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(57) Abstract: Systems, methods, and devices for detecting dislodgment of an implantable device are disclosed. In one example, a
method for determining a dislodgement status may comprise collecting, by the implantable device operating in a first operating
mode, a first number of accelerometer signal samples during a cardiac cycle of the heart and using the first number of accelerometer
signal samples to determine a first patient parameter and collecting, by the implantable device operating in a second operating mode,
a second number of accelerometer signal samples during a cardiac cycle of the heart and using the second number of accelerometer
signal samples to determine a dislodgment status of the implantable device, wherein the first number is smaller than the second num -
ber. In some further embodiments, the method may further include providing a notification of the dislodgment status to a remote
device that is remote from the implantable medical device.
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SYSTEMS AND METHODS FOR DETECTING BEVICE DISLODGMENT

CROSS REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional Patent Application Serial No.

y2/211,418 filed on August 28, 2015, the disclosure of which 1s incorporated herein by reference.

TECHNICAL FIELD

The present disclosure generally relates to systems, devices, and methods for detecting
dislodgment of an implantable device, and more particularly, to systems, devices, and methods

for detecting partial or full dislodgment of an implantable medical device from a heart wall.

BACKGROUND

Pacing mstruments can be used to treat patients suffering from various heart conditions
that result in a reduced ability of the heart to deliver sufficient amounts of blood to a patient’s
body. These heart conditions may lead to rapid, uregular, and/or inefficient heart contractions.
To help alleviate some of these conditions, vartous devices {e.g., pacemakers, defibrillators, etc.)
can be mmplanted i a patient's body.  Such devices may monutor and provide electrical
stimtlation to the heart to help the heart operate n a more normal, efficient and/or safe manner.
In some cases, such devices may be attached, at least partially, to a wall of the heart by one or

more fixation elements,

SUMMARY

The present disclosure generally relates to systems, devices, and methods for detecting
dislodgment of an implantable medical device, and more particularly, to systems, devices, and
methods for detecting partial or full dislodgment of an implantable medical device from a heart
wall. In a first ilustrative embodiment, a leadless cardiac pacemaker (LCP) may comprise a
plurality of electrodes, an accelerometer, and a controller operatively coupled to the plurality of
electrodes and the accelerometer. In some instances, the controller may be configured to collect,
while in a first operating mode, a first number of accelerometer signal samples during a cardiac
cycle of the heart and use the first number of accelerometer signal samples to determine a first

patient parameter and collect, while in a second operating mode, a second number of
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accelerometer signal samples during a cardiac cycle of the heart and use the second number of
accelerometer signal samples to determine a dislodgment status of the leadless cardiac
pacemaker, wherein the first number is smaller than the second number. In at least some
mstances, the controller may be configured to provide a notification of the dislodgment status to
a remote device that is remote from the leadless cardiac pacemaker.

Alternatively, or additionally, in any embodiments with respect to the first tllustrative
ernbodiment, the first patient parameter may be used by the LCP to affect a therapy delivered by
the LCP.

Alternatively, or additionally, m any embodiments with respect to the first illustrative
embodiment, the first patient parameter may comprise one of’ a posture; and an activity level.

Alternatively, or additionally, i any embodiments with respect to the first illustrative
embodiment, the first patient parameter may represent an activity level of the patient, and may be
used by the LCP to affect a rate of delivery of pacing pulses to the plurality of electrodes.

Alternatively, or additionally, in any embodiments with respect to the first illustrative
embodiment, the LCP may collect the accelerometer signal samples by selectively turning on and
off the accelerometer.

Alternatively, or additionally, in any embodiments with respect to the first illustrative
embodiment, the LCP may collect the first number of accelerometer signal samples during a first
portion of the cardiac cycle and collects the second number of accelerometer signal samples
during a second portion of the cardiac cycle.

Alternatively, or additionally, in any embodiments with respect to the first dlustrative
embodiment, the second portion of the cardiac cycle may include at least part of a polarization of
the heart during the cardiac cycle, and the first portion of the cardiac cycle may begin after a
repolarization of the heart during the cardiac cycle and ends before a subsequent polarization of
the heart.

Alternatively, or additionally, m any embodiments with respect to the first tlustrative
embodiment, the first portion of the cardiac cycle may not include a contraction of a heart and
the second portion of the cardiac cycle does include a contraction of the heart.

Alternatively, or additionally, in any embodiments with respect to the first tllustrative

embodiment, a beginning of the first portion of the cardiac cycle and a beginning of the second
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portion of the cardiac cycle may be offset by different amounts relative to a common detected
feature of a sensed cardiac electrical signal.

Alternatively, or additionally, in any embodiments with respect to the first tllustrative
embodiment, the common detected feature of the sensed cardiac electrical signal may be an R-
wave.

In a second illustrative embodiment, a method for determining a dislodgement status of
an implantable device at an implant site on the heart of a patient, the implantable device having
an accelerometer for providing an accelerometer signal, may comprise collecting, by the
waplantable device operating in a first operating mode, a first number of accelerometer signal
samples during a cardiac cycle of the heart and using the first number of accelerometer signal
samples to determine a first patient parameter and collecting, by the implantable device operating
in a second operating mode, a second number of accelerometer signal samples during a cardiac
cycle of the heart and using the second number of accelerometer signal samples to determine a
dislodgment status of the implantable device, wherein the first number 1s smaller than the second
number. In some embodiments, the method may further comprise providing a notification of the
dislodgment status to a remote device that 1s remote from the implantable medical device.

Alternatively, or additionally, in any embodiments with respect to the second illustrative
embodiment, the mmplantable device may be a leadless cardiac pacemaker.

Alternatively, or additionally, in any embodiments with respect to the second illustrative
embodiment, the first patient parameter may be used by the implantable device to affect a
therapy delivered by the implantable device.

Alternatively, or additionally, in any embodiments with respect to the second ilustrative
embodiment, the first patient parameter may comprise one of? a posture; and an activity level

Alternatively, or additionally, in any embodiments with respect to the second illustrative
embodiment, the first patient parameter may represent an activity level of the patient, and may be
used by the implantable device to affect a pacing rate of a pacing therapy delivered by the
implantable device to the heart of the patient.

Alternatively, or additionally, in any embodiments with respect to the second ilustrative
embodiment, the implantable may device collect the accelerometer signal samples by selectively

turning on and off the accelerometer of the implantable device.
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Alternatively, or additionally, in any embodiments with respect to the second ilustrative
embodiment, the mmplantable device may collect the first number of accelerometer signal
samples during a first portion of the cardiac cycle and collects the second number of
accelerometer signal samples during a second portion of the cardiac cycle.

Alternatively, or additionally, in any embodiments with respect to the second illustrative
embodiment, the second portion of the cardiac cycle may include at least part of a polarization of
the heart during the cardiac cycle, and the first portion of the cardiac cvcle may begin after a
repolarization of the heart during the cardiac cyele and ends before a subsequent polarization of
the heart.

In a third dlustrative embodiment, a leadless cardiac pacemaker (LCP) may comprise a
plurality of electrodes, an accelerometer, and a controller operatively coupled to the plurality of
electrodes and the accelerometer. In some embodiments, the controller may be configured to
determine a patient parameter based at least in part on a first amount of accelerometer data
collected during a cardiac cycle, determine a dislodgment status of the leadless cardiac
pacemaker based at least 1n part on a second amount of accelerometer data collected during a
cardiac cycle, wheren the first amount of accelerometer data s less than the second amount of
accelerometer data, and communicate the dislodgment status to a remote device that 13 remote
from the leadless cardiac pacemaker.

Alternatively, or additionally, in any embodiments with respect to the third illustrative
embodunent, the first amount of accelerometer data and the second amount of accelerometer data
may be collected during the same cardiac cycle.

Alternatively, or additionally, in any embodiments with respect to the third illustrative
embodiment, the patient parameter may be used by the leadless cardiac pacemaker to affect a
therapy delivered by the leadless cardiac pacemaker.

Alternatively, or additionally, in any embodiments with respect to the third tllustrative
embodiment, the patient parameter may comprises one of: a posture; and a patient activity level.

Alternatively, or additionally, in any embodiments with respect to the third tllustrative
embodiment, the first amount of accelerometer data may be collected during a first portion of the
carchac cycle and the second amount of accelerometer data is collected during a second portion

of the cardiac cycle.
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Alternatively, or additionally, in any embodiments with respect to the third tllustrative
embodiment, the first portion of the cardiac cycle may not include a contraction of a heart and
the second portion of the cardiac cycle does include a contraction of the heart.

Alternatively, or additionally, in any embodiments with respect to the third tllustrative
embodiment, a beginning of the first portion of the cardiac cycle and a beginning of the second
portion of the cardiac cycle may be offset by different amounts relative to a common detected R-
wave.

In a fourth illustrative embodiment, a method may comprise detecting, by a leadless
cardiac pacemaker (LCP) having an accelerometer, an occurrence of a cardiac electrical event,
collecting, by the LCP operating n a first operating mode, accelerometer signal data during a
first time period of a cardiac cvele, wherein the first time period begins a first predetermined
amount of time after the detected cardiac electrical event, and collecting, by the LCP operating in
a second operating mode, accelerometer signal data during a second time period of a cardiac
cyele, wheremn the second time period begins a second predetermuned amount of time after the
detected cardiac electrical event. In some embodiments, the method may further comprise
determining, by the LCP, a dislodgment status of the LCP based at least in part on the
accelerometer signal data collected during the second time period.

Alternatively, or additionally, in any embodiments with respect to the fourth illustrative
embodiment, the cardiac electrical event may be an R-wave.

Alternatively, or additionally, in any embodiments with respect to the fourth iflustrative
embodiment, the first time period may begin between 300 ms and 800 ms after the detected R-
wWave.

Alternatively, or additionally, 1in any embodiments with respect to the fourth tlustrative
embodiment, the second time period may begin between 0 ms and 30 ms after the detected R-
wave.

Alternatively, or additionally, in any embodiments with respect to the fourth lustrative
embodiment, the first time period may not inchide a contraction of a heart and the second time
period of the cardiac cycle does include the contraction of the heart.

The above summary is not intended to describe each embodiment or every

unplementation of the present disclosure. Advantages and attainments, together with a more
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complete understanding of the disclosure, will become apparent and appreciated by referring to

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

BRIEF DESCRIPTION OF THE DRAWINGS

The disclosure may be more completely understood in consideration of the following
description of various itlustrative embodiments in connection with the accompanying drawings,
in which:

FIG. 1 1s a schematic block diagram of an illustrative leadless cardiac pacemaker (LCP)
according to one embodiment of the present disclosure;

FIG. 2 153 a schematic block diagram of another illustrative medical device that may be
used in conjunction with the LCP of Figure 1

FIG. 3 1s a schematic diagram of an exemplary medical system that includes multiple
LOPs and/or other devices in communication with one another;

FIG. 4 15 a schematic diagram of a system including an LCP and another medical device,
m accordance with another embodiment of the present disclosure;

FIG. 5 1z a graph showing an idlustrative cardiac electrical signal and idlustrative
accelerometer signals, as well as sensing windows, according to one aspect of the present
disclosure;

FIG. 6 15 a graph showing an illustrative cardiac electrical signal and illustrative
accelerometer signals, as well as sensing windows, according to another aspect of the present
disclosure;

FIG. 7 15 a graph showing an illustrative cardiac electrical signal and illustrative
accelerometer signals sensed by an implantable device with an accelerometer securely attached
o a heart wall;

Fi(z. B i3 a graph showing an illustrative cardiac electrical signal and illustrative
accelerometer signals sensed by an implantable device with an accelerometer at least partially
dislodged from a heart wall,

FIG. 9 shows a sensing window that includes a portion of an accelerometer signal of FIG.

