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(57) Abstract: Systems and methods for rate-adaptive pacing are disclosed. In one illustrative embodiment, a medical device for de-
livering electrical stimulation to a heart may include a housing contigured to be implanted on the heart or within a chamber of the
heart, one or more electrodes connected to the housing, and a controller disposed within the housing. The controller may be con -
figured to sense a first signal and determine a respiration rate based at least in part on the sensed first signal. In at least some embodi-
ments, the controller may be further contigured to adjust a rate of delivery of electrical stimulation by the medical device based at
least in part on the determined respiration rate.
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SYSTEMS AND METHODS FOR TREATING
CARDIAC ARRHYTHMIAS

CROSS REFERENCE TO RELATED APPLICATIONS
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This application claims the benefit of U.S. Provisional Patent Application Serial Neo.

62/128,340 filed on March 4, 2013, the disclosures of each incorporated herein by reference.

TECHNICAL FIELD

The present disclosure generally relates to systems, devices, and methods for treating
10 cardiac arrhythmias, and more particularly, to systems, devices, and methods for

implementing rate adaptive pacing.

BACKGROUND

Pacing mstruments can be used to treat patients suffering from various heart
15 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, irregular, and/or inefficient heart
contractions. To help alleviate some of these conditions, various devices {(e.g., pacemakers,
defibriliators, etc.) have been implanted in a patient's body. Such devices may monitor and
provide electrical stimulation to the heart to help the heart operate in a more normal, efficient

20 and/or safe manner. In some cases, a patient may have multiple implanted devices.

SUMMARY

The present disclosure generally relates to systems, devices, and methods for treating

cardiac arrhythmuas, and more particularly, to systems, devices, and methods for
25 implementing rate adaptive pacing. In one itlustrative embodiment, a medical device for

delivering electrical stimulation to a heart may comprise a housing configured to be
implanted on the heart or within a chamber of the heart, one or more electrodes connected to
the housing, and a controller disposed within the housing. The controller may be configured
to sense a first signal and determine a respiration rate based at least in part on the sensed first

30 signal In at least some embodiments, the controller may be configured to adjust a rate of
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delivery of electrical stimulation by the medical device based at least in part on the
determined respiration rate.

In some instances, the controller may include one or more sensors, such as one or
more accelerometers, impedance sensors, pressure sensors, piezoeleciric sensors and/or the
like. In some cases, the controller may include a sense amplifier or the like connected to one
or more of the electrodes of the medical device for directly sensing a signal via the one or
more electrodes of the medical device.

Additionally or alternatively, in the above tllustrative embodiment, the controller may
be further configured to determine a relative tidal volume parameter based at least in part on
the sensed first signal, and adjust the rate of delivery of electrical stimulation by the medical
device based at least in part on both the determined respiration rate and the determined
relative tidal volume parameter.

Additionally, or alternatively, in any of the above illustrative embodiments, the
sensed first signal is an accelerometer signal.

Additionally, or alternatively, in any of the above illustrative embodiments, the
sensed first signal is a temperature signal.

Additionally, or alternatively, in any of the above illustrative embodiments, the
sensed first signal is pressure signal.

Additionally, or alternatively, in any of the above illustrative embodiments, the
sensed first signal 1s a strain signal.

Additionally, or alternatively, in any of the above thustrative embodiments, the
sensed first signal 1s an electrocardiogram (ECG).

Additionally, or alternatively, in any of the above Hustrative embodiments, the
controller 13 configured to adjust the rate of delivery of electrical stimulation by the medical
device if the determined respiration rate rises above a respiration threshold.

Additionally, or alternatively, 1 any of the above illustrative embodiments, the
controller 1s configured to adjust the rate of delivery of electrical stimulation by the medical
device if the determined respiration rate falls equal to or below a respiration threshold.

Additionally, or alternatively, i any of the above illustrative embodiments, the

controller is further configured to sense a second signal, and adjust the rate of delivery of
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electrical stimulation by the medical device based at least in part on the determined
respiration rate and the second sensed signal.
Additionally, or alternatively, in any of the above illustrative embodiments, the

second sensed signal is a heart sounds signal.

(v

Additionally, or alternatively, in any of the above illustrative embodiments, the
controller 1s configured to increase the rate of delivery of electrical stimulation by the
medical device if the respiration rate rises above a respiration threshold and the second
sensed signal rises above a second threshold.

Additionally, or alternatively, in any of the above illustrative embodiments, to
10 determine a respiration rate based at least in part on the sensed first signal, the controller is

configured to determine an absolute value of the sensed first signal.

Additionally, or alternatively, in any of the above illustrative embodiments, to
determine a respiration rate based at least in part on the sensed first signal, the controller 1s
further configured to determune an integral of the absolute value of the sensed fust signal.

i5 Additionally, or alternatively, in any of the above illustrative embodiments, to
determine a respiration rate based at least in part on the sensed furst signal, the controller 15
further configured to filter the integrated signal with a low-pass filter,

Additionally, or alternatively, in any of the above iHlustrative embodiments, the low
pass filter has a corner frequency of between 0.3 Hz and 0.7 Hz.

20 Additionally, or alternatively, 1 any of the above ilustrative embodiments, to
deterniine a respiration rate based at least in part on the sensed first signal, the controller 18
further configured to determineg the zero crossings of the first derivative of the low-pass
filtered signal.

Additionally, or alternatively, 1n any of the above illustrative embodiments, to

25 determine a respuration rate based at least in part on the sensed first signal, the controller 1s

further configured to determing a difference in timing between a pair of zero crossings of the

first derivative of the low-pass filtered signal.

Additionally, or alternatively, in any of the above illustrative embodiments, the
controller may further be configured to sample the first signal at fixed points of the cardiac

36 cycle of the heart.
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Additionally, or alternatively, in any of the above illustrative embodiments, the
controlier may further be configured to sample the first signal at occurrences of R-waves ina
sensed electrocardiogram (ECG).

Additionally, or alternatively, in any of the above illustrative embodiments, to
determine a respiration rate based at least in part on the sensed first signal, the controller may
be further configured to filter the first sensed signal with a low pass filter.

In another illustrative embodiment, a method of delivering electrical stimulation to a
heart may comprise delivering electrical simulation to the heart at a first rate of delivery
with a leadless cardiac pacemaker (LCP) configured to be implanted on the heart or within a
chamber of the heart. The method may include sensing a first signal with the LCP and
determining whether to change the rate of delivery of the electrical stimulation based at least
in part on the first sensed signal. In at least some illustrative embodiments, the method may
additionally include, after determining to change the rate of delivery of the electrical
stimulation, delivering electrical stimulation to the heart at a second rate of delivery with the
LCP.

Additionally, or alternatively, 1o the above illustrative embodiment, the method may
further include determuning a respiration rate based on the first sensed signal.

Additionally, or alternatively, 1n any of the above illustrative embodiments, the first
sensed signal is an accelerometer signal.

Additionally, or alternatively, 1 any of the above lustrative embodiments, the
second rate of delivery 1s determined based at least in part on a gain factor,

In still another iltustrative embodiments, a medical device for delivering electrical
stimulation to a heart may comprise a housing configured to be implanted on the heart or
within a chamber of the heart, one or more electrodes connected to the housing, and a
controller disposed within the housing. In some illustrative embodiments, the controller may
be configured to sense a first signal and determine a respiration rate based at least in part on
the sensed first signal. In at least some illustrative embodiments, the controller may further
be configured to adjust a rate of delivery of electrical stimulation by the medical device
based at least in part on the determined respiration rate.

