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METHOD AND SYSTEM FOR DETERMINING AN ATRIAL CONTRACTION
TIMING FIDUCIAL IN A LEADLESS CARDIAC PACEMAKFER SYSTEM

CROSS REFERENCE TO RELATED APPLICATIONS
{0001] This application claims the benefit of U.S. Provisional Patent Application Serial No.

62/359,055 filed on July 6, 2016, the disclosure of which is incorporated herein by reference.

TECHNICAL FIELD
{0602] The present disclosure generally relates to implantable medical devices, and more
particularly, to systems that use a leadless cardiac pacemaker for monitoring, pacing and/or

defibrillating a patient’s heart.

BACKGROUND
{0063] Implantable medical devices are commonly used today to monitor a patient and/or
deliver therapy to a patient. For example and in some instances, pacing devices are used to ireat
patients suffering from various heart conditions that may result in a reduced ability of the heart to
deliver sufficient amounts of blood to a patient’s body. Such heart conditions may lead to slow,
rapid, irregular, and/or inefficient heart contractions. To help alleviate some of these conditions,
various medical devices {e.g., pacemakers, defibrillators, etc.) can be implanted in a patient's
body. Such devices may monitor and in some cases provide electrical stimulation (e.g. pacing,
defibrillation, etc.) to the heart to help the heart operate in a more normal, efficient and/or safe
manner. In some cases, it is beneficial to sense and/or pace two or more chambers of the heart,

such as to provide cardiac resynchronization therapy (CRT).

SUMBMARY
{00064} This disclosure generally relates to implantable medical devices, and more
particularly, to systems that use a leadless cardiac pacemaker for monitoring, pacing and/or
defibrillating a patient’s heart. In an example of the disclosure, a method for generating a
ventricle pacing puise may include sensing for a mechanical response to an atrial contraction of a
patient’s heart, and sensing for an electrical cardiac signal associated with the atrial contraction

of the patient’s heart via an electrode arrangement. An atrial contraction timing fiducial may be
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determuned based at least in part on the sensed mechanical response to the atrial contraction and
the sensed electrical cardiac signal associated with the atrial contraction. The atnal contraction
timing fiducial can be performed on a beat-by-beat basis, may be average over more than one
beat, and/or may be deternuned 1n any other sustable manner. In some cases, the mechanical
response to the atrial contraction of the patient’s heart and the electrical cardiac signal associated
with the atrial contraction of the patient’s heart may be sensed by a Leadless Cardiac Pacemaker
{LCP) mnplanted 1 a ventricle of the heart {e.g. at the apex of the left ventricle} and/or by a
Subcutaneous Implantable Cardioverter Defibrillator (SICD) implanted subcutaneously. A
ventricle pacing pulse may be generated after an A-V delay following the atrial contraction
uming fiducial. The ventricle pacing pulse may be generated and delivered by an LCP.

{0605] Alternatively or additionally to any of the embodiments above, the mechanical
response to the atrial contraction of the patient’s heart may be sensed via an accelerometer of a
Leadless Cardiac Pacemaker (LCP) and/or an accelerometer of a Subcutaneous Implantable
Cardioverter Defibrillator (8-1CD).

{0606] Alternatively or additionally to any of the embodiments above, the electrical cardiac
signal associated with the atrial contraction of the patient’s heart may be sensed via an electrode
arrangement of a Leadless Cardiac Pacemaker (LCP) and/or an electrode arrangement of a
Subcutaneous Implantable Cardioverter Defibrillator (S-ICD).

{0007] Alternatively or additionally to any of the embodiments above, the method may
further include weighting a timing associated with the sensed mechanical response to the atrial
contraction with a first weight, weighting a timing associated with the sensed electrical cardiac
signal associated with the atrial contraction with a second weight and determining the atrial
contraction tuming fiducial based at least in part on the weighted timing associated with the
sensed mechanical response and the weighted timing associated with the sensed electrical cardiac
signal.

[0008] Alternatively or additionally to any of the embodiments above, the sensed mechanical
response to the atrial contraction of the patient’s heart may be used to identify a time window in
which an electrical cardiac signal 1s searched to identify the electrical cardiac signal associated
with a subsequent atrial contraction.

{0009] Alternatively or additionally to the previous embodiment above, the sensed

mechanical response includes the S3 and the 84 heart scunds, the time window 1s between the 83
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to 84 heart sounds, and the electrical cardiac signal associated with the atrial contraction 1s a P-
wave of an electrocardiogram signal.

[B0018]  Alternatively or additionally to any of the embodiments above, the sensed mechanical
response to the atrial contraction of the patient’s heart may have a signal-to-notse ratio (SNR)
and the sensed electrical cardiac signal associated with the atrial contraction may have a signal-
to-notse ratio {SNR). If the signal-to-noise ratio (SNR) of the sensed mechanical response to the
atrial contraction of the patient’s heart 1s above a SNR threshold, the atrial contraction timing
fiducial may be based on the mechanical response 1o the atrial contraction of the patient’s heart
and if the signal-to-nosse ratio (SNR} of the sensed mechanical response to the atrial contraction
of the patient’s heart 15 below the SNR threshold, the atrial contraction timing fiducial may be
based on the electrical cardiac signal associated with the atrial contraction of the patient’s heart.
{00611] Alternatively or additionally to any of the embodiments above, the method may
further include detecting an ambulatory activity level of the patient. When so provided, the atrial
contraction timing fiducial may be based on the mechanical response to the atrial contraction of
the patient’s heart if the detected ambulatory activity level 1s below an activity threshold and
may be based on the electrical cardiac signal associated with the atrial contraction of the
patient’s heart if the detected ambulatory activity level is above the activity threshold.

{00012] Alternatively or additionally to any of the embodiments above, the method may
further include detecting a posture of the patient. When so provided, the atrial contraction timing
fiducial may be based on the mechanical response to the atrial contraction of the patient’s heart if
the patient 1s in a first posture and may be based on the electrical cardiac signal associated with
the atrial contraction of the patient’s heart if the patient is in a second posture that 15 different
from the first posture.

[00013] Alternatively or additionally to any of the embodiments above, the electrode
arrangement may be configured to provide two or more sense vectors for sensing electrical
cardiac signals associated with the atrial contractions of the patient’s heart. When so provided,
the method may include sensing for the electrical cardiac signals associated with one or more
atrial contractions of the patient’s heart using a first sense vector of the two or more sense
vectors of the electrode arrangement, and sensing for the electrical cardiac signals associated
with one or more atrial contractions of the patient’s heart using a second sense vector of the two

or more sense vectors of the electrode arrangement. A determunation may be made as to which
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of the first sense vector and the second sense vector produces a higher signal-to-notse ratio
{SNR) for the electrical cardiac signals associated with the one or more atrial contractions of the
patient’s heart. The sense vector determined to produce the higher signal-to-noise ratio (SNR)
may be used when sensing electrical cardiac signals associated with subsequent atrial
contractions of the patient’s heart.

[00614] Alternatively or additionally to any of the embodiments above, the elecirode
arrangement may be configured to provide two or more sense vectors for sensing the electrical
cardiac signal associated with the atrial contraction of the patient’s heart. When so provided, the
method may include sensing for the electrical cardiac signals associated with the atrial
contractions of the patient’s heart using each of two or more sense vectors of the two or more
sense vectors of the electrode arrangement, determining a compostie sense vector of the two or
more sense vectors that increases the signal-to-noise ratic (SNR) relative to a SNR achievable by
any one of the individual sense vectors, and using the compostte sense vector when sensing for
electrical cardiac signals associated with subsequent atrial contractions of the patient’s heart.
{06015]  In another example of the disclosure, a leadless cardiac pacemaker (LCP) is
configured to sense cardiac activity and to pace a patient’s heart and is disposable within a
ventricle of the patient’s heart. The LCP includes a housing, a first electrode secured relative to
the housing and exposed to an environment outside of the housing and a second electrode
secured relative to the housing and exposed to the environment outside of the housing, the
second electrode spaced from the first electrode. A controller is disposed within the housing and
is operably coupled to the first electrode and the second electrode such that the controller is
capable of receiving, via the first electrode and the second electrode, electrical signals including
an electrical indication of atrial contraction. An accelerometer s disposed within the housing
and s operably coupled to the controller. The controller is configured to detect, via a signal
from the accelerometer, a mechanical indication of atrial contraction. The controller is further
configured to determine an atrial contraction timing fiducial based at least i part on the
mechanical indication of atrial contraction and/or the electrical indication of atrial contraction,
and to generate a ventricle pacing pulse after an A~V delay following the atnial contraction
timing fiducial.