~3
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FIG. 10 shows a sensing window that includes a portion of an accelerometer signal of
FIG. §;

FIG. 11A shows an illustrative cardiac electrical signal sensed by an implantable device
that 1s securely attached to a cardiac wall;

FiG. 11B shows an illustrative cardiac electrical signal sensed by an implantable device
that 15 at least partially dislodged from a cardiac wall; and

FIG 12 1s a graph showing an dlustrative cardiac electrical signal, a first temperature
sensor signal and a second temperature sensor signal plotted on a common time axis.

While the disclosure 1s amenable to various modifications and alternative forms, specifics
thereof have been shown by way of embodiment in the drawings and will be described in detail.
It should be understood, however, that the intention is not to limit aspects of the disclosure to the
particular illustrative embodiments described.  On the contrary, the wntention s to cover all

modifications, equivalents, and alternatives falling within the spirit and scope of the disclosure.

DESCRIPTION

The following description should be read with reference to the drawings in which similar
elements m different drawings are numbered the same. The description and the drawings, which
are not necessarily to scale, depict illustrative embodiments and are not intended to hmit the
scope of the disclosure.

This disclosure describes systems, devices, and methods for detecting device distodgment
from a heart. In some cases, devices of the present disclosure may be configured to implant on
or within a heart of a patient. After implantation, the devices may become dislodged from the
heart due to incorrect implantation or other reasons. This dislodgment may cause problems with
the therapy delivered by the devices or the devices may migrate out of the heart and create a
dangerous situation for the patient. This disclosure describes various devices, systems, and
methods for detecting when a device becomes partially and/or fully dislodged from the heart.

FIG. 1 1s a conceptual schematic block diagram of an exemplary leadless cardiac
pacemaker (LCP) that may be implanted on the heart or within a chamber of the heart and may
operate to sense physiological signals and parameters and deliver one or more types of electrical
stimulation therapy to the heart of the patient. FExample electrical stimulation therapy may

mclude bradycardia pacing, rate responsive pacing therapy, cardiac resynchronization therapy
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(CRT), anti-tachycardia pacing {ATP) therapy and/or the like. As can be seen in FIG. 1, LCP
100 may be a compact device with all components housed within LCP 100 or directly on housing
120. In some instances, LCP 100 may include communication module 102, pulse generator
module 104, electrical sensing module 106, mechanical sensing module 108, processing module
110, energy storage module 112, and electrodes 114,

As depicted o FIG. 1, LCP 100 may include electrodes 114, which can be secured
relative to housing 120 and electrically exposed to tissue and/or blood surrounding LCP 100,
Electrodes 114 may generally conduct electrical signals to and from LCP 100 and the
surrounding tissue and/or blood. Such electrical signals can include commumcation signals,
electrical stimulation pulses, and intrinsic cardiac electrical signals, to name a few. Intrinsic
cardiac electrical signals may include electrical signals generated by the heart and may be
represented by an electrocardiogram (ECG).

Electrodes 114 may include one or more biocompatible conductive materials such as
various metals or alloys that are known to be safe for implantation within a human body. In
some instances, electrodes 114 may be generally disposed on either end of LCP 100 and may be
in electrical communication with one or more of modules 102, 104, 106, 108, and 110. In
embodiments where electrodes 114 are secured directly to housing 120, an insulative material
may electrically 1solate the electrodes 114 from adjacent electrodes, housing 120, and/or other
parts of LCP 100, In some instances, some or all of electrodes 114 may be spaced from housing
120 and connected to housing 120 and/or other components of LCP 100 through connecting
wires. In such instances, the electrodes 114 may be placed on a tad (not shown} that extends out
away from the housing 120. As shown in FIG. 1, in some embodiments, LCP 100 may include
electrodes 114", Electrodes 114” may be in addition to electrodes 114, or may replace one or
more of electrodes 114, Flectrodes 114° may be similar to electrodes 114 except that electrodes
114" are disposed on the sides of LCP 100, In some cases, electrodes 114 may mncrease the
number of electrodes by which LCP 100 may deliver communication signals and/or electrical
stimulation pulses, and/or may sense intrinsic cardiac electrical signals, communication signals,
and/or electrical stimulation pulses.

Electrodes 114 and/or 114 may assume any of a variety of sizes and/or shapes, and may
be spaced at any of a variety of spacings. For example, electrodes 114 may have an outer

diameter of two to twenty millimeters {(mm). In other embodiments, electrodes 114 and/or 114’
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may have a diameter of two, three, five, seven millimeters (mm), or any other suitable diameter,
dimension and/or shape. Example lengths for electrodes 114 and/or 114’ may include, for
example, one, three, five, ten millimeters (mm), or any other suitable length. As used herein, the
length is a dimension of electrodes 114 and/or 114’ that extends away from the outer surface of
the housing 120. In some instances, at least some of electrodes 114 and/or 114" may be spaced
from one another by a distance of twenty, thirty, forty, fifty millimeters (mm), or any other
suttable spacing. The electrodes 114 and/or 114° of a single device may have different sizes with
respect to each other, and the spacing and/or lengths of the electrodes on the device may or may
not be uniform.

In the emnbodiment shown, communication module 102 may be electrically coupled to
electrodes 114 and/or 114" and may be contigured to deliver communication pulses to tissues of
the patient for coromunicating with other devices such as sensors, programmers, other medical
devices, and/or the like. Communication signals, as used herein, may be any modulated signal
that conveys mmformation to another device, either by itself or in conjunction with one or more
other modulated signals. In some embodiments, communication signals may be himited to sub-
threshold signals that do not result n capture of the heart vet still convey mformation. The
commumcation signals may be delivered to ancther device that 15 located erther external or
mternal to the patient’s body. In some instances, the communication may take the form of
distinct communication pulses separated by various amounts of time.  In some of these cases, the
timing between successive pulses may convey information. Communication module 102 may
additionally be configured to sense for communication signals delivered by other devices, which
may be located external or internal to the patient’s body.

Communication module 102 may communicate to help accomplish one or more desired
functions. Some example functions include delivering sensed data, using communicated data for
determining occurrences of events such as arrhyvthnuas, coordinating delivery of electrical
stimulation therapy, and/or other functions. In some cases, LCP 100 may use communication
signals to communicate raw information, processed information, messages and/or commands,
and/or other data. Raw information may include information such as sensed electrical signals
{e.g. a sensed ECG)}, signals gathered from coupled sensors, and the like. In some embodiments,
the processed information may include signals that have been filtered using one or more signal

processing techniques. Processed information may also include parameters and/or events that
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are determined by the LCP 100 and/or another device, such as a determined heart rate, timing of
determined heartbeats, timing of other determined events, determinations of threshold crossings,
expirations of monitored time periods, accelerometer signals, activity level parameters, blood-
oxygen parameters, blood pressure parameters, heart sound parameters, and the like. Messages
and/or commands may include mstructions or the like directing another device to take action,
notifications of imminent actions of the sending device, requests for reading from the receiving
device, requests for writing data to the receiving device, information messages, and/or other
messages commands.

In at least some embodirnents, conunumication module 102 {or LCP 100} may further
include swiiching circuttry to selectively connect one or more of electrodes 114 and/or 114 to
communication module 102 m order to select which electrodes 114 and/or 1147 that
communication module 102 delivers communication pulses. It 15 contemplated that
communication module 102 may be communicating with other devices via conducted signals,
radio frequency (RF) signals, optical signals, acoustic signals, mductive coupling, and/or any
other suitable commumnication methodology. Where communication module 102 generates
electrical communication signals, communication module 102 may include one or more
capacitor elements and/or other charge storage devices to aid in generating and delivering
communication signals. In the embodiment shown, communication module 102 may use energy
stored in energy storage module 112 to generate the communication signals. In at least some
examples, communication module 102 may mclude a switching circuit that is connected to
energy storage module 112 and, with the switching circuitry, may connect energy storage
module 112 to one or more of electrodes 114/114° o generate the communication signals.

As shown 1in FIG. 1, a pulse generator module 104 may be electrically connected to one
or more of electrodes 114 and/or 114", Pulse generator module 104 may be configured to
generate electrical stimulation pulses and deliver the electrical stimulation pulses to tissues of a
patient via one or more of the electrodes 114 and/or 114° in order to effectnate one or more
electrical stimulation theraptes. FElectrical stimulation pulses as used herein are meant fo
encompass any electrical signals that may be delivered to tissue of a patient for purposes of
treatment of any type of disease or abnormality. For example, when used to treat heart disease,
the pulse generator module 104 may generate electrical stimulation pacing pulses for capturing

the heart of the patient, i.e. causing the heart to contract in response to the delivered electrical

10
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stimulation pulse. In some of these cases, LCP 100 may vary the rate at which pulse generator
104 generates the electrical stimulation pulses, for example in rate adaptive pacing. In other
embodiments, the electrical stimulation pulses may include defibrillation/cardioversion pulses
for shocking the heart out of fibnllation or mto a normal heart rthythm In vyet other
embodiments, the electrical stimulation pulses may include anti-tachycardia pacing (ATP)
puises. It should be understood that these are just some examples. When used to treat other
ailments, the pulse generator module 104 may generate electrical stimulation pulses suitable for
neurostimulation therapy or the hike. Pulse generator module 104 may mclude one or more
capacitor elements and/or other charge storage devices to aid in generating and delivering
appropriate elecirical stimulation pulses. In at least some embodiments, pulse generator module
104 may use energy stored in energy storage module 112 to generate the electrical stimulation
pulses. In some particular embodiments, pulse generator module 104 may include a switching
circutt that i1s connected to energy storage module 112 and may connect energy storage module
112 to one or more of electrodes 114/1147 to generate electrical stimulation pulses.

