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FIG. 1A

(57) Abstract: A medical device is configured to detect an atrial tachyarrhythmia episode. The device senses a cardiac signal, identi -
fies R-waves in the cardiac signal attendant ventricular depolarizations and determines classification factors from the R-waves iden-
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period being classified as atrial tachyarrhythmia based on the adjusted classification criterion.
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ATRIAL ARRHYTHMIA EPISODE DETECTION IN A CARDIAC MEDICAL
BEVICE

TECHNICAL FIELD

The disclosure relates gencrally to cardiac medical devices and, in particular, to a

cardiac medical device and method for detecting atrial arrhythmia episodes from sensed

cardiac electrical signals.

BACKGROUND

During normal sinus rhythm (NSR}, the heart beat 1s regulated by clectrical signals
produced by the sino-atrial (SA) node located in the night atrial wall. Each atnal
depolarization signal produced by the SA node spreads across the atria, causing the
depolarization and contraction of the atria, and arrives at the attoventricular (A-V) node.
The A~V node responds by propagating a ventricular depolarization signal through the
bundie of His of the ventricular septum and thereafier to the bundle branches and the
Purkinje muscle fibers of the right and left ventricles.

Atnal tachvarrhythmia includes the disorganized form of atnal fibnllation and
varving degrees of organized atrial tachvcardia, including atrial flutter. Atrial fibnillation
{AF) occurs because of multiple focal triggers in the atrium or because of changes in the
substrate of the atrium causing heterogenetities n conduction through different regions of
the atria. The ectopic triggers can originate anywhere m the left or right atrium or
pulmonary veins. The AV node will be bombarded by frequent and irregular atnal
activations but will only conduct a depolarization signal when the AV node is not
refractory. The ventrnicular cycle lengths will be irregular and will depend on the ditferent
states of refractoriness of the AV-node.

As more serious consequences of persistent atrial archythmias have come 1o be
understood, such as an associated risk of relatively more senious ventricular arthvthmuas
and stroke, there is a growing interest in monitoring and treating atnal arrthythmias.
Implantable cardiac monitors and tmplantable cardioverter defibrilators (1CDBs) may be
configured to acquire cardiac clectrical signals that can be analyzed for detecting atrial

arrhythmias.
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SUMMARY

In general, the disclosure is directed to techmiques for detecting cardiac cvents,
more specifically atrial tachvarrhythmia episodes, by a medical device. A medical device
operating according to the technigues disclosed herein analyzes a cardiac electnical signal
over a plurality of time periods and classifies cach of the time periods based on
characteristics of the cardhac electrical signal, such as characteristics of the RR-mtervals
occurring during each of the plurality of time periods. The device may adjust a threshold
for classifving the cardiac signal for at least a portion of the time periods. An ainial
tachyarrhythnia may be detected when a predetermined number of time periods are
classified as atnial tachvarrhythmia, which may mnclude at least one time period before the
threshold adjostment and one or more time periods after the threshold adjustment.

In one example, the disclosare provides a method of detecting an atrial
tachvarrhythmia episode in a medical device. The method comprises sensing a cardiac
signal and identifying R-waves in the cardiac signal attendant ventricular depolarizations.
The method also includes determining classification factors from the R-waves identified
over a first predetermined time period and classifying the first predetermined time period
as atrial tachyarrhythmia based on comparing the determined classification factors to
classification eriteria. The method further includes adjusting a classification criterion of
the classification criteria from a first clagsification criterion to a second classification
criterion after classifving the first time period as atrial tachvarrhythmia, classifving at
least one subsequent time penod as atnal tachyvarrhythimia by comparing classitication
factors determined over the subsequent time period to the adjusted classification criterion;
and detecting an atrial tachvarrhvthmia episode in response to at least one subseguent
time peniod being classified as atrial tachyarrhyvthmia based on the adjusted classification
criteria,

In another example, the disclosure provides a medical device for detecting an atrial
tachvarrhythmia episode. The medical device includes sensing circuitry configured to
receive a cardiac signal from a plurality of electrodes coupled to the medical device. The
medical device also includes a processor configured to identify R-waves in the cardiac
signal attendant ventricular depolarizations, deternine classification factors from the R-
waves wdentified over a first predetermined time period, and classify the first

predetermined time period as atrial tachyarrhythina based on comparing the determined
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classification factors to classification cniteria. The processor is further configured to
adjust a classification criterion of the classification criteria from a first classification
criterion to a second classification criterion after the tirst time pertod being classified as
atnal tachvarrhythmia, classify at least one subsequent time pertod as atrial
tachvarrhythmia by comparing classification factors determined over the subsequent time
penod to the adjusted classification criterion, and detect an atnial tachvarrhyvthmia episode
in response to at least one subsequent time period being classified as atrial
tachyarrhythimia based on the adjusted classification criterion.

In another example, the disclosure provides a non-transitory, computer-readable
storage medium storing mstructions for causing a processor included in a medical device
to perform a method for detecting an atrial tachyarchythoua episode. The method
comprises sensing a cardiac signal and identifving R-waves in the cardiac signal attendant
ventricular depolanizations. The method also includes determining classification factors
from the R-waves identitied over a first predetermined time period and classifving the first
predetermined time period as atrial tachyarrhythmia based on comparing the determined
classification factors to classification criteria. The method further includes adjusting a
classification criterion of the classification criteria from a first classification crifenon to a
second classification criterion after classifving the first ime period as atrial
tachyarrhythmia, classifying at least one subsequent time period as ataal tachyarrhythoia
by comparing classification factors determined over the subsequent time period to the
adjusted classification criterion; and detecting an atrial tachvarrhythmia episode in
response €0 at least one subsequent time period being classified as atrial tachyarrhythnua
based on the adjusted classification criteria.

This summary 18 intended to provide an overview of the subject matter described
this disclosure. It is not intended to provide an exclusive or exhaustive explanation of the
apparatos and methods described in detail within the accompanying drawings and
description below. Further details of one or more examples are set forth in the

accompanying drawings and the description below.

BRIEF DESCRIPTION OF THE DRAWINGS

Fi(3. 1A is a conceptual diagram of an implantable medical device (IMD) system

for detecting atrial arrhvthmias according to one example.
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FiG. 1B is a conceptual diagram of an IMD svstem for detecting atrial
tachvarrhvthmia according to another example.

FIG. 1C 1s a conceptual diagram of vet another IMD system in which techniques
disclosed herein may be implemented for detecting atrial tachvarrhythmia,

FI1G. 2 is a functional schematic diagram of the implantable cardioverter
defibnillator (ICD) of FIG. 1.

FiGs. 3A and 3B are conceptual diagrams of an altemative ICD system that may
be configured to detect atrial tachyarrhythmia according to the techniques disclosed
herein.

FIG. 418 a schematic diagram of methods used for detecting cardiac events by any
of the ICDs of FIGs. 1A, 1B and 2 or the monttoring device of FIG. 1C according to one
example.

FI1G. 5 is a diagram of a two-dimensional histogram representing a Lorenz plot
area used m the techniques disclosed herein for detecting atrial tachvarrhythmia.

FiG. 6 is flowchart of a method for determining a factor for classifying time
periods for detecting atnal tachyarrhythmia according to one example.

FIG. 7 18 a flowchart of a method for classifying a predetermined time pertod for
use in detecting atrial tachvarrhythmia according to one example.

FIG. 8 is a schematic diagram of atral fibrillation detection that may be performed
by the ICDs shown in FIGs. 1A, 18 and 3A or the monttor of FIG. 1C.

FIG. 9 is a schematic diagram of a method for detecting atrial fibnliation by an
ICD or implantable monitoring device according to another example.

FIG. 10 15 a flowchart of a method for detecting atrial fibrillation, according to one
example.

Fi(z. 11 15 a flow chart of a method performed by an ICD or implantable monitor

for providing a response to detecting atrial tachyarrhythimia according to one example.

DETAILED DESCRIPTION

In the following description, references are made to illustrative embodiments for
carrying out the methods described herein. It 15 understood that other embodiments may

be utilized without departing from the scope of the disclosure.
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In various exarmples, a cardiac electrical signal is used for determining successive
ventricular cvele lengths for use m detecting atrial arrhythmias. Ventricular cvele lengths
may be determined as infervals between successive R-waves that are sensed from the
cardiac electrical signal and attendant to the depolarization of the ventnicles. The
differences between successive RR intervals (RRIs) are analyzed for determuning evidence
of atnial tachyvarrhythnua, e.g., atrial fibrillation. As described herein, a time pertod of the
carcdiac signal may be classified as AF, non-AF, or unclassified based on an analysis of the
REUs and other factors. When a predetermined number of time periods of the cardiac
signal are classified as AF, a medical device operating according to the techniques
disclosed herein may detect AF. The device, however, may adjust a classification
criterion applied for classifying a time pertod of the cardiac signal prior to detecting AF
and detect AF based on the adjusted classification criterion applied for classifving
subsequent time periods.

Aspects of the methods described herein can be incorporated in a vanety of
tmplantable or external medical devices having cardiac signal monitoring capabilities,
which may or may not include therapy delivery capabilitics. Such devices mclude single
chamber, dual chamber or bi-ventnicular pacing systems or ICDs that sense the R-waves
and deliver an electrical stimulation therapy to the ventricles. The atrial arthythnua
detection methods presently disclosed may also be ncorporated in implantable cardiac
monitors having implantable electrodes or extemal cardiac monitors having
clectrocardiogram (ECG) electrodes coupled to the patient’s skin to detect R-waves, ¢.g.,
Holter monitors, or within computerized systems that analyze pre-recorded ECG or
cardiac electrogram (EGM) data. Embodiments may further be implemented in a patient
montioring svstem, such as a centralized computer system which processes cardiac
electrical signals and other data sent to it by implantable or wearable monitoring devices.

FIG. 1 is a conceptual diagram of an implantable medical device (IMD) gystem
for detecting atrial arrhythmias according to one example. The IMD svstem 1 of FIG. |
includes an implantable cardioverter defibrillator (FCD) 10 coupled to a patient’s heart 2
vig transvenous clecirical leads 6, 11, and 16, ICD 10 mnchudes a connector block 12 that
may be configured to receive the proximal ends of a right ventricular (RV} lead 16, a right
atrial (RA) lead 11 and a coronary sinus (CS) lead 6, which are advanced transvenously

for positioning electrodes for sensing and stimelation m three or all four heart chambers.
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RV lead 16 is positioned such that its distal end is in the night ventricle for sensing
RY cardiac signals and delivering pacing or shocking pulses in the rnight veniricle. For
these purposes, RV Jead 16 is equipped with pacing and sensing electrodes shown as a
ring electrode 30 and a tip electrode 28, In some examples, tip electrode 28 is an
extendable helix electrode mounted retractably within an electrode head 29. RV lead 16 1s
further shown to carry defibrillation electrodes 24 and 26, which may be elongated coil
clectrodes used to deliver high voltage cardioversion/defibrillation (CV/BF) electrodes.
Defibullation electrode 24 is referred to herein as the “RV defibrillation electrode ” or
“RYV coil electrode” because it may be carried along RV lead 16 such that 1t is positioned
substantially within the right ventricle when distal pacing and sensing electrodes 28 and 30
are positioned for pacing and sensing n the right ventricle. Defibrillation electrode 26 18
referred to herein as a “superior vena cava (SVC) defibritiation electrode” or “SV{ coil
clectrode” because it may be carried along RV lead 16 such that it is positioned at least
partially along the SV when the distal end of RV lead 16 1s advanced within the night
ventncle.

Each of ¢lectrodes 24, 26, 28 and 30 are connected 1o a respective insulated
conductor extending within the body of lead 16. The proximal end of the mnsulated
conductors are coupled to corresponding connectors carried by proximal lead connector
14, ¢.g., a DF-4 coungctor, at the proximal end of lead 16 for providing ¢lectrical
connection to ICD 10, 1t s understood that although ICT 10 s tllustrated in FIG. 1 as a
multi-chamber chamber device coupled to RA lead 11 and €S lead 6, ICD 10 mayv be
configured as a single chamber device coupled only to RV lead 16 as shown and described
m conjunction with FIG. 1B below. The technigques disclosed heremn for detecting atrial
tachyvarrhythmia may be successfully performed without requirnng atrial signal sensing.
As such, RA lead 11 s optional 1n some examples.

If included, RA lecad 11 may be positioned such that its distal end is in the vicinity
of the right atrium and the superior vena cava. Lead 11 1s equipped with pacing and
sensing electrodes 17 and 21 shown as a tip clectrode 17, which may be an extendable
helix electrode mounted retractably within electrode head 19, and a ring electrode 21
spaced proxamally from tip electrode 17, The electrodes 17 and 21 provide sensing and

pacing in the right atrium and are cach connected to a respective insulated conductor with
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the body of RA lead 11, Each inselated conductor is coupled at its proxamal end to
connector carried by proximal lead connector 13.

€S lead 6 1s also optional and not required to successtully execute the atrial
tachyarthythmia detection methods disclosed herein. When present, CS lead 6 may be

advanced within the vasculature of the left side of the beart via the coronary sinus and a

clectrodes & that may be used in combination with either RV coil electrode 24 or the SVC
coil electrode 26 for delivering electrical shocks for cardioversion and defibrillation
therapies. In other examples, coronary sinus lead 6 may also be equipped with one or
more electrodes 8 for use m delivering pacing and or sensing cardiac electrical signals in
the left chambers of the heart, 1.¢., the left ventricle and/or the left atriumn. The one or
more glectrodes 8 are coupled to respective insulated conductors within the body of C5
icad 6, which provides connection to the proximal lead connector 4.

