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(57) Abstract: Methods and devices for configuring the use of a motion sensor in an implantable cardiac device. The electrical sig-
nals of the patient's heart are observed and may be correlated to the physical motion of the heart as detected by the motion sensor of
the implantable cardiac device in order to facilitate temporal configuration of motion sensor data collection that avoids detecting car -
diac motion in favor of overall motion of the patient. The implantable device comprises trigger means for determining that a pre-
defined event has occurred in the heart ot the patient using a signal from the electrodes and sampling means for sampling an output
of the motion sensor in response to the trigger means. In another aspect, the implantable device comprises sampling means for
sampling a signal from a motion sensor in the ID, baseline calculation means for analyzing the sampled signal over time to generate
a baseline output of the motion sensor, present state means for determining a present state indicator from the sampled signal, com -
paring means to compare the present state indicator to the baseline to yield a difference, activity characterizing means to analyze the
difterence to determine the patient's activity level.
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TEMPORAL CONFIGURATION OF A MOTION SENSOR IN AN
IMPLANTABLE MEDICAL DEVICE

CROSS REFERENCE TO RELATED APPLICATIONS
The present application claims the benehit of and priority to US Provisional
Patent Application Ser. No. 62/210, 882, filed August 27, 2015, the disclosure of

which is incorporated herein by reference.

TECHNICAL FIELD
The present disclosure generally relates to systems, devices, and methods for
treating medical conditions using an implantable device, and more particularly, to
systems, devices, and methods which include or use a motion sensor to detect a

patient’s level of activity.

BACKGROUND

Pacing instruments can be used to treat patients suffering from various heast
conditions that result in a reduced ability of the heart to deliver sufficient amounts of
bicod to a patient’s body. These heart conditions may lead to rapid, irregular, and/or
mefficient heart contractions. To help alleviate some of these conditions, various
devices {¢.g., pacemakers, defibullators, etc.} have been implanted in a patient’s body.
Such devices may monttor and provide electrical stimulation to the heart to help the
heart operate in a more normal, efficient and/or safe manner. In some cases, a patient
may have multiple implanted devices.

Motion detectors have been used in some pacemakers and other implantable
devices to obtain a measure of the activity level of the patient. For example, rate
adaptive cardiac pacemakers may adjust the rate at which the patient’s heart 1s paced
up or down in response o detected motion of the patient. By so doing, the pacemaker
1s able to adapt to the activity level of the patient, allowing a more active lifestyle than
could be achieved without rate adaptive pacing. New and alternative approaches 1o

the use of motion sensors are desired.

OVERVIEW
In some embodiments the present invention relates to a leadless cardiac

pacemaker {LLP} or other implantable cardiac device having a motion sensor for
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detecting motion of the patient. The standard implant for pacemakers has long been
the transvenous pacemaker, having a canister housing operational circuitry typically
implanted in the upper chest of the patient and a lead which traverses the vasculature
to the imtenior of the heart, with electrodes attached to the heart to facilitate therapy

5 dehvery and cardiac signal sensing. Such devices included a motion sensor in the
canister, placed outside the ribs on the patient’s chest in most examples.

For certain newer generation devices including the LCP, the entire product,
mehiding the motion sensor, may be placed inside or in close proximity to the heart.
However, such placement means that the motion sensor may detect motion of the

10 heart when it beats in addition to motion caused by bodily movement of the patient.
In several embodiments the present invention 1s directed toward methods and devices
that use the temporal patterns of cardiac movement to avoid detecting cardiac motion
in place of bodily motion.

This overview is intended to provide an overview of subject matter of the

15 present patent application. It is not intended to provide an exclusive or exhaustive
explanation of the invention. The detailed description 15 included to provide further

mformation about the present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS
20 In the drawings, which are not necessarily drawn to scale, like numerals may
deseribe similar components in different views, Like numerals having different letter
sutfixes may represent different instances of similar components. The drawimmgs
illustrate generally, by way of example, but not by way of mitation, various
embodiments discussed in the present docement.
25 Figure | is a schematic block diagram of an illustrative leadless cardiac
pacemaker {(LCP) according to one illustrative embodiment of the present disclosure;
Figure 2 is a graphic showing cardiac clectrical events and mtracardiac
pressure and volume measurciuenis on a single timeling;
Figures 3-6 show several data flow arrangements for illustrative motion
30 sensors;
Figures 7-11 show several illustrative process flow diagrams; and
Figure 12 shows a patient having an implantable medical device svstem in the

