the first subgroup, No in Block 734, a determination
is made as to whether a second subset of beats has been
created or is populated with any beats, Block 738. If a
second subset of beats has not been created by the second
qualified beat or is not populated with any beats, No in Block
738, the third qualified beat is placed within a second
subgroup of the memory, and since it is the first beat
positioned within the second subgroup, the third qualified
beat is identified as the second subgroup template beat,
Block 740.

If the second subgroup has already been created or
already includes at least one beat, Yes in Block 738, the third
qualified beat is compared to the template beat of the second
subgroup, and a determination is made as to whether the
third qualified beat matches the template beat of the second
subgroup (e.g., NWAD determined between the third beat
and the template beat of the second subgroup is greater than
the match threshold), Block 742. If the third qualified beat
matches the template beat of the second subgroup, Yes in
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Block 742, the beat is added to the second subgroup within
the memory, Block 744. If the third qualified beat does not
match the template beat of the second subgroup, No in Block
742, a determination is made as to whether a third subgroup
has been created or is populated with a beat, Block 746.
Since a third subgroup has not been created (only two
qualified beats have been analyzed at this point), No in
Block 746, the third beat is placed within a third subgroup
within the memory, and since it is the first beat positioned
within the third subgroup, the beat is identified as the third
subgroup template beat, Block 748.

Once the third qualified beat is either placed in the first
subgroup, Block 736, the second subgroup, Block 744, or set
as the template beat of one of the subgroups, Block 740 or
748, the device obtains the next determined qualified beat
(fourth qualified beat), Block 728. Because the fourth quali-
fied beat is not the first qualified beat, No in Block 730, the
fourth qualified beat, Block 728, is compared to the template
beat of the first subgroup, and a determination is made as to
whether the fourth beat matches the template beat of the first
subgroup (e.g., NWAD determined between the fourth beat
and the template beat of the first subgroup is greater than the
match threshold), Block 734. If the fourth qualified beat
matches the template beat of the first subgroup, Yes in Block
734, the beat is added to the first subgroup in the memory,
Block 736. If the fourth qualified beat does not match the
template beat of the first subgroup, No in Block 734, a
determination is made as to whether a second subset of beats
has been created or includes at least one beat, Block 738. If
a second subset of beats has not been created by the second
or third qualified beat or does not include at least one beat,
No in Block 738, the fourth qualified beat is placed within
a second subgroup within the memory, and since it is the first
beat positioned within the second subgroup, the fourth
qualified beat is identified as the second subgroup template
beat, Block 740.

If the second subset group was created by the second beat
or the third beat, Block 740, the fourth qualified beat is
compared to the template beat of the second subgroup, and
a determination is made as to whether fourth beat matches
the template beat of the second subgroup (e.g., the NWAD
determined between the fourth beat and the template beat of
the second subgroup is greater than the match threshold),
Block 742. If the fourth qualified beat matches the template
beat of the second subgroup, Yes in Block 742, the beat is
positioned within the second subgroup in the memory, Block
744.

If the fourth qualified beat does not match the template
beat of the second subgroup, No in Block 742, a determi-
nation is made as to whether a third subset of beats has been
created or is populated within any beats, Block 746. If a third
subset of beats has not been created by the third beat, No in
Block 746, the fourth qualified beat is placed within a third
subgroup, and since it is the first beat positioned within the
third subgroup in the memory, the fourth qualified beat is
identified as the second subgroup template beat, Block 748.
If the third subset group was created by the third beat, Block
746, the fourth qualified beat is compared to the template
beat of the third subgroup, and a determination is made as
to whether the fourth beat matches the template beat of the
third subgroup (e.g., NWAD determined between the fourth
beat and the template beat of the third subgroup is greater
than the match threshold), Block 750. If the fourth qualified
beat matches the template beat of the third subgroup, Yes in
Block 750, the fourth qualified beat is added to the third
subgroup in the memory, Block 752. If the fourth qualified
beat does not match the template beat of the third subgroup,
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No in Block 750, a determination is made as to whether a
fourth subgroup has been created or populated with at least
one beat, Block 754. Since a fourth subgroup has not been
created or populated with at least one beat, No in Block 754,
the fourth qualified beat is placed within a fourth subgroup
of the memory, and since it is the first beat positioned within
the fourth subgroup, the beat is identified as the fourth
subgroup template beat, Block 756.