LCP 100 may further mclude an electrical sensing module 106 and mechanical sensing
module 108,  FElectrical sensing module 106 may be configured to sense intrinsic cardiac
electrical signals conducted from electrodes 114 and/or 1147 to electrical sensing module 106,
For example, electrical sensing module 106 may be electrically connected to one or more
electrodes 114 and/or 114 and electrical sensing module 106 may be configured to receive
cardiac electrical signals conducted through electrodes 114 and/or 114° via a sensor amphifier or
the like. In some embodiments, the cardiac electrical signals may represent local information
from the chamber in which LCP 100 1s implanted. For instance, if LOP 100 15 implanted within
a ventricle of the heart, cardiac electrical signals sensed by LCP 100 through electrodes 114
and/or 114" may represent ventricular cardiac electrical signals. Mechanical sensing module 108
may mnclude, or be electrically connected to, various sensors, such as accelerometers, including
multi-axis accelerometers such as two- or three-axis accelerometers, gvroscopes, including
multi-axis gyroscopes such as two- or three-axis gyroscopes, blood pressure sensors, heart sound
sensors, piezoelectric sensors, blood-oxygen sensors, and/or other sensors which measure one or
more physiclogical parameters of the heart and/or patient. Mechanical sensing module 108,
when present, may gather signals from the sensors indicative of the various physiological

parameters. Both electrical sensing module 106 and mechanical sensing module 108 may be
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connected to processing module 110 and may provide signals representative of the sensed
carchac electrical signals and/or physiological signals to processing module 110, Although
described with respect to FIG. 1 as separate sensing modules, in some embodiments, electrical
sensing module 106 and mechanical sensing module 108 may be combined into a single module.
In at least some examples, LCP 100 may only include one of electrical sensing module 106 and
mechanical sensing module 108, In some cases, any combination of the processing module 110,
electrical sensing module 106, mechanical sensing module 108, communication module 102,
puise generator module 104 and/or energy storage module may be considered a controlier of the
LCP 100,

Processing module 110 may be configured to direct the operation of LCP 100 and may, in
some embodiments, be termed a controller. For example, processing module 110 may be
configured to receive cardiac electrical signals from electrical sensing module 106 and/or
physiological signals from mechanical sensing module 108 Based on the received signals,
processing module 110 may determine, for example, occurrences and types of arrhythmias and
other determinations such as whether LCP 100 has become dislodged. Processing module 110
may further receive mformation from communication module 102, In some embodiments,
processing module 110 may additionally use such received mformation to determine occurrences
and types of archythmias and/or and other determunations such as whether LCP 100 has become
dislodged. In still some additional embodiments, LCP 100 may use the received information
mstead of the signals received from electrical sensing module 106 and/or mechanical sensing
module 108 — for instance if the received mformation is deemed to be more accurate than the
signals received from electrical sensing module 106 and/or mechanical sensing module 108 or if
electrical sensing module 106 and/or mechanical sensing module 108 have been disabled or
omtited from LCP 100.

After determining an occurrence of an arrhythmia, processing module 110 may control
puise generator module 104 to generate electrical stimulation pulses in accordance with one or
more electrical stimulation therapies to treat the determined arrhythmia.  For example,
processing module 110 may control pulse generator module 104 to generate pacing pulses with
varying parameters and in different sequences to effectuate one or more electrical stimulation
therapies. As one example, in controlling pulse generator module 104 to deliver bradycardia

pacing therapy, processing module 110 may control pulse generator module 104 to deliver
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pacing pulses designed to capture the heart of the patient at a regular interval to help prevent the
heart of a patient from falling below a predetermined threshold. In some cases, the rate of pacing
may be increased with an increased activity level of the patient {e. g rate adaptive pacing). For
mstance, processing module 110 may monitor one or more physiological parameters of the
patient which may indicate a need for an increased heart rate {e.g. due to increased metabolic
demand). Processing module 110 may then increase the rate at which pulse generator 104
generates electrical stimulation pulses.

For ATP therapy, processing module 110 may control pulse generator module 104 to
deliver pacing pulses at a rate faster than an mitrinsic heart rate of a patient in attempt to force the
heart to beat in response to the delivered pacing pulses rather than in response to intrinsic cardiac
electrical signals. Once the heart 15 following the pacing pulses, processing module 110 may
control pulse generator module 104 to reduce the rate of delivered pacing pulses down to a safer
level. In CRT, processing module 110 may control pulse generator module 104 to deliver pacing
pulses in coordination with another device to cause the heart to contract more efficiently. In
cases where pulse generator module 104 1s capable of generating defibrillation and/or
cardioversion pulses for defibrillation/cardioversion therapy, processing module 110 may control
pulse generator module 104 to generate such defibritiation and/or cardioversion pulses. In some
cases, processing module 110 may control pulse generator module 104 to generate electrical
stimulation pulses to provide electrical stimulation therapies different than those examples
described above.

Aside from controlling pulse generator module 104 to generate different types of
electrical stimulation pulses and in different sequences, in some embodiments, processing
module 110 may also control pulse generator module 104 to generate the various electrical
stimulation pulses with varying pulse parameters. For example, each electrical stimulation pulse
may have a pulse width and a pulse amplitude. Processing module 110 may control pulse
generator module 104 to generate the various electrical stimulation pulses with specific pulse
widths and pulse amplitudes. For example, processing module 110 may cause pulse generator
module 104 to adjust the pulse width and/or the pulse amplitude of electrical stimulation pulses
it the electrical stimulation pulses are not effectively capturing the heart. Such control of the
specific parameters of the various electrical stimulation pulses may help LCP 100 provide more

effective delivery of electrical stimulation therapy.
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In some embodiments, processing module 110 may further control communication
module 102 to send mformation to other devices. For example, processing module 110 may
control communication module 102 to generate one or more communication signals for
communicating with other devices of a system of devices. For instance, processing module 110
may control communication module 102 to generate communication signals in particular pulse
sequences, where the specific sequences convey different information. Communication module
102 may also receive communmcation signals for potential action by processing module 110,

In further embodiments, processing module 110 may control switching circuitry by which
communication module 102 and pulse generator module 104 deliver commurucation signals
and/or electrical stunulation pulses to tissue of the patient As described above, both
communication module 102 and pulse generator module 104 may include cucuitry for
connecting one or more electrodes 114 and/114 to communication module 102 and/or pulse
generator module 104 so those modules may deliver the commurucation signals and electrical
stimulation pulses to tissue of the patient. The specific combination of one or more electrodes by
which commumication module 102 and/or pulse generator module 104 deliver communication
signals and electrical stimulation pulses may nfluence the reception of communication signals
and/or the effectiveness of electrical stimulation pulses.  Although 1t was described that each of
communication module 102 and pulse generator module 104 may nclude switching circuitry, n
some embodiments, LCP 100 may have a single switching module connected to the
communication module 102, the pulse generator module 104, and electrodes 114 and/or 1147, In
such embodiments, processing module 110 may control the switching module to connect
modules 102/104 and electrodes 114/114° as appropriate.

In some embodiments, processing module 110 may include a pre-programmed chip, such
as a very-large-scale integration {VLSI) chip 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 LCP 100, By using a pre-programmed chip, processing module 110 may use less
power than other programmable circuits while able to maintain basic functionality, thereby
potentially increasing the battery life of LCP 100, In other instances, processing module 110
may include a programmable microprocessor or the like. Such a programmable microprocessor
may allow a user to adjust the control logic of LCP 100 after manufacture, thereby allowing for

greater flexability of LCP 100 than when using a pre-programmed chip. In still other
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embodiments, processing module 110 may not be a single component. For example, processing
module 110 may include multiple components positioned at disparate locations within LCP 100
in order to perform the various described functions. For example, certain functions may be
performed in one component of processing module 110, while other functions are performed in a
separate component of processing module 110,

Processing module 110, in additional embodiments, may include a memory circuit and
processing module 110 may store information on and read information from the memory circuit.
In other embodiments, LCP 100 may include a separate memory circuit {not shown) that is in
communication with processing module 110, such that processing module 110 may read and
write information to and from the separate memory circuit. The memory circuit, whether part of
processing module 110 or separate from processing module 110, may be volatile memory, non-
volatile memory, or a combination of volatile memory and non-volatile memory.

Energy storage module 112 may provide a power source to LCP 100 for us operations.
In some embodiments, energy storage module 112 may be a non-rechargeable lithium-based
battery. In other embodiments, the non-rechargeable battery may be made from other suitable
matenials.  In some embodiments, energy storage module 112 may include a rechargeable
battery. In still other embodiments, energy storage module 112 may include other types of
energy storage devices such as capacitors or super capacitors.

To implant LCP 100 mmside a patient’s body, an operator {e.g, a physician, clinician,
eic.), may fix LCP 100 to the cardiac tissue of the patient’s heart. To facilitate fixation, LCP 100
may include one or more anchors 116, The one or more anchors 116 are shown schematically in
Fi. 1. The one or more anchors 116 may include any number of fixation or anchoring
mechanisms. For example, one or more anchors 116 may include one or more pins, staples,
threads, screws, helix, tines, and/or the like. In some embodiments, although not shown, one or
more anchors 116 may include threads on its external surface that may run along at least a partial
length of an anchor member. The threads may provide friction between the cardiac tissue and
the anchor to help fix the anchor member within the cardiac tissue. In some cases, the one or
more anchors 116 may include an anchor member that has a cork-screw shape that can be
screwed into the cardiac tissue. In other embodiments, anchor 116 may include other structures

such as barbs, spikes, or the like to facilitate engagement with the surrounding cardiac tissue.
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In some examples, LCP 100 may be configured to be mmplanted on a patient’s heart or
within a chamber of the patient’s heart. For instance, LCP 100 may be implanted within any of a
left atrium, right atrium, left ventricle, or right ventricle of a patient’s heart. By being implanted
within a specific chamber, LCP 100 may be able to sense cardiac electrical signals originating or
emanating from the specific chamber that other devices may not be able to sense with such
resolution. Where LCP 100 1s configured to be implanted on a patient’s heart, LCP 100 may be
configured to be implanted on or adjacent to one of the chambers of the heart, or on or adjacent
to a path along which intrinsically generated cardiac electrical signals generally follow. In these
examples, LCP 100 may also have an enhanced ability to sense localized intrinsic cardiac
electrical signals and deliver localized electrical stimulation therapy.

FIG. 2 depicts an embodiment of another device, medical device (MD) 200, which may
operate to sense physiological signals and parameters and deliver one or more types of electrical
stimulation therapy to tissues of the patient. In the embodiment shown, 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 an energy storage module 218
Each of modules 202, 204, 206, 208, and 210 may be similar to modules 102, 104, 106, 108, and
110 of LCP 100, Addiionally, energy storage module 218 may be sumular to energy storage
module 112 of LCP 100. However, in some embodiments, MD 200 may have a larger volume
within housing 220, In such embodiments, MD 200 may include a larger energy storage module
218 and/or a larger processing module 210 capable of handling more complex operations than
processing module 110 of LCP 100,

While M 200 may be another leadless device such as shown i FIG. 1, in some instances
MD 200 may include leads, such as leads 212, Leads 212 may include electrical wires that
conduct electrical signals between electrodes 214 and one or more modules located within
housing 220. In some cases, leads 212 may be connected to and extend away from housing 220
of MD 200. In some embodiments, feads 212 are implanted on, within, or adjacent to a heart of
a patient. Leads 212 may contain one or more electrodes 214 positioned at various locations on
leads 212 and various distances from housing 220, Some leads 212 may only include a single
electrode 214, while other leads 212 may include multiple electrodes 214, Generally, electrodes
214 are positioned on leads 212 such that when 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
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or more of the electrodes 214 may be in contact with the patient’s cardiac tissue. In other cases,
the one or more of the electrodes 214 may be positioned subcutanecusly but adjacent the
patient’s heart. The electrodes 214 may conduct intrinsically generated electrical cardiac signals
to leads 212. Leads 212 may, in turn, conduct the received electrical cardiac signals to one or
more of the modules 202, 204, 206, and 208 of MDD 200. In some cases, MD 200 may generate
electrical stimulation sigoals, and leads 212 may conduct the generated electrical stimulation
signals to electrodes 214, FElectrodes 214 may then conduct the electrical stimulation signals to
the cardiac tissue of the patient (either directly or indirectly). MD 200 may also include one or
more electrodes 214 not disposed on a lead 212. For example, one or more electrodes 214 may
be connected directly to housing 220

Leads 212, in some embodiments, may additionally contain one or more sensors, such as
accelerometers, blood pressure sensors, heart sound sensors, blood-oxvgen sensors, and/or other
sensors which are configured to measure one or more physiological parameters of the heart
and/or patient. In such embodiments, mechanical sensing module 208 may be in electrical
commumecation with feads 212 and may receive signals generated from such sensors.