heart.
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DETAILED BESCRIPTION

This disclosure describes systems, devices, and methods for delivering
glectrical stimulation to a heart in a rate adaptive manner. Healthy people’s bodies
gencrally adjust the rate at which their hearts beat in response to higher or lower
metabolic needs, for example during exercise or in response 1o various external
stimuli. However, some people develop diseases or conditions which affect their
bodies™ abilitics 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 mstances, the implanted devices may deliver clectrical stimulation on an on-
going basis and adjust the rate of dehivered electrical stimulation n accordance with
sensed physiological parameters indicative of increased metabolic needs.

Figure 1 is similar to Figure 1 of commonly assigned and copending US
Provisional Patent Application 62/128,340, the disclosure of which 1s incorporated
herein by reference as showing and describing numerous additional details which may
be included m the methods, systems and devices discussed herein.

More specifically, 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 physiclogical signals and
parameters and deliver one or more types of electrical stimolation therapy o the heart
of the patient. Example clectrical 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 in Figure 1, LCP
100 may be a compact device with all components housed within LCP 100 or direcily
on housing 120, In some mstances, LCP 100 may include communication module
102, pulse gencrator module 104, electrical sensing module 106, mechanical sensing
module 108, processing modude 110, energy storage module 112, and electrodes 114,
In some examples (not shown), an optional lead or tether may be attached to an
implantable device similar to LCP 100 to provide an additional electrode, extende
antenna functionality, to couple to a second such mmplantable device, or to prevent
migration.

As depicted in Figure 1, LCP 100 may mclude clectrodes 114, which can be
secured relative to housing 120 and electrically exposed to tissue and/or blood

sarrounding LOP 160, Electrodes 114 may generally conduct electrical signals o and
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from LCP 100 and the surrounding tissue and/or blood. Such electrical signals can
mciude communication signals, clectrical stimulation pulses, and trinsic cardiac
clectrical signals, to name a fow. Intrinsic cardiac clectrical signals may include
clectrical signals generated by the heart and may be represented by the cardiac
glectrogram (EGM), if observed on or in the heart, or the electrocardiogram (ECG), if
observed at some distance from the heart.

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 insulating material may electrically isolate the electrodes
114 from adjacent electrodes, housing 120, and/or other parts of LCP 100, In some
mstances, some or all of clectrodes 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 mclude electrodes 1147, Electrodes 114" may be n
addition to electrodes 114, or may replace one or more of electrodes 114, Electrodes
114 may be similar to electrodes 114 except that ¢lectrodes 1147 are disposed on the
sides of LCP 100, In some cases, clectrodes 114° may increase the number of
electrodes by which LCP 100 may deliver communication signals and/or electrical
stimulation pulses, and/or may sense intrinsic cardiac electnical signals,
communication signals, and/or electnical 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}. o other
embodiments, electrodes 114 and/or 114 may have a diameter of two, three, five,
seven millimeters {mm), or any other switable diameter, dimension and/or shape.
Example lengths for electrodes 114 and/or 1147 may include, for example, one, three,
five, ten millimeters (mm), or any other suitable fength. As used herein, the length is
a dimension of clectrodes 114 and/or 1147 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 ong another by a distance of twenty, thirty, forty, fifty millimeters
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{mm}, or any other suitable spacing. The electrodes 114 and/or 1147 of a single
device mayv have different sizes with respect to cach 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 clectrnically
couapled to electrodes 114 and/or 1147 and may be configored to deliver
conymunication pulses to tissues of the patient for communicating with other devices
such as sensors, programmers, other medical devices, and/or the hike.
Communication signals, as used herein, may be any modulated signal that convevs
mtormation to another device, either by itself or 1n conjunction with one or more
other modulated signals. In some embodiments, conununication signals may be
fimited to sub-threshold signals that do not result in capture of the heart yet still
convey information. The communication signals may be delivered to 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 scparated by
vartous amounts of fime. In some of these cases, the timing between successive
pulses may convey mformation. 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 convnunicated data for determining occurrences of events such as arrhyvthmias,
coordinating delivery of electrical stimulation therapy, and/or other functions. In
some cases, LOCP 100 mav use communication signals to communicate raw
mtormation, processed information, messages and/or commands, and/or other data.
Raw mformation may include mformation such as sensed electrical signals {e.g. a
sensed EGM), signals gathered from coupled sensors, and the like. In some
embodiments, the processed information may include signals that have been filtered
using onc or more signal processing technigques. Processed mformation may also
mchude parameters and/or events that 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, activity level parameters, blood-oxygen paramcters, blood
pressure parameters, heart sound parameters, and the hike. Messages and/or