Once the fourth qualified beat is either placed in the first
subgroup, Block 736, the second subgroup, Block 744, the
third subset group, Block 752, or set as the template beat of
one of the subgroups, Blocks 740, 748, or 756, the device
gets the fifth qualified beat, Block 728. Because the fifth
qualified beat is not the first qualified beat, No in Block 730
the device compares the fifth beat to the template beat of the
first subgroup, and a determination is made as to whether the
fifth beat matches the template beat of the first subgroup
(e.g., the NWAD determined between the fifth beat and the
template beat of the first subgroup is greater than the match
threshold), Block 734. If the fifth qualified beat matches the
template beat of the first subgroup, Yes in Block 734, the
fifth beat is added to the first subgroup, Block 736. If the fifth
qualified beat does not match the template beat of the first
subgroup, No in Block 734, a determination is made as to
whether a second subset of beats has been created, Block
738. If a second subset of beats has not been created by one
of the previous qualified beats, No in Block 738, the fifth
qualified beat is placed within a second subgroup, and since
it is the first beat positioned within the second subgroup, the
fifth qualified beat is identified as the second subgroup
template beat, Block 740. If the second subset group was
created by the one of the prior beats, Yes in Block 738, the
fifth beat is compared to the template beat of the second
subgroup, and a determination is made as to whether the fifth
beat matches the template beat of the first subgroup (e.g., the
NWAD determined between the fourth beat and the template
beat of the second subgroup is greater than the match
threshold), Block 742.

If the fifth qualified beat matches the template beat of the
second subgroup, Yes in Block 742, the beat is added to the
second subgroup, Block 744. If the fifth qualified beat does
not match the template beat of the second subgroup, No in
Block 742, a determination is made as to whether a third
subset of beats has been created, Block 746. If a third subset
of beats has not been created by one of the previous qualified
beats, No in Block 746, the fifth qualified beat is placed
within a third subgroup, and since it is the first beat
positioned within the third subgroup, the fifth qualified beat
is identified as the third subgroup template beat, Block 748.
If the third subset group was created by one of the prior
beats, Yes in Block 746, the fifth beat is compared to the
template beat of the third subgroup, and a determination is
made as to whether the fifth beat matches the template beat
of the third subgroup (e.g., the NWAD determined between
the fifth beat and the template beat of the third subgroup is
greater than the match threshold), Block 750. If the fifth
qualified beat matches the template beat of the third sub-
group, Yes in Block 750, the beat is added to the third
subgroup, Block 752. If the fifth qualified beat does not
match the template beat of the third subgroup, No in Block
750, a determination is made as to whether a fourth subset
of beats has been created, Block 754. If a fourth subset of
beats has not been created by one of the previous qualified
beats, No in Block 754, the fifth qualified beat is placed
within a fourth subgroup, and since it is the first beat
positioned within the fourth subgroup, the fifth qualified
beat is identified as the fourth subgroup template beat, Block



US 9,561,005 B2

37

756. If the fourth subset group was created by any of the
previous beats, Block 756, the fifth beat is compared to the
template beat of the fourth subgroup, and a determination is
made as to whether the fifth beat matches the template beat
of the fourth subgroup (e.g., the NWAD determined between
the fifth beat and the template beat of the fourth subgroup is
greater than the match threshold), Block 758. If the fifth
qualified beat matches the template beat of the fourth
subgroup, Yes in Block 758, the beat is added to the fourth
subgroup, Block 760.

If the fifth qualified beat does not match the template beat
of the fourth subgroup, No in Block 758, the device deter-
mines that a maximum number of beat subgroups has been
reached and discards the beats within the subgroups, Block
762. The process is restarted at block 718 with newly
obtained qualified beats. Alternatively, if the fifth beat does
not match the fourth subgroup template, the fifth beat may
merely be discarded and the process repeated with the next
beat until the acquisition threshold is met in block 722 of
FIG. 13. In this case, Block 762 would not exist.