While not required, in some embodiments MD 200 may be an implantable medical device.
In such embodiments, housing 220 of MD 200 may be mmplanted in, for example, a transthoracic
region of the patient. Housing 220 may generally include any of a number of known materials
that are safe for implantation in a human body and may, when implanted, hermetically seal the
various components of MD 200 from fluids and tissues of the patient’s body. In such
embodiments, leads 212 may be mmplanted at one or more various locations within the patient,
such as within the heart of the patient, adjacent to the heart of the patient, adjacent to the spine of
the patient, or any other desired location.

In some embodiments, MD 200 may be an implantable cardiac pacemaker (ICP). In these
embodiments, MDD 200 may have one or more leads, for example leads 212, which are implanted
on or within the patient’s heart. The one or more leads 212 may include one or more electrodes
214 that are 1n contact with cardiac tissue and/or blood of the patient’s heart. MDD 200 may be
configured to sense intrinsically generated cardiac electrical signals and determine, for example,
one or more cardiac arrhythmias based on analvsis of the sensed signals. MD 200 may be
configured  to  dehver CRT, ATP  therapy, bradycardia  therapy,  nerve

stimulation/neuromodulation and/or other therapy types via leads 212 implanted within the heart.

-
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In some embodiments, MD 200 may additionally be configured to provide
defibrillation/cardioversion therapy.

In some instances, MD 200 may be an implantable cardioverter-defibrillator (]CD). In
such embodiments, MD 200 may include one or more leads implanted within a patient’s heart.
MD 200 may also be configured to sense electrical cardiac signals, determine occurrences of
tachyarrhythomuas based on the sensed electrical cardiac signals, and deliver defibrillation and/or
cardioversion therapy in response to determining an occurrence of a tachyarrhythmia (for
example by delivering defibrillation and/or cardioversion pulses to the heart of the patient). In
other embodiments, MD 200 may be a subcutaneous mmplantable cardioverter-defibrillator
(SICD). Tn embodiments where MDD 200 is an SICD, one of leads 212 may be a subcutaneously
waplanted lead. In at least some embodiments where MDD 200 1s an SICD, MD 200 may include
only a single lead which s implanted subcutaneously but outside of the chest cavity, however
this 1s not required.

In some embodiments, MD 200 may not be an noplantable medical device. Rather, MD
200 may be a device external to the patient’s body, and electrodes 214 may be skin-electrodes
that are placed on a patient’s body. In such embodiments, MD 200 may be able to sense surface
electrical signals (e.g electrical cardiac 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}. MD 200 may further be configured to deliver various types of electrical stimulation
therapy, 1ncluding, for example, defibrillation therapy via skin-electrodes 214

FIG. 3 illustrates an embodiment of a medical device system and a communication
pathway through which multiple medical devices 302, 304, 306, and/or 310 of the medical
device system may communicate. In the embodiment shown, medical device system 300 may
include LCPs 302 and 304, external medical device 306, and other sensors/devices 310, External
device 306 may be a device disposed external to a patient’s body, as described previously with
respect to MD 200. In at least some examples, external device 306 may represent an external
support device such as a device programmer, as will be described in more detail below. (Other
sensors/devices 310 may be any of the devices described previously with respect to MD 200,
such as ICPs, ICDs, and SICDs. Other sensors/devices 310 may also include various diagnostic

sensors that gather information about the patient, such as accelerometers, blood pressure sensors,
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or the like. In some cases, other sensors/devices 310 may include an external programmer
device that may be used to program one or more devices of system 300.

Various devices of system 300 may communicate via communication pathway 308 For
example, LCPs 302 and/or 304 may sense mirinsic cardiac electrical signals and may
communicate such signals to one or more other devices 302/304, 306, and 310 of system 300 via
communication pathway 308. In one embodiment, one or more of devices 302/304 may receive
such signals and, based on the receirved signals, determine an occurrence of an arrhythmia. In
some cases, device or devices 302/304 may communicate such determinations to one or more
other devices 306 and 310 of system 300. In some cases, one or more of devices 302/304, 306,
and 310 of system 300 may take action based on the communicated determmnation of an
arrhythmia, such as by delivering a suitable electrical stimulation to the heart of the patient. One
or more of devices 302/304, 306, and 310 of system 300 may additionally communicate
command or response messages via communication pathway 308 The command messages may
cause a recetving device to take a particular action whereas response messages may include
requested mformation or a confirmation that a receiving device did, n fact, receive a
communicated message or data.

It 15 contemplated that the various devices of system 300 may communicate via pathway
308 using RF signals, mductive coupling, optical signals, acoustic signals, or any other signals
suitable for communication. Additionally, o at least some embodiments, the various devices of
systermn 300 may communicate via pathway 308 using multiple signal types. For mnstance, other
sensors/device 310 may communicate with external device 306 using a first signal type {e.g RF
communication} but commumnicate with LCPs 302/304 using a second signal type {e.g. conducted
communication}). Further, in some embodiments, communication between devices may be
limited.  For instance, as described above, in some embodiments, LUPs 302/304 may
communicate with external device 300 only through other sensors/devices 310, where LUPs
302/304 send signals to other sensors/devices 310, and other sensors/devices 310 relay the
received signals to external device 306

In some cases, the various devices of system 300 may communicate via pathway 308
using conducted communication signals.  Accordingly, devices of systemy 300 may have
components that allow for such conducted communication. For instance, the devices of system

300 may be configured to transnmut conducted communication signals (e.g a voltage and/or
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current waveform punctuated with current and/or voltage pulses, referred herein as electrical
communication pulses} into the patient’s body via one or more electrodes of a transmitting
device, and may receive the conducted communication signals via one or more electrodes of a
receiving device. The patient’s body may “conduct” the conducted communication signals from
the one or more electrodes of the transmitting device to the electrodes of the recetving device in
the systemn 300. In such embodiments, the delivered conducted communication signals may
differ from pacing pulses, defibrillation and/or cardioversion pulses, or other electrical
stimulation therapy signals. For example, the devices of system 300 may deliver electrical
communication pulses at an amplitude/pulse width that is sub-threshold.  That 1s, the
communication pulses have an amphitude/pulse width designed to not capture the heart. In some
cases, the amplitude/pulse width of the delivered electrical communication pulses may be above
the capture threshold of the heart, but may be delivered during a refractory period of the heart
and/or may be mcorporated in or modulated onto a pacing pulse, if desired.

Addstionally, unbike normal electrical stimulation therapy pulses, the electrical
commumcation pulses may be delivered mn specific sequences which convey nformation to
receiving devices. For instance, delivered electrical communication pulses may be modulated n
any suttable manner to encode communicated mformation. In some cases, the communication
puises may be pulse width modulated and/or amplitude modulated.  Alternatively, or 1 addition,
the time between pulses may be modulated to encode desired mformation. In some cases, a
predefined sequence of communication pulses may represent a corresponding symbol {(eg a
logic “17 symbol, a logic “0” symbol, an ATP therapy trigger symbol, etc.). 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.

Fi(z. 4 depicts an illustrative medical device system 400 that may be configured to
operate together. For example, system 400 may include multiple devices that are implanted
within a patient and are configured to sense physiological signals, determine occurrences of
carchac arrhythmias, and deliver electrical stimulation to treat detected cardiac arrhythmias. In
some embodiments, the devices of system 400 may be configured to determine occurrences of
dislodgment of one or more devices of system 400, In Figure 4, an LCP 402 15 shown fixed to
the interior of the right ventricle of the heart 410, and a pulse generator 406 1s shown coupled to

a lead 412 having one or more electrodes 408a-408c. In some cases, pulse generator 406 may be
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part of a subcutaneous implantable cardioverter-defibrillator (SICD), and the one or more
electrodes 408a-408c may be positioned subcutaneously adjacent the heart. LCP 402 may
communicate with the SICD, such as via communication pathway 308, The locations of LCP
402, pulse generator 406, lead 412, and electrodes 408a-c depicted in FIG. 4 are just exemplary.
In other embodiments of system 400, LCP 402 may be positioned in the left ventricle, right
atrium, or left atrium of the heart, as desired. In still other embodiments, LCP 402 may be
waplanted externally adjacent to heart 410 or even remote from heart 410

Medical device system 400 may also include external support device 420. External
support device 420 can be used to perform functions such as device identification, device
programming and/or transfer of real-time and/or stored data between devices using one or more
of the communication techniques described herein, or other functions mvolving communication
with one or more devices of system 400. As one example, communication between external
support device 420 and pulse generator 406 can be performed via a wireless mode, and
communication between pulse generator 406 and LCP 402 can be performed via a conducted
communication mode. In some embodiments, communication between LUP 402 and external
support device 420 13 accomplished by sending communication information through pulse
generator 406, However, in other embodiments, communication between the LCP 402 and
external support device 420 may be via a communication module.

FIG. 4 only illustrates one example embodiment of a medical device system that may be
configured to operate according to techmques disclosed herein. Other example medical device
systems may mclude additional or different medical devices and/or configurations. For instance,
other medical device systems that are suitable to operate according to techniques disclosed
herein may include additional LUPs mmplanted within the heart.  Another example medical
device system may include a plurality of LUPs with or without other devices such as pulse
generator 400, with at least one LCP capable of delivering defibnillation therapy. Stll another
example may include one or more LUPs implanted along with a transvenous pacemaker and with
or without an implanted SICD. In vet other embodiments, the configuration or placement of the
medical devices, leads, and/or electrodes may be different from those depicted n FIG 4
Accordingly, it should be recognized that numerous other medical device systems, different from
system 400 depicted in FIG. 4, may be operated in accordance with techniques disclosed herein.

As such, the embodiment shown in FIG. 4 should not be viewed as limiting in any way.
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In some embodiments, LCP 100 may be configured to operate in one or more modes.
Within each mode, LCP 100 may operate in a somewhat different manner. For instance, in a
first mode, LCP 100 may be configured to sense certain signals and/or determine certain
parameters. In a second mode, LCP 100 may be configured to sense at least some different
signals and/or determine at least some different parameters than in the first mode. In at least one
mode, LCP 100 may be configured to determine a dislodgment status or determune whether
dislodgment has occurred.  For ease of description, a mode that mcludes LCP 100 being
contfigured to determine a dislodgment status may be called a dislodgment mode. Other modes
may include one or more programming and/or therapy modes, and it may be possible for LCP
100 to be engaged in multiple modes concurrently.