The RV pacing and sensing clectrodes 28 and 30 may be used as a bipolar parr,
commonly referred to as a “tip-to-ring” configuration for sensing cardiac electrical signals.
Further, RV tip electrode 28 may be selected with a coil electrode 8, 24, or 26 to be used
as an integrated bipolar pair, commonly referred to as a “tip-to-coil” configuration for
sensing cardiac electrical signals. ICD 10 may, for example, sclect one or more sensing
electrode vectors including a tip-to-ring sensing vector between electrodes 28 and 30 and a
tip-to-coil sensing vector, ¢.g., between RV tip electrode 28 and SV coil electrode 26,
between RV tip electrode 28 and RV coil electrode 24, between RV ring electrode 30 and
SV coil electrode 26 or between RV ring electrode 30 and RY coil electrode 24, In some
cases, any of the clectrodes 24, 26, 28 or 30 carried by RV lead 16 may be selected by
ICD 10 1n a unipolar sensing configuration with the [CD housing 15 serving as the
mdifferent clectrode, commonly referred to as the “can” or “case” electrode. Itis
recognized that numerous sensing and electrical stimulation ¢lectrode vectors may be
available using the various electrodes carried by one or more of leads 6, 11 and 16 coupled
10 ICD 10, and ICD 10 may be configured to sclectively couple one or more sensing
clectrode vector to sensing circuitry enclosed by housing 15, e.g., sensing circuitry
including ong or more amplifiers, filters, rectifiers, comparators, sense amphifiers, analog-
to-digital convertors and/or other circuitry configured to acquire a cardiac electrical signal

for use in detecting cardiac arthythmias.
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In other examples, the ICD housing 15 may serve as a subcutancous defibriliation
electrode in combination with one or more of the cotl electrodes 8, 24 or 26 for delivering
CV/DF shocks to the atria or ventricles. 1t i1s recognized that alternate lead sysiems may
be substitated for the three lead system tHhustrated 1 FIG. 1A, While a particular mudti-
chamber ICD and lcad svsiem is illustrated in FIG. 1A, methodologies included in the
present mvention may adapted for use with any single chamber, dual chamber, or multi-
chamber ICD or pacemaker system, subcutangous implantable device, or other internal or
external cardiac mounitonng device.

An extornal device 40 1s shown in telemetric communication with ICD 10 by an
RF commumication link 42. External device 40 1s often referred to as a “programmer”
because it is typically used by a physician, technician, nurse, chinician or other qualified
user for programming operating parameters in FCD 10, External deviee 40 may be located
10 a clinic, hospital or other medical facility. External device 40 may aliernativelv be
embodied as a home monitor or a handheld device that may be used 1 a medical facility,
in the patient’s home, or another location. Operating parameters, such as sensing and
therapy delivery control parameters, may be programmed into ICD 10 using external
device 40.

External device 40 includes a processor 52, memory 53, user display 54, user
mterface 56 and telemetry circuitry 58. Processor 52 controls external device operations
and processes data and signals received from 1CD 10, According to technigues disclosed
heremn, processor 52 receives sensing vector data obtamed by ICD 10 and transnutted to
telemetry circuitry 58 from HCD 10, As described below m conjunction with FIG. 11 ICD
10 may be configured to store cardiac signal data associated with detected atrial
tachyarthythmia episodes and transmit the cardiac signal data to external device 40.
Processor 52 provides user display 54 with at least a portion of the cardiac electrical signal
data for generating a display of the cardiac electrical signal detected as atrial
tachvarrhvthmia for observation and review bv a clinician.

The user display 34 provides a display of the cardiac signal data and may include a
graphical user interface that facilitates programming of one or more sensing parameters
and/or atrial arrhythmia detection parameters by a user interacting with external device 40.
External device 40 may display other data and mformation relating to ICD functions to a

user for reviewing ICD operation and programmed parameters as well as cardiac electrical
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signals or other physiological data that s retrieved from ICD 10 during an interrogation
session. User interface 56 may mnclude a mouse, touch screen, or other pointing device,
keyboard and/or keypad to enable a user to mteract with external device 40 to initiate a
telemetry session with ICD 10 for retrieving data from and/or transmitting data to ICD 16
and for selecting and programaming desired sensing and therapy delivery conirol
parameters into ICD 10,

Telemetry circuitry 58 includes a transeciver and antenna configured for
bidirectional communication with an implantable transceiver and antenna included n ICD
10. Telemetry circuitry 5% is configured to operate in conjunction with processor 52 for
encoding and decoding transmitted and received data relating to ICD functions via
communication link 42. Communication hink 42 may be established between ICD 10 and
external device 40 using a radio frequency {R¥F) link such as BLUETOOTH®, Wi-Fi.
Medical Implant Communication Service (MICS) or other RF bandwidth. In some
examples, external device 40 may mclude a programming head that is placed proximate
ICD 10 to cstablish and maintain a communication link, and in other examples extemal
device 40 and ICD 10 may be configured to comumunicate using a distance telemetry
algorithm and circuitry that does not require the use of a programming head and does not
require user miervention to maintain a communication link.

it is contemplated that external device 40 may be in wired or wireless connection
10 a communications network via telemetry cireuitry 38 for transferring data to a remote
database or computer to allow remote management of the patient. Remote patient
management systems may be configured to vtilize the presently disclosed techniques to
enable a clinician fo review cardiac electrical signal data and atrial tachvarthvthmia
episode data received from [CD 10 and to select and program control parameters
transmitted to ICD 10, Reference is made to commonly-assigned U.S. Pat. Nos. 6,599,250
{(Webb et al), 6,442 433 (Linberg et al ), 6,418,346 (Nelson ¢t al )}, and 6,480,745 (Nelson
ct al.) for general descriptions and examples of remote patient management systems that
cnable remote patient monitoring and device progranuming.

FIG. 1B is a conceptual diagram of a single-chamber ICE 10” coupled to RV lead
16. The techniques disclosed herein may be implemented in a single chamber ICD that is
coupled only to a ventricular lead such as RV lead 16 for receiving cardiac electrical

stgnals including at least R-waves attendant to the ventricular depolarizations of heart 2.
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Electrodes 28 and 30 (and/or coil electrodes 24 and 26) may be used for acquiring cardiac
clectrical signals needed for performing atrial tachyarrhythmia detection as described
herein without requiring an atrial sensing and pacing lead 11 as shown m FIG. 1A, R-
waves sensed from cardiac electrical signals obtained by ICD 107 are used for determining
RR intervals (RRIs) between conseccutively sensed R-waves for detecting atnal
tachyvarrhvthmia by a processor of ICD 107 based at least in part on an analysis of the
RRIs. The single chamber ICD 10” may be configured to sense cardiac electrical signals
from electrodes 24, 26, 28 and/or 30, detect atrial tachyarchythoua and provide an atrial
tachvarrhvthmia detection response such as storing atrial fachyarthythmia episode data for
transmission to external device 40 (shown in FIG. 1A). Single chamber ICD 10" may
additionally be configured to deliver ventricular bradyeardia pacing, detect ventricular
tachyarrhythmias, and debver anti-tachycardia pacing therapy and
cardioversion/defibrillation shock therapies to the RV via clectrodes 24, 26, 28 and/or 30
carried by lead 16

FiG. 1C 15 a conceptual diagram of a cardiac monitoring device 60 which may
eraploy aspects of the atrial tachyarrhythmia detection techniques disclosed herein.
Monitoring device 60 is shown implanted subcutaneously in the upper thoracic region of a
patient’s body 3 and displaced from the patient’s heart 2. The housing 62 of cardiac
monttor 60 {shown enlarged in scale compared to the patient’s body 3) includes a non-
conductive header module 64 attached to a hermetically sealed housing 62. The bousing
62 contains the circuitry of the cardiac montior 60 and 1s generally electrically conductive
but may be covered in part by an electrically msulating coating. A first, subcutaneous,
sense electrode, A, is formed on the swface of the header module 64 and a second,
subcutancous, sense clectrode, B, is formed by at least a portion of the housing 62. For
example, electrode B may be an exposed portion of housing 62 when housing 62 is coated
by an electrically msulating coating. The conductive bousing electrode B may be directly
connected with the sensing circuttry.

An electrical feedthrough extends through the mating surfaces of the header
module 64 and the housing 62 to electrically connect the first sense electrode A with
sensing circuitry enclosed within the housing 62. The electrical signals aftendant to the
depolarization and re-polarization of the heart 2 arc referred to as the cardiac electrical

stgnals and are sensed across the sense electrodes A and B and include at least R-waves

10
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attendant to the ventricular depolarizations of heart 2. The cardiac monitoring device 60
may be sutured to subcutancous tissue at a desired orientation of its clectrodes A and B 1o
the axis of the heart 8 to detect and record the cardiac elecirical signals in a sensing vector
A-B for subsequent processing and aplink telemetry transmission to an external device 40
(shown in FIG. 1A).

In one embodiment, the spacing between electrodes A and B may range from 60
mm to 25 mm. In other embodiments, the electrode spacing may range from 35mm to
30mm, or from 55mm to 35mm. The volume of the implantable cardiac monitoring
device 50 may be three cubic centimeters or less, 1.5 cubic centimeters or less or any
volume between three and 1.3 cubic centimeters. The length of cardiac monitoring device
60 may range from 30 to 70mm, 40 to 60mm or 45 to 60mm and may be any length
between 30 and 70mm. The width of a major surface such a cardiac monitoring device 60
may range trom 3 to 10mm and may be any thickness between 3 and 10mm. The
thickness of cardiac monitoring device 60 may range from 2 1o 9mm or 2 to Smm and may
be any thickness between 2 and 9mm.

The sensing circuitry included in housing 62 is configured to detect the R-waves
for monitoring for atrial tachvarchvthouia according to the techniques disclosed herem.
Such sensing circuitry may include a pre-filter and amplifier, a rectifier, a sense amplifier,
an analog-to-digital filter, a comparator and/or other components configured to receive
cardiac clectrical signals. Aspects of a cardiac monitoring device of the type that may
employ atrial arrhythnua detection techniques disclosed herein are generally disclosed in
U.S. Publication No. 2015/0088216 {(Gordon, et al ) and U.S. 7,027 858 (Cao, et al ).

In general, the hermetically scaled housing 62 inchudes a hithinm battery or other
power source, a processor and memory or other control circuitry that controls device
operations and records arrhythmic cardiac electrical signal episcde data in memory
registers, and a telemetry transceiver antenna and circuit that receives downlink telemetry
commands from and transmits stored data in a telemetry uplink to the external device 40.
The circuitry and memory may be implemented in discrete logic or a micro~-computer
based system with A/D conversion of sampled cardiac electrical signal amplitude values.
(Oue implantable cardiac monitor that can be modified in accordance with the presently

disclosed techniques is described in US. Pat. No. 6,412,490 (Lecetal ).

Il
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FiG. 2 is a functional schematic diagram of an ICB, such as ICD 10 of FIG. 1.
This diagram should be taken as illustrative of the type of device with which the
techmiques disclosed herein may be embodied and not as limiting. The example shown in
FI1G. 2 is a processor-controlled device, but the disclosed methods may also be practiced
with other types of devices such as those employing dedicated digital circutiry. In other
words, processor 224 may include any combination of integrated circuitry, discrete logic
circuity, analog circuitry, such as one or more nucroprocessors, digital signal processors
(D5Ps), application specific integrated circuits {ASICs), or field-programmable gate arrays
(FPGAs). In some examples, processor 224 may include multiple components, such as
any combination of one or more nucroprocessors, one or more DASPs, one or more ASICs,
or one or more FPGAs, as well as other discrete or integrated logic circuitry, and/or analog
circuitry.

With regard to the electrode system illustrated in FIG. 1A, ICD 10 is provided with
a number of connection terminals for achieving electrical connection to the leads 6, 11,
and 16 and their respective electrodes. Housing 15 may be used as an indifferent electrode
during unipolar stinwation or sensing. Hlectrodes 24, 26 and 8 may be selectively
coupled to the high voltage output circuit 234 to facilitate the delivery of high energy
shocking pulses to the heart using one or more of the coil electrodes €, 24 and 26 and
optionally the housing 15.

RA tip electrode 17 and RA ring clectrode 21 may be coupled 1o atrial sense
amplifier 204 for sensing atrial signals such as P-waves. RV tip electrode 28 and the RV
ring clectrode 30 may be coupled to a ventricular sense amplifier 200 for sensing
ventricular signals. The atrial sense amplifier 204 and the ventricular sense amplificr 200
may take the form of automatic gain controtled amplifiers with adjustable sensitivity. ICD
10 and, more specifically, processor 224 may automatically adjust the sensitivity of atrial
sense amphifier 204, ventricular sense amplifier 260 or both in response to detection of
oversensing in order to reduce the likelihood of oversensing of cardiac cvents and/or non-
cardiac noise.

Atnal sense amplifier 204 and ventricular sense amplifier 200 may receive timing
information from pacer timing and control circuitry 212, For example, atrial sense
araplifier 204 and ventricular sense amplifier 200 may receive blanking period mput. e.g..

A BLANK and V_BLANK, respectively, which indicates the amount of time the
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arplifiers are “tumed off” m order to prevent saturation due to an applied pacing pulse or
defibrillation shock. The general operation of the ventricular sense amplificr 200 and the
atrial sense amplifier 204 may correspond to that disclosed in U5, Pat. No. 5,117,824
{Keimel, et al}, Whenever a signal received by atrial sense amplifier 204 exceeds an
atrial sensitivity, a signal is generated on the P-out signal line 206, Wheunever a signal
received by the ventricular sense amphifier 200 exceeds a ventricular sensitivity, a signal is
generated on the R-out signal line 202, As described below, a signal on the R-out signal
line 202, which may be referred to as 3 ventricular sense event {Vs event) signal, may be
received by processor 224 and used for determiming RRI differences.

Switch matrix 208 15 used to select which of the available electrodes §, 17, 21, 24,
26, 28 and 30 are coupled to a wide band amplifier 210 for use in digital signal analysis.
Selection of the electrodes is controlled by the processor 224 via data/address bus 218,
The selected electrode configuration may be varied as desired for the various sensing,
pacing, cardioversion and defibnllation functions of the ICD 10. For example, while RV
electrodes 28 and 30 are shown coupled to sense amplifier 200 and pace output circuit 216
suggesting dedicated pace/sense clectrodes and coil electrodes 24 and 26 are shown
coupled to HY output circuit 234 suggesting dedicated CV/DV shock elecirodes, it is
recognized that switching circoitry included in swiich matrix 208 may be used to select
any of the available electrodes in a sensing ¢lectrode vector, a pacing electrode vector, or a
CV/DF shock vector as indicated previously.

Signals from the electrodes selected for coupling to bandpass amplifier 210 are
provided to multiplexer 220, and thereafter converted to multi-bit digital signals by A/D
converter 222, for storage in memory 226 under control of direct memory access circuit
228 via data/address bus 218, Processor 224 may employ digital signal analvysis
technigques to characterize the digitized signals stored in memory 226 to recognize and
classify the patient’s heart thyvthm employing any of numerous signal processing
methodologics for analvzing cardiac signals and cardiac event waveforms, ¢.g., P~waves
and R~waves. One fachvarrhythmia detection system is descnibed in U S, Pat. No.
5,545,186 (Dlson et al).

It is to be understood that the circuttry shown in FIG. 2 may be modified according
to the particular device requirements. For example, the single chamber {CD 107 of FIG.