In this way, the device sets the first qualified-beat as the
first subgroup template (e.g., the first beat in the subgroup),
and if the second qualified beat matches (NWAD>=60%) the
first subgroup template beat, then, the second beat is placed
in the first subgroup. If the second beat does not match the
first subgroup template beat, then the second beat is placed
in the second subgroup as the second subgroup template. If
the third beat matches the first subgroup template beat, then
the third beat is placed in the first subgroup. If the third beat
does not match the first subgroup template beat and if the
second subgroup template does not exist (because the sec-
ond beat was placed in the first subgroup) the third beat is
placed in the second subgroup as the second subgroup
template. Otherwise, if the second subgroup template
already exists, and the third beat matches the second sub-
group template, the third beat is placed in the second
subgroup, or if the third beat doesn’t match the second
subgroup template, then the third beat is placed in the third
subgroup as the third subgroup template.

Next, if the fourth beat matches the first subgroup tem-
plate, then the forth beat is placed in the first subgroup. If the
fourth beat does not match the first subgroup template beat
and if the second subgroup template does not exist (because
the second or third beat was placed in the first subgroup) the
fourth beat is placed in the second subgroup as the second
subgroup template. Otherwise, if the second subgroup tem-
plate already exists, and the fourth beat matches the second
subgroup template, the fourth beat is placed in the second
subgroup. If the fourth beat doesn’t match the second
subgroup template, and if the third subgroup template does
not exist (because the third beat was placed in the first or
second subgroup) the fourth beat is placed in the third
subgroup as the third subgroup template. Otherwise if the
third subgroup template already exists (because the third
beat was placed in the third subgroup) and the fourth beat
matches the third subgroup template, the fourth beat is
placed in the third subgroup. If the fourth beat doesn’t match
the third subgroup template, then the fourth beat is placed in
the fourth subgroup as the fourth subgroup template.

Next, if the fifth beat matches the first subgroup template,
then the fifth beat is placed in the first subgroup. If the fifth
beat does not match the first subgroup template, then if the
second subgroup template does not exist, the fifth beat is
placed in the second subgroup as the second subgroup
template. Otherwise, if the second subgroup template
already exists, and the fifth beat matches the second sub-
group template, the fifth beat is placed in the second
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subgroup. If the fifth beat doesn’t match the second sub-
group template, then if the third subgroup template does not
exist, the fifth beat is placed in the third subgroup as the third
subgroup template. If the third subgroup template already
exists, the fifth beat is compared to the third subgroup
template, and if the fifth beat matches the third subgroup
template, then the fifth beat is paced in the third subgroup.
If the fifth beat matches the third subgroup template, then if
the fourth subgroup template does not exist, the fifth beat is
placed in the fourth subgroup as the fourth subgroup tem-
plate. Otherwise, if the fourth subgroup template already
exists, and the fifth beat matches the fourth subgroup tem-
plate, then the fifth beat is placed in the fourth subgroup. If
the fifth beat does not match the fourth subgroup template,
then the fifth beat is discarded, and the acquisition process
is restarted. In another embodiment, if the fifth beat does not
match the fourth subgroup template, the fifth beat may
merely be discarded and the process repeated with the next
beat until the beat template acquisition threshold (e.g.,
threshold number of beats have been analyzed or the timer
has expired) as described with respect to block 722 of FIG.
13.

Assuming beats 1-5 are placed in one of the four sub-
groups, the process is repeated for beats 6-15 until one of the
subgroups is populated with ten beats, and the ten beats are
then used in the ensemble averaging scheme to generate a
template, as described above, by aligning the last nine beats
with the first beat, using the alignment process described
above, for example, to build the template. Although FIGS.
13 and 14 are described as placing the beats within sub-
groups in the memory, other techniques may be used to
group the beats. For example, the portions of memory
associated within the beats may be marked with flags or
pointers corresponding to the various subgroups. As such,
placing the beats within the subgroups does not require
physically moving data around within the memory.