In some instances, the controller may include one or more sensors, such as one or

more accelerometers, impedance sensors, pressure sensors, piezoeleciric sensors and/or the
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like. In some cases, the controller may include a sense amplifier or the like connected to one
or more of the electrodes of the medical device for directly sensing a signal via the one or
more electrodes of the medical device.

Additionally, or alternatively, in the above illustrative embodiment, the controller
may be further configured to determine a relative tidal volume parameter based at least in
part on the sensed first signal, and adjust the rate of delivery of electrical stimulation by the
medical device based at least in part on both the determined respiration rate and the
determined relative tidal volume parameter.

Additionally, or alternatively, in any of the above illustrative embodiments, the
sensed first signal is an acceleration signal.

Additionally, or alternatively, in any of the above illustrative embodiments, the
sensed first signal is an electrocardiogram (ECG).

Additionally, or alternatively, in any of the above illustrative embodiments, the
controller 1s configured to adjust the rate of delivery of electrical stimulation by the medical
device if the determined respiration rate rises above a respiration threshold.

Additionally, or alternatively, 1 any of the above illustrative embodiments, the
controller 1s configured to adjust the rate of delivery of electrical stimulation by the medical
device if the determined respiration rate falls equal to or below a respiration threshold,

Additionally, or alternatively, in any of the above Hustrative embodiments, the
controller 13 further configured to sense a second signal, and adjust the rate of delivery of
electrical stimulation by the medical device based at least in part on the determined
respiration rate and the second sensed signal.

Additionally, or alternatively, in any of the above thustrative embodiments, the
second sensed signal 1s a heart sounds signal,

Additionally, or alternatively, in any of the above thustrative embodiments, the
controller 15 configured to increase the rate of delivery of electrical stimulation by the
medical device if the respiration rate rises above a respiration threshold and the second
sensed signal rises above a second threshold.

Additionally, or alternatively, in any of the above iliustrative embodiments, the

medical device is a leadless cardiac pacemaker.
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In another iHlustrative embodiment, a method of delivering electrical stimulation to a
heart may comprise sensing a first signal with a leadless cardiac pacemaker (LCP)
configured to be implanted on the heart or within a chamber of the heart and determining an
absolute value of the first sensed signal. The method may include determining an integrated
signal based on the absohite value of the first sensed signal and determining a respiration rate
based at least in part on the integrated signal. In at least some illustrative embodiments, the
method may further include changing a rate of delivery of electrical stimulation based at least
in part on changes m the respiration rate.

Additionally, or alternatively, in the above tllustrative embodiment, determining a
respiration rate based on the integrated signal comprises determining a difference in timing
between a pair of peaks of the integrated signal.

Additionally, or alternatively, in any of the above itlustrative embodiments, the value
each peak of the pair of peaks are local maximums.

Additionally, or alternatively, in any of the above illustrative embodiments,
determining a respiration rate based on the integrated signal further comprises low-pass
filtering the integrated signal, deternuning zero-crossings of the first derivative of the low-
pass filtered signal, and determuning a difference in timing between a pair of zero-crossings
of the first derivative of the low-pass filtered signal.

Additionally, or alternatively, in any of the above illustrative embodiments, the first
sensed signal ts an accelerometer signal.

Additionally, or alternatively, in any of the above Hustrative embodiments, the first
sensed signal 1s an electrocardiogram (ECG).

The above summary 1s not intended to describe each embodiment or every
implementation of the present disclosure. Advantages and attainments, together with a more
complete understanding of the disclosure, will become apparent and appreciated by referring
to the following description and claims taken in conjunction with the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS




(v

10

28

WO 2016/141046 PCT/US2016/020432

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

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

Figure 2 1s a graph of illustrative raw accelerometer data plotted over a number of
cardiac cycles;

Figure 3 is a graph of the absolute value of the tllustrative raw accelerometer data of
Figure 2;

Figure 4 1s a graph of an integrated signal based on the absolute value of the
illustrative raw accelerometer data of Figure 3;

Figure 5 1s a graph of a low-pass filtered signal generated by low pass-filtering the
mtegrated signal of Figure 4;

Figure 6 15 a flow diagram of an illustrative method that may be implemented by a
medical device or medical device system, such as the dlustrative LCP of Figure 1; and

Figure 7 15 a flow diagram of an illustrative method that may be implemented by a
medical device or medical device system, such as the dlustrative LCP of Figure 1.

While the disclosure 1s amenable to various modifications and alternative forms,
specifics thereof have been shown by way of embodiment 1n the drawings and will be
described 10 detail. 1t should be understood, however, that the intention 1s not to hinut aspects
of the disclosure to the particular illustrative embodiments described. On the contrary, the
mtention is to cover all modifications, equivalents, and alternatives falling within the spinit

and scope of the disclosure.

DESCRIPTION

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

This disclosure describes systems, devices, and methods for delivering electrical
stimulation to a heart 1 a rate adaptive manner. Healthy people’s bodies generally adjust the

Ay
I
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rate at which their hearts beat i response to higher or lower metabolic needs, for example
during exercise or in response to various external stimuli. However, some people develop
diseases or conditions which affect their bodies’ abilities to cause their hearts to contract in
an effective manner. Accordingly, devices in accordance with the present disclosure may be
implanted in such people. In some instances, the implanted devices may deliver elecirical
stimulation on an on-going basis and adjust the rate of delivered electrical stimulation in
accordance with sensed physiological parameters indicative of increased metabolic needs.

Figure 1 15 a conceptual schematic block diagram of an exemplary leadiess 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. Example electrical stimulation
therapy may include bradycardia pacing, rate responsive pacing therapy, cardiac
resynchronization therapy (CRT), anti-tachycardia pacing {ATP) therapy and/or the like  As
can be seen mn Figure 1, LCP 100 may be a compact device with all components housed
within LCP 100 or directly on housing 120, In some wnstances, 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 in Figure 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 mclude communication 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
vartous metals or alloys that are known to be safe for implantation within a human body. In
some nstances, electrodes 114 may be generally disposed on etther end of LCP 100 and may
be in electrical communicaiion with one or more of modules 102, 104, 106, 108, and 110, In
embodiments where electrodes 114 are secured directly to housing 120, an msulative

material may electrically isolate the electrodes 114 from adjacent electrodes, housing 120,
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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 tail (not
shown) that extends out away from the housing 120 As shown in Figure 1, in some
embodiments, LCP 100 may include electrodes 114°. Flectrodes 114" may be in addition to
electrodes 114, or may replace one or more of electrodes 114, Electrodes 114’ may be
similar to electrodes 114 except that electrodes 1147 are disposed on the sides of LCP 100,
In some cases, electrodes 114’ may increase the number of electrodes by which LCP 100
may deliver communication signals and/or electrical stimulation pulses, and/or may sense
mtrinsic cardiac electrical signals, communication signals, and/or electrical stimulation
pulses.

Elecirodes 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 nullimeters (muyn). In other embodiments, electrodes 114
and/or 114° 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 1147
may inciude, for example, one, three, five, ten millimeters (mm), or any other suitable length.
As used herein, the length 1s 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 1147 may be spaced from one another by a distance of twenty, thirty, forty, fifty
mullimeters (mm), or any other suitable spacing. The electrodes 114 and/or 1147 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 embodiment shown, communication module 102 may be electrically coupled to
electrodes 114 and/or 1147 and may be configured to deliver communication pulses to tissues
of the patient for communicating with other devices such as sensors, programmers, other
medical devices, and/or the like. Communication signals, as used herein, may beg any
modulated signal that conveys information to another device, etther by iself or in
conjunction with one or more other modulated signals. In some embodiments,
communication signals may be limited to sub-threshold signals that do not result in capture

of the heart vet still convey information. The communication signals may be delivered to
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another device that is located either external or internal to the patient’s body. In some
mstances, 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 imformation. 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 arrhythmias, 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 mformation
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 are determined by the LLCP 100 and/or another
device, such as a determined heart rate, timung of determined heartbeats, timung of other
determined events, determinations of threshold crossings, expirations of monitored time
periods, activity level parameters, blood-oxvgen parameters, blood pressure parameters, heart
sound parameters, and the hke. Messages and/or commands may mclude instructions or the
like directing anocther 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
recetving device, information messages, and/or other messages commands.