[00016] Alternatively or additionally to any of the embodiments above, the electrical

mdication of atnial contraction may 1nclude a P-wave of an electrocardiogram.
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{00017} Alternatively or additionally to any of the embodiments above, the mechanical
mdication of atrial contraction may include an 84 heart sound.

[B0018]  Alternatively or additionally to any of the embodiments above, the electrical
mdication of atrial contraction may be received from a Subcutaneous Implantable Cardioverter
Defibrillator (S-1CD}.

[00619] Alternatively or additionally to any of the embodiments above, the controlier may be
configured to preferentially use the electrical indication of atrial contraction or the mechanical
mdication of atrial contraction based at least 1n part upon a signal-to-noise ratio {SNR) associated
with each.

{08628} In another example of the disclosure, a system for generating a ventricle pacing pulse
may include a Subcutaneous Implantable Cardioverter Defibrillator (81CD), and a leadless
cardiac pacemaker {(LCP) in operative communication with the SICD. At least one of the SICD
and LCP may sense for a mechanical response to an atrial contraction of a patient’s heart and at
least one of the SICD and LCP may sense for an electrical cardiac signal associated with the
atrial contraction of the patient’s heart. An atrial contraction timing fiducial is stored in the LCP,
wherein the atrial contraction timing fiducial based at least in part on the sensed mechanical
response to the atrial contraction and the sensed electrical cardiac signal associated with the atrial
contraction. The LCP may generate a ventricle pacing pulse after an A-V delay following the
atrial contraction timing fiducial.

{00021}  Alternatively or additionally to any of the embodiments above, the mechanical
response to the atrial contraction of the patient’s heart 1s sensed via an accelerometer of the LCP
and/or an accelerometer of the SICD.

[00022]  Alternatively or additionally to any of the embodiments above, the electrical cardiac
signal associated with the atrial contraction of the patient’s heart 1s sensed via an electrode
arrangerment of the LCP and/or an electrode arrangement of the SICD.

[00023] Alternatively or additionally to any of the embodiments above, the sensed mechanical
response to the atrial contraction of the patient’s heart has a signal-to-noise ratio (SNR) and the
sensed electrical cardiac signal associated with the atrial contraction has a signal-to-notse ratio
(SNR}. If the SNR of the sensed mechanical response to the atrial contraction of the patient’s
heart 1s above a SNR threshold, the atrial contraction timing fiducial may be based on the

mechanical response to the atrial contraction of the patient’s heart, and if the SNR of the sensed
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mechanical response to the atrial contraction of the patient’s heart 1s below the SNR threshold,
the atrial contraction timing fiducial may be based on the electrical cardiac signal associated with
the atrial contraction of the patient’s heart.

{600624] The above summary 15 not itended to describe each embodiment or every
mplementation of the present disclosure. Advantages and attainments, together with a more
complete understanding of the disclosure, will become apparent and appreciated by referring to

the following description and claims taken in conjunction with the accompanying drawings.

BRIEF BESCRIPTION OF THE DRAWINGS
{00625] The disclosure may be more completely understood in consideration of the following
description of various illustrative embodiments in connection with the accompanying drawings,
in which:
{06026] Figure 1 1s a highly schematic diagram of an illustrative system in accordance with an
example of the disclosure;
{06027]  Figure 2 1s a graphical representation of an electrocardiogram (ECG) showing a
temporal relationship between electrical signals of the heart and mechanical indications of
contraction of the heart;
{00028] Figure 3 is a schematic block diagram of an illustrative leadless cardiac pacemaker
{(LCP) useable in the system of Figure 1;
{00029] Figure 4 is a schematic block diagram of an dlustrative LCP 1n accordance with an
example of the disclosure;
[00030] Figure 5 1s a schematic block diagram of another illustrative medical device that may
be used in conjunction with the LLP of Figure 4;
[00031] Figure 6 1s a schematic diagram of an exemplary medical system that includes
multiple LCPs and/or other devices in communication with one another;
[00032] Figure 7 1s a schematic diagram of a system including an LCP and another medical
device, in accordance with an example of the disclosure;
{80033] Figure 8 1s a flow diagram showing an illustrative method in accordance with an
example of the disclosure;
[80034] Figure 915 a flow diagram showing an illustrative method in accordance with an

example of the disclosure;
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[00035] Figure 10 1s a flow diagram showing an illustrative method in accordance with an
example of the disclosure;
[80036] Figure 11 15 a flow diagram showing an illustrative method n accordance with an
example of the disclosure;
[86037] Figure 1215 a flow diagram showing an illustrative method n accordance with an
example of the disclosure; and
[B0038] Figure 13 15 a flow diagram showing an illustrative method n accordance with an
example of the disclosure.
{06039]  While the disclosure is amenable to various modifications and alternative forms,
specifics thereof have been shown by way of example in the drawings and will be described in
detail. It should be understood, however, that the mtention 15 not to limit aspects of the
disclosure to the particular illustrative embodiments described. On the contrary, the mtention is
to cover all modifications, equivalents, and alternatives falling within the spirit and scope of the
disclosure.

DESCRIPTION
{00040] The following description should be read with reference to the drawings in which
similar elements in different drawings are numbered the same. The description and the
drawings, which are not necessanily to scale, depict tHustrative embodiments and are not
mtended to limit the scope of the disclosure.
{00041}  All numbers are herein assumed to be modified by the term “about”, unless the
content clearly dictates otherwise. The recitation of numerical ranges by endpoints includes all

numbers subsumed within that range (e.g, 1 to S includes 1, 1.5, 2, 2.75, 3, 3.80, 4, and 5).

I T 7

[00042]  As used in this specification and the appended claims, the singular forms “a”, “an”,
and “the” include the plural referents unless the content clearly dictates otherwise. As used in
this specification and the appended claims, the term “or” is generally employed in i3 sense
mncluding “and/or” unless the content clearly dictates otherwise.

[06043] It 15 noted that references in the specification to "an embodiment”, "some
embodiments”, "other embodiments”, etc., indicate that the embodiment described may nclude a
particular feature, structure, or characteristic, but every embodiment may not necessanly nclude
the particular feature, structure, or characteristic. Moreover, such phrases are not necessarily

referring to the same embodiment. Further, when a particular feature, structure, or characteristic
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is described m connection with an embodiment, it 1s contemplated that the feature, structure, or
characteristic may be applied to other embodiments whether or not explicitly described unless
clearly stated to the contrary.

{00044] A normal, healthy heart induces contraction by conducting intrinsically generated
electrical signals throughout the heart. These intninsic signals cause the muscle cells or tissue of
the heart to contract in a coordinated manner. These contractions forces blood out of and into the
heart, providing circulation of the blood throughout the rest of the body. Many patients suffer
from cardiac conditions that affect the efficient operation of therr hearts. For example, some
hearts develop diseased tissue that no longer generate or efficiently conduct intrinsic electrical
signals. In some examples, diseased cardiac tissue may conduct electrical signals at differing
rates, thereby causing an unsynchronized and mefficient contraction of the heart. In other
examples, a heart may generate intrinsic signals at such a low rate that the heart rate becomes
dangerously low. In still other examples, a heart may generate electrical signals at an unusually
high rate, even resulting in cardiac fibrillation. Implantable medical device are often used to treat
such conditions by delivering one or more types of electrical stimulation therapy to the patient’s
heart.

{00045]  Figure | is a schematic diagram showing an tllustrative system 10 that may be used to
sense and/or pace a heart H. In some cases, the system 10 may also be configured to be able to
shock the heart H The heart H includes a right atrium RA and a right ventricle. The heart H
also includes a left atrium LA and a left ventricle LV, In some cases, the tllustrative system 10
includes an SICD (subcutaneous implantable cardioverter defibrillator) 12. While not shown 1n
this Figure, n some cases the SICD 12 may include a ead that may be configured to be placed
subcutaneously relative to a patient’s sternum and outside of the patient’s heart. The SICD 12
mayv be configured to sense electrical activity generated by the heart H as well as provide
electrical energy to the heart H in order to shock the heart H from an undesired heart rthythmto a
desired heart rhythm. In some cases, the system 10 may include an LCP 14 that may be
configured to sense and/or pace the heart H While a single LCP 14 is illustrated, it will be
appreciated that two or more LUPs 14 may be implanted in or on the heart H. The LCP 14 may
be implanted nto any chamber of the heart, such as the right atrium RA, the left atrium LA, the

right ventricle RV and the left ventricle LY., When more than one LLP 15 provided, each LCP
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mayv be implanted in a ditferent chamber. In some cases, multiple LCP’s may be implanted
within a single chamber of the heart H.