Methods described in conjunction with flow charts pre-
sented herein may be implemented in a non-transitory
computer-readable medium that includes instructions for
causing a programmable processor to carry out the methods
described, such as microprocessor 224. A “computer-read-
able medium” includes but is not limited to any volatile or
non-volatile media, such as a RAM, ROM, CD-ROM,
NVRAM, EEPROM, flash memory, and the like. The
instructions may be implemented as one or more software
modules, which may be executed by themselves or in
combination with other software.

It is understood that while the features in the above
described flowcharts are described as being performed in a
certain sequence, the order in performing the features of the
flow charts may be different from the order described. Thus,
a method and apparatus for beat acquisition during template
generation have been presented in the foregoing description
with reference to specific embodiments. It is appreciated that
various modifications to the referenced embodiments may
be made without departing from the scope of the disclosure
as set forth in the following claims.

The invention claimed is:
1. A method of acquiring qualified beats for template
generation in a cardiac medical device comprising:

obtaining a first cardiac signal on a first sensing vector
formed via a first subset of a plurality of extravascular
electrodes;

obtaining a second cardiac signal on a second sensing
vector formed via a second subset of the plurality of
extravascular electrodes having at least one electrode
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different than the first subset, wherein the second
cardiac signal is obtained concurrently with the first
cardiac signal;

identifying beats within the first cardiac signal and the

second cardiac signal,

applying beat qualification criteria to the beats within the

first cardiac signal and the second cardiac signal to
determine whether each of the beats is a qualified beat;
and

generating a beat template based on at least a portion of

the beats determined to be qualified beats.

2. The method of claim 1, wherein applying the beat
qualification criteria comprises:

estimating a heart rate; and

determining the beats are not qualified beats for generat-

ing the beat template when the estimated heart rate is
greater than or equal to a threshold heart rate at the time
the beats were sensed.
3. The method of claim 2, wherein the threshold heart rate
is at least one of a ventricular tachycardia threshold heart
rate and a ventricular fibrillation threshold heart rate.
4. The method of claim 2, wherein applying the beat
qualification criteria further comprises:
selecting a first identified beat of the first cardiac signal;
selecting a second identified beat of the second cardiac
signal closest in time to the first identified beat;

determining an amount of time between the first identified
beat in the first cardiac signal and the second identified
beat in second cardiac signal,

determining the first identified beat and the second iden-

tified beat are not qualified beats for generating the beat
template when the determined amount of time between
the first identified beat and the second identified beat is
greater than or equal to a threshold amount of time.

5. The method of claim 4, wherein applying the beat
qualification criteria further comprises:

determining an interval between the first identified beat

and an immediately preceding beat of the first cardiac
signal; and

determining the first identified beat is not a qualified beat

for generating the beat template when the interval is
less than a threshold interval.

6. The method of claim 5, wherein applying the beat
qualification criteria comprises determining the first identi-
fied beat is a qualified beat for generating the beat template
when the estimated heart rate is less than the threshold heart
rate, the determined amount of time between the first iden-
tified beat and the second identified beat is less than the
threshold amount of time, and the interval is greater than or
equal to the threshold interval.

7. The method of claim 5, wherein applying the beat
qualification criteria further comprises:

determining an amplitude of the first identified beat; and

determining the first identified beat is a not a qualified

beat for generating the beat template when the ampli-
tude is less than an amplitude threshold.

8. The method of claim 7, wherein applying the beat
qualification criteria comprises determining the first identi-
fied beat is a qualified beat for generating the template when
the estimated heart rate is less than the threshold heart rate,
the determined amount of time between the first identified
beat and the second identified beat is less than the threshold
amount of time, the interval is greater than or equal to the
threshold interval, and the amplitude is greater than or equal
to the amplitude threshold.

9. The method of claim 7, wherein applying the beat
qualification criteria further comprises:
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determining whether the first cardiac signal surrounding

the first identified beat is noisy; and

determining the first identified beat is not a qualified beat

for generating the beat template when the first cardiac

signal surrounding the first identified beat is determined
to be noisy.