In at least some embodiments, communication module 102 {or LLCP 100) may further
mclude switching curcuitry to selectively connect one or more of electrodes 114 and/or 1147
to communication module 102 in order to select which electrodes 114 and/or 114° 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, inductive coupling,
and/or any other suitable communication methodology. Where communication module 102

generates electrical communication signals, communication module 102 may include one or

10
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more capactior 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 modele 102 may inchide a switching circuit that s
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° to generate the
communication signals.

As shown in Figure 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 effectuate one or
more electrical stimulation therapies. Electrical stimulation pulses as used herein are meant
to 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 simulation pacing pulses for
capturing the heart of the patient, 1.e causing the heart to contract in response to the
delivered electrical 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 another embodiment, the electrical stimulation pulses mayv be
defibritiation/cardioversion pulses for shocking the heart out of fibrillation or into a normal
heart thythm. In vet another embodiment, the electrical stimulation pulses may be anti-
tachycardia pacing {ATP) pulses. These are just some examples. When used to treat other
atiments, the pulse generator module 104 may generate electrical stimulation pulses suitable
for neurostimulation therapy or the like. Pulse generator module 104 may include one or
more capacitor elements and/or other charge storage devices to aid m generating and
delivering appropriate electrical stimulation pulses. In the embodiment shown, pulse
generator module 104 may use energy stored in energy storage module 112 to generate the
electrical stimulation pulses. In some examples, pulse generator module 104 may include a

switching circuit that 1s connected to energy storage module 112 and may connect energy

2

e
storage module 112 to one or more of electrodes 114/114” 1o generate electrical stimulation

pulses.
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Pulse generator module 104 may inchide the capability to modify the electrical
stmulation pulses, such as by adjusting the pulse width and/or amplitude of the electrical
stimulation puises. When pacing the heart, this may help tailor the electrical stimulation
pulses to capture the heart a particular patient, sometimes with reduced battery usage. For
neurostimulation therapy, adjusting the pulse width and/or amplitude may help tailor the
therapy for a particular application and/or help make the therapy more effective for a
particular patient.

Although depicted as separate modules, in some embodiments, LCP 550 may include
a combined communication module 702/pulse generator module 704, For instance, pulse
generator module 704 may be configured to also generate electrical communication signals.
In such embodiments, pulse generator 704 may be configured to generate and deliver both
electrical communication signals and electrical siimulation pulses.

In some embodiments, LCP 100 may include an electrical sensing module 106 and
mechanical sensing module 108, Electrical sensing module 106 may be configured to sense
mirinsic cardiac electrical signals conducted from electrodes 114 and/or 114 to electrical
sensing module 106, For example, electrical sensing module 106 may be electrically
connected to one or more electrodes 114 and/or 1147 and electrical sensing module 106 may
be configured to receive cardiac electrical signals conducted through electrodes 114 and/or
114 via a sensor amplifier or the like. In some embodiments, the cardiac electrical signals
may represent local mformation from the chamber in which LCP 100 1s implanted. For
instance, 1if LCP 100 1s moplanted within 3 ventricle of the heart, cardiac electrical signals
sensed by LCP 100 through electrodes 114 and/or 1147 may represent ventricular cardiac
electrical signals. Mechanical sensing module 108 may include, or be electrically connected
to, various sensors, such as accelerometers, blood pressure sensors, heart sound sensors,
piezoelectric sensors, blood-oxygen sensors, and/or other sensors which measure one or more
physiological parameters of the heart and/or patient. Mechanical sensing module 108, when
present, may gather signals from the sensors indicative of the various physislogical
parameters. Both electrical sensing module 106 and mechanical sensing module 108 may be
connected to processing module 110 and may provide signals representative of the sensed
cardiac elecirical signals and/or physiclogical signals to processing module 116, Although

described with respect to Figure 1 as separate sensing modules, in some embodiments,
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electrical sensing module 106 and mechanical sensing module 108 may be combined nio 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, pulse generator module 104 and/or energy storage module may
be considered a controller of the LCP 100

Processing module 110 may be configured to direct the operation of LCP 100. 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. Processing module 110 may further receive
mnformation from communication module 102, In some embodiments, processing module
110 may additionally use such received information to determine occurrences and types of
arrhythmuias. However, 1n other embodiments, LCP 100 may use the received imformation
mstead of the signals received from electrical sensing module 106 and/or mechanical sensing
module 108 — for stance if the received information 15 deemed to be more accurate than the
signals received from electrical sensing module 106 and/or mechamnical sensing module 108
or if electrical sensing module 106 and/or mechanical sensing module 108 have been
disabled or omiited from LCP 100

After determuning an occurrence of an arrhythmia, processing module 110 may
control pulse generator module 104 to generate electrical stimulation pulses 1 accordance
with one or more electrical stimulation therapies to treat the determined arrhythmia. For
example, processing module 110 may control pulse generator module 104 o generate pacing
pulses with varying parameters and in different sequences to effectuate one or more electrical
stimulation theraptes. 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 pacing puises 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 instance, processing module 110 may monitor one or more

physiclogical parameters of the patient which may indicate a need for an increased heart rate
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(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 intrinsic 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
carchac electrical signals. Once the heart 1s 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 is capable of generating
defibriliation and/or cardioversion pulses for defibrillation/cardioversion therapy, processing
module 110 may control pulse generator module 104 to generate such defibrillation 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 i 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 amphitudes. 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 if the electrical stimulation pulses are not effectively capturing the heart.
Such control of the specific parameters of the vanious electrical stimulation pulses may help
LCP 100 provide more effective delivery of electrical stimulation therapy.

In some embodiments, processing module 110 may further control commumication
module 102 to send information 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 controf communication module 102 to generate communication signals in particular
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pulse sequences, where the specific sequences convey different information. Communication
module 102 may also receive communication 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 communication
signals and/or electrical stimulation pulses to tissue of the patient. As described above, both
communication module 102 and pulse generator module 104 may include circutry 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 communication signals and electrical
stumulation pulses to tissue of the patient. The specific combination of one or more
electrodes by which communication module 102 and/or pulse generator module 104 deliver
communication signals and electrical stimulation pulses may influence the reception of
communication signals and/or the effectiveness of electrical stimulation pulses. Although 1t
was described that each of commurication module 102 and pulse generator module 104 may
melude switching circuitry, in some embodiments, LCP 100 may have a single switching
module connected to the comununication 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 (VLS chip or an application specific integrated circuit
{ASIC). In such embodiments, the chip may be pre-programmed with control logic 1n order
to control the operation of LCP 100, By using a pre-programmed chip, processing module
110 may use less power than other programmable circusts while able to mamtan basic
functionality, thereby potentially increasing the battery life of LCP 100, In other mstances,
processing module 110 may include a programmable microprocessor or the hike. 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.

Processing module 110, in additional embodiments, may nclude 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)
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that 1s 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 its
operations. In some embodiments, energy storage module 112 may be a non-rechargeable
lithium-based battery. In other embodiments, the non-rechargeable bhattery may be made
from other suitable materials. 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 super capacitors.