FIG. 5 13 a graph 300 showing idlustrative signal tracings that represent signals sensed or
generated by LCP 100 during a time period when LCP 100 15 attached to a wall of a patient’s
heart and not operating in a dislodgment mode. In the example shown in FIG 3, signal 502
represents a cardiac electrical signal sensed by LCP 100, Signals 504, 506, and 508 all represent
signals from different axes generated by a three-axis accelerometer of LCP 100, Signal 510
represents an accelerometer magnitude signal, which may be determined by summing signals
504, 506, and 308 or summing the absolute values of signals 504, 506, and 508. In other
embodiments, signal 510 may represent a different signal generated by another combinations of
signals 504, 506, and 508, such as a root-mean-square or root-sum-square of signals 504, 506,
and 508, or any other derivation of signals 504, 506, and 508 as desired While various
accelerometer signals 504, 506, 508 and 510 are shown, it 18 contemplated that less or more
accelerometer signals may be used.

LCP 100 may be configured to sense one or more of signals 504, 506, 508 and/or 510, or
generate one or more of signals 504, 506, 508 and/or 510 via the accelerometer, during
predetermined time periods. For instance, to sense signals 504, 506, 508 and/or 510, LCP 100
may be configured to receive signals 504, 506, 508 and/or 510 at processing module 110, In
some embodiments, LCP 100 may connect an output of the accelerometer to processing module
110 during the time periods where LCP 100 1s sensing signals 504, 506, 508 and/or 510, In other
embodiments, the accelerometer may be configured to actively output signals 504, 506, 508
and/or 510 during the time periods where LCP 100 is sensing signals 504, 506, 508 and/or 510,

for example using a communication link connecting processing module 110, Where processing
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module 110 15 a digital device, sensing signals 504, 506, 508 and/or 510 may include sampling
signals 504, 506, 508 and/or 510, which may be done by processing module 110, or the
accelerometer may communicate signal samples to processing module 110, In other
embodiments, LCP 100 may control the generation of signals 504, 506, 508 and/or 510 by the
accelerometer.  For instance, LCP 100 may control when power is delivered to the
accelerometer, and the accelerometer may only generate signals 504, 506, 508 and/or 510 when
power 1s delivered to the accelerometer, or the accelerometer may only provide a substantial
signal at an output during times where power 1s delivered to the accelerometer. In some cases,
LCP 100 may switch the accelerometer from a lower-power state to a higher-power sate during
time periods where LCP 100 senses the accelerometer signal. During the lower-power state, the
accelerometer may not provide an appreciable signal at an output for LCP 100 to sense.

LCP 100 may be configured to sense one or more signals during predetermuned time
periods. Such predetermined time periods may be represented by, for example, sensing periods
512a-512d w FIG. 5. Sensing periods 512a-512d may occur at regular intervals, such as every
five seconds, every second, every eight hundred milliseconds, every seven hundred milliseconds,
or any other suitable interval.  Alternatively, LCP 100 may imitiate sensing periods 512a-512d
after every beat, once every other beat, once every five beats, or at any other suitable frequency.
In at least some cases, LCP 100 may adjust the timing of the intervals according to a heart rate of
the patient such that sensing periods 512a-512d cccur during the same portion of each successive
cardiac cycle.

In some cases, LCP 100 may implement sensing periods 512a-512d based on one or more
detected features of cardiac electrical signal 502, For instance, LCP 100 may detect one or more
features of cardiac electrical signal 502, such as cardiac electrical events 511. Cardiac electrical
events 511 may, in some cases, represent R-waves or other morphological features that may be
detected by LCP 100. Upon detection of a cardiac electrical event 511, LCP 100 may mitiate a
time delay, such as time delay 514. Upon expiration of tume delay 514, LLCP 100 may initiate
sensing periods 512a-512d, during which LCP 100 may sense one or more of signals 504, 506,
508 and 510. In some cases, LCP 100 may adjust time delay 514 based on the heart rate of the
patient. For mnstance, when the heart rate 15 at a relatively higher rate, LCP 100 may shorten time

delay 514, and when the heart rate is at a relatively lower rate, LCP 100 may lengthen time delay
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514, This may help to ensure that LCP 100 consistently mitiates sensing periods 512a-512d
during the same or similar portion of each cardiac cycle.

In some embodiments, the length of time delay 514 may be chosen to align with a portion
of the cardiac cycle where the heart is relatively mechanically active, such as shown in FIG. 5.
For instance, time delay 514 may be chosen so that it expires between about fifty milliseconds to
about one-hundred fifty milliseconds hefore the beginning of a next cardiac electrical event 511,
In other embodiments, time delay 514 may be chosen so that it expires between about three
hundred mulliseconds and about eight hundred milliseconds after a detected cardiac electrical
event 511, In more specific examples, time delay 514 may have a value of about three-hundred
fifty malliseconds, about four-hundred nulliseconds, about five-hundred nulliseconds, about six-
hundred milliseconds, about seven-hundred milliseconds, about eight-hundred milliseconds, or
any other suitable value. These timings may ensure that sensing periods 512a-512d occur after
repolarization of the heart during a cardiac cycle, but before a polarization event during the
subsequent cardiac cycle.

By sensing signals 504, 506, 508 and/or 510 during sensing periods 512a-512d, LCP 100
may collect a first amount of accelerometer signal data during a cardiac cycle. For mstance, the
first amount of accelerometer data may represent a certain length of signals 504, 506, 508 and/or
510 sensed during sensing periods 512a-512d or a certain number of accelerometer signal
samples.

The accelerometer data collected during sensing periods 512a-512d may aid LCP 100 in
determining one or more patient parameters. For instance, during the portion of the cardiac cycle
represented by sensing pertods 512a-512d in FIG. 5, the heart muscle may be in a relatively
relaxed state while filling with blood.  Accordingly, during this portion of the cardiac cycle, the
orientation of LCP 100, and hence the accelerometer within LCP 100, may be disposed at a
relatively consistent position. This may facilitate LCP 100 1n deternmuning a posture of the
patient and/or an activity level of the patient by minimizing any movement caused by the
contraction of the heart.

To determine a posture of the patient, LCP 100 may compare the accelerometer signal
captured during such a sensing period with a stored template accelerometer signal. For example,
LCP 100 may be initially programmed by orienting a patient in a first posture and sensing the

accelerometer signal (relative to gravity} during one or more sensing periods while the patient is
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in the first posture. LCP 100 may store the sensed accelerometer signal in memory. In some
cases, this may be repeated several times. 1In either cases, the LCP may generate an
accelerometer signal template for that posture. This process may be repeated for different
postures. LCP 100 may then compare cuirent sensed accelerometer signals to the stored
accelerometer signal templates to determine the current posture of the patient.

In some additional or alternative emboduments, LCP 100 may track a patient activity
parameter using the accelerometer signal sensed during the sensing periods 512a-512d. To
determaine a patient activity parameter, LCP 100 may determune a difference between the sensed
or sampled current accelerometer signal and a previously sensed or sampled accelerometer
signal. LCP 100 may generate an activity parameter based at least in part on this determined
difference. In some cases, LCP 100 may store the determined difference and may generate new
determined differences on a rolling basis as LCP 100 sensed or samples new current
accelerometer signals. When so provided, LCP 100 may determine a patient activity parameter
from multiple of these determuned differences. For instance, LCP 100 may sum the differences
together over a rolling period of time to produce a patient activity parameter. LCP 100 may then
compare the patient activity parameter to one or more thresholds to determune an activity level of
the patient.

In some instances, LCP 100 may use erther or both of the determined posture and patient
activity parameter to adjust delivery of therapy to the heart. For instance, where LCP 100 15 a
pacemaker and configured to dehiver electrical stimulation pulses to the heart of the patient, LCP
100 may adjust the rate of delivery of electrical stimulation pulses based on the posture and/or
activity parameter. For example, LCP 100 may decrease the rate of delivery of electrical
stimnilation pulses after determining that a patient has transttioned from a standing posture to a
sitting posture. In other example, LCP 100 may be configured to increase the rate of delivery of
electrical stimulation pulses after determining an mncrease in the value of the patient activity
parameter. It should be understood that these are only a few examples of how LCP 100 may
adjust the delivery of therapy based on the determined posture and/or patient activity parameter.

As mentioned, when LCP 100 is mm a dislodgment mode, LCP 100 may sense the
accelerometer signal(s) differently. FIG 6 depicts graph 5007 illustrating an example cardiac

electrical signal 502, accelerometer signals 304°, 506°, 508° and 510°, and sensing periods
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512a’-512d° during which LCP 100 may sense the accelerometer signals in a dislodgement
mode.

As can be seen, time delay 514 of FIG. 6 1s relatively shorter than time delay 514 of
FIG 5. The length of time delay 514" may be chosen to generally align with the contraction of
the heart. For instance, time delay 514 may be chosen so that sensing periods 512a°-512d” fall
during a polarization event of the heart. In other embodiments, time delay 514" may be chosen
so that sensing periods 512a’-512d” fall just after a polarization event of the heart, but stiil
capture the mechanical motion of the heart during contraction. Although not shown in FIG. 6, n
some cases when in a dislodgment mode, LCP 100 may also sense accelerometer signals 504,
5067, 508 and 3107 during sensing periods corresponding to sensing periods 512a-512d n order
to still obtamn information related to patient posture and/or activity, if desired.

In some instances, time delay 514’ may be about zero milliseconds, about five
mitliseconds, about ten milliseconds, about fifieen milliseconds, about twenty milliseconds,
about twenty-five milliseconds, about thirty mulliseconds, about forty milliseconds, or about fifty
milliseconds, or any other suitable period of time. In general, time delay 514 may have a value
that 1s less than an electromechanical delay of the heart, which 1s the delay between when LLP
100 detects a cardiac electrical event 5117 {e.g. R-wave) and an onset of cardiac wall motion or a
threshold amount of cardiac wall motion. In some additional or alternative embodiments, time
delay 514" may have a length that changes along with the heart rate of the patient. As one
example, for relatively higher heart rates, time delay 5147 may be shorter than for relatively
lower heart rates.

When mn a dislodgment mode, LCP 100 may collect a second amount of accelerometer
signal data during a cardiac cycle that is greater than the first amount of accelerometer signal
data that LCP 100 collects when not in a dislodgment mode. For instance, sensing periods
512a’-512d" may be longer than sensing periods 512a-512d such that the lengths of signals 504,
506, 508 and/or 510 n sensing periods 512a°-512d” 1s longer than the lengths of signals 504,
506, 508 and/or 510 within sensing periods 512a-512d. In some cases, where LCP 100 collects
signal samples, the number of samples collected during sensing periods 5123°-512d” may be
greater than the number of signals collected during sensing periods 512a-512d.  Alternatively,

the second amount of accelerometer signal data may be greater than the first amount of
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accelerometer signal data due to LCP 100 collecting accelerometer signal data during both
sensing periods 512a°-512d’ and sensing periods 512a-512d.