commands may include instructions or the like directing another device to take action,

L
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notifications of imminent actions of the sending device, requests for reading from the
recetving device, requests for writing data to the receiving device, information
messages, and/or other messages commands.

In at least some embodiments, communication module 102 {or LCP 100} may
further include switching circuitry to selectively connect one or more of electrodes
114 and/or 114 to communication module 102 in order to select which electrodes 114
and/or 114° that communication module 102 delivers communication pulses. ftis
contemplated that commumication module 102 mav 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 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 encrgy stored in energy
storage module 112 to gencrate the communication signals. In at least some
examples, communication module 102 may inclade 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 clectrodes 114/114” to generate
the communication signals,

As shown in Figure 1, a pulse gengrator module 104 may be electrically
connected o onc or more of electrodes 114 and/or 1147, Pulse generator module 104
may be configured to generate electrical stimulation pulses and deliver the electnical
stimulation pulses to tissues of a patient via one or more of the electrodes 114 and/or
1147 to provide electrical stimulation therapies such as bradycardia pacing, ATP,
CRT, cardioversion or defibrillation.

The LCP 100 may vary the rate at which pulse generator 104 generates the
clectrical stimulation pulses, for example in rate adaptive pacing. These are just some
examples. When used to treat other ailments, the pulse gencrator module 104 may
generate clectrical stimulation pulses suttable for neurostimulation or
neuromodulation therapy or the like.

Pulse generator module 104 may include one or more capacitor clements
and/or other charge storage devices to aid in generating and delivering appropriate
electrical stimulation pulses. In the embodiment shown, pulse gencrator module 104

may use energy stored in energy storage module 112 to gencrate the electncal
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stimulation pelses. In some examples, pulse generator module 104 may inclade a
switching circuit that is connected to encrgy storage module 112 and may connect
energy storage module 112 to one or more of electrodes 114/1147 to generate
glectrical stimulation pulses.

Pulse generator module 104 may include the capability to modify the electrical
stimudation pulses, such as by adjusting the pulse width and/or amphitude of the
electrical stimulation pulses. 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 tatlor the therapy for a particular application and/or help make the
therapy more effective for a particular patient.

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 mtrinsic cardiac electrical signals conducted from electrodes 114
and/or 1147 1o electnical sensing module 106. For example, electrical sensing module
106 may be electrically connected to one or more electrodes 114 and/or 1147 and
clectrical sensing module 106 may be configured to receive cardiac clectrical signals
conducted through clectrodes 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 is implanted. For instance, if LCP 100 is
uaplanted within a veniricle of the beart, cardiac clectrical signals sensed by LCP 100
through electrodes 114 and/or 1147 may represent veniricular cardiac electrical
signals.

Mechanical sensing module 10& may include, or be electrically connected to,
various sensors, such as accelerometers, blood pressure sensors, heart sound sensors,
piczoelectrie sensors, blood-oxvgen sensors, and/or other sensors which measure one
or more physiclogical parameters of the heart and/or patient. Mechanical sensing
module 108 may gather signals from the sensors indicative of the various
physiological parameters. Both electrical sensing module 106 and mechanical
sensing module 108 may be connected to processing modale 110 and may provide
signals representative of the sensed cardiac electrical signals and/or physiological
signals to processing module 110, Although described with respect to Figure 1 as
separate sensing modules, in some embodiments, electrical sensing module 106 and

mechanical scnsing module 108 may be combined into a single module. In at least

-3
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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, clectrical sensing module 106, mechanical sensing module 108,
communication module 102, pulse generator module 104 and/or energy storage
5 module may be considered a controller of the LCP 100,