To implant LCP 100 mside a patient’s body, an operator {(e.g., a physician, clinician,
etc.}, may fix LCP 100 to the cardiac tissue of the patient’s heart. To facilitate fixation, LCP
100 may mclude one or more anchors 116, The one or more anchors 116 are shown
schematically in Figure 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 nto the cardiac fissue. In other embodiments, anchor
116 may mclude other structures such as barbs, spikes, or the like to facilitate engagement
with the surrounding cardiac tissue.

In some examples, LCP 100 may be configured to be implanted 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 s configured to be mmplanted on a patient’s

heart, LCP 100 may be configured to be implanted on or adjacent to one of the chambers of
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the heart, or on or adjacent to a path along which mtrinsically generated cardiac elecirical
signals generally follow. In these examples, LLP 100 may also have an enhanced ability to
sense localized intrinsic cardiac electrical signals and deliver localized electrical stiimulation
therapy.

In some instances, LCP 100 may be configured to deliver rate-adaptive pacing
therapy to a patient’s heart. For instance, LCP 100 may be configured to deliver electrical
stimulation pulses to the heart of the patient on an on-going basis to help ensure that the
patient’s heart contracts in a safe and effective manner. LCP 100 may additionally sense one
or more signals, for example using electrical sensing module 106 and/or mechanical sensing
module 108, and determine, based on the sensed one or more signals, whether to change the
rate of delivery of the electrical stimulation pulses. For example, based on the sensed one or
more signals, LCP 100 may determine that there 1s less of a need for cardiac output, and may
decrease the rate of delivery of the electrical stimulation pulses. In other instances, based on
the one or more sensed signals, LCP 100 may determine that there is a need for increased
cardiac output, and may increase the rate of delivery of the electrical stimulation pulses.
Adjusting the rate of delivery of the electrical stimulation pulses based on the sensed one or
more signals may extend the battery hife of LCP 100 by only requiring higher rates of
delivery of electrical stimulation pulses when the sensed one or more signals indicate there 1s
a need for mncreased cardiac output. Additionally, adjusting the rate of delivery of the
electrical stimulation pulses may increase a comfort level of the patient by more closely
matching the rate of delivery of electrical stimulation pulses with the cardiac cutput need of
the patient.

Where LUP 100 adjusts the rate of delivery of electrical stimulation pulses based on
the sensed one or more signals, LCP 100 may in some cases determine a respiration rate
based on the sensed one or more signals. Respiration rate may be mdicative of a relative
cardiac output need for the patient. For example, an increased respiration rate may indicate
that there is a need for increased cardiac output, and a decreased respiration rate may indicate
less of a need for cardiac output. Accordingly, and when so provided, LCP 100 may adjust
the rate of delivery of the electrical stimulation pulses based on the determined respiration

rate.
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In at least some examples, LCP 100 may include an accelerometer and may determine
a measure related to the respiration rate based on the sensed accelerometer signal. Where
LCP 100 18 implanted on a patient’s heart or within the heart, the accelerometer signal may
inciude signals indicative of movement related to a number of different causes. For instance,
the accelerometer signal may include movement related to the gross movement of the patient,
such as walking, bending, or other gross body movements. Additionally, the accelerometer
signal may mclude movement related to the contraction of the heart, particularly when LCP
100 1s implanted on or within the heart. Additionally, the accelerometer signal may include
movement related to the inhalation and exhalation of the patient (1e respiration). For
instance, as a patient breathes in and out, the lungs apply different pressure to the heart and
the intrathoracic pressure changes accordingly. This change in the mtrathoracic pressure
may cause changes in the shape and size of the various chambers of the heart, as well as the
movement of the heart and the heart chambers. After whalation, the intrathoracic pressure
may be relatively higher, which may decrease the volume of blood that flows into one or
more of the chambers of the heart during a cardiac cycle. Conversely, after exhalation, the
mtrathoracic pressure may be relatively lower, which may allow relatively more blood to
enter the chambers of the heart during a cardiac cycle. These differences in the amount of
blood flowing nto and out of the heart and any movement of the heart or heart chambers due
to the changes in mtrathoracic pressure may be contained in the accelerometer signal.

Figures 2-4 depict example accelerometer data and processed accelerometer data that
may facilitate LCP 100 1n determuning a respiration rate. Figure 2 depicts raw accelerometer
data 200 taken over a period of time. In this mstance, raw accelerometer data 200 represents
accelerometer data captured over a number of cardiac cycles. Raw acceleromster data 200
may represent a signal output from an accelerometer of LCP 100 when LCP 100 1s implanted
within a patient’s heart chamber.

To help deternune a respiration rate, LCP 100 may process the raw accelerometer
data 200 in any suitable manner. In at least some examples, LCP 100 may begin by
determining an absolute value of raw accelerometer data 200, as shown in Figure 3 and
represented by absolute value data 300, Thereafter, LCP 100 may determine an integrated
signal 400, or integral, of the absolute value data 300, In some instances, LCP 100 may

determine the integrated signal 400 of absolute value data 300 over each cardiac cycle. LCP
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100 may dentify each cardiac cycle based on, for example, the posttioning of R-wave peaks.
Integrated signal 400 depicts what such an integrated signal of absolute value data 300 may
look hike.

After determining integrated signal 400, LCP 100 may determine one or more
respiration rates directly from integrated signal 400. As one example, LCP 100 may
determine exhalation times, identified as exhalation times 403a-b. To find the exhalation
times, LCP 100 may determine which of peaks 401 of integrated signal 400 represent local
maximums. For instance, LCP 100 may determine that peak 401b has a greater maximum
value than either of peaks 401a or 401¢, which occur just prior to 401b and just subsequent to
peak 401b respectively. Accordingly, LCP 100 may determine that the beginning of
exhalation time 403a 1s in alignment with peak 401b. Using a similar methodology, LCP 100
may determine the beginning of another exhalation time at 403b. LCP 100 may divide sixty
seconds by the difference in time between two successive exhalation times, such as
exhalation times 403a and 403b, to determune a respuration rate. For instance, if exhalation
times 403a and 403b are two seconds apart, LCP 100 may determine the respiration rate to be
30 breaths per minute. Of course, in other examples, LCP 100 may determine a respiration
rate based on identified local minimums. LCP 100 may determine times of local munimums
in a sumilar manner to how LCP 100 may deternune local maximums, except LCP 100 may
identify peaks that have lower values than other nearby peaks.

In some nstances, LCP 100 may employ one or more enhancements to the method
described above.  For wnstance, LLP 100 may only deternune one of peaks 401 that
correspond to a local maximum corresponds to the beginning of an exhalation time if the
identified peak 401 15 not within a threshold time of the previous peak deternmuned to be a
local maximum. For instance, looking at integrated signal 400, although peak 401d 15 a local
maximuom, peak 401d occurs within blanking period 402 of local maximum peak 40t%e.
Accordingly, LOP 100 may not consider peak 401d as corresponding to the beginning of an
exhalation time. LCP 100 may reset blanking period 402 after each determination of the
beginning of an exhalation time. Blanking period 402 may help smooth out the determined
respiration and help ensure that the respiration rate 15 not significantly affected by artifacts
that affect the accelerometer signal from sources other than nhalation and exhalation. In

some cases, blanking period 402 may range anywhere from one-quarter of a second to one
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second or more. In some instances, LCP 100 402 may adjust blanking period 402 based on
the last known good respiration rate or an expected respiration rate.  Additionally, in some
instances, LCP 100 402 may adjust blanking period 402, for example based on one or more
other sensed signals. The blanking period 402 may be adjusted down as the respiration rate
increases, and visa-versa.