In general, LCP 100 may be able to use accelerometer signals sensed during a portion of
the cardiac cycle that corresponds to sensing periods 512a°-512d° to help determine a
dislodgment status. For example, LCP 100 may be configured to sense one or more signals,
determaine one or more parameters, and based on the determined one or more parameters,
determune whether dislodgment {(e.g. partial and/or full) has occurred. The following technigues
described various tustrative ways in which LCP 100 may determine a dislodgment status based
on one or more of such sensed signals.

Throughout this description, LCP 100 15 described as the device sensing signals,
determuning parameters, and deternuning whether dislodgment has occurred. However, where
LCP 100 15 part of a system, such as systerm 400, the sensing of signals, determining parameters,
and/or determining whether dislodgment has occurred may be sphit up in any manner between
any combinations of devices of system 400, For mstance, LCP 100 may sense one or more
signals and communicate those signals to another device, such as external support device 420.
External support device 420, then, may determine one or more parameters based on the signals
received from LCP 100 In some further embodiments, external support device 420 may be
further configured to determine whether disiodgment has occurred based on those parameters.
However, this 15 only one example contemplated by this disclosure how the sensing and
determining processes may be sphit up amongst the devices of a system. In still other examples,
the disclosed techniques may be performed by devices other than a leadless cardiac pacemaker.
For instance, devices such as MD 200 which have accelerometers included in a tip of a lead may
perform the disclosed techniques. In these embodiments, MD 200 may have a lead with an
accelerometer in the lead tip implanted within a chamber of the heart and attached to a heart
wall.  In this manner, these devices may be able to use sensed accelerometer signals in
accordance with the disclosed techniques to determine a dislodgment status of the implanted
lead.

When part of a system, LCP 100 may enter a dislodgment mode based on a signal
communicated from another device, for example external support device 420 In other

embodiments, LCP 100 may be configured to enter a dislodgment mode periodically. For
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mstance, LCP 100 may be configured to enter a dislodgment mode once an hour, once a day,
once a week, once a month, or any other suitable time period.

In order to determine a dislodgment status, LCP 100 may be configured to sense a
dislodgment metric. In some examples, the dislodgment metric may be an accelerometer signal.
For instance, as described, LCP 100 may include an accelerometer. FIGS. 7-10 describe various
technuques of how LCP 100 may use signals sensed from the accelerometer to determine a
dislodgment status.

FIG. 7 1s a graph 513 showing illustrative signals taken during a time period when an
LCP 100 was securely attached to a wall of a heart. Signal 515 represents an illustrative cardiac
electrical signal sensed by LCP 100,  Signals 516, 317, and 518 represent illustrative
accelerometer signals from different axes generated by the three-axis accelerometer of LCP 100
of the LCP 100, Signal 519 represents an accelerometer magmitude signal, which may be
determuned by summing accelerometer signals 516, 517, and 519 or sumiming the absolute values
of accelerometer signals 516, 517, and 519, In other embodiments, signal 519 may represent a
different signal generated by other combinations of signals 516, 517, and 518, such as a root-
mean-square ot root-sum-square of signals 516, 517, and 518§, or any other derivation of signals
316, 517, and 518, While various accelerometer signals 516, 517, 518 and 319 are shown, 1t 13
contemplated that less or more accelerometer signals may be used.

As can be seen from FIG. 7, when LCP 100 1s securely attached to a heart wall, there 1s a
synchronicity between cardiac electrical events 520 and the motion of LCP 100, as ndicated by
signals 516, 517, 518, and 519, with larger deflections m 516, 317, 518, and 519 occurring
shortly after cardiac electrical events 520, As the cardiac electrical signals propagate through the
heart, the cardiac electrical signals cause a coniraction of the heart, thereby causing motion of
LCP 100, as represented by accelerometer signals 516, 517, 518, and 519.

FIG. 8 1s a graph 521 that shows an illustrative cardiac electrical signal 522 and
Hlustrative accelerometer signals 524, 526, 528, and 530, simular to that shown mn FIG. 7.
Signals 522, 524, 526, 528, and 530 represent signals taken during a time period where LCP 100
has become at least partially dislodged from the wall of the heart. As can be seen, there 1s much
less synchronicity between the occurrences of cardiac electrical events 531 and the motion of

LCP 100, as represented by accelerometer signals 522, 524, 526, 528, and 530. Since LCP 100
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has become at least partially dislodged from the heart wall, the motion of LCP 100 1s at least
partially disassociated with the motion of the heart wall.

Accordingly, LCP 100 can be configured to determine one or more parameters based on
the signals of the accelerometer of LCP 100, and use these one or more parameters to determine
a dislodgment status of the LCP 100. In one example, LCP 100 may determine a dislodgment
metric and, based at least in part on the dislodgment metric, determine a dislodgment status, e.g.
whether dislodgment {e.g. partial or full) has occurred or whether dislodgment has not occurred.
In the examples of FIGS. 7-10, the dislodgment metric may be related to a sensed accelerometer
signal, but as described with respect to other figures, the dislodgment metric may be related to
other sensed signals or parameters, depending on the circumstances.

In at least some embodiments where the dislodgment metric 1s based at least in part on an
accelerometer signal, LCP 100 may sense and store a template accelerometer signal when LCP
100 15 securely attached to the heart wall. To generate the template, the LCP 100 may sense the
accelerometer signal during a sensing pertod, such as sensing periods 512a°-512d°, and store the
sensed accelerometer signal{s} m memory for use as a template.

FIG. 9 depicts an example sensing window 532 and illustrative accelerometer signal
519a, which may represent a portion of accelerometer signal 519 from FIG. 7 that fell within a
sensing period such as sensing period 5124 of FIG. 6. Recall that FIG. 7 1s a graph 513 showing
dlustrative signals taken during a time period when an LCP 100 was securely attached to a wall
of a heart. It 18 contemplated that the length 533 of sensing window 532, which may correspond
to the lengths of sensing periods 512a°-512d°, may vary from between about 50 ms to about 200
ms, and in some specific embodiments, length 533 may be 50 ms, 100 ms, 150 ms, or 200 ms, or
any other suitable value. In some cases, sensing window 532 may be substantially longer, for
mnstance, about half of a cardiac cycle of the patient, about three quarters of the cardiac cycle of
the patient, or may span an entire cardiac cycle. In some additional or alternative embodiments,
length 533 may have a value that changes with the heart rate of the patient. As one example, for
relatively higher heart rates, length 533 may be shorter than for relatively lower heart rates.

LCP 100 may determine one or more features of signal 51%a. For instance, LCP 100 may
determine a maximum value of signal 519a, represented by maximum value 535 (maximum
gravity, or “g” value}. In some instances, LCP 100 may determine a time difference between the

beginning of sensing window 532 and maximum value 535 of signal 519a, represented by time
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difference 537. In some cases, LCP 100 may determine an integral of signal 519a. These are
just some example. In general, signal 519a may represent an accelerometer signal template
captured when the LCP 100 is securely attached to the heart wall, and each parameter determined
by LCP 100 based on the accelerometer signal template may represent a baseline parameter.

FIG. 10 depicts sensing window 543 including an illustrative signal 530a, which may
represent a portion of signal 530 from FIG. 8 that was within a sensing period such as sensing
period 5124 of FIG. 6. Recall that FIG. 8 15 a graph 521 showing illustrative signals taken
during a time period when an LCP 100 was at least partially dislodged from the wall of the heart.
Like signal 519a, LCP 100 may determune one or more features of signal 530a, such as a
maximum amplitude, represented by maxumnum amphitude 545, a tume difference parameter,
represented by time difference 547, or an integral of signal 530a.

LCP 100 may determine a correlation parameter(s) between signals S19a and 330a,
and/or between one or more of the determined features of signals 5319a and S30a. For example,
m some embodiments, LCP 100 may perform one or more correlation analyses, such as a cross-
correlation analysis, on signals 519a and 530a to produce a correlation parameter representing a
relative simularity between signals 519a and 530a. LCP 100 may additionally, or alternatively,
determine a difference between one or more of the determined features of signals 519a and 530a,
resuiting in one or more correlation parameters. In some mstances, the correlation parameter
may be a percentage determined by LCP based on features of signals 519 and 530a. LCP 100
may compare the determined correlation parameter(s) to a threshold value(s). If the correlation
parameter 1s above or below a threshold value, depending on which correlation parameter 1s
used, LCP 100 may determine that dislodgment {partial or full) has occurred.

Where LCP 100 uses a correlation analysis to produce a correlation parameter, the
correlation parameter may vary between zero and one, with zero representing no correlation
between signals 519a and 530a, and one representing perfect correlation between 519a and 530a,
LCP 100 may determine a dislodgment status of dislodged if the determined correlation
parameter i8 below a threshold, for example about 0.7 This is just one example, and it s
contemplated that other threshold values may be used, such as about 0.5, about 0.6, about 0.8, or
any other suitable value.

As mentioned, in additional or other embodiments, LCP 100 may determine a difference

between time difference 537 and 547. LCP 100 may determine that dislodgment has occurred if
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the absolute value of this difference is greater than a threshold, such as 15 ms. This 1s just one
example, and it 1s contemplated that other threshold values may be used, such about 5 ms, about
10 ms, about 20 ms, about 25 ms, about 30 ms, or about 40 ms, or any other suitable value.
Where LCP 100 initiates sensing windows 532 and 543 at the same time in relation to a detected
cardiac event, a larger difference between 537 and 547 may indicate a greater lack of synchrony
between cardiac electrical events and the mechanical motion of the heart, which may be one
indication that dislodgment has occurred.

Where LCP 100 deternunes a difference between maximum amplitudes 535 and 545,
LCP 100 may determine that dislodgment has occurred f the absolute value of the difference is
greater than a threshold, such as a threshold of about 0.4 g (3.92 m/s?). This is just one example,
and it is contemplated that other threshold values may be used, such about 0.1 g (0.98 m/s?),
about 0.2 g (1.96 m/s?), about 0.3 g (2.94 ry/s?), about 0.5 ¢ (4.90 m/s%), or any other suitable
value.

Although these described embodiments inchude specific values for the threshold values,
in other embodiments, LCP 100 may use percentages. For mstance, LCP 100 may determine by
what percentage a feature of signal 530a differs from the same feature of signal 51%a. LCP 100
may then compare the determined percentage to a threshold percentage to determune whether
dislodgment has occurred. In some embodiments, LCP 100 may determine that dislodgment has
occurred if the feature of signal 330a differs from the same feature of signal 519a by a threshold
of about twenty-five percent or more. In other embodiments, different threshold percentages
may be used, such as about ten percent, about fifteen percent, about twenty percent, about thirty
percent, about forty percent or any other suttable percentage value.