[80046] In some cases, the SICD 12 and the LCP 14 may be implanted at the same time. In
some instances, depending on the cardiac deficiencies of a particular patient, the SICD 12 may
be implanted first, and one or more LLPs 14 may be implanted at a later date if/when the
patient’s heart decompensates and it becomes necessary to pace the heart H. In some cases, it 18
contemplated that one or more LCPs 14 may be implanted first, in order to sense and pace the
heart H. When a need for possible defibrillation becomes evident, the SICD 12 may
subsequently be implanted. Regardless of implantation order or sequence, it will be appreciated
that the SICD 12 and the LCP 14 may communicate with each other using any desired
communications protocol, such as conducted communication through the patient’s body.
100047} With reference to Figure 2, it will be appreciated that the heart H 15 controlled via
electrical signals that pass through the cardiac tissue and that can be detected by implanted
devices such as but not limited to the SICD 12 and the LCP 14 of Figure 1. Figure 2 includes a
portion of an electrocardiogram (ECG) 16 along with a heart sounds trace 18. As can be seen in
the ECG 16, a heartbeat includes a P-wave that indicates atrial depolarization. A QRS complex,
mcluding a Q-wave, an R-wave and an S-wave, represents ventricular depolarization. A T-wave
indicates repolarization of the veniricles. It will be appreciated that the ECG 16 may be detected
by implanted devices such as but not limited to the SICD 12 and the LCP 14 of Figure 1.
{00048] A number of heart sounds may also be detectable while the heart H beats. It will be
appreciated that the heart sounds may be considered as on example of mechanical indications of
the heart beating. Other illustrative mechanical indications may mclude, for example,
endocardial acceleration or movement of a heart wall detected by an accelerometer 1n the LCP,
endocardial acceleration or movement of a heart wall detected by an accelerometer in the SICD,
a pressure, pressure change, or pressure change rate in a chamber of the heart H detected by a
pressure sensor of the LCP, acoustic signals caused by heart movements detected by an acoustic
sensor and/or any other suttable indication of a heart chamber beating,

[80049]  An electrical signal typically causes a portion of the heart H to contract, and then
there 15 a corresponding mechanical indication. In some cases, there may be a first heart sound
that 1s denoted ST and that 15 produced by vibrations generated by closure of the mitral and

tricuspid valves during a ventricle contraction, a second heart sound that 15 denoted S2 and that 13
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produced by closure of the aortic and pulmonary valves, a third heart sound that is denoted S3
and that 1s an early diastolic sound caused by the rapid entry of blood from the right atrium RA
mto the right ventricle RV and from the left atrium LA mto the left ventricle LV, and a fourth
heart sound that 15 denoted S4 and that 15 a late diastolic sound corresponding to late ventricular
filling during an active atrial contraction.

[00056] Because the heart sounds are a result of cardiac muscle contracting or relaxing in
response to an electrical signal, it will be appreciated that there is a delay between the electrical
signal, indicated by the ECG 16, and the corresponding mechanical indication, indicated by the
heart sounds trace 18. For example, the P-wave of the ECG 16 15 an electrical signal tnggering
an atrial contraction. The 54 heart sound 1s the mechanical signal caused by the atrial
contraction. In some cases, it may be possible to use this relationship between the P-wave and
the 84 heart sound. For example, if one of these signals may be detected, the relationship can be
used as a timing mechanism to help search for the other. For example, if the P-wave can be
detected, a window following the P-wave can be defined and searched to find the corresponding
S4 heart sound. In some cases, detection of both signals may increase the confidence level ina
detected atrial contraction. In some cases, detection of either signal may be sufficient to identify
an atrial contraction. The identity of an atrial contraction may be used to identify an atrial
contraction tinung fiducial

{00051}  In some cases, the relationship of certain electrical signals and/or mechanical
indications may be used to predict the timing of other electrical signals and/or mechanical
indications within the same heartheat. Alternatively, or in addition, the timing of certain
electrical signals and/or mechanical mdications corresponding to a particular heartbeat may be
used to predict the timung of other electrical signals and/or mechanical indications within a
subsequent heartbeat.

{B0052] Returning back to Figure 1, 1 some cases at least one of the SICD 12 and the LCP 14
may sense for a mechanical response to an atrial contraction of the heart H. In some cases, the
SICD 12 and the LCP 14 may both sense for a mechamical response. In some cases, only one of
the SICD 12 and the LCP 14 may sense for a mechanical response. In some cases, at least one of
the SICD 12 and the LCP 14 may sense for an electrical cardiac signal that 13 associated with
atrial contraction. In some cases, both the SICD 12 and the LCP 14 may sense for an electrical

cardiac signal while 1n other cases only one of the SICD 12 and the LCP 14 may do so.
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[00033] Insome cases, an atrial contraction timing fiducial may be stored in the LCP 14, The
atrial contraction timing fiducial may be based at least in part on the sensed mechanical response
to the atrial contraction and the sensed electrical cardiac signal associated with the atrial
contraction. In some cases, the LCP 14 may generate a ventricle pacing pulse after an A-V delay
following the atnal contraction timing fiducial. In one example, detecting at least one of the P-
wave, indicating the electrical signal mstraucting the atria to contract, and the 54 heart sound,
which 1s caused by atnal contraction, may be used to deternmine an atrial contraction timing
fiducial and thus when to pace the right veniricle RV and/or the left ventricle LY.

{06054]  In some cases, the mechanical response to the atrial contraction of the patient’s heart
H may be sensed via an accelerometer of the LCP 14 and/or an accelerometer of the SICD 12, In
some cases, the SICD 12 may include an accelerometer within a lead of the SICD 12, In some
mnstances, the SICD 12 may include an accelerometer with the main housing of the SID 12, In
some cases, the LCP 14 and the SICD 12 may include accelerometers. In some instances, the
electrical cardiac signal associated with the atrial contraction of the patient’s heart H may be
sensed via an electrode arrangement of the LCP 14 and/or an electrode arrangement of the SICD
12, Additional details regarding the SICD 12 and the LCP 14 may be discussed with respect to
subsequent Figures. In some instances, the sensed mechanical response to the atrial contractions
of the patient’s heart may have a signal-to-noise ratio (SNR) and the sensed electrical cardiac
signals associated with the atrial contractions have a signal-to-noise ratio (SNR}. For example,
the noise used for SNR calculating may be the electrical (for electrical SNR} or mechanical (for
mechanical SNR) response during a portion of the cardiac cycle not associated with any cardiac
activity (such as but not liuted to the temporal window between 81 and 82). In some cases, if
the SNR of the sensed mechanical response to the atrial contractions of the patient’s heart 15
above a SNR threshold, the atrial contraction timing fiducial is based on the mechanical response
to the atrial contractions of the patient’s heart. In some instances, if the SNR of the sensed
mechanical response to the atrial contractions of the patient’s heart is below the SNR threshold,
the atrial contraction timing fiducial is based on the electrical cardiac signal associated with the
atrial contractions of the patient’s heart.

[00085] Figure 3 1s a schematic diagram of an illustrative LCP 14, In some cases, as
mdicated, the LCP 14 may be considered as being configured to sense cardiac activity and to

pace a patient’s heart H. In some cases, the LCP 14 may be disposable within a ventricle of the

11



WO 2018/009569 PCT/US2017/040754

heart H, such as the night ventricle RV or the left veniricle LV, The LCP 14 may be considered
as including a housing 20, a first electrode 22 that 15 secured relative to the housing 20 and
exposed to an envirgnment outside the housing 20 {(e.g. blood, tissue, etc.), and a second
electrode 24 that 1s secured relative to the housing 20 and exposed to the environment outside of
the housing 20 {e.g. blood, tissue, etc.}. The second electrode 24 may be spaced from the first
electrode 22. In some cases, as dlustrated, the first electrode 22 may be disposed at or near a
first end 26 of the housing 20 and the second electrode 24 may be disposed at or near a second
end 28 of the housing 20, although this 13 not required 1n all cases.