Another example of an enhancement includes not determining local maximums as
corresponding to a beginning of an exhalation time if the identified local maximums have
maximum values outside of a maximum value range. For instance, if a local maximum has a
value that is greater than the maximum value range, LCP 100 may not determine the local
maximum as corresponding to a beginning of an exhalation time. In some instances, the
maximum value range may be an average of the values of the previous three, five, ten, or any
other suitable number of peaks. In other instances, the maximum value range may be the
mean of the maximum peak values over the last minute. In some additional mnstances, the
maximuin value range may be the mean of the maximum peak values over the last minute
plus or minus a standard deviation. Alternatively, mnstead of the maximum value range
corresponding to the maximum value of the peaks, the maximum value range could
correspond to an amplitude, with the amplitude being measured by the distance between the
identified peak and the previous, or subsequent, vallev.

In some examples, LCP 100 may determine an overall respiration rate that 1s a rolling
average of five respiration rates determined by the difference 1n timings of five successive
pairs of exhalation times. However, the exact number of respiration rates used to determine
the overall respiration rate may differ in other examples. In alternative cases, the overall
respiration rate may be the most recent determined respiration rate. These are just some
examples of how LCP 100 may determine an overall respiration rate based on integrated
signal 400,

Once LCP 100 has determined an overall respiration rate, LCP 100 may determine
whether to adjust the rate at which LCP 100 is delivering electrical stimulation pulses. In
some instances, LCP 100 may use thresholding to determine an appropriate rate of electrical
stimulation delivery. As one example, LCP 100 may have a number of respiration rate
thresholds stored in memory, and each respiration rate threshold may be associated with a

different rate of electrical stimulation delivery. As the respiration rate rises above each
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respiration rate threshold, or falls equal to or below each respiration rate threshold, LCP 100
may adjust the rate of delivery of electrical stimulation pulses based on the rate associated
with the appropriate threshold.  As one example, LCP 100 may have respiration rate
thresholds of ten breathes per minute, twenty breaths per minute, and thirty breaths per
minute, and the respiration rate threshold of twenty breaths per minute is associated with a
rate of dehivery of electrical stimulation of seventy stimulation pulses per minute {(e.g. 70
beats/minute}. In such an example, while the overall respiration rate 1s greater than twenty
breaths per minute and less than or equal to thirty breaths per minute, LCP 100 may deliver
electrical stimulation pulses at a rate of seventy pulses per minute. Once LCP 100
determines that the overall respiration rate has risen above the thirty breaths per minute
respiration rate threshold, LCP 100 may increase the rate of delivery of electrical stimulation
pulses to the rate associated with the thirty breaths per minute respiration rate threshold, for
example ninety beats per minute (e.g. 90 beats/minute). In this manner, LCP 100 may adjust
the rate of delivery of electrical stimulation pulses based on the overall respiration rate.

In some alternative embodiments, LCP 100 may adjust the rate of delivery of
electrical stimulation pulses based on a gain factor related to the overall respiration rate. For
mstance, the gain factor may be a factor multiplied by the percentage change m the
respiration rate from a baseline respiration rate. As one example, the baseline respiration rate
may be ten breathes per minute. While the overall respiration rate 1s ten breathes per minute,
LCP 100 may dehiver electrical stumulation pulses, for example, at a rate of sixty pulses per
munute {e.g. 60 beats/muinute). I the overall respiuration rate rises to twenty breathes per
minute, the change in the overall respiration rate 13 one-hundred percent. If the gamn factor 1s
set to 0.5, LCP 100 may then increase the rate of delivery of electrical stimulation pulses by
50%, to ninety pulses per minute {e.g. 90 beats/minute). It should be understood that a gamn
factor of 0.5 13 only used as an example. The gain factor may be any suttable number, which
may vary between patients. In other instances, the gam factor may be related to the relative
change in the overall respiration rate, for mstance between the most recent overall respiration
rate and a newly determined and different overall respiration rate. In at least some
embodiments, L{P 100 may have a minimum threshold of change in the overall respiration

rate that must be reached before LCP 100 adjusis the rate of electrical stimulation delivery.



(v

10

28

WO 2016/141046 PCT/US2016/020432

Regardless of the specific method that LCP 100 employs to adjust the rate of delivery
of electrical stimulation pulses, LCP 100 may have programmed maximum and mintmum
rates. For instance, even if the method used to adjust the rate of delivery of the electrical
stmulation pufses would cause LCP 100 to adjust the rate of delivery of the electrical
stimulation pulses above the maxamuom threshold, LCP 100 may only deliver the electrical
stimulation pulses at the maximum rate. Additionally, even if the method used to adjust the
rate of delivery of electrical stimulation pulses would cause LCP 100 to adjust the rate of
delivery of the electrical stimulation pulses below the mimimum threshold, LCP 100 may
only deliver the electrical stimulation pulses at the minimum rate.

In some alternative or additional embodiments, LCP 100 may process integrated
signal 400 before determining a respiration rate. For mstance, LCP 100 may pass integrated
signal 400 through a low pass filter. An illustrative filtered signal 500, shown in Figure 3,
represents an output after low-pass filtering integrated signal 400, The peaks and valleys, for
examples peaks SO0l and S03 and valley 5035, of filtered signal 500 may represent the
mhalations and exhalations of the patient, respectively. In on example, LCP 100 may
determine timings of the inflections of filtered signal 500 by taking the first derivative of
filtered signal 300 and finding the zero-crossings. Then, the differences in tinungs between
two peaks {or two valleys) may be used to determine a respiration rate. For examples, LLCP
100 may take the difference 1 timing between time 5022 and time 502¢, and divide sixty by
the resulting difference to determine a respiration rate in breaths per minute,

Alternative embodiments may process raw accelerometer data 200 1o a different
manner than described with respect to Figures 2-5. For instance, LCP 100 may apply a fow
pass filter directly to raw accelerometer data 200, LCP 100 may use a filter that has a corner
frequency of, for example, between 0.3 Hz and 0.7 Hz, and 10 some examples, LCP 100 may
use a filter with a comer frequency of 0.5 Hz. In such embodiments, the resulting filtered
signal may look simular to filtered signal 500, In these instances, and as one example, LCP
100 may find zero-crossing of the first derivative of the filiered signal to find mnflection
points, and may use the timings of those inflection points to determine a respiration rate.

In alternative embodiments, instead of determining a respiration rate, LCP 100 may
adjust the rate of delivery of the electrical stimulation pulses based on a frequency of a

signal, such as filtered signal 500. For instance, as the patient’s respiration rate increases, the
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relative power of the frequency components of filtered signal 500 may skew towards higher
frequencies. Accordingly, after determining changes in the relative power of the frequency
components of filtered signal 500, LCP 100 may adjust the rate of delivery of the electrical
stmulation pulses based on those determined changes. In some cases, this may be less
computationally intensive, and/or may yield more accurate data about the current respiration
of the patient.

In still other additional or alternative embodiments, LCP 100 may sample the
accelerometer signal at a fixed rate, for instance at a fixed point in the cardiac cycle. In some
examples, LCP 100 may sample the accelerometer signal at times corresponding to sensed R-
waves. For instance, LCP 100 may use a peak detector, or one or more other techniques, to
determine occurrences of R-waves in sensed cardiac electrical signals. LCP 100 may then
sample the accelerometer signal when LCP 100 determines an occurrence of an R-wave.
Although, in other embodiments, LCP 100 may sample the accelerometer signal at other
fixed points in the cardiac cycle. This sampled accelerometer signal may be used by LCP
100 1 a similar manner to that described with respect to filtered signal 500, for example in
determining respiration rates and/or relative tidal volumes, as described herein.