10. The method of claim 9, wherein applying the beat
qualification criteria comprises determining the first identi-
fied beat is a qualified beat for generating the beat template
when the estimated heart rate is less than the threshold heart
rate, the determined amount of time between the first iden-
tified beat and the second identified beat is less than the
threshold amount of time, the interval is greater than or
equal to the threshold interval, the amplitude is greater than
or equal to the amplitude threshold, and the first cardiac
signal surrounding the first identified beat is determined to
not be noisy.

11. The method of claim 5, wherein applying the beat
qualification criteria further comprises:

determining whether the first cardiac signal surrounding

the first identified beat is noisy:

determining the first identified beat is not a qualified beat

for generating the beat template when the first cardiac

signal surrounding the first identified beat is determined
to be noisy; and

determining the first identified beat is a qualified beat for

generating the beat template when the estimated heart
rate is less than the threshold heart rate, the determined
amount of time between the first identified beat and the
second identified beat is less than the threshold amount
of time, the interval is greater than or equal to the
threshold interval, and the first cardiac signal surround-
ing the first identified beat is determined to not be
noisy.

12. The method of claim 1, further comprising:

detecting a tachycardia based at least on a comparison of

beats to the generated beat template; and

providing an anti-tachycardia therapy in response to

detecting the tachycardia.

13. An extravascular implantable cardioverter-defibrilla-
tor (ICD) system comprising:

an implantable electrical stimulation lead including a

plurality of electrodes configured to sense cardiac elec-

trical signals from an extravascular location within a

patient;

an ICD coupled to the implantable electrical stimulation

lead, the ICD comprising:

a housing that is formed at least partially of a conduc-
tive material to serve as a housing electrode;

sensing circuitry located within the housing and con-
figured to obtain a first cardiac signal from a first
electrode vector formed via any combination of the
plurality of electrodes of the electrical stimulation
lead and the housing electrode and obtain a second
cardiac signal on a second electrode vector formed
via any combination of the plurality of electrodes of
the electrical stimulation lead and the housing elec-
trode, the second electrode vector having at least one
electrode different than the first electrode vector,
wherein the second cardiac signal is obtained con-
currently with the first cardiac signal,

a processor configured to identify beats within the first
cardiac signal and the second cardiac signal, apply
beat qualification criteria to the beats within the first
cardiac signal and the second cardiac signal to deter-
mine whether each of the beats is a qualified beat,
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and generate a beat template based on at least a
portion of the beats determined to be qualified beats.

14. The extravascular ICD of claim 13, wherein the
processor is configured to estimate a heart rate and deter-
mine the beats are not qualified beats for generating the beat
template when the estimated heart rate is greater than or
equal to a threshold heart rate at the time the beats were
sensed.

15. The extravascular ICD of claim 14, wherein the
threshold heart rate is at least one of a ventricular tachycar-
dia threshold heart rate and a ventricular fibrillation thresh-
old heart rate.

16. The extravascular ICD of claim 14, wherein the
processor is configured to select a first identified beat of the
first cardiac signal, select a second identified beat of the
second cardiac signal closest in time to the first identified
beat, determine an amount of time between the first identi-
fied beat in the first cardiac signal and the second identified
beat in second cardiac signal, and determine the first iden-
tified beat and the second identified beat are not qualified
beats for generating the beat template when the determined
amount of time between the first identified beat and the
second identified beat is greater than or equal to a threshold
amount of time.

17. The extravascular ICD of claim 16, wherein the
processor is configured to determine an interval between the
first identified beat and an immediately preceding beat of the
first cardiac signal and determine the first identified beat is
nota qualified beat for generating the beat template when the
interval is less than a threshold interval.

18. The extravascular ICD of claim 17, wherein the
processor is configured to determine the first identified beat
is a qualified beat for generating the beat template when the
estimated heart rate is less than the threshold heart rate, the
determined amount of time between the first identified beat
and the second identified beat is less than the threshold
amount of time, and the interval is greater than or equal to
the threshold interval.