1B may include the ventricular sense amplifier 200 and ventricular pace output circnit 216
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and terminals for electrically coupling to electrodes 24, 26, 28 and 30, while atrial sense
amplificr 204, airial pace output circuit 214 and terminals for clectrically coupling to
electrodes 8, 17 and 21 may be omitied and/or coupled to other electrodes. For example,
sense amphfier 204 and/or pace output circuit 214 may be coupled to electrodes 24, 26,
and/or housing clectrode 135.

Upon detection of an arrhythmia, an episode of cardiac signal data, along with
sensed mtervals and corresponding annotations of sensed events, may be
stored 1n memory 226. The cardiac electrical signals sensed from programmed sensing
electrode pairs may be stored as EGM signals. Typically, a ncar-ficld sensing electrode
pair mcludes a tip electrode and a ning electrode located m the atrium or the ventricle, such
as RA clectrodes 17 and 21 or RA electrodes 28 and 30. A far-ficld sensing electrode patr
includes electrodes spaced further apart such as any of’ the defibriflation coil electrodes &,
24 or 26 with housing 15; a tip clectrode 17 or 28 with housing 15; a tip electrode 17 or 28
with a defibriliation coil electrode 8, 24 or 26; or atrial tip electrode 17 with ventricular
ring electrode 30. The vse of near-ficld and far-ficld EGM sensing of arrhythmia episodes
is described m U.S. Pat. No. 5,193,535 (Bardy). Annotation of sensed events, which may
be displayed and stored with EGM data, 18 described in U5, Pat. 4,374,382 (Markowitz).

Fi(z. 2 may suggest only two sensing channels, an atnial sensing channel including
amplifier 204 and a ventricular sensing channel including amplifier 200, in ICD 10,
however it is recognized that the techniques disclosed hercin may be applied to one or
more cardiac electrical signals acquired using any combination of the available clectrodes.
In some examples, a first cardiac electrical signal is acquired between the ICD housing 15
and RV coil electrode 24, a second cardiac clectrical signal is acquired between the RV
cotl electrode 24 and the SV coil electrode 26, and third cardiac electrical signal is
acquired between the RV tip electrode 28 and the RV ring clectrode 30, All three signals
may be collected and used by processor 224 for analyzing R-waves and RRIs and
detecting atrial and/or ventricular arrhythmias. As discussed below in conjunction with
FIG. 11, at least two cardiac signals may be stored in memory 226 in the example of FIG.
2, when a tachyarrhythmia episode 1s detected for later transmission by telemetry circust
330. When atrial tachvarrhvthmia is detected, with or without simultaneous detection of
ventricular tachyvarchvthoua, the two signals may be stored having two different gain

settings to provide two different signals for display on external device 40, One signal
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displaved at a higher gain may result in R-wave clipping but enables relatively small
amplitude P-waves to be more readily observed, which enables any relationship between
the detected atnial and ventricular tachyarrhythnua (if present) to be observed by a
clinician through comparison of the two different signals. When ventricular
tachyarrhvthmia is detected without atrial tachvarrhythmia detection, two signals may be
stored both having a gain setting that avoids clipping of R-waves.

The telemetry circuit 330 includes a transceiver for recetving downlink telemetry
from and sending uplink telemetry to external device 40 using antenna 332. Telemetry
circuit 330 provides bi-directional telemetric communication with an external device 40 as
described above.

ICD 10 may receive programmable operating parameters and algorithms via
telemetry circuit 330 for storage in memory 226 or other memory. For example, memory
226 may be any volatile, non-volatile, magnetic, optical, or clectrical media, such asa
random access memory (RAM), read-only memory (ROM), non-volatile RAM
(NVRAM), electrically-erasable programmable ROM (EEPROM), flash memory, or any
other digital media. Memory 226 may be accessed by processor 224 for controlling 1CD
functions. For example, cardiac rhythm detection parameters and therapy control
parameters used by ICD 10 may be programmed via telemetry circuit 330, Thus, memory
226 of IMD 10 may store program instructions, which may include one or more program
modules, which arc executable by processor 224, When executed by processor 224, such
program mstructions may cause processor 224 and IMD 16 to provide the funcuonality
ascribed to them herein. The program instractions may be embodied in software,
firmware and/or RAMware.

Data stored or acquired by ICD 10, includimg physiological signals or associated
data dertved therefrom, results of device diagnostics, and histories of detected arrhythmia
episodes and delivered therapies, may be retricved from ICD 10 by the external device 40
following an interrogation command received by telemetry circuit 330, Data to be
uplinked to the external device and control signals for the telemetry circuit 330 are
provided by processor 224 via address/data bus 218, Received telemetry is provided to
processor 224 via meltiplexer 220, Numerous types of telemetry systems known for use

mn troplantable medical devices may be implemented 1w ICD 10
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Other circuitry shown in FIG. 2 is tHustrative of therapy delivery circuitry that may
be included i an ICD or other implantable medical device emploving the atrial arvhythmia
detection technigue disclosed herein when the device is configured for providing cardiac
pacing, cardioversion and defibrillation therapies. For example, the pacer timing and
control circuitry 212 may include programmable digital counters which control the basic
time mntervals associated with various single, dual or multi-chamber pacing modes or anti-
tachyeardia pacing therapies delivered i the atria or ventricles. Pacer timing and control
circuity 212 also sets the amplitude, pulse width, polarity or other characteristics of the
cardiac pacing pulscs under the control of processor 224

During pacing, escape interval counters within pacer timing and control circutry
212 are reset upon sensing of R-waves or P-waves as indicated by signals on lines 202 and
206, respectively. In accordance with the selected mode of pacing, pacing pulses are
generated by atrial pace output circuit 214 and ventricular pace output ciremit 216, The
pace output circuits 214 and 216 are coupled to the desired electrodes for pacing via
switch matnx 208. The escape interval counters are reset upon generation of pacing
pulses, and thereby control the basic timing of cardiac pacing functions, including anti-
tachycardia pacing.

The durations of the escape intervals are determined by processor 224 via
data/address bus 218. The value of the count present in the escape interval counters when
reset by sensed R-waves or P-waves can be used to measure R-R intervals and P-P
intervals for detecting the occurrence of a variety of arrhythmias., Processor 224 may also
track the nuntber of pacimg pulses delivered, particularly the number of ventricular pacing
pulses delivered, during predeternuined time periods as a factor used in classifving the
cardiac electrical signal during the time period.

The processor 224 meludes associated read-only memory (ROM) in which stored
programs controlling the operation of the processor 224 reside. A portion of the random
access memory (RAM) 226 may be configured as a number of recirculating butfers
capable of holding a series of measured mtervals for analysis by the processor 224 for
predicting or diagnosing an arrhythmia.

In response to the detection of tachvcardia, anti-tachyeardia pacing therapy can be
delivered by loading a regimen from processor 224 into the pacer timing and control

circuitry 212 according to the tyvpe of tachveardia detected. In the event that higher

16



WO 2017/172271 PCT/US2017/020874

voltage cardioversion or defibriliation pulses are required, processor 224 activates the
cardioversion and defibrillation control circuitry 230 to initiate charging of the high
voltage capacitors 246 and 248 via charging circuit 236 under the control of high voltage
charging control line 240. The voltage on the high voltage capacitors is monitored via a
voltage capacttor (VCAP) line 244, which is passed through the nultiplexer 220, When
the voltage reaches a predetermined value set by processor 224, a logic signal is generated
on the capacitor full (CF} line 254, terminating charging. The defibrillation or
cardioversion pulse is delivered to the heart ander the control of the pacer timing and
control circutry 212 by an output circuit 234 via a control bus 238, The output circuit 234
determines the electrodes used for delivering the cardioversion or defibrillation pulse and
the pulse wave shape.

When ICD 10 is coupled to a RA lead 11 as shown in FIG. 1A atnial electrical
stimulation therapics may be delivered in response o detecting atrial tachyvarrbythmia
using the techniques disclosed herem. In some examples, atnal pacing and/or an atnial
cardioversion/defibrillation shock may be delivered to terminate a sustained atrial
tachvarrhythmia.

In some examples, the ICD 10 may be equipped with a patient notification system
250. Any patient notification method known for use i implantable medical devices may
be vsed such as generating perceivable twitch stimulation or an audible sound. A patient
notification systom may include an audio transducer that emits audible sounds including
voiced statements or musical tones stored in analog memory and correlated {o a
programiming of interrogation operating algorithim or to a waming trigger event as
generally described in U5, Pat. No. 6,067,473 (Greeninger ¢t al.}. fo some examples, {CD
10 provides a response to an atrial tachvarrthyvthmia detection by generating a patient
notification via system 250 and/or a clinician notification using telemetry circuit 330, An
atrial tachyarrhythmia response provided by ICD 10 may include determinimg an AF
burden as the total combined duration of all detected AF episodes during a predetermined
monitoring time nterval, e.g., 24 hours, and generating a patient notification and/or
clinictan notification when the AF burden exceeds a threshold.

Fi(s. 3A and 3B are conceptual diagrams of an aliernative {CD system 100 that
may be configured to detect AF according to the techmiques disclosed herein. FIG. 3A 152

front view of an extra~cardiovascular ICD system 100 implanted within patient 112, FIG.

f—
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3B is a side view of ICD system 100 implanted within patient 112, ICD system 106
meludes an ICD 110 connected to an extra-cardiovascular electrical stimulation and
sensing lead 116, ICD system 100 may further include an intracardiac pacemaker 101
configured to deliver pacing pulses to a ventricular or atrial chamber.

IC13 110 mncludes a housing 115 that forms a hermetic scal that protects internal
components of ICD 110, Internal device components may include circuitry shown n FIG.
2, such as sense amplifier(s), A/D converter, pacing output circuitry, high voltage output
circuitry and a processor and memory and/or other control circuitry. The housing 115 of
ICD 110 may be formed of a conductive matenial, such as titanium or titanium alloy. The
housing 115 may function as a housing electrode (sometimes referred 1o as a can
electrode}. In examples described herein, housing 115 may be used as an active can
electrode for usc in delivering cardioversion/defibrillation (CV/DF) shocks or other high
voltage pulses delivered by HV charge circuit 236 (FIG. 2). In other examples, housing
115 may be available for use in sensing cardiac signals or for delivering unipolar, low
voltage cardiac pacing pulses by a pacer output circuit in conjunction with {ead-based
cathode clectrodes. In other instances, the bousing 115 of ICD 110 may include multiple
electrodes on an outer portion of the housing. The outer portion(s) of the housing 115
functioning as an electrode(s) mayv be coated with a matertal, such as titantum nitride.

ICE 110 includes a connector assembly 117 {also referred (o as a connector block
or header) that includes clectrical feedthroughs crossing housing 115 to provide clectrical
connections between conductors extending within the lead body 118 of lead 116 and
electronic components included within the housing 115 of ICD 110, As described above
m conjunction with FIG. 2, housing 115 may house one or more processors, memaories,
telemetry transceivers, sensing circuttry such as sense amplifiers and analog-to digital
converters, therapy delivery circuitry such as pacer timing and control, CV/DF control,
pace output and HV cutput circuits and associated charging circuits, a switch matrix, a
data bus, one or more batteries or other power sources and other components for sensing
cardiac electnical signals, detecting a heart rhythm, and controlling and delivering
clectrical stimulation pulses to treat an abnormal heart rhythm.

Lead 116 includes an clongated lead body 118 having a proximal end 127 that
includes a lcad connector {not shown) configured to be connected to ICD connector

assembly 117 and a distal portion 125 that inclades one or more electrodes. Inthe
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example tlustrated in FIGs. 3A and 3B, the distal portion 125 of lead 116 includes
defibriliation clectrodes 124 and 126 and pace/scunse clectrodes 128, 130 and 131, In some
cases, defibnllation electrodes 124 and 126 may together form a defibrillation clectrode in
that they may be configured to be activated concurrently. Altematively, defibnilation
clectrodes 124 and 126 may form separate defibrillation electrodes in which case each of
the electrodes 124 and 126 may be activated independently. In some instances,
defibrillation electrodes 124 and 126 are coupled to electrically isolated conductors, and
ICD 110 may include switching mechanisms to allow electrodes 124 and 126 to be
utilized as a single defibrillation electrode (¢.g., activated concurrently to form a cormamon
cathode or anode) or as separate defibritlation electrodes, {e.g., activated mdividually, one
as a cathode and one as an anode or activated one at a time, one as an anode or cathode
and the other remaining inactive with housing 115 as an active clectrode}.

Electrodes 124 and 126 (and in some examples housing 115) are referred to herein
as defibnliation electrodes because thev are utilized, individually or collectively, for
delivering high voltage stimulation therapy {¢.g., cardioversion or defibrillation shocks).
Electrodes 124 and 126 may be clongated coil electrodes and generally have a relatively
high surface area for deliverig high voltage electrical stimulation pulses compared to low
voltage pacing and sensing electrodes 28, 30 and 31. However, electrodes 124 and 126
and housing 115 may also be utilized to provide pacing functionality, sensing functionality
or both pacing and sensing functionality in addition to or instead of high voltage
stimulation therapy. [n this sense, the use of the term “defibnllation electrode” herein
should not be considered as limiting the electrodes 124 and 126 for use in only high
voltage cardioversion/defibrillation shock therapy applications. Electrodes 124 and 126
may be used in a pacing clectrode vector for delivering extra~cardiovascular pacing pulses
such as ATP pulses, post-shock pacing or other pacing therapies and/or in a sensing vector
used to sense cardiac electnical signals for detecting atnial and ventacular arrhythmias,
referred to generally as “cardiac events”, including AF, VT and VF.

Electrodes 128, 130 and 131 are relatively smaller surface area electrodes for
delivering low voltage pacing pulses and for sensing cardiae electrical signals. Electrodes
128, 130 and 131 are referred to as pace/sense electrodes because they are generally
configured for use in low voltage applications, ¢.g., used as cither a cathode or anode for

delivery of pacing pulses and/or sensing of cardiac electrical signals. Flectrodes 124,



WO 2017/172271 PCT/US2017/020874

126,128, 130 and/or 131 may be used to acquire cardiac electrical signals used for AF
detection according to the techniques disclosed bherein.

Lead 16 extends subcutancously or submuscularly over the ribcage 132 medially
from the commector assembly 127 of ICD 110 toward a center of the torso of patient 112,
c.g., toward xiphoid process 120 of patient 112. At a location near xiphoid process 120,
lead 116 bends or tums and extends superniorly within anterior mediastioum 1361 a
substernal position. Lead 116 of svstem 100 is implanted at least partially anderncath
sterpum 122 of patient 112.