It should be undersiood that although the above description revolved around
determining a respiration rate based on accelerometer data, other signals can be used to
determine a respiration rate. For instance, LCP 100 may use ECG data to determine a
respiration rate. When LCP 100 15 implanted within a chamber of the heart, LCP 100 may
sense intracardiac electrical signals, for example represented by an ECG, via a sense
amplifier or the like. The relative magnitude of the R-wave of the ECG signal may fluctuate
with changes n the volume of the heart chamber, and the volume of the heart chamber may
fluctuate as a function of intrathoracic pressure — such as due to changes n lung volume of
the patient. In some instances, such changes tn mntracardiac pressure may be used to
determine respiration rate.

In some instances, LCP 100 may use a parameter other than respiration rate to adjust
the rate of delivery of the electrical stimulation pulses. For instance, LCP 100 may use heart
sounds to adjust the rate of delivery of the electrical stimulation pulses. Increased heart
sounds, and specifically increased 81 heart sounds, may be an indication of increased

contractility of the heart. Examples of increased heart sounds may include an increase in the
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amplitude of the heart sounds signal, or an increase in the duration of the signal peaks.
Increased contractility of the heart may indicate a need for increased cardiac output.
Accordingly, as the heart sounds increase, LCP 100 may increase the rate of delivery of the
electrical stimulation pulses, for example in a manner similar to that described with respect to
respiration rate. In some cases, LCP 100 may use temperature to adjust the rate of delivery
of the electrical stimulation pulses. For instance, increased blood temperature may indicate
increased metabolic activity of the body, and accordingly, a need for increased cardiac
output.

In some mstances, LCP 100 may use a relative tidal volume parameter to adjust the
rate of delivery of the electrical stimulation pulses. For example, LCP 100 may deternune a
relative tidal volume parameter from integrated signal 400, or in other examples, filtered
signal 300, As can be seen in Figure 4, where LCP 100 determines a relative tidal volume
parameter, LCP 100 may determine peaks 401 that are local minimums, for example, peak
401f. LCP 100 may determine peaks 401 that are local sunimums in a similar manner to
how LCP 100 may determine peaks 401 that are local maximums. For instance, LCP 100
may identify peaks whose value 1s lower than the immediately preceding and following
peaks. LCP 100 may then deternune a difference in values between peak 401f, having value
407h, and the preceding local maximum peak, such as peak 401b in Figure 4, having value
407a. LCP 100 may use this difference 1n values between values 4073 and 407b to provide a
measure related to the relative tidal volume parameter. Increases in the relative tidal volume,
or increases n the varability of the relative tidal velume, may indicate an increased need for
cardiac output. Accordingly, LCP 100 may track how the relative tidal volume changes over
time and may adjust the rate of delivery of the electrical stimulation pulses based on the
changes m relative tidal volume, for instance possibly in a similar manner to respiration rate,
Where LCP 100 further low-pass filters integrated signal 400, or directly low-pass filters raw
accelerometer data 200 to produce filtered signal 500, LCP 100 may determine a relative
tidal volume parameter from filtered signal 500, For mnstance, LCP 100 may determine a
difference in values 507a and 507b between peak 501 and valley 505, LCP 100 may use this
determined difference as a measure related to the relative tidal volume parameter value.

Figure 6 depicts a general method 600 for how a device, such as LCP 100, may adjust

the rate of delivery of the electrical stimulation pulses. Hlustrative method 600 begins with
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delivering electrical stimulation to a heart at a first rate of delivery with a leadless cardiac
pacemaker (LCP) configured to be implanted on the heart or within a chamber of the heart,
as indicated at 601. The LCP may be an LCP such as LCP 100 described with respect to
Figure 100. Next, method 600 may sense a first signal with the LCP, as at 603. As described
above, the signal may be a signal such as an accelerometer signal, an ECG, a heart sounds
signal, a pressure signal, or a temperature signal or the like. Next, method 600 may
determine whether to change the rate of delivery of the electrical stimulation based at least in
part on the first sensed signal, as at 605 As mentioned, in some instances, the LCP may
determine a parameter based on the first sensed signal, such as a respiration rate, and may
adjust the rate of delivery of the electrical stimulation pulses based on the determined
parameter. In some cases, the LCP may determine a relative tidal volume parameter, a heart
sounds parameter, and/or an intracardiac pressure parameter. Where the LCP determines a
parameter based on the first sensed signal, the LCP may further determine whether to change
the rate of electrical stimulation based at least in part on the determined parameter instead of
or in addition to the first sensed signal. For instance, the LCP may determune to change the
rate of delivery of electrical stimulation mn response to the determined parameter rising above
or falling below, as appropriate, a threshold. As one illustrative example, the LCP may
determine to increase the rate of delivery of electrical stimulation in response to determining
the respiration rate parameter rises above a threshold, thereby indicating an increased need
for cardiac output.  After determining to change the rate of delivery of the electrical
stimulation, method 600 may continue with delivering electrical stimulation to the heart at a
second rate of delivery with the LUP, as at 607. For mstance, if the first sensed signal, or
deternimed parameter, indicates a need for mcreased cardiac output, the LCP may increase
the rate of delivery of the electrical stimulation. Conversely, if the first sensed signal, or
deternined parameter, does not indicate a need for the current cardiac output, the LCP may
decrease the rate of dehivery of the electrical stimulation.

In some cases, LCP 100 may adjust the rate of delivery of the electrical stimulation
based on a combination of sensed signals. For instance, LCP 100 may sense a first signal
and, based on the sensed first signal, determine a respiration rate. LCP 100 may further
determine a second parameter in addition to respiration rate. In some examples, LCP 100

may determine the second parameter also from the acceleration signal, for instance a relative
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tidal volume parameter. In other examples, LCP 100 may sense a second signal, for instance
a heart sounds signal, an intracardiac pressure signal, a temperature signal, and/or the like,
and may determine a second parameter from the sensed second signal. LCP 100 may
determine a heart sounds parameter, an intracardiac pressure parameter, and/or a temperature
parameter. In some alternative examples, LCP 100 may determine a second respiration rate
hased on the sensed second signal.

After determining the second parameter, LCP 100 may use a combination of the
determined respiration rate and the determined second parameter to adjust the rate of delivery
of the electrical stimulation. For instance, LCP 100 may follow a method according to
Figure 7. Figure 7 depicts a tlow diagram of method 700 that LCP 100 may follow i order
to adjust the rate of delivery of the electrical stimulation pulses. Method 700 begins with
LCP 100 determining 1if a first one of the determined respiration rate or a second determined
parameter indicates a need for increased cardiac output, as at 701. For example, and in some
cases, the determined respiration rate or the determined second parameter may rise above a
corresponding threshold, or may fall below a corresponding threshold where appropriate.
The deternuned respiration rate or the second determined parameter rising above a threshold
or falling below a threshold may indicate a need for mcreased cardiac output.  If neither of
the respuration rate nor the second determined parameter indicates a need for increased
cardiac output, LCP 100 may follow the NO branch of step 701, mamtamn the current rate of
delivery of the electrical stimulation pulses as shown at 707, and continue to monttor the
respration rate and the determined second parameter until one of the parameters does
mdicate a need for increased cardiac output at 701,

Where LLP 100 determines that the determine respiration rate or the determuned
second parameter do indicate a need for ncreased cardiac output, LCP 100 may follow the
YES branch of step 701, LCP 100 may then determine whether the second one of the
determuned respiration rate and the second determined parameter indicate a need for
increased cardiac output, as at 703, I LCP 100 determines that the second one of the
determined respiration rate and the second determined parameter does not indicate a need for
increased cardiac output, LCP 100 may follow the NO branch of step 703, maintain the
current rate of delivery of the electrical stimulation pulses as shown at 707, and continue to

monitor the respiration rate and the determined second parameter until one of the parameters
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does indicate a need for increased cardiac output at 701, However, if LCP 100 determines
that the second one of the determined respiration rate and the second determined parameter
indicates a need for increased cardiac output, i.e. both the determined respiration rate and the
second determined parameter indicate a need for increased cardiac output, LCP 100 may
adjust the rate of delivery of electrical stimulation pulses, as at 705, For mstance, LCP 100
may increase the rate of delivery of the electrical stimulation pulses.