The mechanical sensing module may mchude, for example, a micro-electro-
mechanical system (MEMS) based motion sensor. This may includea 1, 2013
dimensional motion sensor and may take any of numercus forms known in the art.
Some examples may include a micro-machine size vibrating element that varies an

10 clectrical pararoeter when motion impacts it. To facilitate sensing, the motion sensor
can be tumed “on,” requiring current dram, and the output can then be sampled 1o
gencrate an output. Keeping the motion sensor “on” all the time may drain battery
sourced current unnecessanly, and so duty eycling is performed to mintmize current
draw in some embodiments.

15 Processing module 110 may be configured to direct the operation of LLCP 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

20 module 110 may further receive information from communication module 102, In
some embodiments, processing module 110 may additionally use such received
mformation to determine occurrences and types of arthyvthmuas. However, in other
embodiments, LCP 100 may use the received information instead of the signals
received from electrical sensing module 106 and/or mechanical sensing moduele 108 -

25 for mstance if the received information 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 omitted from LCP 100

Afier determining therapy is needed, processing module 110 may conirol

30 pulse generator module 104 to generate cloctrical stimalation pulses in accordance
with one or more electrical stimulation therapy regimens. 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, 1n controlling pulse gencrator module 104 to
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deliver bradycardia pacing therapy, processing module 110 may control pulse
generator module 104 to debiver 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.

5 In some embodiments, processing modale 110 may further control
communication module 102 {0 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. Forinstance, processing module 110 may control communication module

10 102 to generate communication signals in particular 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 some embodiments, processing module 110 may include a pre-programmed
chip, such as a very-large-scale integration (¥ LS} chip or an application specific
15 mtegrated circuit {ASIC). In such embodiments, the chip may be pre-programme
with control logic in order to control the operation of LCP 100, By using a pre-
programmed chip, processing module 110 may usc less power than other
programmable circuits while able to maintain basic functionality, thereby potentially
mereasing the battery life of LCP 100, In other instances, processing module 110
20 may include a programmable microprocessor or the like. Such a programmable
microprocessor may allow a user to adjust the condrol logic of LCP 100 after
manufacture, thereby allowing for greater flexability of LCP 100 than when using a
pre-programumed chip.
Processing module 110, i additional ¢mbodiments, may inclede a memory
25 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 (oot showan) that is in communication with processing modale 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
30 or separate from processing module 110, may be volatile memory, non-volatile
memory, of a combination of volatile memory and non-volatile memory.
Collectively the processing module 110, mechanical sensing module 108,
electrical sensing module 106, pulse generator module 104, and communication

module 102 may be referred to as the operational circoitry of the LCP. In some
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examples the individual modules 102, 104, 106, 108, 110 may be subcomponents on a
single hybrid or circuit board, or even within a single VSLI or ASIC, or may be
spread across several hybrids, circuit boards, VSLI or ASIC components. In some
examples, certain elements of processing module 110 are performed in the digital
domain — such as determuning whether to deliver therapy and operating the
conymunication module when awoken for such a purpose ~ while others are
performed in the analog domain — such as ongoing monitoring of the received
electrical and /or motion signal until a significant perturbation of either signal or a
timeout occurs, allowing the digital circuitry to stay in a low power state by duty
cveling to sleep. On whole, the operational circuitry may be configured to perform
the various methods shown herein and below claimed, by reference to memory and/or
by operation of application-specific circaitry and/or ASIC chips.

Energy storage module 112 may provide a power source to LCP 100 for its
operations. In some embodiments, cnergy storage module 112 may be a non-
rechargeable lithium-based battery. In other embodiments, the non-rechargeable
battery may be made from other suitable maternials. In some embodiments, energy
storage module 112 may include a rechargeable battery. For embodiments with a
rechargeable battery, there may additionally be a recharging circuit using, for
example, a coil that receives an electrical or magnetic field to facilitate recharging
transcutancously, as is well known 1n the art. In other embodiments, biclogical
encrgy capture devices may be used to take advantage of cnergy that can be generated
using the cardiac or other biological motion. In still other embodiments, energy
storage module 112 may melude other types of energy storage devices such as super
capacitors.