Anterior mediastinum 136 may be viewed as being bounded laterally by pleurae,
posteriorly by pericardium 138, and anteriorly by sternum 122, In some instances, the
anterior wall of anterior mediastinum 136 may also be formed by the transversus thoracis
muscle and one or more costal cartilages. Anterior mediastinum 136 includes a guantity
of loose connective tissue (such as arcolar tissuc), adipose tissue, some lyvmph vessels,
fvmph glands, substernal musculature, small side branches of the mntemal thoracic artery
or vem, and the thvimus gland. In one cxample, the distal portion 125 of lead 116 extends
along the posterior side of sternum 122 substantially within the loose connective tissue
and/or substernal musculature of anterior mediastinum 136

A lead implanted such that the distal portion 125 is substantially within anterior
mediastinum 136 may be referred to as a “substernal lead.” In the example ilhustrated in
FIGS 3A and 3B, lead 116 extonds substantially centered under steroum 122, In other
ingtances, however, lead 116 may be implanted such that it extends in a position that 1s
offset laterally from the center of sternom 122, In some instances, lead 116 may extend
laterally such that distal portion 125 of lead 116 is underncath/below the ribcage 132
addition to or instead of sternum 122, In other examples, the distal portion 125 of lead
116 may be implanted in other extra-cardiovascular, intra-thoracic locations, mchiding the
pleural cavity or arcund the perimeter of and adjacent to but typically not within the
penicardium 138 of heart 102,

In other examples, lead 116 may remain outside the thoracic cavity and extend
sabcutancously or submuscularly over the ribcage 132 and/or sternum 122, The path of
lead 116 may depend on the location of ICD 110, the arrangement and position of

electrodes carried by the lead distal portion 125, and/or other factors.
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Electrical conductors (not iHlustrated) extend through one or more lomens of the
clongated lead body 118 of lcad 116 from the lead connector at the proximal lead end 127
to electrodes 124, 126, 128, 130 and 131 located along the distal portion 125 of the lead
body 118. The lead body 118 of lead 116 may be formed from a non-conductive material,
mcluding silicone, polyurethane, fluoropolvmers, mixtures thereof, and other appropriate
materials, and shaped to form one or more lumens within which the one or more
conductors extend. However, the techniques disclosed herein are not limited to such
consiructions or to any particular lead body design.

The elongated clectrical conductors contained within the lead body 118 are cach
electrically coupled with respective defibrillation electrodes 124 and 126 and pace/sense
electrodes 128, 130 and 131, Each of pacing and sensing electrodes 128, 130 and 131 are
coupled to respective electrical conductors, which may be separate respective conductors
within the lead body. The respective conductors clectrically couple the electrodes 124,
126, 128, 130 and 131 to circuitry, such as a switch matrix or other switching cireuitry for
selection and coupling to a sense amplifier or other cardiac event detection circuitry and/or
to a therapy output circuit, ¢.g., a pacing output circuit or a HY output circuit for
delivering CV/DF shock pulses. Connections between electrode conductors and ICD
circuitry is made via connections in the connector assembly 117, mncluding associated
electrical feedthroughs crossing housing 115 The electrical conductors transmit therapy
from an output circuit within ICD 110 to one or more of defibrillation clectrodes 124 and
126 and/or pace/sense electrodes 128, 130 and 131 and transmit sensed electrical signals
from one or more of defibrillation electrodes 124 and 126 and/or pace/sense electrodes
128, 130 and 131 to the scnsing circuitry within ICD 110

ICD 110 may obtain electnical signals corresponding to electrical activity of heart
102 via a combination of sensing vectors that include combinations of electrodes 128, 130,
and/or 131. In some examples, housing 115 of {CD 110 is used in combination with one
or more of clectrodes 128, 130 and/or 131 in a sensing ¢lectrode vector. FCD 110 may
even obtain cardiac electrical signals using a sensing vector that includes one or both
defibrillation clectrodes 124 and/or 126, e.g., between clectrodes 124 and 126 or ong of
electrodes 124 or 126 i combination with one or more of electrodes 128, 130, 131, and/or

the housing 115.
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ICD 110 analyzes the cardiac electrical signals received from one or more of the
sensing vectors 1o monitor for abnormal thvthms, such as AF, VT and VF. ICD 110
generates and delivers electrical stimulation therapy m response o detecting a ventricular
tachyarrhythmia (c.g., VT or VF}. ICD 110 may debiver ATP in response to VT detection,
and in some cases may deliver ATP prior to a CV/DF shock or during high voltage
capacitor charging in an attempt to avert the need for delivering a CV/DF shock. ICD 110
may deliver a CV/DF shock pulse when VF is detected or when VT is not terminated by
ATP.

In other exampiles, lead 16 may include [oss than three pace/sense clectrodes or
more than three pace/sense clectrodes and/or a single defibrillation electrode or more than
two electrically isolated or electrically coupled defibnllation electrodes or electrode
segments. The pace/sense clectrodes 28, 30 and/or 31 may be located elsewhere along the
iength of fead 16. For example, lead 16 may include a single pace/sense electrode 30
between defibrillation elecirodes 24 and 26 and no pace/sense clectrode distal to
defibriliation electrode 26 or proximal defibnillation electrode 24. Various cxample
configurations of extra~-cardiovascular leads and clectrodes and dimensions that may be
implemented in compunction with the AF detection techniques disclosed herem are
described i commonly-assigned U5, Pat. Application No. 14/519 436, U S Pat.
Application No. 14/695,255 and provisionally-filed U.S. Pat. Application No. 62/089,417.

IC13 110 15 shown mplanted subcutancously on the left side of patient 112 along
the nibeage 132, ICD 110 may, in some instances, be implanted between the left posterior
axillarv line and the left anierior axatlary line of patient 112, ICD 110 may, however, be
wmplanted at other subcutancous or submuscular locations in patient 112, For example,
ICD 110 may be implanted in a subcutaneous pocket in the pectoral region. In this case,
lead 116 may extend subcutancously or submuscularly from ICD 110 toward the
manubrium of sternum 122 and bend or turs and extend inferior from the manubrium to
the desired location subeutancously or submuscularly. o vet another example, ICD 110
may be placed abdominally.

In some patients, an mtracardiac pacemaker 101 may be present in the right
ventncle, right atrium or along the left ventnicle. Pacemaker 161 may be configured to
deliver pacing pulses in the absence of sensed intrinsic heart beats, in response o detecting

/T, or according to other pacing therapy algorithms. For example, pacemaker 101 may be
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tmplanted n the right ventricle of the patient for providing single chamber ventricular
pacing. The techniques disclosed herein for classitving a cardiac signal may be utilized in
the presence of ventricular pacing delivered by ICD 110 and/or by an intracardiac
pacemaker such as pacemaker 101, Pacemaker 101 may generally correspond to the intra-
cardiac pacemaker disclosed in U.S. Pat. 8,923,963 (Bonner, ¢t al). ICD 110 may be
configured to detect pacing pulses delivered by pacemaker 101, The frequency of pacing
pulses debivered by pacemaker 101 may be a factor determined 1o classifving a cardiac
electrical signal time period for AF detection purposes.

Pacemaker 101 may have limited processing power and therapy delivery capacity
compared to ICD 110 such that the advanced cardiac rhyvthm detection techmigues
disclosed herein may be implemented i ICD 110 rather than in pacemaker 101, As such,
the methods disclosed herein are described in conjunction with ICD 10, 107 or ICD 110 or
cardiac monitoring device 60. These techoigues, however, are not to be considered
himtted to being implemented 1n an ICD or subcutaneous or external cardiac monitor.
Aspects of the AF detection techniques disclosed herein may be implemented in
pacemaker 101, all or in part.

FIG. 418 a schematic diagram of methods used for detecting cardiac events by a
medical device, such as ICD 10, ICD 107, cardiac monitoring device 60, or ICD 110,
according to one example. Single chamber devices have been designed to detect AY using
a ventricular EGM signal. Hlustrative methods and devices for detecting AF using a
veninicular EGM signal are generally described m commonly assigned U.S. Patent
Application Nos. 14/520,798, 14/520,938 and 14/520,347 (Cac et al ). R-waves attendant
to the ventricular depolarization are sensed from the ventricular EGM signal and used to
determine RRIs, 1.e., intervals between successive R-waves, Successive RRI differences
are determined by subtracting an RRI from an mmmediately preceding RRI. An analysis of
a Lorenz plot of the successive RRI differences may reveal an RRI variability pattern that
is typical of AF.

Methods for detecting atrial arrhythmias based on the irregulanty of veniricular
cyeles determined from RRI differences that exhibit discriminatory signatures when
plotted in a Lorenz scatter plot, such as the plot shown in Figure 4, are generally disclosed

by Ritscherctal. in U.S. Patent No. 7,031,765, Gther methods are gencrally disclosed by
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Sarkar etal m US. Patent No. 7623911 and in U S, Pat. No. 7,537,569 and by Houben
m U8, Pat. No. 7,627,368,

In the following description, AF detection techmiques are described with reference
to the circuitry of FEG. 2 and ICD 10 of FIG. TA. 1t 1s to be understood, however, that the
methods and techniques of the descriptions that follow may be vaplemented in ICD 107 of
FIG. 1B, ICD 110 of FIGs. 3A and 3B or a cardiac montioring device such as the device
of F1G. 1€, all of which devices may include a processor, memory and sensing circuitry,
as generally described in conjunction with FIG. 2, for performing these AF detection
techniques.

In order to determine whether AF is occurring, the processor 224 (FIG. 2) may
determine differences between RRIs based on sensed R-waves {e.g., R QUT signal line
202 in FIG. 2). Processor 224 may make the decision as to whether an AF cvent is
occurring based at least 1 part on the resulting pattem or signature of RRI differences. As
described below, when the resulting signature of RRI differences acquired over a
predetermined time period indicates AF is oocurring, the cardiac signal time period is
classified as AF. AF is detected when a required number of tine periods are classified as
AF. Techniques disclosed herein may be utilized as part of an overall tachvarrhythmia
detection and discrinunation algorithm implemented in ICD 10 or the other devices
described above or in other implantable or external cardiac devices, such as an intracardiac
paccmaker, a leadless pacemaker or an external device.

The concept of using a signature of RRI differences for detecting AF 1s illustrated
by the generation of a Lorenz scatter plot as shown in FIG. 4. Processor 224 determines
the differcnces between consecutive pairs of RR-intervals (ORRs) which can be plotied for
a time senies of RRIs. The Lorenz plot 150 13 a Cartesian coordinate system detined by
ORRi along the x-axis 152 and 8RR..; along the yv-axis 154, As such, each plotted point in
a Lorenz plot is defined by an x-coordinate equaling SRR: and a v-coordinate equaling
SRRi.1. SRR is the difference between the i RRI and the previous RRI, RRIi.1. SRR is
the differcnce between BRI and the previous RRI, RRiz.

As such, cach data point plotted on the Lorenz plot 150 represents an RRI pattern
relating to three consecutive RRIs: RRY, RRYi: and BRIz, measured between four
consecutively sensed R-waves. RRI information is not limited to detection of R-waves

and determination of RRIs. The terms RRI and SRR: as used herein refer generally to a
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measurement of ventricular cyele length (VL) and the difference between two
consecutive VUL measurements, respectively, whether the VCL measurements were
derived from a series of sensed R-waves from a cardiac electrical signal or a series of
ventricular cycle event detections made from another physiological signal {e.g., a peak
pressure determined from a pressure signal). For the sake of illustration, the methods
deseribed herein refer to R-wave detections for performing VCL measurements and the
determination of (SRRy, dRRi-1} points.

Ag lustrated in FIG. 4, a serics of R-waves 170 {represented by vertical bars) are
sensed and in order to plot a point on the Lorenz plot arca 150, a (8RR;, SRR} point is
determined by determining successive RRIs determined from the sensed R-waves 170, In
the example shown, a first series 172 of three consccutive RRIs (RRLiz, RRLiq and RRE)
provides the first data point 155 on the Lorenz plot area 150, SRR, which is the
difference between RRIizand BRI is near 0. 8RRy, the difference between the BRI and
RRE, is a positive change. Accordingly, a (3RR;, 6RRi1) point 155 having a v-coordinate
near 0 and a positive x-coordinate is plotted in the Lorenz plot 150, ropresenting the first
serics 172 of four sensed R-waves (three RRIs).

The next series 174 of three RRIs provides the next (SRR, SRR point 156
having a negative x-coordmate (the last RRIof series 174 being less than the immediately
preceding RRI) and a positive y-coordinate (the middle RRI of serics 174 being longer
than the first RRI of series}. This process of plotting (SKRy, SRKi-1) points continues with
the three cycle series 176 providing data point 158 and s0 on.

FiG. 5 is a diagram of a two-dimensional histogram representing a Lorenz plot
arca 150 used in the techniques disclosed hereim for detecting atrial tachvarchythmia.
Generally, the Lovenz plot arca 150 shown n FIG. 4 1s numencally represented by a two-
dimensional histogram 180 having predefined ranges 184 and 186 in both positive and
negative directions for the 6RRy coordinates {corresponding to x-axis) and SRR,
coordinates {corresponding to v-axis}, respectively. The two-dimensional histogram 180
18 divided mto bins 188 each having a predefined range of RRiand 6RRi1 values. Inone
example, the histogram range might extend from -1200 ms to +1200 ms for both SRR and
SRRy values, and the histogram range may be divided into bins extending for a range of
7.5 108 in cach of the two dimensions resulting in a 160 bin x 160 bin hustogram 180. The

successive RRI differences determined over a classification time period are used to
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populate the histogram 180. Each bin stores a count of the number of (6RR,, 6RR.) data
potnts falling mto cach respective bin range. The bin counts may then be used by
processor 224 i determining RRI vanability metrics and patterns for detecting a cardiac
rhythm type.

An BRI vanability metric is determined from the histogram bin counts. Generally,
the more histogram bins that are occupied, or the more sparse the distribution of (SRR;,
ORRi1) points, the more irregular the VCL 1s during the data acquisition time period. As
such, one metric of the RRI vanability that can be used for detecting AF, which is
associated with highly irregular VCL., may take o account the number of histogram bins
that have a count of at least one, which 1s referred to as an “occupied™ bin. In one
example, an RRI variability metric for detecting AF, referred to as an AF score, is
determined by processor 224 as generally described in the above-referenced ‘911 patent.
Bricfly, the AF score may be defined by the equation:

AF Score = Brregulanty Evidence — Origin Count — PAC Evidence

wherein Irregularity Evidence is the mumber of occupied histogram bins outside a
Zero Segment 188 defined around the origin of the Lorenz plot area. Puring nonmal sinus
thvthm or highly orgamized atnal tachycardia, nearly all points will fall into the Zero
Segment 188 because of relatively small, consistent differences between consecutive
RRIs. A high number of occupied histogram bins outside the Zero segment 188 is
theretore positive evidence for AF.