{06056] The LCP 14 may further include a controller 30 that 1s disposed within the housing 20
and that 1s operably coupled to the first electrode 22 via a first electrical connection 32 and the
second electrode 24 via a second electrical connection 34, In some cases, the controller 30 may
be capable of receiving, via the first electrode 22 and the second electrode 24, electrical signals
that include an electrical indication of an atrial (or other) contraction (e.g. a P-wave of an ECG
16, see Figure 2}. In some cases, the controller 30 may receive the electrical signals that include
an electrical indication of atrial {or other) contractions from a remote device such as the SICD 12
(Figure 1).

{00057]  In some cases, the LCP 14 may include an accelerometer 36 that 1s disposed within
the housing 20 and that is operably coupled to the controller 30 via electrical connections 38. In
some cases, the controller 30 may be configured to detect, via a signal from the accelerometer
36, a mechanical mdication of atrial {or other) contraction. In some cases, the mechanical
indication of atrial contraction may include but is not limited to an 84 heart sound. While the
LCP 14 1s shown as including an accelerometer, 1t will be appreciated that other sensors may
also be able to provide a signal representing a mechanical indication of atrial (or other)
contraction. For example, in some cases the LCP 14 may include a microphone. In some cases,
the LCP 14 may include a sonomicrometer, a cardiomechanical sensor that includes, for
example, embedded piezoelectric material, or other piezeoelectric sensors. These are just
examples.

[B0038]  In some cases, the controller 30 may be configured to determine an atrial contraction
timing fiducial based at least in part on the mechanical indication of atrial contraction and/or the
electrical mdication of atnial contraction. In some instances, the controller 30 may be configured

to preferentially use the electrical indication of atrial contraction or the mechanical indication of
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atrial contraction based at least in part upon a signal-to-noise ratio (SNR) associated with each
signal. In some instances, the controller 30 may be configured to generate a ventricle pacing
puise after an A-V delay following the atrial contraction timing fiducial.

[00089] Figure 4 depicts another tllustrative leadless cardiac pacemaker (LUP) that may be
moplanted mnto a patient and may operate to deliver appropnate therapy to the heart, such as to
deliver anti-tachycardia pacing (ATP) therapy, cardiac resynchronization therapy (CRT),
bradycardia therapy, and/or the like. As can be seen in Figure 4, the LCP 100 may be a compact
device with all components housed within the or directly on a housing 120. In some cases, the
LCP 100 may be considered as being an example of the LCP 14 (Figures 1 and 3}. In the
example shown in Figure 4, the LCP 100 may include a3 communication module 102, a pulse
generator module 104, an electrical sensing module 106, a mechanical sensing module 108, a
processing module 110, a battery 112, and an electrode arrangement 114, The LCP 100 may
include more or less modules, depending on the application.

{00868] The communication module 102 may be configured to communicate with devices
such as sensors, other medical devices such as an SICD, and/or the like, that are located
externally to the LCP 100. Such devices may be located either external or internal to the
patient’s body. Irrespective of the location, external devices (1.e. external to the LCP 100 but not
necessarily external to the patient’s body) can communicate with the LCP 100 via
communication module 102 to accomplish one or more desired functions. For example, the LCP
100 may communicate information, such as sensed electrical signals, data, instructions,
messages, R-wave detection markers, etc., to an external medical device through the
communication module 102. The external medical device may use the communicated signals,
data, instructions, messages, R-wave detection markers, etc., to perform various functions, such
as determining occurrences of arrhythnuas, delivering electrical stimulation therapy, storing
received data, and/or performing any other suitable function. The LCP 100 may additionally
recetve information such as signals, data, 1nstructions and/or messages from the external medical
device through the communication module 102, and the LCP 100 may use the received signals,
data, mstructions and/or messages to perform various functions, such as determining occurrences
of arrhythmias, delivering electrical stimulation therapy, storing received data, and/or performing
any other suitable function. The communication module 102 may be configured to use one or

more methods for communicating with external devices. For example, the communication
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module 102 may communicate via radiofrequency (RF) signals, inductive coupling, optical
signals, acoustic signals, conducted commumnication signals, and/or any other signals suitable for
communication.

[00061] In the example shown in Figure 4, the pulse generator module 104 may be electrically
connected to the electrodes 114, In some examples, the LCP 100 may additionally include
electrodes 1147, In such examples, the pulse generator 104 may also be electrically connected to
the electrodes 1147, The pulse generator modude 104 may be configured to generate electrical
stimulation signals. For example, the pulse generator module 104 may generate electrical
stinnilation signals by using energy stored in the battery 112 within the LCP 100 and deliver the
generated electrical stimulation signals via the electrodes 114 and/or 114, Alternatively, or
additionally, the pulse generator 104 may include one or more capacitors, and the pulse generator
104 may charge the one or more capacitors by drawing energy from the battery 112. The pulse
generator 104 may then use the energy of the one or more capacitors to deliver the generated
electrical stimulation signals via the electrodes 114 and/or 114°. In at least some examples, the
pulse generator 104 of the LCP 100 may include swiiching circuitry to selectively connect one or
more of the electrodes 114 and/or 114° to the pulse generator 104 in order to select which of the
electrodes 114/114° (and/or other electrodes) the pulse generator 104 delivers the electrical
stimulation therapy. The pulse generator module 104 may generate elecirical stimulation signals
with particular features or in particular sequences in order to provide one or multiple of a number
of different stimulation therapies. For example, the pulse generator module 104 may be
configured to generate electrical stimulation signals to provide electrical stimulation therapy to
combat bradycardia, tachycardia, cardiac synchronization, bradveardia arthythnuas, tachycardia
arrhythnuas, fibrillation arrhythmias, cardiac synchronization arrhythnuias and/or to produce any
other suitable electrical stimulation therapy. Some more comunon electrical stimulation therapies
include anti-tachycardia pacing (ATP) therapy, cardiac resynchronization therapy (CRT), and
cardioversion/defibritlation therapy.

[00062]  In some examples, the LCP 100 may not include a pulse generator 104, For example,
the LCP 100 may be a diagnostic only device. In such examples, the LCP 100 may not deliver
electrical stimulation therapy to a patient. Rather, the LCP 100 may collect data about cardiac
electrical activity and/or physiological parameters of the patient and communicate such data

and/or determinations to one or more other medical devices via the communication module 102,
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[00063] Insome examples, the LCP 100 may include an electrical sensing module 106, and in
some cases, a mechanical sensing module 108, The electnical sensing module 106 may be
configured to sense the cardiac electrical activity of the heart. For example, the electrical
sensing module 106 may be connected to the electrodes 114/1147, and the electrical sensing
module 106 may be configured to receive cardiac electrical signals conducted through the
electrodes 114/114°. The cardiac electrical signals may represent local information from the
chamber in which the LCP 100 15 imoplanted. For instance, 1f the LCP 100 15 implanted within a
ventricle of the heart, cardiac electrical signals sensed by the LUP 100 through the electrodes
114/114° may represent ventricular cardiac electrical signals. In some cases, the LCP 100 may
be configured to detect cardiac electrical signals from other chambers (e.g. far field), such as the
P-wave from the atrium.

{00064] The mechanical sensing moduie 108 may include one or more sensors, such as an
accelerometer, a pressure sensor, a heart sound sensor, a blood-oxygen sensor, a temperature
sensor, a flow sensor and/or any other suitable sensors that are configured to measure one or
more mechanical/chemical parameters of the patient. Both the electrical sensing module 106 and
the mechanical sensing module 108 may be connected to a processing module 110, which may
provide signals representative of the sensed mechanical parameters. Although described with
respect to Figure 4 as separate sensing modules, in some cases, the electrical sensing module 206
and the mechanical sensing module 208 may be combined into a single sensing module, as
desired.