To mmplant LCP 100 nside a patient’s body, an operator {¢.g., a physician,
clinician, ete.), may fix LCP 100 to the cardiac tissue of the patient’s heart. To
facilitate fixation, LLCP 100 may include one or more anchors 116, The one or more
anchors 116 are shown schematically in Figure 1. The one or more anchors 116 may
mchude any number of fixation or anchoring mechamisms. For example, one or more
anchors 116 may include one or more pins, staples, threads, screws, helix, tines,
and/or the ike. 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 tissug

and the anchor to help fix the anchor member within the cardiac tissue. In some

10
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cases, the one or more anchors 116 may mclude 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.

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 imstance, LCP 1060 may be
vanplanted within any of a left atrium, right atrivm, left ventricle, coronary sinus, 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 is configured to be vaplanted 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 mtrinsic cardiac electrical signals and dehiver localized electrical
stimulation therapy.

In some instances, LCP 100 may be configured to deliver ratc-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
cnsurc that the patient’s heart contracts in a safe and effective manner. LCP 100 may
additionally sense one or more signals, for cxample 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 s 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 ouiput, 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 life of LCP 100 by only requiring
higher rates of delivery of electrical stimulation pulses when the sensed one or more
signals indicate there is a need for mcreased cardiac output. Additionally, adjusting

the rate of delivery of the electrical stimulation pulses may increase a comfort level of

il
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the patient by more closely matching the rate of delivery of electrical stimulation
pulses with the cardiac output need of the patient.

Where LCP 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
indicative 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
clectrical stinwiation pulses based on the determined respiration rate.

In at least some examples, LCP 100 may include a motion sensor (such as an
accelerometer) and may determine a measuare related to the respiration rate based on
the sensed motion sensor signal. Where LCP 100 is implanted on a patient’s heart or
within the heart, the motion sensor signal may include signals indicative of movement
related to a number of different causes. For instance, the motion sensor signal may
melude movement related to the gross movement of the patient, such as walking,
bending, or other gross body movements. Additionally, the motion sensor signal may
melude movement related o the contraction of the heart, particutarly when LCP 100
is implanted on or within the heart. Additionally, the motion sensor signal may
include movement related to the inhalation and exhalation of the patient (1.c.
respiration). For instance, as a patient breathes in and out, the lungs apply different
pressure to the heart and the intrathoracic pressure changes accordmgly. This change
in the intrathoracic 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 inhalation, 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 cvcle. Conversely, after exhalation, the intrathoracic pressure may
be relatively lower, which may allow relatively more blood to enter the chambers of
the heart duning a cardiac cycle. These differences in the amount of blood flowing
mto and out of the heart and anv movement of the heart or heart chambers dac to the
changes in intrathoracic pressure may be contained in the motion sensor signal.

A motion sensor may be used to measure inotropic changes in the
myocardium; either positive or negative changes. Patients having chronotropic

imcompetence can still have appropriate contractility responses to increased metabolic
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demand. For example with increased metabolic demand, contractility increases due to
adrenergic excitation. The opposiie cocurs with decreased metabolic demand.

Although an LCP serves as the platform for much of the below deseription and
above detail, any implantable device having a motion sensor mav take advantage of
the presently described enhancements. (ther devices may include drag or other
substance delivery systoms, neurostimulator or neuromodulation systems, and
unplantable cardiac monitoring systems, for example.

Figure 2 shows several different biological signals in a time-seguenced
fashion. For example, the electrocardiograph is shown at 200, meluding well known
P-(-R-5-T wave sequences as the heart beats. These “waves” represent the clectrical
signals that flow through the myocardium to trigger muscle contractions during
depolarization and subsequent repolarization. At 202, the ventricular volume is
represented, with volume peaking at the time of the QRS complex and dropping in
response to muscle contraction caused by the QRS complex, with refilling starting as
after cardiac repolarization represented by the T-wave.

At 204, the ventricular pressure s represented, with a peak at 222 ags the
cardiac volume decreases (shown by ling 202}, Atrial pressure is represented at 206,

¢ atrial pressure 206 illustrates changes that are much smaller than those of the
ventricles.