The Origin Count 1s the number of pomnts in the Zero Scgment 188 defined around
the Lorenz plot origin. A high Origin Count indicates regular RRIs, a negative indicator
of AF, and is thercfore subtracted from the Irregularity Evidence term. In addition, a
regular PAC evidence score may be computed as generally described in the above-
referenced “911 patent. The regular PAC evidence score 1s computed based on a cluster
signature pattem of data points that is particularly associated with premature atrial
contractions (PACs) that occur at regular coupling intervals and present regular patierns of
RRIs, e.g., associated with bigeminy (short-short-long RRIs} or trigeminy {(short-shori-
short-long RRIs). In other embodiments, the AF score and/or other RRI variability score
for classifving an atrial rhythim may be determined by processor 224 as described in any of
the above-referonced ‘7635, *316, 911, “569 and “368 patents. Methods for rejecting noise

i determining Lorenz plot points and an AF score are generally disclosed in US. Pat. No.
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8. 639,316 (Sarkar, et al.}. Methods for adjusting the AF score based on the presence of
ectopy may be used in the techniques disclosed herein and are generally disclosed in U S,
Pat. No. 8,977,350 (Sarkar, et al.}. Gther technigues that may be used in computing an AF
score are generally disclosed i U.S. Pat. Apphication Nos, 14/695 135, 14/695,156,
14/695,171 and 14/695,111 (Sarkar, et al), all filed on April 24, 2015,

The AF score 1s compared to an AF score threshold for classifving a predeternuned
time period of a cardiac signal as AF or non-AF based on the RRI analysis. The AF score
threshold may be selected and optimized based on historical clinical data of selected
patient populations or historical individual patient data, and the optimal AF score
threshold setting may vary from patient to patient. In an illustrative example, the AF score
may have a possible range of 0 to 100, The AF score threshold may be set between 25 and
75. Hthe AF score meets or crosses an AF score threshold, the time period over which the
RRIs were collected, and thus the cardiac signal occurring within the time period, is
classified as an AF time period. The AF score threshold may be adjusted after classifving
at least one time period of the cardiac signal as being AF and the adjusted AF score
threshold may be used for classifving subsequent time periods, which may lead 1o an AF
detection. The adjusted AF score threshold is less than the mitial AF score threshold and
may have a value ranging from 19 to 37 in the example given above where the maximum
AF score 15 100 and the initial AF score threshold is at least 26 and not more than 75.
Thus, the adjusted AF score threshold may be between 65-85% of the mnitial AF score
threshold and, m some instances between 70-75% of the mutial AF score.

An AF detection i1 made when a threshold namber of time periods are clagsified as
AF. In one example, a single n-second or n-minute time period classified as AF based on
the AF score meeting the AF score threshold may result in an AF detection. In other
examples, a higher mumber of time periods may be required to be classified as being AF
before detecting the heart thythm as AF.

The processor 224 provides a response to the AF detection, which may include
withholding, adjusting or delivering a therapy {(e.g., withholding ATP or shock therapy for
treating a ventricular tachyarrthythmia or delivering an atrial anti-tachvarrhythmia therapy
if available), storing cardiac signal data that can be later retrieved by a clinician using

external device 40, triggering patient notification system 250, transmitting data via
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telemetry circuit 330 to alert a clinician, and/or triggering other signal acquisition or
analysis.

The RRI analvsis may continue to be performed by processor 224 afier an AF
detection is made to fill the histogram during the next n-second detection time period.
After each detection time period, the AF score may be re-deternuned and the histogram
bins are re-initialized to zero for the next detection time period. The new AF score (or
other RRI variability metrics) determined at the end of each detection time period may be
used to determine if the AF episode s sustained or termuinated after the mitial AF detection
1s made.

FIG. 615 a flowchart 300 of a method for determiming a factor for classifying time
peneds for detecting atrial arthyvthmias according to one example. Flow chart 300 and
other flow charts presented hercin are intended to illustrate the functional operation of ICD
10 or another device performing the disclosed methods, and should not be constroed as
retlective of a specific form of software, firmware or hardware necessary to practice the
methods. H is believed that the particular form of software will be determined primartly
by the particular system architecture employed in the device and by the particular
detection and therapy delivery methodologies emploved by the device. Providing
software, firmware and/or hardware to accomplish the techniques disclosed herein in the
context of any modern medical device, given the disclosure herein, is within the abilitics
of one of skill i the art.

Methods described m conjunction with flow charts presented herein may be
implemented in a non-transttory computer-readable medium that includes instructions for
causing a programmable processor, such as processor 224, to carry out the methods
described. A “computer-readable medinm™ includes but is not hmated to any volatile or
non-volatile media, such as a RAM, ROM, UD-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.

Ag illustrated i FIG. 6, the processor 224 dentifies ventricular events at block
301, such as R-waves based on Rout signal hine 202, and identifies the ventricular event as
being either an intrinsic sensed event Vs or a paced event Vp resulting from pacing being
detivered by ICD 10 or 107 {or by ICD 110 or pacemaker 101}, Depending upon the

number of RR intervals chosen for determining RR interval differences, processor 224



WO 2017/172271 PCT/US2017/020874

determines whether a predetermined number of events, either a ventricular pacing event
Y or intrinsic ventricular sensed event VS, have been identified at block 302, For
example, according to one example, if the desired number of RR intervals for deternuning
successive RR mterval differences is three, the predetermined number of events utilized in
block 302 would be four events, with the four cvents forming a sensing window. If the
predetermined number of events has not been reached, “No” branch of block 302,

processor 224 determines the next ventricular event, at block 301, and the process is

Once the predetermined number of events are identified, “Yes” branch of block
302, an event window 1s 1dentified based on the four events, at block 304, and a
determination may be made made as to whether the number of the events in the event
window that are ventricular pace Vp events is less than or equal to a predetermined pacing
event threshold at block 306. For example, according to one example, the pacing event
threshold 1s set as one so that processor 224 determines whether one or less of the
identified events in the ovent window are ventricular pace events. fthe number of
identified events in the ovent window that are ventricular pace Vp events is not less than
or equal to, 1.2, is greater than, the predetermined pacing event threshold, “No” branch of
block 306, processor 224 identifies the next event at block 301, and the process is
repeated.

If the number of cvents in the event window that are ventricular pace Vp events is
{ess than or equal to the predetermuned pacimg event threshold, “Yes” branch of block 306,
processor 224 determines whether each of the RR mtervals associated with the events 1n
the current event window arc greater than a predetermined iterval threshold at block 308,
For example, according 1o one example, processor 224 determines whether each of the RR
intervals associated with the events in the event window is greater than 220 milliseconds.
if each of the RR imtervals associated with the events in the event window arg not greater
than the predeternuned interval threshold, “No™ branch of block 308, processor 224
identifies the next event at block 301, and the process is repeated using the next wdentified
event and the resulting next event window.

If each of the RRIs associated with the events in the event window arg greater than
the predetermined interval threshold, “Yes” branch of block 308, processor 224

determines differences between successive RRIs associated with the identified events in
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the event window, block 310. Once the RRI differences for the current event window
have been deternuned at block 308, to populate a Lorenz plot histogram as deseribed
above, processor 224 determines whether a predeternumned time period has expired at block
312. Processor 224 may set a timer or counter to control acquisition of RRI differences
over a predetermined time period at the onset of the method of flow chart 300, Inone
example, the predetermuned time period may be set to two munutes. In other examples, the
predetermined time period may be between one to five minutes. If the time period has not
expired, “No” branch of block 312, processor 224 returns to block 301 to identify the next
ventricular event and the process is repeated using the next event and the resulting next
event window.

Once the timer has expired, “Yes” branch of block 312, processor 224 determines
an AF score at block 314, based on the determined RRI differences during the
predeternvined time period, e.g., two punutes. The AF score may be determined as
deseribed above with respect to FIG. 5 and/or the referenced patents. As descnibed below
in conjunction with FIG. 7, the determined AF score for the predetermined time period is
used to classify the time period (and thus the cardiac signal during the time period}) as an
AF time period, a non-AF time period or an unclassified time period. The stored RRI
differences are then clearcd and all counters and timers reset at block 316, A timer set to
the predetermined time period, ¢.g., two minutes, is reset. Processor 224 identifies the
next ventricular event at block 300, and the process is repeated for the next time perniod
using the next identified events and the next event windows.

FiG. 7 is a flowchart 400 of a method for classifying a predetermined time period
according to one example. The example described in flowchart 400 of FIG. 7 will be
described m the context of having predetermuned time periods that are two nunufes in
length. However, the techmques described in FIG. 7 or elsewhere throughout this
description can be for predetermined time periods that are longer or shorter than two
minutes. Once the predetermined time period, ¢.g., a two minute time period, has expired
and a Lorenz plot has been populated with a point associated with cach deternuned RR
mterval difference determined based on the intervals in each event window occurring
during the two minute time period as described in conjunction with FlGs. 4, 5 and 6,
processor 224 determines whether to classify the time period as being either an AF time

penied, a non-AF time pertod, or an anclassified time period (3¢, the time period can
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neither be classified as an AF time period nor a non-AF time period). For example,
processor 224 may analvze one or more of several factors, in any combination or
particular order, to make the determunation.

As described in conjunction with the example of FIG. 7, among the factors that
may be analvzed for classifying the two minute tune period are the number of valid RRI
ditference pairs, RRI lengths, number of paced beats, number of short mtervals, presence
of oversensing of ventricular events, presence of T-wave oversensing, detection of a
ventricular tachyarrhythomia {e.g, SVT, VT or VF or more generally referred to as “other
episodes™), and the AF score. However, processor 224 may analvze only a subset of these
factors and/or include other factors.

Processor 224 may determing the number of RRI difference pairs acquired during
the two mimute time period at block 401, where each RRI difference pair represents one
point of the Lorenz plot. A determination 1s then made as to whether the total number of
RRI difference pairs formed during the two minute time period is greater than an interval
pair threshold at block 402, According to one example, a threshold number of RRI
difference patrs is set at 30, though other thresholds may be used. If the total number of
RRI difference pairs {representing three consecutive RRIs) during the two minute time
period is less than the threshold, *“Yes” branch at block 402, the two minute time pertod is
determined to be unclassified at block 404, In the cxample described above 1o which the
threshold s set at 30, the “Yes” branch of block 402 means that less than 30 RRI
ditference pairs were determined during the two minute time perniod, resulting in the
Lorenz plot histogram being populated with less than 30 points. An AF scored determined
from fewer than the threshold number of RRI difterence pairs may not vield a reliable AF
score for the predetermined time pertod and therefore 1s not used to classify the time
period as either AF or non-AF.

if the number of RRI difference pairs that are formed during the two minute time
period is not less than the interval pair threshold (30 m the example above), “No” branch
of block 402, the interval pairs factor for classifyving the time period as cither AF or non-
AF based on an AF score determined from the RRI difference pairs is satisfied. In other
words, using the example above, 30 or RRI difference pairs were determined during the
two puinuie time period, resulting in the Lorenz plot histogram being populated with 30 or

more points. The number of RRI difference pairs obtained during the pre-determined time
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period is adequaie to reliably classify the time period as AF or non-AF based on the AF
score.

According to another example, processor 224 may additionally or alternatively
determine, at block 410, the total namber of RRIs during the predetermined time period
that were determined to be less than the interval threshold applied at block 308 of flow
chart 300, If more than a threshold number of RRIs, ¢.g., more than a predetermined
munber of RRIs or a predetermined percentage of the total namber of RRIs occurring
during the two-minute time period, are less than the interval threshold, “Yes” branch at
block 412, the two minute time pertod is determined to be unclassified, at block 404, If
the number of RRIs less than the interval threshold does not reach or exceed a
predetermined munber, ¢.g. 1f less than 10 RRIs are less than the interval threshold dunng
the two minute time period, this RRI length factor is determined not to be satisfied at
block 412 (“No” branch of block 412} for classifying the predetermined tune interval as
unclassified. Based on at least this factor, a classification of erther AF or non-AF based on
the AF score is warranted.

In order to classify the two minute time period as either AF or non-AF, processor
224 may determine, at block 414, a shott interval count of the total number of RRIs from
all of the event windows obtained during the two minute time period that were less than or
equal to a predetermingd short interval threshold, such as 120 milliseconds or 130
milliseconds, for cxample. Processor 224 determines whether the short interval count is
greater than a short interval threshold, at block 416, such as 5 short intervals for exampie.
Too many short intervals during the two minute time period indicates the possibility of
ventricular oversensing of non-physiological signals such as EMI or lead noise due to iecad
fracture. In this situation, the RRIs mav be unreliable for determining an AF score and
classifying the time period as AF or non-AF based on the AF score.

If the determined short interval count is greater than the short interval count
threshold, *“Yes” branch at block 416, the two minute time period is determined to be
unclassified at block 404, On the other hand, if the short interval count is less than the
short interval count threshold, the time period can be classified based on the AF score,
“No” branch at block 416, This short interval count factor minimizes false AF detection

due to lead noise oversensing.
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Processor 224 may additionally or alternatively determine the number of events
wdentified during the total two minute time period within all of the event windows that
were determined to be ventricular pace Vp events at block 418, A determination is made
as to whether the determined mumber of veninicular pace Vp events identified during all
event windows of the two nunute time period is greater than a total ventricular pace Vp
event threshold at block 420, According to one example, the total ventricular pace Vp
threshold 1s set as 30 ventricular pace Vp events, though other thresholds may be used.

If the number of ventricular pace Vp events during the two minute time period is
greater than the total ventricular pace Vp event threshold, “Yes” branch of block 420,
processor 224 classifies the two minute fime period as unclassified at block 404.
Ventricular pacing pulses may include bradycardia pacimg pulses and/or ATP pacing
pulses and may be delivered by ICD 10, 107 or 110 or by ancther implanted device, e.g.,
pacemaker 110, On the other hand, if the determined number of ventricular pace Vp
events 1s not greater than Vp event threshold, “No” branch at block 420, the two minute
time period is not classified as unclassified; a classification of AF or non-AF based on the
AF score may be made as long as no other factors lead to a determination of the time
period being unclassified.