While the example method of Figure 7 references a determined respiration rate and a
second determined parameter, it 15 contemplated that any two (or more) parameters may be
used. For example, a heart sounds parameter and a relative tidal volume parameter may be
used. In some case, the rate of delivery of electrical stimulation pulses may not be adjusted
unless three or more parameters indicates a need for increased cardiac output, or two out of
three parameters mdicates a need for increased cardiac output. These are just some
examples.

In some cases, LCP 100 may determine and monitor two parameters, such as
respiration rate and the second determined parameter as above, but still adjust the rate of
delivery of the electrical stimulation pulses based on only the determined respiration rate. In
some cases, if LCP 100 deternunes that both the deternuned respiration rate and the second
determined parameter indicate a need for increased cardiac output, LCP 100 may adjust the
rate of delivery of the electrical stimulation pulses even further. For mnstance, if one of the
determuned respiration rate and the second determined parameter indicate a need for
mereased cardiac output, LCP 100 may increase the rate of delivery of the electrical
stimulation pulses. If LCP 100 determunes that both the determined respiration rate and the
second determined parameter ndicates a need for mcreased cardiac output, LCP 100 may
merease the rate of delivery of the electrical stimulation pulses even further. In some cases,
LCP 100 may have two gain factors stored 1n memory and may apply the first gain factor to
adjusting the rate of delivery of the electrical stimulation pulses after determining that only
one of the determined respiration rate and the second determined parameter indicate a need
for increased cardiac output. The LCP 100 may apply the second gain factor to adjusting the
rate of delivery of the electrical stimulation pulses after determining that both the determined
respiration rate and the second determined parameter indicate a need for increased cardiac

output, where the second gain factor 1s greater than the first gain factor. Of course, in such
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examples, LCP 100 may still further adjust the rate of delivery of the electrical stimulation
pulses if LCP 100 determines further changes to the first one of the determined respiration
rate and/or the second determined parameter.

In yet another example, LCP 100 may use multiple parameters in sequence to
determine whether to adjust the rate of delivery of the electrical stimulation pulses. For
mstance, LCP 100 may first determine whether a respiration rate parameter changes. Once
LCP 100 has determined that the respiration rate parameter has changed, for example
increased above a threshold, LCP 100 may then increase the rate of delivery of the electrical
stimulation pulses to a first increased rate. Once LCP 100 s delivering the electrical
stimulation pulses at the first increased rate, LCP 100 may monitor a second parameter for
changes to further adjust the rate of delivery of the electrical stimulation pulses. For
mstance, LCP 100 may monttor the relative tidal volume for changes 1n deternuning whether
to further adjust the rate of delivery of the electrical stimulation pulses. If LCP 100
determines changes in the relative tidal volume parameter, for example increases in the
relative tidal volume parameter above a threshold, LCP 100 may further increase the rate of
delivery of the electrical stimulation pulses to a second increased rate. Of course, in other
examples, the order of the sequence of the monttored parameters may be different.
Generally, this disclosure contemplates embodiments including any number and any
combination of parameters arranged i any order.

Although the above methods for adjusting the rate were described with respect to
increasing the rate of delivery of the electrical stimulation pulses when one or more
parameters indicate a need for mcreased cardiac output, in a sinilar manner LCP 100 may
decrease the rate of delivery of the electrical stimulation pulses when the one or more
parameters do not indicate a need for the current level of cardiac output. For instance, when
one or more of the parameters fall below a threshold, or rise above a threshold where
appropriate, which indicates less need that 15 provided by the current cardiac ouiput, and
hence the current rate of delivery of the electrical stimulation pulses. Accordingly, LCP 100
may be configured to decrease the rate of delivery of the electrical stimulation pulses to
reduce the cardiac output. In some embodiments, LCP 100 may use multiple determined

parameters to aid in determining whether to decease the rate of delivery of the electrical
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stimulation pulses, for example 1n a sinular manner described with respect to Figure 6 for
increasing the rate of delivery of the electrical stimulation pulses.

Additionally, although the above methods for adjusting the rate of delivery of the
electrical stimulation pulses were described with respect to respiration rate and another
parameter, in alternative embodiments, LCP 100 may use two parameters that do not include
respiration rate to determine whether to adjust the rate of delivery of the electrical stimulation
pulses. For instance, LCP 100 may use a heart sounds parameter and a relative tidal volume
parameter. In other instance, LCP 100 may use an intracardiac pressure parameter and a
temperature parameter. In general, LCP 100 may use any combination of parameters
described herein in determining whether to adjust the rate of delivery of the electrical
stimulation pulses. In still some examples, both parameters may be respiration rate
parameters. However, both respiration rate parameters may be determined using different
signal sources or using different signal processing algorithms. For example, LCP 100 may
determine a first respiration rate parameter based on an accelerometer signal and a second
respiration rate parameter based on an ECG signal, or an imtracardiac signal, or another
sensed signal as desired. In such examoples, the LCP 100 may consider two respiration rates
based on two different signals when adjusting the rate of delivery of the electrical stimulation
pulses.

Although not explicitly mentioned previously, where LCP 100 includes an
accelerometer, the accelerometer may be a three-axis accelerometer.  Where LCP 100
mcludes a three-axis accelerometer, raw accelerometer data 200 may be a summation from
all three channels of the three-axis accelerometer, a surnmation from two of the three
chamnels, or may be only one of the three channels. LCP 100 may then proceed to process
raw accelerometer data 200 as described herein. In some cases, LCP 100 may be configured
to low-pass filter each channel of the three-axis accelerometer separately. LCP 100 may then
use the resulting filtered signal of the three filtered signals that most closely correlates with a
template signal. In some instances, the template signal may be simlar to filtered signal 500.
In still other examples, a user may view each of the three fiitered signals and program LCP
100 1o use a specific one of the filtered signals.

Aside from differences in how LLCP 100 may operate with respect to how LCP 100

processes the accelerometer data where LCP 100 includes a three-axis accelerometer, in
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some embodiments, LCP 100 may change one or more ways in which LCP 106 determines
parameters or one or more of the steps LCP 100 uses to adjust the rate of delivery of the
electrical stimulation pulses. For instance, based on the three-axis accelerometer signals,
LCP 100 may be able to determune whether the patient has a supine or erect posture. Based
on the determimation, LCP 100 may enable or disable rate-adaptive pacing. For instance, if
the patient i1s in a supine position, LCP 100 may disable rate-adaptive pacing In other
mnstances, LCP 100 may change the specific method by which LCP 100 adjusts the rate of
delivery of the electrical stimulation pulses, or even the gain factor used in determining by
how much to adjust the rate of delivery of the electrical stimulation pulses, based on whether
the patient is in a supine or erect position.