The phonocardiogram is shown at 208, with the first heart sound at 210, over
the QRS complex during systole, the sccond heart sound 212 representing the end of
systole and start of diastole, and the third heart sound 214 occurring still later. The
first heart sound 210 corresponds 1o closing of the atrioventricular valves, that is, the
tricuspid and mitral valves. The second heart sounds 212 correspond to closure of the
aortic and pulmonary valves. The third heart sound 214 1s generally less common and
of lower amplitude than the first two heart sounds 210, 212 and may relate, it 1s
thought, to blood filling the ventricies. The motion and sounds represented by the
changing ventricular volume 202 and heart sounds 210, 212, 214 can all create
mterference for a motion sensor, which mav be sensitive to cach of these.

The mventors have recognized that a useful goal in this context 1s to 1dentify a
relatively quiet period of time, illustrated at 230, during which cardiac-sourced
mierference is reduced. Although the third heart sound 2 14 may overlap this period
230, 1t should be noted that the third heart sound 214 18 not umiversally observed and

is the lowest amplitude of the heart sounds and so is less likely to cause significant
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mterference. The inventors have recognized that an LCP may be configured for
terporal avoidance of cardiac motion interference, enhancing the signal for analysis
and potentially avoiding or reducing computational burden associated with other
filtermg techniques.

5 Figures 3-6 shows several data flow arrangements for iHlustrative motion
sensors. Figure 3 shows a first example. A sample is taken at 300. The “sample” may
represent several discrete data elements. For example, a sample may include data
points captared for each of several axes of 8 multi-axis accelerometer (X, Y, Z, for
example) that may serve as a motion sensor; such a sample may be thought ofas a

10 vector sample with clements {x}i]. v[i], z[i]}. Moreover, a sample may inchide
several close-in-time data ponts. For example, when “sampling” 1s performed on a
single axis of the output of the accelerometer, 2 or more data points (for example, 2 to
20 data points} may be taken. In one example, four data points may be captured at 400
Hz, vielding a 10 millisecond slice of the output signal as the sample; other rates and

15 quantitics may be used. Thus a single sample from a three axis accelerometer could
be thought of as a matrix such as:

xii], x[i+11, x[i+2], x[i+3]
yiE v+, yfi+2], yli+3]
z{1], zjit+1], Zfe+2], 2[i+3]

20 The math is not so simple as a single namber coming out. Computational burdens are
presented by such math mn an implanted system.

Sampling may be called on a constant basis; historically accelerometer or
motion sensor outputs i implantable medical systems would be sampled at rates of
10 1o 30 hertz. However, in examples further shown below, sampling occurs in

25  response to detected heart beats identified by analyzing the cardiac electnical signal.
For example, the cardiac electrical signal {sometimes referred to as the cardiac
clectrogram, if captured from within the heart, or electrocardiogram, if captured
outside the heart) may be compared to a time-varying threshold to identify the R-
wave or QRS complex representative of an individual cardiac cvcle. If desired, as

30 alternatives, heart sounds or blood pressure measurements may instead be used to
dentify a cardiac cycle. As discussed further below. when taking one or more
samples with each cardiac cvele, timing of the samples is be selected, in some

J

examples, to avoid certain noise soUICes.
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In the example of Figure 3, a single axis or multiple axes may be under
analysis, with individual samples having several close in time data points. Since there
are several data points, the individual data points may be passed on, or may be
processed at 302 1o take a sum of squares, absolute value sum, mean, or max value, as
desired. An integral is taken of the several data points in a given sampling cvcle at
304. The iniegration at 304 may be omitied if a single data point is taken as the
saraple

The output of the integral 304 is averaged over a long interval at 306 to vield a
baseline. At 308, the mstantancous cutput from block 304 is compared by subtraction
to the long interval average from block 306. The difference may be nultiplied m a
gain stage at 310 and fed into a moving average block 312, to allow smoothing of the
motion sensor signal. For example, a patient rolling over in his or her sleep could be
detected as significant motion by such a system, but the moving average block 312
would smooth this large motion over a period of 1n the range of 5 10 30 seconds. Such
smoothing would avoid mappropriate rate response to isolated motion.