Processor 224 may be configured to sinndtaneously evaluate R-waves and RR1s
for detecting supraventricular tachycardia (SVT), VT and VF while the AF detection
algorithms described herein are operating. 1CD 10 may be configured to deliver therapies
such as ATP in response to detecting VT, As such, if a ventricular tachvarthythmia
detection, e.g., SVT, VT or VF detection, is being made during or at the expiration of the
current time period, as determined at block 421, the current time period 1s determined to
be unclassified at block 404, Tt no other episode detections are being made, the process
may advance to block 422,

The processor 224 may additionally or alternatively determine whether ventricular
event oversensing caused by noise was detected during the two minute time period, at
block 422, Detection of oversensing may be performed by processor 224 using an
mplemented oversensing detection scheme, such as the oversensing detection methods
generally described in U8, Patent No. 7,333,855 to Guanderson ot al.. I oversensing
detection criteria were maet or were m the process of being met during the two minute thme

period, “Yes” branch of block 422, the two minute time period is determined to be
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unclassified at block 404, Detection of oversensing indicates that the RRIs may be
unreliable for determining an AF score and classitving the time period based on the AF
score. If a detection of oversensing was not made or not in the process of being made
during the two minute time period, “No” branch of block 422 an AF or non-AF
classification may be made based on the AF scorc as long as other factors do not lead to
the time period be classified as unclassified.

Processor 224 may determine whether T-wave oversensing occurred during the
two tunute time pericd at block 424, The deternination of T-wave oversensing may be
performed by ICD 10 using an implemented T-wave oversensing detection scheme, such
as the T-wave oversensing determination described in U.S. Patent No. 7,831,304 to
Giliberg, et al. If a determination of T-wave oversensing was made or was in process
during the two minute time period, “Yes” branch of block 424, the T-wave oversensing
factor is satisfied as an indication of the two minute time period being unclassified.
Processor 224 classifies the two nunute time period as unclassified at block 404, ifa
determination of T-wave oversensing was not made or was not in the process of being
made during the two minute time period, “No” branch of block 424, the T-wave
oversensing factor is not satisfied. Processor 224 advances to block 426 1o classify the
time period based on the AF score.

In this way, FCD 10 {or ICD 10, ICD 110, or cardiac monitoring device 60} may
analyze the cardiac electrical signal over the two minute time period for one or mare of the
described factors, which if satisfied would cause the two minute time period to be
classified as “unclagsified.” In other words, ICD 10, ICD 110, or other device may
analyze all of the descnbed factors or only a subset of the described factors in making this
determination. In some examples, if at least one the described factors for identifving the
two minute time pertod as being unclassified is met, the two minute time penod is
classified as unclassified at block 404. H none of the factors evaluated in blocks 401
through 424 arc determined to be satisfied according to predetermined critena, the ime
period is classified as either AF or non-AF. As such, the AF score is determined based on
the populated Lorenz plot histogram as described above. If the AF score is greater than an
AF threshold at block 426, the two minute time period is classified as AF at block 406,
(On the other hand, if the AF score is not greater than the AF threshold, “No” branch of

block 426, the two minute time period is classified as a non-AF at block 408
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It is vodersiood that the determination of whether the time period is classified as
unclassified (block 404), classified as AF (block 406), or classified as non-AF (block
408), may be made n any order, or at the same time, so that the determination ot the two
minute time period as being an unclassified time period may be used to override an mitial
deternunation of the two minute time period as being classified as AF or non-AF, or be
made prior to determining the AF score for making a classification based on the AF score.

FIG. 8 15 a schematic diagram of atrial fibnllation detection that may be performed
by a medical device according to one example. The examples described in FIG. 8§ will be
described m the context of having predetemmined time periods that are two minutes in
length. However, the techmiques described in FIG. § can be for predetermined time
periods that are longer or shorter than two minutes.

As illustrated in FIG. 3, the processor 224 classifics the cardiac signal of each two
minute time period as being either AF, non- AF or unclassificd using the method described
m conjunction with FIG. 7. The classifications of the time periods are used 1o detect an
AF episode. For example. once a predetermined nomber of two minute time periods, such
as three time periods, have been classified as AF, the device detects the AF episode.
Therefore, as iHustrated in the scenario of timing diagram {(a) of FIG. 8, once the
predetermined number of two minute time periods, 500, 302 and 504, are classified as AF,
processor 224 detects the AF episode at time 305, The processor 224 may track the
number of two minute time periods classified as AF by updating an AF event counter cach
time a time period is classified as AF.

However, in the scenario iHustrated in tinung diagram (b}, two consecutive two
punute time periods 506 and 508 are classified as being AF, but the next two minute time
period 510 is determined to be unclassified, followed by a subsequent time period 512
being classified as AF. According to one example, processor 224 may ignore the
unclassified two minute time period 510 and detect an AF episode at time 513 once the
third time period 512 is classified as AF, so that an AF episode may be detected despiie
one or more mtermittent unclassified two minute time periods occurring between AF
classifications of time periods.

In the timing diagram of scenario (b), at the identification of two minute time
period 306, an AF event counter may be incremented to one. At the identification of

subsequent two minute period 508, the AF gvent counter is incremented o two. At the
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identification of subsequent two minute time period 510, since the event was determined
to be unclassified, the AF event counter remains at a count of two. At the classification of
subsequent two munute time period 512, the AF event counter is incremented to three, and
an AF episode 1s detected in response to the AF event counter reaching the AF detection
threshold, which is 3 n this example.

As illustrated 1o the timing diagram of scenano (¢}, the classification of one or
more iime periods as non-AF result in no detection of an AF episode. During the
determination of whether the predetermined number of two minute time periods are
classified as AF, the processor 224 updates the AF event counter each time an AF
classification is made as described above. For exampie, upon classification of two minute
time period 514, the AF event counter is incremented to one, and at the classification of
subsequent two minute time period 514, the AF ¢vent counter is incremented to two. If
two minute time period 518 were also classified as AF, processor 224 would detect an AF
episode, since three two minute time periods classified as AF would have occurred, ¢.g. as
described m the uming diagram of scenario (a) above. However, since two minuie time
period 318 was classificd as non-AF, an AF episode detection s not made. The non-AF
classification of time period 518 may be evidence that an AF episode causing AF
classifications of time periods 514 and 316 1s teronunated or a non-sustained AF episode.
In response to classifying time period 518 as non-AF, the AF event counter is reset to
zero. In other examples, the AF counter may be decrcased when a time period 1s classified
as non-A¥ rather than immediately reset to zero.

In the timing diagram of scenario (d}, at the classification of two minute time
period 322 as being AF, the AF event counter is incromented to one, and at the
classification of subsequent two minute time period 524 as AF, the AF event counter 1s
incremented to two. At the classifications of subsequent two minuate time periods 326 and
328, both determined to be vaclassified, the AF event counter remains unchanged at a
count of two. Upon classification of subscquent two minute time period 530 as being AF,
the AF event counter 1s increased to three, and an AF episode is detected at time 531,

Had anv of time periods 524, 526, 528 or 530 been classified as non- AF, the AF
event counter would have been resct to zero, and the process repeated starting with the
next classified two minute interval. However, in addition to resetting the AF event

counter in rgsponse to a two minute time period being classified as a non-AF time period,
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processor 224 may also be configured to reset the AF event counter to zero if a
predetermined number of two minute time peniods are determined to be unclassified. For
example, five consecutive two minute time periods determined to be unclassified may
cause the AF event counter to be reset. In other examples, more than five or fewer than
five unclassified time periods, which may not be required to be consecutive, may cause the
AF counter to be decremented or reset to zero. Therefore, in the timing diagram of
scenario {e), at the identification of two mime time period 532 as AF, the AF event
counter 1§ incremented 1o one. At the identification of subsequent two minute time period
534 as AF, the AF event counter is mcremented to two. At the identification of the four
subsequent two munute time periods 336, 538, 540 and 542, all determined to be
unclassified, the AF event count remains unchanged at two. In the example shown, the
next two minute time period 546 is classified as AF. The AF event counter is incremented
from two to three, and an AF episode is detected at 545 by processor 224 in response 1o
the AF event counter reaching the threshold count, which is three i this example.

On the other hand, if the subsequent two minute time period 546 is determined fo
be unclassified, the AF ovent counter would be reset to zero in response to a threshold
number (five in this example) of consecutive unclassified time period. In the case of time
pertod 346 being classified as a non-AF time period, the AF cvent counter would also be
reset to zero. In gither of these two cases, 1f the time periods 532 and 534 reprosent a true
AF episode, the AF episode has terminated or 1s non-sustained as evidenced by the
unclassified and/or non~-AF classified time periods. The process is repeated starting with
the next classified two minute interval.

Fi(5. 9 is a schematic diagram of a method for detecting atrial fibnllation that may
be performed by ICD 10 {or ICD 107, ICD 110 or cardiac monttoring device 60) according
to another example. The examples deseribed in FIG. 9 will be described in the context of
having predetermined time periods that are two minutes in fength and an AF detection
threshold set equal to 3 time periods classified as AF. However, the techniques described
may vhilize different time period durations and/or different thresholds. For example, the
predetermined time period may be between one to five minutes and the number of time
periods classified as AF may be greater than or equal to one and less than or equal to five.

As described above, the processor 224 classifies the cardiac signal within cach two

minute time period as being either AF, non- AF or unclassified using the method descnibed

WD
~J



WO 2017/172271 PCT/US2017/020874

in conjunction with FIG. 7. If factors that cause the two mimute time period to be
unclassified are not satisfied, each two-minute time period is classified as AF or non-AF
based on the AF score. In the method of FIG. 9, the threshold that the AF score 1s
compared to for classifying a time period is not a fixed value but is dynamically adjusted
by processor 224 in response to classifications of two-minute time periods.

For example, once a predetermined number of time periods, such as one time
pericd, has been classified as AF based on a first AF score threshold value, if the next
predetermined number of time periods are classified as any combination of AF and/or
unclassified, the AF score threshold is adjusted to a second, lower value. In other words,
following an nitial AF classification using the first, higher AF score threshold, processor
224 decreases the AF score threshold to the second lower value at the expiration of a
predetermined number of next consecutive time periods, €.g., two consecutive time
periods following the mitial AY classification in the examples tlustrated 10 FIG. 9, as long
as none of the predetermined number of next consecutive time periods are classitied as
non-AF. In other instances, the predetermined number of next consecutive time perniods
may be less than two, e.g., zero or one, or more than two. I any of the predetermined
number of next consecutive time peniods following an initial AF classification are
classified as non-AF, the AF score threshold remains at the first lngher threshold value.

Therefore, as tHustrated in the scenario of timing diagram {a) of FIG. 9, an initial
time period 610 1s classified as AF based on the AF score deternuined for time period 610
being greater than a first AF score threshold 602 and analysis of other classification
factors does not lead to an unclassified time period (as described with FIG. 7). The furst
AF score threshold 602 stays m effect for at feast two more consecutive time periods 612
and 614 m this example. If both of these time periods are also classified as AF, in
responac to an AF score exceeding the first AF score threshold 602, AF is detected at time
622, Additionally, processor 224 adjusts the AF score threshold to a sccond. lower AF
score threshold 604. The AF score of subsequent time periods will be compared to this
fower threshold 604 for classifving the respective time periods.

The lower AT score threshold 604 may be set to a percentage of the initial AF
score threshold 602, e.g.. approximately 75% of the nitial AF score. To illustrate, when
the maximum possible value of the AF score 15 100, the first AF score threshold may be

set at 75 and adjusted to a second, tower AF score of 37, In another example, the first AF

33



WO 2017/172271 PCT/US2017/020874

score threshold is 60 and the second is 45. In still other examples, the first AF score
threshold is 60 and the second 15 453, the first 15 50 and the sccond is 38, the first 1s 40 and
the second 1s 30, or the first 1s 25 and the second 15 19, A user may program the AF score
thresholds based on selection of a least sensitive, e.g. first threshold of 75 and second
threshold of 57, to most sensitive, ¢.g., first threshold 25 and second threshold 19, with the
other example given above corresponding to a less sensitive setting (first threshold 60 and
second threshold 45), balanced sensitivity {first threshold 50 and second threshold 383, and
more sensitivity {first threshold 40 and second threshold 303, In other examples, the actual
values of the first and second thresholds mav be programimable sclected individually in
any combination of a first range, e.g., from 25 to and ncluding 75 for the first threshold,
and a second range, ¢.g., from 19 to and including 57 for the second threshold, as long as
the first threshold is greater than the second threshold value. In other exampies, the
second threshold may be set to be another percentage of the inttial threshold, ¢.g., between
65-85%, 70-80%, or some other percentage.

By reducing the AF score for subsequent time periods, AF detection sensitivity is
increased at appropriate times while AF detection specificity is maintained by using the
first higher AF score threshold and applving the factors that lead to unclassified time
pertods. For example, the nest two consecutive time periods 616 and 618 are both
classified as AF based on an AF score exceeding the second threshold 604, even though
the first, higher threshold 602 is not met (and factors leading to an unclassified
classification are not present). The detected AF episode 18 detected as stili being in
progress during time periods 616 and 618 even though the AF scores for these time
periods 616 and 618 are cach less than the first threshold 602, The next time period 620 is
classified as non-AF due to an AF score being less than the second threshold 604, In
response to the non-AF classification, processor 224 adjusts the AF score threshold from
the lower threshold 604 back to the higher threshold 602 at time 624, Termination of the
AF episode is detected in respounse to the non-AF classification. The AF episode duration
615 1s the time nterval from the start of the carliest time period 610 classified as AF that
led to AF detection at time 622 to the end of last AF classification time period 618 that
precedes termination detection af time 624, 1.¢., that precedes the time perod 620

classified as non-AF.
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In the scenario dlustrated in timing diagram (b}, two consecutive two minute time
periods 632 and 634 are classificd as being unclassified after an mitial ime period 630 is
classified as AF based on the first AF score threshold 602, In response to no non-AF
classifications of the two time periods 632 and 634 following the initial AF classification
of time period 630, processor 224 adjusts the AF score threshold at time 642 to the sccond
lower threshold 604. Three consecutive classifications including at least an initial AF
classification and no non-AF classifications cause an adjustment of the AF score
threshold. As such, in one example, time periods 632 and 634 immediately and
consecutively following the mitial A¥ classified tine period 630 may both be unclassified
{as shown n this example}, both be classified as AF, or one classified as AF and one
unclassified to cause the AF score threshold to be adjusted at time 642,

Since only one time period 630 has been classified as AF in the example shown,
however, an AF detection 15 not made at time 642 when the AF score threshold 1s
adjusted. The next two time periods 636 and 638 are classified as AF m response to an AF
score being less than the adjusted AF score threshold 604 (and factors that would cause an
unclassified classification to be made not being deternined). When the AF event counter
reaches a count of three at time 643, an AF detection i1s made. The next time period 640 1s
classified as non-AF in this example. Termination of the AF episode 1s detected, and the
AF score threshold is adjusted from the lower value 604 back up to the higher value 602 at
time 644 in response to the non-AF classification and resulting episode fermination
detection.