19. The extravascular ICD of claim 17, wherein the
processor is further configured to determine an amplitude of
the first identified beat and determine the first identified beat
is a not a qualified beat for generating the beat template
when the amplitude is less than an amplitude threshold.

20. The extravascular ICD of claim 19, wherein the
processor is further configured to determine the first iden-
tified beat is a qualified beat for generating the template
when the estimated heart rate is less than the threshold heart
rate, the determined amount of time between the first iden-
tified beat and the second identified beat is less than the
threshold amount of time, the interval is greater than or
equal to the threshold interval, and the amplitude is greater
than or equal to the amplitude threshold.

21. The extravascular ICD of claim 19, wherein the
processor is further configured to determine whether the first
cardiac signal surrounding the first identified beat is noisy,
and determine the first identified beat is not a qualified beat
for generating the beat template when the first cardiac signal
surrounding the first identified beat is determined to be
noisy.

22. The extravascular ICD of claim 21, wherein the
processor is further configured to determine the first iden-
tified beat is a qualified beat for generating the beat template
when the estimated heart rate is less than the threshold heart
rate, the determined amount of time between the first iden-
tified beat and the second identified beat is less than the
threshold amount of time, the interval is greater than or
equal to the threshold interval, the amplitude is greater than
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or equal to the amplitude threshold, and the first cardiac
signal surrounding the first identified beat is determined to
not be noisy.

23. The extravascular ICD of claim 17, wherein the
processor is further configured to

determine whether the first cardiac signal surrounding the

first identified beat is noisy, determine the first identi-
fied beat is not a qualified beat for generating the beat
template when the first cardiac signal surrounding the
first identified beat is determined to be noisy, and
determine the first identified beat is a qualified beat for
generating the beat template when the estimated heart
rate is less than the threshold heart rate, the determined
amount of time between the first identified beat and the
second identified beat is less than the threshold amount
of time, the interval is greater than or equal to the
threshold interval, and the first cardiac signal surround-
ing the first identified beat is determined to not be
noisy.

24. The extravascular ICD of claim 13, wherein the
processor is configured to detect a tachycardia based at least
on a comparison of beats to the generated beat template, the
extravascular ICD further comprising therapy circuitry con-
figured to provide an anti-tachycardia therapy from the
extravascular location via at least a portion of the plurality
of electrodes of the electrical stimulation lead in response to
the processor detecting the tachycardia.

25. The extravascular ICD of claim 13, wherein the
plurality of electrodes of the implantable electrical stimula-
tion lead are configured to sense cardiac electrical signals
from a subcutaneous location within a patient.

26. The extravascular ICD of claim 13, wherein the
plurality of electrodes of the implantable electrical stimula-
tion lead are configured to sense cardiac electrical signals
from a substernal location within a patient.

27. An implantable cardiac device comprising:

sensing circuitry located within the housing and config-

ured to obtain a first cardiac signal on a first electrode
vector formed via a first subset of a plurality of
extravascular electrodes and obtain a second cardiac
signal on a second electrode vector formed via a second
subset of the plurality of extravascular electrodes hav-
ing at least one electrode different than the first elec-
trode vector, wherein the second cardiac signal is
sensed concurrently with the first cardiac signal,

a processor configured to:

identify beats within the first cardiac signal and the
second cardiac signal,

apply beat qualification criteria to the beats within the
first cardiac signal and the second cardiac signal to
determine whether each of the beats is a qualified
beat, wherein the beat criteria includes at least a heart
rate criteria, a beat timing criteria between the beats
in the first cardiac signal and corresponding beats in
the second cardiac signal, and a beat interval criteria
between successive beats in the first cardiac signal
and successive beats in the second cardiac signal,

generate a beat template based on at least a portion of
the beats determined to be qualified beats, and

detect a tachycardia based at least on a comparison of
beats to the generated beat template; and

therapy circuitry configured to provide an anti-tachy-
cardia therapy from the extravascular location via at
least a portion of the plurality of extravascular elec-
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trodes of the electrical stimulation lead in response to
the processor detecting the tachycardia.
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