[00065] The electrodes 114/114° can be secured relative to the housing 120 but exposed to the
tissue and/or blood surrounding the LCP 100. In some cases, the electrodes 114 may be
generally disposed on either end of the LCP 100 and may be in electrical communication with
one or more of the modules 102, 104, 106, 108, and 110. The electrodes 114/114” may be
supported by the housing 120, although in some examples, the electrodes 114/1147 may be
connected to the housing 120 through short connecting wires such that the electrodes 114/114°
are not directly secured relative to the housing 120, In examples where the LCP 100 includes
one or more electrodes 1147, the electrodes 114° may n some cases be disposed on the sides of
the LCP 100, which may increase the number of electrodes by which the LCP 100 may sense
cardiac electrical activity, dehiver electrical stimulation and/or communicate with an external

medical device. The electrodes 114/114° can be made up of one or more biocompatible
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conductive materials such as various metals or alloys that are known to be safe for implantation
within a human body. In some instances, the electrodes 114/114° connected to the LCP 100 may
have an msulative portion that electrically 1solates the electrodes 114/114° from adjacent
electrodes, the housing 120, and/or other parts of the LCP 100. In some cases, one or more of
the electrodes 114/114” may be provided on a tail {not shown) that extends away from the
housing 120.

[80066] The processing module 110 can be configured to control the operation of the LCP
100. For example, the processing module 110 may be configured to receive electrical signals
from the electrical sensing module 106 and/or the mechanical sensing module 108, Based on the
received signals, the processing module 110 may determine, for example, abnormalities in the
operation of the heart H. Based on any determined abnormalities, the processing module 110
may control the pulse generator module 104 to generate electrical stimulation in accordance with
one of more therapies to treat the determined abnormalities. The processing module 110 may
further receive information from the communication module 102, In some examples, the
processing module 110 may use such received nformation to help determine whether an
abnormality is occurring, determine a type of abnormality, and/or to take particular action in
response to the mformation. The processing module 110 may additionally control the
communication module 102 to send/recetve information to/from other devices.

{00067}  In some examples, the processing module 110 may include a pre-programmed chip,
such as a very-large-scale integration (VLSI) chip and/or an application specific integrated
circuit {ASIC). In such embodiments, the chip may be pre-programmed with control logic in
order to control the operation of the LCP 100, By using a pre-programmed chip, the processing
module 110 may use less power than other programmable circuits (e.g. general purpose
programmable microprocessors) while still being able to mamntain basic functionality, thereby
potentially increasing the battery life of the LCP 100, In other examples, the processing module
110 may include a programmable microprocessor. Such a programmable microprocessor may
allow a user to modify the control logic of the LLCP 100 even after implantation, thereby allowing
for greater flexibiity of the LCP 100 than when using a pre-programmed ASIC. In some
examples, the processing module 110 may further include a memory, and the processing module
110 may store information on and read information from the memory. In other examples, the

LCP 100 may nclude a separate memory (not shown} that 13 in communication with the
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processing module 110, such that the processing module 110 may read and write information to
and from the separate memory.

{00068] The battery 112 may provide power to the LCP 100 for its operations. In some
examples, the battery 112 may be a non-rechargeable Iithium-based battery. In other examples, a
non-rechargeable battery may be made from other suwitable materials, as desired. Because the
LCP 100 15 an implantable device, access to the LCP 100 may be imited after implantation.
Accordimgly, 1t 1s desirable to have sufficient battery capacity to deliver therapy over a period of
treatment such as days, weeks, months, years or even decades. In some instances, the battery
112 may a rechargeable battery, which may help increase the useable lifespan of the LCP 100.

In still other examples, the battery 110 may be some other type of power source, as desired.
{06069] To implant the LCP 100 inside a patient’s body, an operator {e.g., a physician,
clinician, etc.), may fix the LCP 100 to the cardiac tissue of the patient’s heart. To facilitate
fixation, the LCP 100 may include one or more anchors 116, The anchor 116 may include any
one of a number of fixation or anchoring mechanisms. For example, the anchor 116 may include
one or more pins, staples, threads, screws, helix, tings, and/or the like. In some examples,
although not shown, the anchor 116 may include threads on its external surface that may run
along at least a partial length of the anchor 116. The threads may provide friction between the
cardiac tissue and the anchor to help fix the anchor 116 within the cardiac tissue. In other
examples, the anchor 116 may include other structures such as barbs, spikes, or the like to
facilitate engagement with the surrounding cardiac tissue.

[00076] Figure 5 depicts an example of another medical device (MD) 200, which may be used
i conjunetion with the LCP 100 (Figure 4) i order to detect and/or treat cardiac abnormalities.
In some cases, the MD 200 may be considered as an example of the SICD 12 (Figure 1). In the
example shown, the MD 200 may include a communication module 202, a pulse generator
module 204, an electrical sensing module 206, a mechanical sensing module 208, a processing
module 210, and a battery 218 Each of these modules may be similar to the modules 102, 104,
106, 108, and 110 of LCP 100, Additionally, the battery 218 may be similar to the battery 112 of
the LCP 100. In some examples, however, the MD 200 may have a larger volume within the
housing 220. In such examples, the MD 200 may include a larger battery and/or a larger
processing module 210 capable of handling more complex operations than the processing

module 110 of the LCP 100
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[00071] While 1t 1s contemplated that the MDD 200 may be another leadless device such as
shown in Figure 4, 1n some instances the MDD 200 may iclude leads such as leads 212, The
leads 212 may include electrical wires that conduct electrical signals between the electrodes 214
and one or more modules located within the housing 226, In some cases, the leads 212 may be
connected to and extend away from the housing 220 of the MDD 200, In some examples, the
feads 212 are implanted on, within, or adjacent to a heart of a patient. The leads 212 may contain
one or more electrodes 214 positioned at various locations on the leads 212, and in some cases at
various distances from the housing 220. Some leads 212 may only include a single electrode
214, while other leads 212 may include multiple electrodes 214. Generally, the electrodes 214
are positioned on the leads 212 such that when the leads 212 are implanted within the patient,
one or more of the electrodes 214 are positioned to perform a desired function. In some cases,
the one or more of the electrodes 214 may be in contact with the patient’s cardiac tissue. In
some cases, the one or more of the electrodes 214 may be positioned subcutaneously and outside
of the patient’s heart. In some cases, the electrodes 214 may conduct intrinsically generated
electrical signals to the leads 212, e.g. signals representative of intrinsic cardiac electrical
activity. The leads 212 may, in turn, conduct the received electrical signals to one or more of the
modules 202, 204, 206, and 208 of the MDD 200. In some cases, the M) 200 may generate
electrical stimulation signals, and the leads 212 may conduct the generated electrical simulation
signals to the electrodes 214, The electrodes 214 may then conduct the electrical signals and
delivery the signals to the patient’s heart (either directly or indirectly).

{00072] The mechanical sensing module 208, as with the mechanical sensing module 108,
mayv contain or be elecirically connected to one or more sensors, such as accelerometers, acoustic
sensors, blood pressure sensors, heart sound sensors, blood-oxygen sensors, and/or other sensors
which are configured to measure one or more mechanical/chemical parameters of the heart
and/or patient. In some examples, one or more of the sensors may be located on the leads 212,
but this 1s not required. In some examples, one or more of the sensors may be located in the
housing 220

{86073]  While not required, in some examples, the M 200 may be an implantable medical
device. In such examples, the housing 220 of the MD 200 may be implanted in, for example, a
transthoracic region of the patient. The housing 220 may generally include any of a number of

known materials that are safe for implantation in 3 human body and may, when implanted,
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hermetically seal the various components of the MDD 200 from fluids and tissues of the patient’s
body.

[80074] Insome cases, the MDD 200 may be an implantable cardiac pacemaker (ICP). In this
example, the MD 200 may have one or more leads, for example the leads 212, which are
mplanted on or within the patient’s heart. The one or more leads 212 may nclude one or more
electrodes 214 that are m contact with cardiac tissue and/or blood of the patient’s heart. The MD
200 may be configured to sense mntrinsically generated cardiac electrical signals and determune,
for example, one or more cardiac arrhythnuas based on analysis of the sensed signals. The MD
200 may be configured to deliver CRT, ATP therapy, bradycardia therapy, and/or other therapy
types via the leads 212 implanted within the heart. In some examples, the MD 200 may
additionally be configured provide defibrillation therapy.