The episode duration 635 starts with the earliest time period 630 that was classified
as AF and led to AF detection at time 643 and extends through the latest AF-classiticd
time period 638 prior to termination detection at time 644, The episode duration 635
includes unclassified time periods 632 and 634 that do not lead to detection of termination
at ime 644, Unclagssified time periods 632 and 634 occur between AF-classified time
periods 630 and 636 and arc therefore included m AF episode duration 635. The tine
periods 632 and 634 may be classified as unclassified due to any of the other factors
described m FIG. 7. In one particular example, one or both of the time periods 632 and
634 may be classified as unclassified dug to ventricular tachyarrhythmia detection {(block
421 of FiG. 7). Bv allowing time periods 632 and 634 to be classificd as unclassified

when ventricular tachyarrhythmia is being detected, the detection of AF and determination
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of the AF episode duration 635 are uninterrupted. The detection of an AF episode that is
concurrent with a ventricular tachvarrhythimia episode provides mportant diagnostic
mnformation for the clinician to use in properly deternuning the patient’s heart thythm
status and subseguent treatment,

In scenario (b) and other scenarios that follow, the time periods determined to be
unclassified, ¢.g., time periods 632 and 634 are represented as having AF scores being
equal to the currently set AF score threshold. 1t is to be understood, however, that an
actual AF score, if determined, may be greater than, equal to, or less than the current value
of the AF score threshold but is not used to classify the time period when the analysis of
other factors cause the time period to be determined as unclassified as described m
conpunction with FIG. 7. In some cases, if the time period is determined to be unclassified
due to analysis of one or more factors as described 1o conjunction with FIG. 7,
deternunation of an AF score for the current time period may not be made; classification
of the time period as unclassified may preclude the need to deternune the AF score in
some exampies.

In scenario (¢}, the AF score threshold is adjusted from a first threshold 602 to a
second threshold 604 at ime 674 after an initial AF classified time peniod 650 based on
the first, higher threshold 602 followed by two consecutive time periods 652 and 634 that
do not include a non-AF classification. Processor 224 may imcrement an AF event counter
in response to each AF classification and increment an unclassified event counter in
response to cach unclassified time period. Accordingly, in the example of scenario (¢}, at
time 674 the AF cvent counter is at a count of one, and the unclassified event counter is at
a count of two. After time period 636, the unclassified event counter is at a count of three,
and after time period 638 the unclassified event counter is at a count of four. The next two
time periods 670 and 672 are classified as AF based on the respective AF scores exceeding
the sccond, lower AF score threshold 604, In some examples if the next ime period 670 is
also an unclassified time period, such that five unclassified time periods occur
consecutively, the AF event counter and the unclassified event counter may be reset to
zero, and the AF score threshold may be increased to the first, higher AF score threshold
602. Processor 224 may therefore adjust the AF score threshold and reset counters in

response 1o detecting a predetermined number of consecutive unclassified time periods.
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In the example shown, the next time period 670 is classified as AT so the
unclassified cvent counter rerains at a count of four. The AF event counter is increased
to two after time period 670 and to three after time period 672, AF 1s detected at time 676
in response to the AF event count reaching the detection threshold, which is three in this
example. The AF score threshold remains at the sccond, lower threshold 604 until
termination of the AF episode 1s detected n response 1o a non-AF classification, ¢.g., time
pericd 675, or a predetermined number of consecutive unclassified time periods, e.g., five
consecutive unclassified time periods. At time 678, the AF score threshold is adjusted to
the first, lugher threshold 602 in response to the non-AF classification of time period 675,
As shown by the example of scenarios (b) and (¢}, an AF episode may be detected afier
the AF threshold i1s adjusted to the second, lower threshold.

The episode duration 655 in scenario (¢} begins with AF time period 650 and
cxtends through AY time period 672 which led to AF detection at time 676, This episode
duration 635 includes the consecutive unclassified time periods 632, 654, 656, and 658
which do not lead to detection of AF termination at 678.

Scenarnio {d) shows another example of a series of two-minute time period
classifications and the corresponding adjustment o the AF score threshold. An mitial time
period 680 is classified as AF based on the first, higher AF score threshold 602. The AF
event counter is increased to a count of one. The next time period 682 is classified as non-
AF based on the first AF score threshold 604, The AF event counter may be reset to zero
in response to the non-AF classification. The unclassified time period 684 may not be
counted by processor 224 sinee the AF event counter 1s currently zero.

A subsequent sequence of AF-U-AF {time periods 686, 688 and 690, respectively)
result in an AF event count of two and an unclassified event count of one. The two
consecutive time pertods 688 and 690 following the AF time period 686 which are
classified as unclagsified and AF, respectively, result in a combined event count of the AF
and unclassified time peniods being equal 1o three. In response to this combined event
count of three, processor 224 adjusts the AF score threshold from the first, higher AF
score threshold 602 to the second lower AF score threshold 604 at time 695. AF is not yet
detected because the AF event count s two. The next time period 692 is classified as AF
based on a comparison of the AF score to the second, lower AF score threshold 604,

Processor 224 imcreases the AF event count to three and detects AF at time 697 in
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response o the AF event count reaching the detection threshold. Upon detecting AF at
time 697, the unclassitied cvent counter is reset to zero. The unclassified event counter
will count unclassified time segments beginning from zero afier the AF detection in order
to count consecutive unclassified time periods for detecting termination of the AF episode.
The wnelassified event count reaches two after time periods 694 and 696. The next time
period 693 is classified as non-AF resulting in detecting termination of the AF episode at
time 699, All event counters are reset (o zero, and the AF score threshold 13 adjusted back
to the first, higher threshold 602 at ime 699

The episode duration 6835 starts with AF-classified time period 686 which 1s the
carliest AF classified episode that led to AF detection at time 697, The episode duration
mclades unclassified time period 688 which did not contribute to detection of termuination
at block 699. Episode duration 685 ends with the last AF-classified time period 692 prior
1o detecting termination at time 699, Unclassified time periods 694 and 696 may, in some
instances, not be included in the episode duration 685 because they immediately precede
the non-AF classified time period 698 that results in episode fermination detection with no
utervening AF-classified episode. fn other instances, however, those unclassified time
penods may also be inclided in the episode duration 655,

The first and second AF score thresholds may be fixed valugs or may be
programmable by a user. In one example, a user may program the first and second AF
score thresholds to be increased or set to a relativelv higher value than currently
programmed or decreased or set to a relatively lower value than currently programmed.
Both the first and second AF score thresholds are adjusted together up or down by the
samge increment or decrement respectively, i response to the user-cntered programming
command. In other examples, a user may programmably select each of the first and
second AF score thresholds tailored to individual patient need.

While only two different AF score thresholds 602 and 604 are illustrated in the
example of FIG. 9, 1t 15 understood that the AF score threshold may be adjusted between
three or more AF score threshold values i other examples. For instance, afier AF
detection is made at time 697, the AF score threshold set to the second, lower threshold
604 could be reduced to a third fowest AF score threshold to allow continuing detection of
the AF episode using less stringent criteria than the initial AF detection criteria. In other

examples, once the AF detection 1s made at time 697, the AF score threshold could be
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increased from the second, lower threshold 604 back up to the first, higher threshold 602
or to a third, intermediate threshold value between the second, lower threshold 604 and the
first, higher threshoid 602, The third intermediate threshold value may be apphlied for
classifying subsequent time periods until termuination of the AF episode is detected based
on a predetermined number of time periods being classified as non-AF based on an AF
score talling below the third intermediate threshold value.

In the example scenarios of FIG. 9, the AF score threshold is adjusted after at least
twi consecutive time period classifications of any combination of AF and unclassified
vamediately follow a preceding or initial AF classified time period. In the example of two
nunute time intervals, the AF score threshold 1s adjusted after six minutes with no non-A¥F
classification. In other examples, the AF score threshold may be adjusted after fewer or
more time periods. For example, a single time period classified as AF may cause the AF
score threshold to be reduced to a second lower value. In other words, the AF score
threshold may be adjusted immediately in response to time period 610, 630, 650, or 680
being classified as AF ¢.g., immediately after the first AF classified time period. In other
examples, at least one unclassified or AF time period following an immediately preceding
AF time period may canse the AF score threshold to be adjusted. In still other exarnples,
more than two time periods that are not classified a non-AF and consecutively follow a
first time period classified as AF may be required before adjusting the AF score threshold.
Thus, total duration from the beginning of the first tume period classified as AF until the
AF score threshold is adjusted mav be greater than or equal to two minutes and less than
or equal to ten minutes, for example.

FIG. 10 15 a flowchart 700 of a method for detecting atrial fibrillation, according to
one example. At block 702, the classification of the current time period is determned. If
the classification is AF, as determined at block 704, processor 224 mncreases the AF event
counter at block 706 and advances to block 714 to compare a combined couunt of the AF
cvent counter and the unclassified event counter to a threshold. If the combined counts do
not meet the threshold at biock 714, the AF event count 1s compared to the AF detection
threshold at block 718,

If the time period is not classified as AF, “No” branch of block 704, and 15
classified as non~AF, “Yes” branch of block 708, the processor 224 advances to block 742,

The AF classification criteria, f previously adjusted, are restored to initial values. For
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example, if an AF score threshold has been previously adjusted to a second lower
threshold, the AF score threshold is returned to a agher first threshold as described in
conjunction with FIG. 9. At block 746, the AF event counter and the unclassified event
counter are reset to zero if they have been previcusly incremented to a non-zero value.

If the current time period classification obtained at block 702 15 neither AF nor
non-AF, 1.¢., if the current time period is determined to be unclassified, “No” branch of
block 708, and the AF counter is currently inactive with a value of zero, “No” branch of
block 710, processor 224 determines the classification of the next time period at block
702. ithe AF cvent count is greater than zero as deternuned at block 710, mdicating that
an iitial AF classification has been made, and the current time period 1s unclassified,
processor 224 increases the unclassified event count by one at block 712. The unclassified
event count may be used for controliing adjustment of AF classification criteria prior to an
AF detection being made as described in conjunction with FIG. 9. If the unclassified
cvent count has reached a predetermined threshold, “Yes” branch of block 713, processor
may restore initial AF classification cnternia (f previously adjusted) at block 742 and reset
the unclassified event counter and the AF event counter to zero at block 746, The process
begins agam at block 702 with the classification of the next time penod.

After increasing the AF event count at block 706 or inereasing the sunclassified
event count at block 712, if the unclassified event count has not reached the predetermimed
threshold, “No” of block 713, the combined event count may be compared to a threshold
at block 714, When the combined count of the AF event counter and the unclasaified
gvent counter has reached a threshold at block 714, e.g., a combined count of three, the AF
classification criteria may be adjusted at block 716, In one example, processor 224 adjusis
the AF classification critenia by decreasing the AF score threshold to a second lower
threshold after classifving a first time period as AF and classifying the next two
consecutive time pertods as any combination of AF or unclassified based on the first
higher AF score threshold as descnibed above. The AF classification criteria may
therefore be adjusted in response to three consecutive time pernods being classified as AF,
a sequence of AF-U-AF or a sequence of AF-U-U

It is to be understood that in some examples once the combined count reaches a
predetermined threshold at block 714, and the AF classification critenia bave been adjusted

at block 716 prior to an AF detection being made, the AF classification critena are not
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adjusted again until AF episode termination is detected, ¢.g., based on 3 time period
classified as being non-AF (block 708} or based on a predeternined number of
unclassified time periods {(block 713}, e.g., five consecutive unclassified time perods. In
other examples, additional adjustments to the AF score may be made before AF episode
termination is detected, ¢.g., 10 a third AF score threshold or back to the first, highest AF
score threshold, as descrtbed above.

At block 718, processor 224 compares the AF event count to the AF detection
threshold. When the AF detection threshold has not been reached, processor 224 returns
to block 702 to obtain the next time period classification. As described above, after
adjusting the AF classification critenia at block 716, if a non-AF classification is made
(*Yes” branch of block 708) before detecting AF, the AF classification criteria are
restored to the nitial classification criteria at block 742 and all AF ¢vent and unclassified
event counders are reset to zero at block 746, If subsequent time periods are classified as
AF, “Yes” branch of block 704, the AF event count is increased accordingly at block 706,

If the AF event count reaches a detection threshold, “Yes™ branch of block 718,
processor 224 detects A¥ at block 720. An AF detection response 15 provided at block
721. The response to AF detection may include controlling pace timing and control 212 to
deliver an atrial anti-arrhythmia therapy or withhold a ventricular therapy. The response to
AF detection may additionally or altematively include storing data relating to the AF
episode, such as the time of onset, the total duration (as deternined from the AV event
counter upon detection of termination of the AF episode as discussed below or computed
using the techniques described n FIG. 9), storing an episode of the cardiac electrical
signal i RAM 226 and/or other data relating 1o the AF event. The data may be
transmitted to external device 40 (FIG. 1) for displaying or communicating the datato a
clinician for use in managing the patient.

When an AF detection is made at block 720, the unclassified event counter is reset
1o a count of zero at block 722, Processor 224 may begin counting subsequent time
perniods determined to be unclassified atier AF detection 1s made for detecting termination
of the AF episode. The next time period classification is obtained at block 724, Ifthe
next time period classification is AF, as deiermined at block 726, the AF event count is
increased at block 728, AF classifications made after AF detection are based on the

adjusted AF classification cnteria. The AF event counter may continue to be increased
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with each AF classification made after detecting AF at block 720 for use in determining
the duration of the AF episode and determining AF burden (e.g., the combined duration of
all detected AF episodes over a given monttoring interval such as 24 hours). Such AF
episocde data may be transmitted to an external medical device for display or
communication to a clinician thercby providing useful information to the clinician in
making diagnostic and therapy management decisions.