In some alternatives to using a single instance of a difference between maximum
amphitudes, LCP 100 may determine a trend of the different between maximum amplitudes. For
example, LCP 100 may track a moving average difference between maximum amplitudes over
multiple cardiac cycles, such as five, eight, ten, fifteen cardiac cycles, or twenty cardiac cycles,
or any other suitable number of cardiac cycles. LCP 100 may determine a baseline average
difference between maximum amplitudes of the accelerometer signal during a baseline time
period or based on a sensed accelerometer template. Then, LCP 100 may compare the
determined moving average to the baseline average difference. If the moving average falls

below a certain percentage of the baseline average difference, such as below about five percent,
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about ten percent, about fifteen percent, about twenty percent, about twenty-five percent, about
thirty percent, about forty percent, or about fifty percent, or any other suitable percent, LCP 100
may determine that dislodgment has occurred.

Where LCP 100 determines a difference between the integrals of signals 519a and 530a,
LCP 100 may determine that dislodgment has occurred if the absolute value of the difference is
greater than a threshold of about twenty-five percent of the integral of signal 519a. However,
other threshold values may be used in other embodiments, such as about ten percent, about
fifteen percent, about twenty percent, about thirty percent, about forty percent about fifty
percent, or any other suitable value.

In some embodiments, LCP 100 may determine multiple correlation parameters, for
instance using any of the maximum amplitude of the accelerometer signal, the time interval
between the beginning of a sensing period and a peak of the accelerometer signal, and the
mntegral of the accelerometer signal In such embodiments, LCP 100 may determine a
disiodgment status of dislodged if any of the correlation parameters mndicate dislodgment, for
example by being above or below a corresponding threshold value. In other embodiments, LCP
100 may determine a dislodgment status of dislodged only if analysis of two (or more) features
mdicate dislodgment has occwred.  In still other embodiments, LCP 100 may determine
dislodgment only if all determined correlation parameters indicate dislodgment has occurred.

Although the above techniques were described with respect to a signal representing the
magnitude of the accelerometer signal, in other embodiments, LCP 100 may perform a similar
analysis on each sensed accelerometer signal, such as any of using signals 504, 506, and/or 508.
In this manner, LCP 100 may determine whether dislodgment has occurred based on any channel
of the accelerometer, or based on the magnitude of the accelerometer signal. In at least some
embodiments, LCP 100 may only determine a dislodgment status of dislodged if analysis on
multiple signals of the accelerometer indicates that dislodgment has cccurred.

Further, a similar analysis may be used in at least some embodiments where LCP 100
includes a gyroscope. For instance, gyroscopes measure changes in the rate of angular velocity
and may output signals representative of the changes in the rate of angular velocity. When LCP
100 1s attached to a heart wall, signals generated by a gyroscope may have a synchronicity with
cardiac electrical signals, in a similar manner to that described above for accelerometer signals.

When LCP 100 is dislodged, the gyroscope signals may lose their synchronicity with the cardiac
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electrical signals, and this difference may be used by LCP 100 to determine a dislodgment status.
Accordingly, in some embodiments, LCP 100 may employ any of the analyses above described
with respect to accelerometer signals to gyroscope signals to determine a dislodgment status.

In some instances, the dislodgment metric may include the sensed cardiac electrical
signals. FIGS. 11A and 11B depict example cardiac electrical signals, signals 550 and 552,
including cardiac electrical events 554 and 556. Cardiac electrical signal 550 may be sensed by
LCP 100 when LCP 100 1s securely attached to a heart wall and cardiac electrical signal 552 may
be sensed when LCP 100 is at least partially dislodged from the cardiac wall. As can be seen,
dislodgment of LLCP 100 may impact an amphitude of sensed cardiac electrical events, as
indicated by event amplitudes 551 and 553.

In a similar manner to the accelerometer signal of FIGS. 9 and 10, LCP 100 may
determaine a correlation parameter based on one or more features of cardiac electrical signals 550
and 552, For instance, LCP 100 may perform one or more correlation analyses, such as a cross-
correlation analysis on signals 550 and 552, and more specifically on portions of signals 550 and
552 falling within sensing windows 555 and 557, resulting in a correlation parameter. In these
embodiments, LCP 100 may determune that dislodgment has occurred if the correlation
parameter 1s less than a threshold of about 0.75, or less than a threshold of about 0.6, about 0.7,
about 0.8, about 0.85, or any other suitable value in other embodiments.

Additionally, or alternatively, LCP 100 may determune a maximum amplitude of signals
550 and 552, represented by maximum amplitudes 551 and 553, respectively. LCP 100 may
then determmne a difference of these values, resulting in a correlation parameter. In these
embodiments, LCP 100 may determine that dislodgment has occurred if the absolute value of the
difference between maximum values 551 and 553 15 greater than a threshold value of about 20
mV. This 18 just one example, and it s contemplated that other threshold values may be used,
such as about 10 mV, about 15 mv, about 25 mV, about 30 mV, or any other suitable value. Of
course, as mentioned before, mnstead of relying on a single instance to determine that
dislodgment has occurred, LCP 100 may track a moving average of maximom amplitudes of the
cardiac electrical signal. LCP 100 may then compare this moving average to an averaged
maximum value template value to determine whether dislodgment has occurred.

In some embodiments, the correlation parameter may be a percentage. For instance, LCP

100 may determine a percentage based on maximum amplitudes 551 and 553, such as by what
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percentage maximum amplitude 553 varies from maximum amplitude 551, or what percentage of
maximum amplitude 551 maximum amphitude 553 represents. LCP 100 may then compare the
determined correlation parameter to a threshold percentage to determine a dislodgment status. In
these embodiments, LCP 100 may determine that dislodgment has occurred if the correlation
parameter is greater than a threshold value of about ten percent, about fifteen percent, about
twenty percent, about twenty-five percent, about thirty percent, or about forty percent, or any
other suitable value. In general, LCP 100 may determine a correlation parameter and determine
whether dislodgment has occurred using cardiac electrical signals in a manner similar to any
process described with respect to the accelerometer signal of FIGS. 9 and 10,

In other embodiments, the dislodgment metric may be or include temperature. For
mstance, LCP 100 may include a temperature sensor as part of mechanical sensing module 108
In some embodiments, LCP 100 may nclude at least two temperature sensors separated by a
distance. A first temperature sensor may be located 1 a proxumal portion LCP 100, and a second
temperature sensor may be located n a distal portion of LCP 100, When LCP 100 13 implanted,
LCP 100 may be ornented such that the second temperature sensor may be disposed proximate
the heart wall while the first temperature sensor 1s disposed away from the heart wall. In these
embodiments, the two temperature sensors may experience a terperature differential due to the
second temperature sensor being located more closely to metabolically active heart tissue.
Where LCP 100 1s dislodged, the temperature differential may lessen or may go away as the
second temperature sensor 1s no longer secure proximate the heart tissue.

Accordingly, readings taken from each temperature sensor at the same time may allow
for determunation of a dislodgment status. FIG. 12 depicts a graph 580 showing an ilhustrative
cardiac electrical signal 582, a first temperature sensor signal 586, and a second temperature
sensor signal 584, In the example of FiI(G. 12, LCP 100 may take measurements of first
temperature sensor signal 586 and second temperature sensor signal 584 periodically, such as at
times 581a, 581b, and 581c.  Although FIG. 12 shows LCP 100 taking three temperature
measurements within a cardiac cycle, in other embodiments the measurement frequency may be
any suitable value. Once LCP 100 has measured first temperature sensor signal 586 and second
temperature sensor signal 584, LCP 100 may determine a correlation parameter, represented by
temperature differentials 583a, 583b, and 583c.  For instance, LCP 100 may determine a

difference between first temperature sensor signal 586 and second temperature sensor signal 584,

34



WO 2017/040328 PCT/US2016/049093

resuiting in a correlation parameter. LCP 100 may then compare the temperature differential to a
temperature differential threshold value. If the temperature differential 15 less than the
temperature differential threshold value, LCP 100 may determine that dislodgment has occurred.
In some embodiments, the temperature differential threshold may be about 0.2 degrees C.
However, in other embodiments, the temperature differential threshold may be about 0.1 degrees
C, about 0.15 degrees C, about 0.25 degrees C, about 0.3 degrees C, or any other suitable value.
In at least some of these embodiments, LCP 100 may onlv determine that dislodgment has
occurred if multiple temperature differentials are less than the temperature differential threshold,
such as two, three, four, or five temperature differentials. In other embodiments, LCP 100 may
determine that dislodgment has occurred if two out of three, three out of four, three out of five,
or four out of five consecutive temperature differentials are lower than the temperature
ditferential threshold.

In alternative embodiments, LCP 100 may determuine a correlation parameter based on
first temperature sensor signal 586 and/or second ternperature sensor signal S84 1 any manner
similar to those described with respect to the accelerometer signal of FIGS. 9-10. For example,
LCP 100 may perform one or more correlation analysis on first temperature sensor signal 586
and/or second temperature sensor signal 584 in relation to a stored first temperature sensor signal
template and/or a stored second temperature sensor signal template to produce a correlation
parameter. In other embodiments, LCP 100 may determine a correlation parameter that is
percentage related to a comparison of first temperature sensor signal 586 and second temperature
sensor signal 584,

In still other embodiments, the dislodgment metric may be or include impedance. For
mstance, an mmpedance sensed by LCP 100 may differ when LCP 100 15 attached to a wall of a
heart and when LCP 100 15 dislodged. In these embodiments, LCP 100 may deliver one or more
electrical pulses nto the tissue of the patient and determine an impedance based on signals
sensed during or after delivering an electrical pulse. LCP 100 may determine a baseline
impedance while LCP 100 s securely attached to a heart wall. LCP 100 may then periodically
determine an impedance, for example once every cardiac cycle, and determine a correlation
parameter based on the current sensed impedance and the baseline impedance. For instance,
LCP 100 may determine a correlation parameter in any manner similar to that described with

respect to accelerometer signal of FIGS. 9-10, the cardiac electrical signal of FIGS. 11A-1, or the
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temperature signal of FIG. 12. LCP 100 may then compare the correlation parameter {0 one or
more thresholds and determine a dislodgment status based on the comparison, again in any
manner similar to that described with respect to FIGS. 9-12.

In at least some of these embodiments, the impedance may be a cardiac cycle average
impedance. For instance, LCP 100 may make multiple impedance measurements over the course
of a cardiac cycle, and produce an average impedance based on the measurements. LCP 100
may base the beginning of a cardiac cycle on one or more sensed features in the cardiac electrical
signal, such as cardiac electrical events or other waveform features.