{00875] In some instances, the MDD 200 may be an implantable cardioverter-defibrillator
{I1CD). Insuch examples, the MD 200 may include one or more leads implanted withina
patient’s heart. The MDD 200 may also be configured to sense cardiac electrical signals,
determine occurrences of tachyarrhythmias based on the sensed signals, and may be configured
to deliver defibrillation therapy in response to determining an occurrence of a tachyarrhythmia.
In other examples, the MD 200 may be a subcutaneous implantable cardioverter-defibritlator (S-
ICD). 1n examples where the MDD 200 is an S-ICD, one of the leads 212 may bea
subcutaneously implanted lead. In at least some examples where the MD 200 1s an S-ICD, the
MDD 200 may include only a single lead which 1s implanted subcutaneously, but this is not
required. In some instances, the lead(s) may have one or more electrodes that are placed
subcutaneously and outside of the chest cavity. In other examples, the lead(s) may have one or
more electrodes that are placed nside of the chest cavity, such as just interior of the sternum.
[00076] Insome examples, the MD 200 may not be an implantable medical device. Rather,
the MD 200 may be a device external to the patient’s body, and may include skin-electrodes that
are placed on a patient’s body. In such examples, the MD 200 may be able to sense surface
electrical signals (e.g. cardiac electrical signals that are generated by the heart or electrical
signals generated by a device implanted within a patient’s body and conducted through the body
to the skin}. In such examples, the MD 200 may be configured to deliver various types of

electrical stimulation therapy, including, for example, defibrillation therapy.
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{00077} Figure 6 dlustrates an example of a medical device system and a communication
pathway through which multiple medical devices 302, 304, 306, and/or 310 may communicate.
In the example shown, the medical device system 300 may mnclude LCPs 302 and 304, external
medical device 306, and other sensors/devices 310, The external device 306 may be any of the
devices described previously with respect to the MDD 200, Other sensors/devices 310 may also
be any of the devices described previously with respect to the MD 200. In some instances, other
sensors/devices 310 may include a sensor, such as an accelerometer, an acoustic sensor, a blood
pressure sensor, or the like. In some cases, other sensors/devices 310 may mclude an external
programmer device that may be used to program one or more devices of the system 300,

{00878] Various devices of the system 300 may communicate via communication pathway
308. For example, the LUCPs 302 and/or 304 may sense intrinsic cardiac electrical signals and
may communicate such signals to one or more other devices 302/304, 306, and 310 of the system
300 via communication pathway 308. In one example, one or more of the devices 302/304 may
receive such signals and, based on the recetved signals, determine an occurrence of an
arrhythmia. In some cases, the device or devices 302/304 may communicate such
determinations to one or more other devices 306 and 310 of the system 300. In some cases, one
or more of the devices 302/304, 306, and 310 of the system 300 may take action based on the
communicated determination of an arrhythnua, such as by delivering a suitable electrical
stimulation to the heart of the patient. It 1s contemplated that the communication pathway 308
may communicate using RF signals, inductive coupling, optical signals, acoustic signals, or any
other signals suitable for commmunication. Additionally, in at least some exaroples, device
communication pathway 308 may comprise multiple signal types. For instance, other
sensors/device 310 may communicate with the external device 306 using a first signal type {e.g.
RF communication) but communicate with the LCPs 302/304 using a second signal type (e.g.
conducted communication). Further, tin some examples, cornmunication between devices may be
limited. For instance, as described above, 10 some examples, the LCPs 302/304 may
communicate with the external device 306 only through other sensors/devices 310, where the
LCPs 302/304 send signals to other sensors/devices 310, and other sensors/devices 310 relay the
received signals to the external device 306.

[86079] In some cases, the communtcation pathway 308 may include conducted

communication. Accordingly, devices of the system 300 may have components that alfow for
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such conducted communication. For instance, the devices of system 300 may be configured to
transmit conducted commurnication signals {e.g. current and/or voltage pulses) into the patient’s
body via one or more electrodes of a transoutting device, and may receive the conducted
communication signals {e.g. pulses) via one or more electrodes of a receiving device. The
patient’s body may “conduct” the conducted communication signals (e g. pulses} from the one or
more electrodes of the transnutting device to the electrodes of the receiving device in the system
300. In such examples, the dehivered conducted communication signals (e.g. pulses) may differ
from pacing or other therapy signals. For example, the devices of the system 300 may deliver
electrical communication pulses at an amplitude /pulse width that is sub-threshold to the heart.
Although, in some cases, the amplitude/pulse width of the delivered electrical communication
puises may be above the capture threshold of the heart, but may be delivered during a blanking
period of the heart and/or may be incorporated in or modulated onto a pacing puise, if desired.
{06080]  Delivered electrical communication pulses may be modulated in any suitable manner
to encode communicated information. In some cases, the communication pulses may be pulse
width modulated or amplitude modulated. Alternatively, or in addition, the time between pulses
may be modulated to encode desired information. In some cases, conducted communication
pulses may be voltage pulses, current pulses, biphasic voltage pulses, biphasic current pulses, or
any other suitable electrical pulse as desired.

{00081] Figure 7 shows an tllustrative medical device systems. In Figure 7, an LCP 402 1s
shown fixed to the interior of the left ventricle of the heart 410, and a pulse generator 406 15
shown coupled to a lead 412 having one or more electrodes 408a-408¢. In some cases, the pulse
generator 406 may be part of a subcutaneous implantable cardioverter-defibrillator (8-ICD), and
the one or more electrodes 408a-408¢ may be positioned subcutaveously. In some cases, the one
or more electrodes 408a-408¢ may be placed mside of the chest cavity but outside of the heart,
such as just interior of the sternum.

[00082] Insome cases, the LCP 402 may communicate with the subcutaneous implantable
cardioverter-defibrillator (8-ICD). In some cases, the lead 412 may include an accelerometer
414 that may, for example, be configured to sense vibrations that may be indicative of heart
sounds.

[B0083] In some cases, the LCP 302 may be 1n the right ventricle, right atrium, left ventricle

or left atrium of the heart, as desired. In some cases, more than one LCP 302 may be tmplanted.
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For example, one LCP may be implanted in the night ventricle and another may be 1maplanted in
the right atrium.  In another exarple, one LCP may be implanted 1n the night ventricle and
another may be mmplanted 1n the left ventricle. In vet another example, one LCP may be
mplanted in each of the chambers of the heart.

[B0084] When an LCP 1s placed i, for example, the left ventricle, and no LCP 1s placed in the
feft atrium, techniques of the present disclosure may be used to help determine an atrial
contraction tinung fiducial for the left atrium. Thus atrial contraction timing fiducial may then be
used to determine a proper time to pace the left ventricle via the LCP, such as an AV delay after
the atrial contraction timing fiducial.

{00885] Figure 8 is a flow diagram showing an illustrative method for generating a veniricle
pacing pulse. As generally shown at block 502, the method begins with sensing for a mechanical
response to an atrial contraction of a patient’s heart. In some cases, the mechanical response to
the atrial contraction of the patient’s heart may be sensed via an accelerometer of a Leadless
Cardiac Pacemaker {LUP) and/or an accelerometer of 3 Subcutaneous Implantable Cardioverter
Defibrillator (S-ICD). In one particular example, the mechanical response may be sensed by the
accelerometer 36 (Figure 3) of the LCP 14, 100, or by the accelerometer 414 of the lead 412
{Figure 7).

{00086]  As shown at block 504, the illustrative method includes sensing for an electrical
cardhac signal associated with the atrial contraction of the patient’s heart via an electrode
arrangement. In some cases, the electrical cardiac signal associated with the atrial contraction of
the patient’s heart may be sensed via an electrode arrangement of a Leadless Cardiac Pacemaker
(LCP) and/or an electrode arrangement of a Subcutaneous Implantable Cardioverter Defibrillator
(S5-ICD). In one particular example, the electrical cardiac signal may be sensed by the first and
second electrodes 22, 24 (LCP 14) and/or by the electrodes 114, 114” (L.CP 100}, or perhaps by
one or more of the electrodes 408z, 408b, 408¢ of the lead 412.

[00087] Insome cases, asensed mechanical response to the atrial contraction of the patient’s
heart may be used to wdentify a time window in which an electrical cardiac signal 15 searched to
identify the electrical cardiac signal associated with a subsequent atrial contraction. As an
Hhustrative but non-limiting example, a sensed mechanical response may nclude the 83 and the
S4 heart sounds {(iustrated n the heart sounds trace 18 of Figure 2). A time window may be

defined between the S3 to 4 heart sounds. A search for the P-wave may be confined to this
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time window. Likewise, a sensed electrical response to an atrial contraction of the patient’s
heart may be used to wdentify a time window i which to search for a corresponding mechanical
response.  As an illustrative but non-hinuting example, after a P-wave 13 sensed, a window may
be defined for a period of tme following the P-wave. A search for the 84 heart sound may be
confined to this time window. These are just some examples.