If the classification of the next time pertod 18 not AF, “No” branch of block 726,
but is non-AF, “Yes” branch of block 730, termination of the AF episode is detected at
block 740. Ifthe classification of the next time period 1s neither AF nor non-AF, “No”
branch of block 730, 1.¢., if the time period is determined to be unclassified as indicated at
block 732, the unclassified event counter is increased by one at block 734, The
unciassified event counter is compared to a threshold at block 736. I the threshold is not
reached, processor 224 returns to block 724 to fetch the next time period classification. if
the unclassified count reaches a threshold at block 736, e.g., five consecutive unclassified
time periods, termination of the AF episode is detected at block 740,

If episode termination is detected, the mitial AF classification eritenia are restored
at block 742, and the AF event and unclassified event counters are reset at block 746. The
process begins agaim at block 702.

F1G. 11 1s a flow chart 800 of a method performed by ICD 16 or ICD 110 for
providing a response to detecting AF according to one example. If an AF detection is
made at block 802, e.g., as descuibed n conjunction with any of Fis, 8-10, an AF episode
record is stored at block 804, The AF episode record may include a Lorenz plot or
histogram of RRI data that led to A¥ classifications and AF detection. The episode record
stored at block 804 may further include the start time, termination time, and total duration
of the AF episode. Referring again to FIG. 9, examples of episcde durations 6135, 635,
653, and 683 are shown extending from the start of the first respective AF classified time
period that led to AF detection and cnding with the last AF classified time period that
{eads to detection of ternunation of the AF episode. Unclassified episodes that lead to
termination detection, e.g., unclassified episodes 694 and 696 n scenarto (d) may not be
included in the episode duration, whereas unclassified episodes that do not immediately
precede termination detection, ¢.g., unclassified episodes 652, 654, 656 and 658 in

scenarie (¢}, are included 1n the episode duration, ¢.g., duration 655,
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When unclassified time periods are included in the AF episode or lead to
ternunation detection of the AF episode, the factor(s) leading to determining the time
penod as being unclassified may be stored with the AF episode record. For example, if
the time perieod is determined to be unclassified due to other episodes being detected such
as VT or VF, due to oversensing, due to too many short RRUs, or duc to too many
ventricular pacing pulses duning the time peniod, this factor may be stored to provide the
clinician with usefol information in diagnosing the patient’s heart rhythm status for
guiding therapy decisions for treating the patient’s AF.

At block 806, processor 224 may determine AF burden of the patient by computed
the total time AF was identified over a 24-hour time interval {or other predetermined
monttoring interval). Computation of the AF burden may mchide counting or summing all
time periods classified as AF or counting or summing only AF classified time periods that
were included in a detected AF cpisode. AF burden may also include all unclassified time
periods that occur during a detected AF episode. In some examples, unclassified time
pericds that lead to detecting termination of the AF episode that are not incloded 10 the AF
episode duration are not included in the AF burden computation. For example, referring
to FIG. 9, scenano (d), unclassified time peniod 684 is not included in AF burden
computation because it occurs before the AF episode indicated by episode duration 685,
Unclassified time period 688 is included in AF burden determination because it oocurs
during the AF episode. Unclassified time periods 694 and 696 are not included n
deternuning AF burden because thev lead to termination detection at fime 699 and are not
included in the episode duration 685,

When AF is detocted, processor 224 may store a cardiac signal segment that is
acquired during the detected AF episode. The cardiac signal segment 1s stored in memory
at block 808 with the normal gam of sense amplifiers 200 and A/D converter 222 used
during cardiac signal analysis and processing performed to identify RRIg, analyze the
signal for oversensing, etc. For example, the cardiac signal stored at block 808 may be an
EGM signal acquired using RV coil electrode 28 and ICD housing 15 m FIG. 1. In svstem
100 of FI(5. 3A, the cardiac signal stored at block BO8 may be an ECG signal acquired
using defibrillation electrode 24 or defibrillation clectrode 126 and housing 115, The
signal stored at normal range {¢.g., with 8-bit resolution sampled at 128 Hz with A/D

converter input range of + 12 mV) may be used to provide an vaclipped EGM or ECG

48



WO 2017/172271 PCT/US2017/020874

signal for morphology analysis {c.g., wavelet template matching} and for storing unclipped
cardiac signal episodes in response o detecting a tachvarthythmia. The normal range
signal stored at block 808 mayv be selected as a far-field or relatively global cardiac
electrical signal that is used to produce a display of the electrical rhyvthm of the patient’s
heart clearly showing R-wave morphology and regularity of RRlis for the clinician to see a
high level view of the signal and the patient’s corresponding rhythm. However, depending
on the sensing vector, the normal range cardiac signal stored at block 808 may not include
observable or casily observed P-waves.

As such, when AF 1s detected, the processor 224 stores a second cardiac signal in
memory at block 810 with a lower range, higher gam setting, e.g., arange of +2 mV
which may be controlled by adjusting the A/D converter input range. The high gain, lower
range sctting provides a clearer view of P-waves in the stored cardiac signal segment when
displaved by external device 40. The high gain, lower range setting may result in clipping
of R-waves in the stored second cardiac signal. However, the first cardiac signal stored at
normal range provides a rehiable, unclipped display of the R-wave morphology.

The second cardiac signal stored with 2 high gain, lower range setting may be
selected as a second far-field or relatively global signal. For example, in system 1 of FIG.
1A or 1B, the second cardiac signal may be acquired between the RV coil electrode 24 and
the SV coil electrode 26, or the SV coil electrode 26 to the ICD housing 15, In the
svstem 100 of FIG. 3A, the second cardiac signal may be acquired using the sensing
clectrode 128 and sensing electrode 131, one of sensing electrodes 128, 130 or 131 paired
with one of defibrillation electrodes 124 or 126, or one of electrodes 124, 126, 128, 130 or
131 paired with housing 115.

When ICD 10 or ICD 110 receives an interrogation command from an external
device 40, processor 224 controls telemetry circuit 330 to transmit the AF episode record,
AF burdes iformation, and the stored first, normal gain cardiac signal and the second
higher gain cardiac signal. The external device is configured to generate a display of the
AF data for the patient to provide the clinician with valuable diagnostic information to
sapport therapy decision-making process.

If AF is not being detected, “No” branch of block 802, processor 224 may be
detecting VT or VF at block 820. If not detecting VT or VF, “No” branch of block 820,

processor 224 continues monitoring for cardiac tachyarrhyvthmias at blocks 802 and 820.
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If AF is not being detected at block 802 but processor 224 is detecting VT or VE, “Yes”
branch of block 820, the VT or VF episode record 1s stored at block 822, which may
include rate, duration, start ime, end time, delivered therapies and results, etec. At block
824, a segment of the first cardiac signal with normal gaim acquired dunng the detected
cpisode is stored. The first cardiac signal at normal gain may be a far-ficld or relatively
global signal as described above that provides a high level view of R-wave morphology
and RRIs and may be the same signal with the same gaimn that is stored at block 808 in
response to AF detection. At block 826, a third cardiac clectrical signal is stored with
normal gain.

The third cardiac elecinical signal may be a near-ficld or relatively local signal
acquired with a different sensing vector than either of the first or second cardiac electrical
signals stored at blocks 808 and 810, For example, the third cardiac signal stored at block
826 may be an EGM signal acquired using RV tip clectrode 28 and RV ring clectrode 30
in FiGs. 1A and 1B. In svstem 100 of FIG. 3A, the cardiac signal stored at block 826 may
be an HCG signal acquired using sensing elecirodes 128 and 130, The third cardiac
clectrical signal is stored with normal gain but is acquired using a near-field or localized
ventricular sensing vector that can be used to generate a display of a high quality
ventricular signal when VT or VF is detected and no atrial tachyarrhythmia is detected.

In this way, ICD 10, 10 or ICD 110 provides a unigue response for storing data
depending on whether an atrial tachyarrhvthimia is being detected, with or without
concurrent SVT, VT or VF, or a ventricular tachyvarrhythmia is being detected without
concurrent AF detection. Storage of a high gain cardiac electrical signal and transmission
to an external device 40 for display to a clinician provides the clinician with valuable
diagnostic information relating to the detected AF episode. When the AF episode is being
detected simaltaneously with a ventricular tachyarthvthmia detection, the relationship
between events leading to the two detections can be ascertained. However, whenonly a
ventricular tachvarrhythimia is detected. storage and transmission of a near-field or
localized ventricular signal may provide the climcian with important information
regarding the ventricular thythm.

In some examples, processor 224 responds to an AF detection by selecting which
cardiac electrical signals arc stored as described above and transmits the signals with

normal gain and range to external device 40. Processor 52 of external device 40 may
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automatically generate a display on user display 34 that includes the first, high gain, low
range signal for observation of P~waves and the second, normmal gain, normal range signal
for unclipped observation of R-waves.

Thus, an apparatus and methods have been presented in the foregoing description
for detecting and respounding fo atrial tachvarrhvthmia with reference to specific examples.
It 1s appreciated that various modifications to the referenced examples may be made,
meluding modifving the order of steps performed and/or modifying the combinations of
operations shown i the flow charts presented herein, without departing from the scope of

the following claims.
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CLAIMS:

I. A medical device for detecting an atnial tachvarrhvihonia episode, comprising:
sensing circuitry configured to recetve a cardiac signal from a plurality of
electrodes coupled to the medical device; and
a processor configured to:
identify R-waves in the cardiac signal attendant ventricular depolarizations;
determine classification factors from the R-waves identified over a first
predetermined time period;
classify the first predetermuned time period as atrial tachyvarrhythmia based
on comparing the determined classification factors to classification criteria;
adjust a classification eniterion of the classification cniteria from a first
classification criterion to a second classification criterion after the first time period
being classified as atnal tachvarchythmia;
classify at feast one subsequent time pericd as atrial tachyarchythmia by
comparing classification factors determined over the subsequent time period to the
adjusted classification criterion; and
detect an atnal tachyarrhythmia episode in response to at least one
subsequent time period being classified as atrial tachyarrhythmia based on the

adjusted classification criterion.

The device of claim 1, wherein the processor is configured to adjust the

2

classification criterion after the first time period being classified as atrial tachvarrhythmia
bv:

classifving at least a second predetermined time period by comparing classification
factors determined over the second predetermined time period to the classification criteria
before the adjusting; and

adjusting the classification critenia in response to the second predetermined time

peniod not being classified as one of atrial tachyarrhythmia and anclassified.
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3. The device of claim any one of ¢laims | or 2, wherein the processor is configured
1o adjust the classification criteria after the first time period being classified as atrial
tachvarrhythmia by:

classifving a plurality of consecutive predetermined time periods following the
first time period by comparing classification factors determined over each of the plurality
of consecutive predetermined time perniods to the classification critenia before the
adjusting; and

adjusting the classification criteria in response to none of the plurality of

consecutive predetermined time periods being classified as non-atrial tachyarchvthomia.

4. The device of claim 3, wherein the first ime period and the plurality of
consecutive predetermined time periods have a total duration greater than or equal to two

nunuies and less than or equal to ten minutes.

5. The device of any one of ¢laims 1-4, whergin the processor is configured to adjust
the classification criferia in response to the first time period being classified as atrial

tachvarrhythmia.

6. The device of claim any one of claims -3, wherein the processor is further
configured to:

determine the classification factors by determining RR-mtervals between
successive R-waves in the sensed cardiac signal and determining a variability metric of
the RR-intervals;

classify the first time period by classifying the first ime period as atrial
tachyarrhythmia when the variability metric meets a threshold; and

adjust the classification criterion from a first classification criterion to a second
classification criferion by adjusting the threshold of the vanability metric from a first

value to a second value Jess than the first value.

7. The device of any one of ¢laims 1-6, whergin the processor is further configured

to: (1} a predetermined number of the subsequent time periods being classiticd as
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unclassified or (2} one of the at icast one subsequent time periods being classified as non-

atrial tachvarthythmia.

8. The device of any one of claims 1-7, wherein the processor is further configured
to:

classify a second time penod afler detecting the atnal tachyvarrhythmia episode
based on the second classification criterion;

detect termination of the atrial tachyarrhythmia episocde 1n response to classifving
the second time period as non-atrial tachvarrhythmia; and

reset the classification criterion from the second criferion to the first criterion in

response to detecting the termination.

9. The device of any one of claims 1-8, wherein the processor is further configured
to:
classify a plurality of time peviods afier detecting the atrial tachyarrhythmia
episode using the adjusted classification criteria;
detect termination of the atrial tachvarrhythmia episode in response to a
predetermined nomber of the plarality of time penods being classified as unclassified; and
reset the classification criterion from the second criterion to the first criterion in

response to detecting the termination.

10.  'The device of any one of claims 1-9, wherein the processor is further configured
o

determine at least one of the classification factors by determining whether a
ventricular tachyarrhythmia detection is occcurring dunng the first predetermined time
pericd; and

classify the first predetermined time period as unclassified when the ventricular

tachyarrhythmia detection is occurring during the first predeternmined time period.
11, The device of any one of claims 1-10, further comprising a therapy output circuit
and a telemetry cirenit, wherein the processor s further configured to provide a response

to detecting the atrial tachvarthythmia by at least one of controlling the telemetry circuit
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{0 transmit atrial tachyarrhythmia episode data o another device and controlling the

therapy output circuit to withhold a ventricular therapy in response to detecting the atrial

tachvarrhythmia.

12, The device of any one of claims 1-11, wherein the processor is configured to detoct
the atrial tachvarrhvthmia episode by classifyving a predetermined number of time periods
as atnial tachyarrhythmia comprising at least a second time period after the first time
period being clagsified as atrial tachvarrhvthmia based on the first criterion and at least a
third time period after the second time period classified as atnal tachyarthythoua based on
the second criterion.

I The device of any one of claims 1-12, wherein the processor is further configored

3

determine one of the classification factors by determining RR-intervals between
successive R-waves in the sensed cardiac signal and determining a variability metric of
the RR-intervals having a maximum possible value of 100;

classify the first predetermined time period by comparing the vanability metric to
an atnal fibrillation score threshold; and

adjust the classification criterion by adjusting the atrial fibrillation score threshold
from the first value to the second value, wherein the first value 15 at least 25 and equal to
or less than 75 and the second value 1s at least 19 and less than or equal to 60 and wherem

the second value is less than the first value.

14, The device of any one of claims 1-13, wherein classifying at least one subsequent
time period comprises classifving the at least one sabscquent time period as one of atrial
tachyarrhythmia, non-atrial tachyarrhythmia, or unclassified by comparing classification

factors determined over the subsequent time period to the adjusted classification criterion.
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