For simplicity, several examples herein refer a difference being calculated. In
some examples, a difference s calculated relative to a baseline by subiraction. In
other example, a difference may be a ratio of a measured value 1o a baseline value,
that 1s, if the baseling is represented by a non-zero measurement cutput, the difference
may be the ratio to the non-zero output. The word difference is intended to cover all
such permutations of a comparison to bascline to determine a difference.

The moving average 312 may then be compared at 316 to a rate response level
314 representing the current state of rate response. For example, if the current state is
at a base pacing level — that is, no rate response, then the level 314 may be zero, and
an increase would be identified if the moving average is greater than level 314, The
output 318, which 1s the temporary response level, i1s used to modify the exasting state,

In some examples, the various blocks shown in Figure 3 {(and further below in
Figures 4-11) may be implemented as instruction seis stored in non-franstory
medium, such as the memory of an implantable medical device, for operation by a
microprocessor or microcontrolier. In other examples, a state machine architectore
may be used with various operations taking place under control of the device as it
progresses through a serics of analytical states. in some examples, one or more
blocks m Figures 3-11 may be performed by application specific integrated circuit

hardware or other dedicated hardware. For example, processing and integration

15



WO 2017/035209 PCT/US2016/048353

blocks 304, 306 may be performed by dedicated hardware, while other blocks are
performed within a microprocessor.
Figure 4 shows another example. Here, sampling is performed at block 400
on the basis of a trigger such as an R-wave trigger 402, The R-wave trigger 402 may
5 be more broadly thought of as a trigger based on a predefined ¢lectrical cardiac event
ocawrring. For example, a cardiac electrical signal may be monitored using ¢lectrodes
(such as electrodes 114, 114° of Figure 1) and cormapared to a threshold; when the
threshold is crossed, a predefined clectrical cardiac event is foand to have ocourred.
The threshold may be time-varying and may be adaptive to the sensed cardiac

10 clectrical signal amplitude using various known methods in the art. Sampling may
occur at first and/or second delays 404, 406 afier the tngger event 402 15 identified.
While several of the below examples focus on identifying a useful delay, it is noted
that more than one delay may be selected to take two samples from within one cardiac
cyele.

15 The output sample is may go through computation and filtering 408 (such as
amplifving, root-mean-square assessment, smoothing, etc.) and an average signal
within the sample may then be caleulated at 410, The pre-processing at blocks 408,
410 may be on a per-sample basis, or may be performed for all samples (f multiple
are taken) within a cardiac cvcle, if desired. The pre-processed sample can be

20 compared to a long term average 412 in block 414, processed further with an optional
gain stage 416, and smoothed to gencrate a moving average at 418, As with Figure 3,
the moving average 418 can then be compared at 422 to the existing activity
calculation 420 to vicld a change, if needed, to the activity calculation at 424,

In a further example, the tnigger 402 may be either a detected cardiac event, f

25  one occurs, or pace delivery if the bradycardia pacing escape threshold 1s exceeded.
In such a design, the first delay 402 may be configured for intrinsic (non-paced)
cardiac cvcles, and the second delay 404 may be configured for paced cardiac cycles.
This accounts tor the differences between mitrinsic and paced cardiac cvcles since, for
example, the paced cvcles may have different conduction characteristics and wider

30 QRS complexes than intrinsic beats.

Figure 5 shows another illustrative example. Here, the sample again is taken
at 500, based on a trigger 502 and one or more delays 304, 506, In some examples,
the delay(s) are selected to dentify a “quiet” phase of the cardiac cycle where the

heart is not moving significantly. In other examples, the peak activity phase of the
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heart may be sought to assist in characterizing the physiology thereof for example by
identifying certain heart scunds and specifying cardiac motion.

Again, the sample 500 1s pre-processed at 308 using, for example, a sum of
square approach or the ke, and one or more peak motion detection from the interval
are identified at 510, For example, it may be desirable to take a comprehensive view
of the cardiac motion artifact by sampling at a number of times within a cardiac cvcle
to then identify peaks and generate a histogram 512, Rank valuation can then be
performed at 514, and one or more peaks passed through to the gain and integration
stages 516, 520, A decay value may be incorporated as well from block 518 with the
decay representing expected value within a cyele. These cutputs may be used to
compare to the existing state 522 n a comparison at 524 to yvield an adjustment
calculation 526. In other examples the method may stop with the histogram at 512
which may be useful to monitor, for example, the stages (strength or duration, for
example) of cardiac contraction.