[00088]  Anatnal contraction timing fiducial may be deternuned based at least 1n part on the
sensed mechanical response to the atrial contraction and the sensed electrical cardiac signal
associated with the atrial contraction, as seen at block 506. In some cases, the sensed mechanical
response to the atrial contraction of the patient’s heart has a signal-to-noise ratic (S8NR and the
sensed electrical cardiac signal associated with the atrial contraction has a signal-to-noise ratio
{SNR}. In some cases, if the signal-to-noise ratio (SNR) of the sensed mechanical response to
the atrial contraction of the patient’s heart 1s above a SNR threshold, the atrial contraction timing
fiducial may be based on the mechanical response to the atrial contraction of the patient’s heart.
Conversely, if the signal-to-noise ratic (SNR} of the sensed mechanical response to the atrial
contraction of the patient’s heart 1s below the SNR threshold, the atrial contraction timing
fiducial 15 based on the electrical cardiac signal associated with the atrial contraction of the
patient’s heart. A ventricle pacing pulse may be generated after an A-V delay following the
atrial contraction timing fiducial, as generally indicated at block 508,

{00089]  Figure 9 1s a flow diagram showing another illustrative method for generating a
ventricle pacing pulse. As generally shown at block 502, the method begins with sensing for a
mechanical response to an atnial contraction of a patient’s heart. In some cases, the mechanical
response to the atrial contraction of the patient’s heart may be sensed via an accelerometer of a
Leadless Cardiac Pacemaker (LCP) and/or an accelerometer of a lead of a Subcutaneous
Implantable Cardioverter Defibrillator (5-ICD). As shown at block 504, the method further
includes sensing for an electrical cardiac signal associated with the atrial contraction of the
patient’s heart via an electrode arrangement. In some cases, the electrical cardiac signal
associated with the atrial contraction of the patient’s heart may be sensed via an electrode
arrangement of a Leadless Cardiac Pacemaker (L.CP) and/or an electrode arrangement of a
Subcutaneous Implantable Cardioverter Defibrillator (8-ICD).

[B0093]  As seen at block 510, in some cases, a timing associated with the sensed mechanical

response to the atrial contraction may be weighted with a first weight. In some cases, as seen at
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block 512, a timing associated with the sensed electrical cardiac signal associated with the atrial
contraction may be weighted with a second weight. The atrial contraction timing fiducial may be
determined based at least in part on the weighted timing associated with the sensed mechanical
response and the weighted timing associated with the sensed electrical cardiac signal, as
generally indicated at block 514, The first and second weights may be based on a confidence
ievel in the corresponding signals. In some cases, the weights may be based at least in part on
the Signal-To-Noise ratio (SNR) of the corresponding signals. A ventricle pacing pulse may be
generated after an A-V delay following the atrial contraction timing fiducial, as generally
idicated at block 508.

{006%1] Figure 10 is a tlow diagram showing another illustrative method for generating a
ventricle pacing pulse. As generally shown at block 502, the method begins with sensing for a
mechanical response to an atrial contraction of a patient’s heart. In some cases, the mechanical
response to the atrial contraction of the patient’s heart may be sensed via an accelerometer of a
Leadless Cardiac Pacemaker (LCP) and/or an accelerometer of a lead of a Subcutaneous
Implantable Cardioverter Defibrillator (§-I1CD). As shown at block 504, the method further
mncludes sensing for an electrical cardiac signal associated with the atrial contraction of the
patient’s heart via an electrode arrangement. In some cases, the electrical cardiac signal
associated with the atrial contraction of the patient’s heart may be sensed via an electrode
arrangement of a Leadless Cardiac Pacemaker (LCP) and/or an electrode arrangement of a
Subcutaneous Implantable Cardioverter Defibrillator (S-ICD).

[00092]  Insome cases, an ambulatory activity level of the patient may be detected, as
indicated at block 516. Tt will be appreciated that the patient’s activity level may influence the
confidence level in the detected electrical signals of cardiac activity and/or resultant mechanical
indications of cardiac activity. At decision block 518, a determination may be made if the
detected ambulatory activity level is below an activity threshold. The activity threshold may be
customized for a particular patient. If the detected ambulatory activity level is below the activity
threshold, control passes to block 520 and the atrial contraction timing fiducial may be based on
the mechanical response to the atrial contraction of the patient’s heart (or may be weighted more
heavily). However, if at decision block 518 the detected ambulatory activity level is not below
the activity level, control passes to block 522 and the atrial contraction timing fiducial may be

based on the electrical cardiac signal associated with the atrial contraction of the patient’s heart

24



WO 2018/009569 PCT/US2017/040754

{or may be weighted more heavily). A ventricle pacing pulse may be generated after an A-V
delay following the atrial contraction timing fiducial, as generally indicated at block S08.
[80093] Figure 11 15 a flow diagram showing another illustrative method for generating a
ventricle pacing pulse. As generally shown at block 502, the method begins with sensing for a
mechanical response to an atrial contraction of a patient’s heart. In some cases, the mechanical
response to the atrial contraction of the patient’s heart may be sensed via an accelerometer of a
Leadless Cardiac Pacemaker (LCP) and/or an accelerometer of a lead of a Subcutaneous
Implantable Cardioverter Defibrillator (S-ICD). As shown at block 504, the method further
mcludes sensing for an electrical cardiac signal associated with the atrial contraction of the
patient’s heart via an electrode arrangement. In some cases, the electrical cardiac signal
associated with the atrial contraction of the patient’s heart may be sensed via an electrode
arrangement of a Leadless Cardiac Pacemaker (LCP) and/or an electrode arrangement of a
Subcutaneous Implantable Cardioverter Defibrillator (S-ICD).

{008%4] In some cases, a posture of the patient may be detected, as indicated at block 516. It
will be appreciated that the patient’s posture, whether standing, sitting, laving down, etc., may
influence the confidence level in the detected electrical signals of cardiac activity and/or
resultant mechanical indications of cardiac activity. At decision block 526, a determination may
be made as to whether the patient is in a first posture or a second posture. If the patientis ina
first posture, control passes to block 528 and the atrial contraction timing fiducial may be based
on the mechanical response to the atrial contraction of the patient’s heart {or may be weighted
more heavily). However, if at decision block 526 the patient is 1n the second posture, control
passes to block 530 and the atnial contraction timing fiducial may be based on the electrical
cardiac signal associated with the atrial contraction of the patient’s heart (or may be weighted
more heavily}. A ventricle pacing pulse may be generated after an A-V delay following the
atrial contraction timing fiducial, as generally indicated at block SO8.

[00095]  Figure 12 1s a flow diagram showing another illustrative method for generating a
ventricle pacing pulse. In some cases, the electrode arrangement used for sensing for an
electrical cardiac signal associated with the atrial contraction may be configured to provide two
or more sense vectors for sensing the electrical cardiac signal associated with the atrial
contraction of the patient’s heart. As generally shown at block 540, the method begins with

sensing for the electrical cardiac signals associated with one or more atrial contractions of the
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patient’s heart using a first sense vector of the two or more sense vectors of the electrode
arrangement.  As shown at block 542, the method includes sensing for the electrical cardiac
signals associated with one or more atrial contractions of the patient’s heart using a second sense
vector of the two or more sense vectors of the electrode arrangement. A determination may be
made as to which of the first sense vector and the second sense vector produces the higher
confidence level {e.g. signal-to-noise ratio (SNR)) for the electrical cardiac signal associated
with the one or more atrial contractions of the patient’s heart, as generally indicated at block 544,
As seen at block 546, the sense vector determined to produce the confidence level {e.g. signal-to-
noise ratio {SNR}) may be used when sensing electrical cardiac signal associated with
subsequent atrial contractions of the patient’s heart.