In more alternative embodiments, the dislodgment metric may be or include a device
orientation. For nstance, in at least some cases LCP 100 may be in a dislodgment mode while
imnplanted within a patient during an iroplantation procedure. During the noplantation procedure,
the patient may remain laying in a steady position for the duration of the procedure.
Accordingly, during the procedure, after implantation, LCP 100 may maintain a relatively
constant orientation with respect to gravity. Subsequent deviation from this orientation may
mdicate dislodgment from the implanted location,

Where LCP 100 mncludes a three-axis accelerometer, LCP 100 may be able to determine
an orientation of LCP 100 with respect to gravity. LCP 100 may then monitor the device
orientation on a continuous or periodic basis, such as once per cardiac cycle or other suitable
frequencies, for variations in the orientation of LCP 100 with respect to gravity. In at least some
embodiments, LCP 100 may measure the onentation of LCP 100 with respect to gravity in a
middle of a cardiac cycle while the heart 1s filling with blood. For instance, LCP 100 may begin
a timer gpon detection of a cardiac electrical event. When the timer expires or reaches a
predetermined value, such as 500 ms, LCP 100 may determine an orientation of LCP 100 with
respect to gravity. LCP 100 may use other timer values in other embodiments, and in some
embodiments, the timer may be adjusted based on a heart rate of the patient. This may help to
ensure that LCP 100 determines an orientation with respect to gravity while the heart is not in the
middle of a contraction or other significant mechanical motion. If LCP 100 15 still securely
attached to the heart wall, the orientation with respect to gravity will remain similar to a previous
measurement, such as the most recent measurement or a template measurement. If LCP 100
becomes dislodged, the orientation with respect to gravity may be different with respect to a

previous measurement. For instance, LCP 100 may determine that dislodgment has occurred if
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the ortentation with respect to gravity differs m any axis from a previous measurement by more
than a threshold value of about thirty degrees. This is just one example, and it is contemplated
that other threshold values may be used, such as about twenty degrees, about twenty-five
degrees, about thirty-five degrees, about fifty degrees, about seventy-five degrees, about ninety
degrees, about one-hundred five degrees, or any other suitable value. In alternative
embodiments, LCP 100 may deternune dislodgment has occurred only if one or two axes differ
from a previous measurement by a threshold amount.

In still more alternative embodiments, the dislodgment metric may be or include a
capture threshold. A capture threshold may represent an amount of energy needed n order for
an electrical stimulation pulse to capture the heart. In some embodiments, the capture threshold
may refer to a specific voltage, a specific pulse width, or a combination of the two, while in other
embodiments the capture threshold may refer to a specitic amount of energy. Generally, the
capture threshold may be less for electrical stimulation pulses delivered by LCP 100 where LCP
100 1s securely attached to a wall of the heart than when LCP 100 15 dislodged. Accordingly,
analysis of the capture threshold, or determining a change in the capture threshold, may be an
mdication that dislodgment has occurred.

In these embodiments, LCP 100 may determine a baseline capture threshold while LCP
100 1s securely attached to a wall of the heart. LLCP 100 may then periodically determine the
capture threshold, for example about once every hour, about once a day, about once a week, or
any other suitable time period. LCP 100 may then determine a correlation parameter based on
the current capture threshold and the baseline capture threshold. For instance, LCP 100 may
determine a correlation parameter in any manner similar to that described with respect to FIGS.
9-12. LCP 100 may then compare the correlation parameter to one or more thresholds and
determine a dislodgment status based on the comparison, again in any manner similar to that
described with respect to FIGS. 9-12.

Instead of relying on a single dislodgment metric, LCP 100 may employ multiple
dislodgment metrics in determining whether dislodgment has occurred. For instance, when in a
dislodgment mode, LCP 100 may be configured to monttor any combination of the described
dislodgment metrics, ranging from any combination of two of the dislodgment metrics to all of
the dislodgment metrics. In some of these embodiments, LCP 100 may determine that

dislodgment has occurred if any one of the monitored dislodgment metrics indicates that
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dislodgment has occurred. In other embodiments, LCP 100 may determine that dislodgment has
occurred only if multiple of the monitored dislodgment metrics indicate that dislodgment has
occurred. In still other embodiments, LCP 100 may determine that dislodgment has occurred
only if all monitored dislodgment metrics indicate that dislodgment has occurred.

In still other embodiments, LCP 100 may monitor multiple dislodgment metrics in a
cascading fashion. For wnstance, LCP 100 may inttially only monitor a fust dislodgment metric.
After the first dislodgment metric indicates that dislodgment has occurred, LCP 100 may then
begin to monitor a second dislodgment metric. In these embodiments, only once the second
dislodgment metric has mdicated that dislodgment has occurred may LCP 100 determine that
dislodgment has occurred. In these embodiments, LCP 100 may be able to cascade the
momnitored dislodgment metrics in order to save energy. For instance, in some embodiments LCP
100 mayv be configured to momnitor cardiac electrical signals for therapy delivery purposes. For
example, monitoring cardiac electrical signals for determining a dislodgment status may not
require substantial additional power. Accordingly, a first monitored dislodgment metric may be
cardiac electrical signals. Ounly after the cardiac electrical signals mdicate that dislodgment has
occurred will LCP 100 begin to monitor a second dislodgment metric, such as accelerometer
signals, temperature, impedance, capture threshold, device orientation or the like. If analysis of
the second dislodgment metric also mndicates that dislodgment has occurred, LCP 100 may then
determune that dislodgment has occurred and generate an alarm signal In different
embodiments, LCP 100 may use any of the above described dislodgment metrics 1o any
cascading combimation m order to determine whether dislodgment has occurred.

In some embodiments, analysis of a dislodgment metric may differ depending on whether
the dislodgment metric s a first dislodgment metric or a second dislodgment metric.  As one
example, as described above, if the capture threshold is used as a dislodgment metric, LCP 100
may periodically determine the capture threshold and compare the determined capture threshold
to a baseline capture threshold to determing whether dislodgment has occurred. However, where
the capture threshold is 3 second dislodgment metric, LCP 100 may simply determine whether
the dislodgment metric has changed. For instance, LCP 100 may deliver an electrical stimulation
pulse to the heart with a characteristic or characteristics {(e.g. voltage, pulse width, or total
energy) that are twice the capture threshold. If the delivered electrical stimulation pulse does not

capture the heart, LCP 100 may confirm the analysis of the first dislodgment metric that
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dislodgment has occurred. 1t should be understood that this is only one example of how analysis
of a dislodgment metric may differ depending on whether the dislodgment metric s a first
dislodgment metric or a second dislodgment metric. Where other dislodgment metrics are used
as second dislodgment metrics, the value of those dislodgment metrics may sumply be, for
example, compared to a threshold instead of having the LCP 100 determine one or more
correlation metrics for comparison to one or more thresholds.

After determuning that dislodgment has occurred, LCP 100 may generate an alarm signal
and communucate the alarm signal to a device external to LCP 100, For instance, where LCP
100 1s part of a medical device system, such as system 400, LCP 100 may communicate the
alarm signal to external support device 420, External support device 420 may then generate a
visual or audible alarm to notify a user in the vicinity of external support device 420 that LCP
100 has determined that dislodgment has occurred.  In other embodiments, LCP 100 may
communicate the alarm signal to another internally implanted device, for instance pulse
generator 406, and the other 1nternally implanted device may communicate the alarm signal to a
device outside of the patient. In some embodiments, LCP 100, or another device which receives
the alarm signal from LCP 100, may be connected to one or more wireless networks. LCP 100,
or another device of the system, may connect to the wireless network to communicate the alarm
signal to a remote device, such as a pager, cell phone, or other remote device connected to the
wireless network.

Those skilled in the art will recognize that the present disclosure may be mamfested mn a
variety of forms other than the specific embodiments described and contemplated herein. For
instance, as described herein, various embodiments include one or more modules described as
performing various functions. However, other embodiments may include additional modules
that spiit the described functions up over more modules than that described herein. Additionally,
other embodiments may consolidate the described functions into fewer modules.

Although various features may have been described with respect to less than all
embodiments, this disclosure contemplates that those features may be included on any
embodiment. Further, although the embodiments described herein may have omitted some
combinations of the various described features, this disclosure contemplates embodiments that

mnclude any combination of each described feature. Accordingly, departure in form and detail
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may be made without departing from the scope and spirit of the present disclosure as described

m the appended claims.
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WHAT IS CLAIMED IS:
1. A leadless cardiac pacemaker (LCP) comprising:
a plurality of electrodes;
an accelerometer; and
a controller operatively coupled to the plurality of electrodes and the accelerometer, the
controller configured to:
collect, while in a first operating mode, a first number of accelerometer signal
samples during a cardiac cycle of the heart and use the first number of accelerometer
signal samples to determine a first patient parameter;
collect, while in a second operating mode, a second number of accelerometer
signal samples during a cardiac cycle of the heart and use the second number of
accelerometer signal samples to determine a dislodgment status of the leadless cardiac
pacemaker; and
provide a notification of the dislodgment status to a remote device that 15 remote
from the leadless cardiac pacemaker,

wherein the first number i1s smaller than the second number.

2. The LCP of any one of claims 1-2, wherein the first patient parameter 18 used by

the LCP to affect a therapy delivered by the LCP.

3. The LCP of claim 1, wherein the first patient parameter comprises one of!
a posture; and
an activity level.
4 The LCP of any one of claims 1-3, wherein the first patient parameter represents

an activity level of the patient, and is used by the LCP to affect a rate of delivery of pacing

pulses to the plurality of electrodes.

5. The LLP of any one of claims 1-4, wherein the LUP collects the accelerometer

signal samples by selectively turning on and off the accelerometer.
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6. The LCP of any one of claims 1-5, wherein the LCP collects the first number of
accelerometer signal samples during a first portion of the cardiac cycle and collects the second

number of accelerometer signal samples during a second portion of the cardiac cycle.

7. The LCP of claim 6, wherein:

the second portion of the cardiac cycle includes at least part of a polarization of
the heart during the cardiac cycle; and

the first portion of the cardiac cycle begins after a repolarization of the heart

during the cardiac cycle and ends before a subsequent polarization of the heart.

8. The LCP of any one of claimns 6-7, wherein the first portion of the cardiac cvele
does not include a contraction of a heart and the second portion of the cardiac cycle does include

a contraction of the heart.

9. The LCP of any one of claims 6-8, wheren a beginning of the first portion of the
cardiac cycle and a beginning of the second portion of the cardiac cycle are offset by different

amounts relative to a common detected feature of a sensed cardiac electrical signal.

10, The LLCP of claim 9, wherein the common detected feature of the sensed cardiac

electrical signal s an R-wave,

it A method comprising:
detecting, by a leadless cardiac pacemaker {LCP) having an accelerometer, an occurrence
of a cardiac electrical event;

collecting, by the LCP operating in a first operating mode, accelerometer signal data

g,
during a first time period of a cardiac cvcle, wherein the first time period begins a first
predetermined amount of time after the detected cardiac electrical event;

collecting, by the LCP operating in a second operating mode, accelerometer signal data
during a second time period of a cardiac cycle, wherein the second time period begins a second

predetermined amount of time after the detected cardiac electrical event; and
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determining, by the LCP, a dislodgment status of the LCP based at least in part on the

accelerometer signal data collected during the second time period.

i2. The method of claim 11, wherein the cardiac electrical event an R-wave.
13. The method of claim 12, wherein the first time period begins between 300 ms and

800 s after the detected R-wave,

14. The method of claim 13, wherein the second time period begins between 0 ms and

50 ms after the detected R-wave.

15. The method of any one of claims 11-14, wherein the first time period does not
include a contraction of a heart and the second time period of the cardiac cycle does mclude the

contraction of the heart.
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