It 15 comtemplated that LCP 100 may include one or more pre-programmed
parameters. For instance, LCP 100 may include pre-programmed respiration rate thresholds,
or thresholds associated with other parameters. Additionally, the various thresholds may be
associated with one or more rates of delivery of the electrical stimulation pulses. In
examples where LCP 100 may adjust the rate of delivery of the electrical stimulation pulses
based on one or more gain factors, LCP 100 may be pre-programmed with the one or more
gain factors. In some instances, some or all of these pre-programmed values may be
programmmable and changeable. For instance, LCP 100 may be able to communicate with a
progranuning device located external to the patient. A user of the programming device, such
as a physician, may enter changes to the one or more programmable values wmto the
programmung device. The programming device may then communtcate the changed values
to LCP 100 where the changed values overwrite the previous pre-programmed values. In
addition, in some examples, LCP 100 may be pre-programmed with multiple methods for
determuning whether to adjust the rate of delivery of the electrical stimulation pulses. LCP
100 may operate according to one of the methods at a time, whichever method s the active
method. In some examples, the programming device may be able to communicate with the
LCP 100 to change the active method, or even to communicate a new method for storage into
a memory of LCP 100,

In some instances, LCP 100 may be calibrated from time to time. For example, LCP
100 may be calibrated following implantation in a patient, or during subsequent follow-up

chinic visits. To calibrate LCP 100, a patient may be hooked up to an external respiration
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sensor, such as a spirometer, or a respiratory inductance plethysmography machine, or the
like. Signals collected from these respiration instruments may be compared to the
determined respiration rate of LCP 100, Where there are differences between the respiration
rate determined by LCP 100 and the output of the respiration instrument or instruments, a
user, such as a physician, may calibrate the specific algorithm used by LLP 100 to determine
the respiration rate. For instance, the user may alter the specific algorithm by which LCP
100 determines the respiration rate — for example the user may switch LCP 100 from using
one of the methods described herein to another one of the methods described herein
Alternatively, the user may alter specific parameters of the current method by which LCP
100 1s operating. For instance, where LCP 100 employs one or more filters, the user may
adjust the corner frequencies of the filters. Alternatively, where LCP 100 includes multiple
electrodes, the user may adjust the specific electrodes via which LCP 100 senses cardiac
electrical signals. In still other embodiments, the user may alter other aspect of LCP 100 or
the particular method by which LCP 100 determines a respiration rate.

In some examples where LCP 100 15 calibrated, a user may emplov a two-point
calibration process. For instance, a user may calibrate LCP 100 while the patient 5 in a
resting state. The user may then further calibrate LCP 100 while the patient 1s undergoing
physical exertion, such as while the patient 15 walking or running, or chimbing stairs, or the
like.

Those skilled m the art will recognize that the present disclosure may be mamifested
in a variety of forms other than the specific embodiments described and contemplated heren.
For mnstance, as described herein, various embodiments include one or more modules
described as performing various functions. However, other embodiments may include
additional modules that split the described functions up over more modules than that
described herein. Additionally, other embodiments may consolidate the described functions
mto fewer modules.

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

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

described in the appended claims.
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WHAT IS CLAIMED I5:

I. A medical device for delivering electrical stimulation to a heart, the device
comprising
a housing configured to be implanted on the heart or within a chamber of the heart;
one or more electrodes connected to the housing; and
a controller disposed within the housing, the controller configured to:
sense a first signal,
determine a respiration rate based at least in part on the sensed first signal, and
adjust a rate of delivery of electrical stimulation by the medical device based

at least in part on the determined respiration rate.

2. The medical device of claim 1, wherein the controlier is further configured to:
determine a relative tidal volume parameter based at least in part on the
sensed first signal; and
adjust the rate of delivery of electrical stuimulation by the medical device based
at least in part on both the determined respiration rate and the determined relative

tidal volume parameter.

3. The medical device of any of claims 1-2, wherein the sensed first signal 15 an

accelerometer signal,

4. The medical device of any of claims 1-3, wherein the controller 1s further configured

to sample the first signal at fixed points of the cardiac cycle of the heart.
S. The medical device of any of claims 1-4, wherein the controller is configured to

adjust the rate of delivery of electrical stimulation by the medical device if the determined

respiration rate rises above a respiration threshold.
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6. The medical device of any of claims 1-5, wherein the controller is configured to
adjust the rate of delivery of electrical stimulation by the medical device if the determined

respiration rate falls equal to or below a respiration threshold.

7. The medical device of any of claims 1-6, wherein the controller is further configured
10!

sense a second signal; and

adjust the rate of delivery of electrical stimulation by the medical device based at

least in part on the determined respiration rate and the second sensed signal.

8. The medical device of claim 7, wherein the second sensed signal is a heart sounds
signal.
9. The medical device of any of claims 7-8, wherein the controller 15 configured to

merease the rate of delivery of electrical stimulation by the medical device 1if the respiration
rate rises above a respiration threshold and the second sensed signal rises above a second

threshold.

10, The medical device of any of clatms 1-9, wherein to determine a respiration rate
based at least 1n part on the sensed first signal, the controlier 18 configured to determine an

absolute value of the sensed first signal.

it The medical device of claim 10, wherein to determine a respiration rate based at least
m part on the sensed first signal, the controller 1s further configured to determune an integral

of the absolute value of the sensed first signal
12. The medical device of claim 11, wherein to determine a respiration rate based at least

in part on the sensed first signal, the controller is further configured to filter the integrated

signal with a low-pass filter.

34



WO 2016/141046 PCT/US2016/020432

13 The medical device of claim 12, wherein the low pass filter has a corner frequency of

between 0.3 Hz and 0.7 Hz

14. The medical device of claim 13, wherein to determine a respiration rate based at least
in part on the sensed first signal, the controller is further configured to determine the zero

crossings of the first derivative of the low-pass filtered signal.

15. The medical device of any of claims 1-9, wherein to determine a respiration rate
based at least in part on the sensed first signal, the controller is configured to filter the first

sensed signal with a low pass filter.

16. A method of delivering electrical stimulation to a heart, the method comprising:

delivering electrical stimulation to the heart at a first rate of delivery with a leadless
cardiac pacemaker {LCP) configured to be implanted on the heart or within a chamber of the
heart;

sensing a first signal with the LCP;

determining whether to change the rate of delivery of the electrical stimulation based
at least in part on the first sensed signal; and

after deternuming to change the rate of dehivery of the electrical stimulation,

delivering electrical stimulation to the heart at a second rate of delivery with the LCP.

17. The method of claim 16, further comprising determining a respiration rate based on

the first sensed signal.

18 The method of claim 16, wherein the first sensed signal 1s an accelerometer signal.

19. The method of claim 16, wherein the second rate of delivery is determined based at

least in part on a gain factor.

20. A medical device for delivering electrical stimulation to a heart, the device

comprising:
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a housing configured to be implanted on the heart or within a chamber of the heart;
one or more electrodes connected to the housing; and

g, the controller configured to:

o0

a controller disposed within the housin
sense a first signal,
determine a respiration rate based at least in part on the sensed first signal, and
adjust a rate of delivery of electrical stimulation by the medical device based

at least in part on the determined respiration rate.

36



PCT/US2016/020432
1/7

WO 2016/141046

L Ol

) i f
sinpo Buisusg [BIUBUOBIN

SINPOW BINDO ainpop Buisusg Wmum.mummmi
N afeioig 5 INPON
UISS800Id
ABssuz BINPOK J0IRISUBL) BSINd

BINPOW UONBDILUNWILIOD

NANNN

~

N

0c w\\\

¢

47’ 143

00 w\\\



WO 2016/141046 PCT/US2016/020432
2/7

FIG. 2
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FIG. 3
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