{06096] Figure 13 15 a flow diagram showing another illustrative method for generating a
ventricle pacing pulse. In some cases, the electrode arrangement used for sensing for an
electrical cardiac signal associated with the atrial contraction may be configured to provide two
or more sense vectors for sensing the electrical cardiac signal associated with the atrial
contraction of the patient’s heart. As generally seen at block 548, the method begins with
sensing for the electrical cardiac signal associated with the atrial contraction of the patient’s heart
using each of two or more sense vectors of the two or more sense vectors of the electrode
arrangement.  As seen at block 550, the method includes determining a composite sense vector
of the two or more sense vectors that increases the confidence level (e g signal-to-noise ratio
(SNR}) relative to the confidence level (e g signal-to-noise ratio (SNR)}) achievable by any one
of the individual sense vectors. The composite sense vector may be used when sensing for
electrical cardiac signals associated with subsequent atrial contractions of the patient’s heart, as
generally indicated at block 552,

{00097} Those skilled in the art will recognize that the present disclosure may be manifested
in a variety of forms other than the specific examples described and contemplated herein. For
instance, as described herein, various examples include one or more modules described as
performing various functions. However, other examples may include additional modules that
sphit the described functions up over more modules than that described heremn. Additionally,
other examples may consolidate the described functions into fewer modules. Accordingly,
departure in form and detail may be made without departing from the scope and spirit of the

present disclosure as described in the appended claims.

26



WO 2018/009569 PCT/US2017/040754

What is claimed 1s:

i A method for generating a ventricle pacing pulse, comprising;

sensing for a mechanical response to an atrial contraction of a patient’s heart;

sensing for an electrical cardiac signal associated with the atrial contraction of the
patient’s heart via an electrode arrangement;

determining an atrial contraction timung fiducial based at least in part on the sensed
mechanical response to the atrial contraction and the sensed electrical cardiac signal associated
with the atrial contraction; and

generating the ventricle pacing pulse after an A-V delay following the atrial contraction

timing fiducial.

2. The method of claim 1, wherein the mechanical response to the atrial contraction
of the patient’s heart 13 sensed via an accelerometer of a Leadless Cardiac Pacemaker (LCP)

and/or an accelerometer of a Subcutaneous Implantable Cardioverter Defibnillator (5-1CD).

3. The method of any one of claims 1 or 2, wherein the electrical cardiac signal
associated with the atrial contraction of the patient’s heart 15 sensed via an electrode arrangement
of a Leadless Cardiac Pacemaker (LCP) and/or an electrode arrangement of a Subcutaneous

Implantable Cardioverter Defibriliator (S-1CD).

4, The method of any one of claims 1 to 3, further comprising:

weighting a imung associated with the sensed mechanical response to the atrial
contraction with a first weight;

weighting a tinung associated with the sensed electrical cardiac signal associated with the
atrial contraction with a second weight; and

determuning the atrial contraction timing fiducial based at least m part on the weighted
timing associated with the sensed mechanical response and the weighted timing associated with

the sensed electrical cardiac signal.
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5 The method of any one of claims 1 to 4, wherein the sensed mechanical response
to the atrial contraction of the patient’s heart 15 used to identify a timne window i whuch an
electrical cardiac signal 18 searched to identify the electrical cardiac signal associated with a

subsequent atnial contraction.

6. The method of claim 5, wherem the sensed mechanical response includes the 83
and the 54 heart sounds, the time wimdow 15 between the 83 to 54 heart sounds, and the electrical

cardiac signal associated with the atrial contraction is a p~wave of an electrocardiogram signal.

7. The method of any one of claims 1 to 6, wherein:

the sensed mechanical response to the atrial contraction of the patient’s heart has a signal-
to-noise ratio (SNR);

the sensed electrical cardiac signal associated with the atrial contraction has a signal-to-
noise ratio {SNR);

wherein if the signal-to-noise ratic (SNR) of the sensed mechanical response to the atrial
contraction of the patient’s heart 1s above a SNR threshold, the atrial contraction timing fiducial
is based on the mechanical response to the atrial contraction of the patient’s heart; and

wherein tf the signal-to-noise ratio (SNR) of the sensed mechanical response to the atrial
contraction of the patient’s heart 1s below the SNR threshold, the atrial contraction timing
fiducial 15 based on the electrical cardiac signal associated with the atrial contraction of the

patient’s heart.

3 The method of any one of claims 1 to 7, wherein the electrode arrangement is
configured to provide two or more sense vectors for sensing the electrical cardiac signal
associated with the atrial contraction of the patient’s heart, the method comprising:

sensing for the electrical cardiac signals associated with one or more atrial contractions of
the patient’s heart using a first sense vector of the two or more sense vectors of the elecirode
arrangement;

sensing for the electrical cardiac signals associated with one or more atrial contractions of
the patient’s heart using a second sense vector of the two or more sense vectors of the electrode

arrangement;
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determining which of the first sense vector and the second sense vector produces the
higher signal-to-noise ratio (SNR} for the electrical cardiac signal associated with the one or
more atrial contractions of the patient’s heart; and

using the sense vector determined to produce the higher signal-to-noise ratio (SNR) when
sensing electrical cardiac signal associated with subsequent atrial contractions of the patient’s

heart.

9. The method of any one of claims 1 to 7, wherein the electrode arrangement 1s
configured to provide two or more sense vectors for sensing the electrical cardiac signal
associated with the atrial contraction of the patient’s heart, the method comprising:

sensing for the electrical cardiac signal associated with the atrial contraction of the
patient’s heart using each of two or more sense vectors of the two or more sense vectors of the
electrode arrangement;

determining a composite sense vector of the two or more sense vectors that increases the
signal-to-notse ratio (SNR) relative to a SNR achievable by any one of the individual sense
vectors; and

using the composite sense vector when sensing for electrical cardiac signals associated

with subsequent atrial contractions of the patient’s heart.

10. A leadless cardiac pacemaker (LCP) configured to sense cardiac activity and to
pace a patient’s heart, the LCP disposable within a ventricle of the patient’s heart, the LCP
COMPrising:

a housing;

a first electrode secured relative to the housing and exposed to an environment outside of
the housing;

a second electrode secured relative to the housing and exposed to the environment
outside of the housing, the second electrode spaced from the first electrode;

a controller disposed within the housing and operably coupled to the first electrode and
the second electrode such that the controller 15 capable of receiving, via the first electrode and
the second electrode, electrical signals including an electrical indication of atrial contraction;

an accelerometer disposed within the housing and operably coupled to the controller;
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the controller 1s configured to detect, via a signal from the accelerometer, a mechanical
mdication of atrial contraction;

the controller further configured to determine an atrial contraction timung fiducial based
at feast in part on the mechanical indication of atrial contraction and/or the electrical indication
of atrial contraction; and

the controller further configured to generate a ventricle pacing pulse after an A-V delay

following the atnal contraction timing fiducial.

it The LCP of claim 10, wherein the electrical indication of atrial contraction
comprises a p-wave of an electrocardiogram and optionally the mechanical indication of atrial

contraction comprises an 84 heart sound.

12. The LCP of anv one of claims 10 or 11, wherein the electrical indication of atrial

contraction 1s received from a Subcutaneous Implantable Cardioverter Defibrillator (8-ICD).

13. The LCP of any one of claims 10 to 12, wherein the controller is configured to
preferentially use the electrical indication of atrial contraction or the mechanical indication of

atrial contraction based at least in part upon a signal-to-noise ratio (SNR) associated with each.

14. A system for generating a ventricle pacing pulse, comprising:
a Subcutaneous Implantable Cardioverter Deftbrillator (SICD);
a leadless cardiac pacemaker (LCP) in operative communication with the SICD;
wherein:
at least one of the SICD and LCP senses for a mechanical response to an atrial
contraction of a patient’s heart;
at least one of the SICD and LCP senses for an electrical cardiac signal associated
with the atrial contraction of the patient’s heart;
storing an atrial contraction timing fiducial in the LCP, the atnal contraction
timing fiducial based at least in part on the sensed mechanical response to
the atrial contraction and the sensed electrical cardiac signal associated

with the atrial contraction; and

31



WO 2018/009569 PCT/US2017/040754

the LCP generating a veniricle pacing pulse after an A-V delay following the atnial contraction

timing fiducial.

IS, The system of claim 14, wherein the mechanical response to the atrial contraction
of the patient’s heart 1s sensed via an accelerometer of the LCP and/or an accelerometer of the
SICD and optionally the electrical cardiac signal associated with the atrial contraction of the
patient’s heart 1s sensed via an electrode arrangement of the LCP and/or an electrode

arrangement of the SICD.
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