Figure 6 shows another illustrative example. In this example, when a sample
is taken at 600 from the motion sensor, the sample can be passed forward 1o one of the
above or helow deseribed methods of analyzing the motion sensor output. In
addition, the output can be provided to a comparison module at 608, In this
“learning” example, a device is provided the opportumity to observe, at relatively high
samapling rates (10 to 100 Hz for example} motion sensor output across the entire
cardiac cycle for a short period of time — perhaps a fow seconds up to a few munutes
while a patient is active and/or at rest. Observing such an overall cyele while m
multiple states can facilitate the development of an alignment signature 604 indicative
of whether the patient is in a specific state. One state of particular interest o reduce
energy consumption 1s the state of rest or sleep.

Ahgnments for one or more states, including an active state, or, alternatively, a
sleep state, can be stored at 606 for use in the comparison at 608. A match threshold is
applied at 610 to determine whether there is a match to an active or sleep state. Ifan
active state 15 wdentified or cannot be ehnunated, then the active motion sensor
tracking mode may be set at 612, Otherwise, a passive motion sensor tracking mode
is set and kept in place for a delay period, as mdicated at 614, and the motion sensor
subcomponents of the vaplantable medical device are put o sleep at 616 until the

delay period expires. Hlustrative delay periods may range from a minute to an hour.
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In one example, if the patient appears to be asleep or inactive, a thirty-minute delay is
set {0 conserve energy.
A sleep function as shown in Figure 6 may be called when the patient’s
activity level according to the rate response algorithm 602 is at baseline or munimum.
5 In another ilustration, a method or device may require the patient’s activity level be
at baseline for a specified period of time before attempting to determine if the patient
1s asicep. In another illustration, the delay period may be inttially short in a first
teration (for example, 5 minutes) and then extended if the patient appears to remain
asleep to longer intervals until a maximum sleep interval is reached. In vet another

10 illustration, if the patient’s sensed cardiac rate rises above a preset threshold for a
predetermined period, sleep mode 616 may be mterrupted.

Figures 7-11 show several illustrative process flow diagrams. Starting at
block 700, motion sensor data s collected, as well as a second signal data 702,
preferably contemporancously though not necessarily concomitantly. For example,

15 motion sensor data may be captured at a first interval using a first sampling
period/repeat rate, while the second sensor data may be captured according to a
sccond timing scheme. In an illustration, motion sensor data 700 may be captured in
sets of data pomts, with each set being a sample, captured at a rate of 50 Hz 1o
1000Hz, with sets of 1 to 20 data points, captored in groups at rates of 10 Hz to 50

20 Hz, while the second sensor data 702 is captured continucusly at a rate of 100 to 1006
Hz, with 256 Hz being illustrative. In one embodiment the second signal data is the
cardiac electrogram. In another embodiment the second signal data 1s blood pressure
data, whnch may be captured at a lower rate, but more continuousty, than the motion
sensor data.

25 The motion sensor data and second signal data are aligned and correlated at
704, and used to gencrate a configuration for the motion sensor data 706, For
example, the aligning and correlating step may be performed to facilitate identitving a
quiet time 720 1 the motion sensor data relative to alignment or reference points in
the second signal data 702,

30 To further factlitate the configuration, patient activity 710 and/or the status of
pacing therapy 712 can be controlled. For example, the data collection 700, 702 is
performed. in one illustration, while the patient 1s told to remain at rest, thus
controlling patient activity 710, In this state, the motion sensor should only identify

motion caused by cardiac motion and/or sounds within the heart — since an
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accelerometer-based motion sensor may be sensifive to vibrations (“sounds™}
occurring 10 the heart. Thus a guict phase of the motion sensor output would provide
a good baseline for identifying paticnt activity. The process may be repeated with
pacing on and off, as mdicated at 712, o ensure that quiet times 720 can be dentified

5 1n etther circumstance. Moreover, if the quiet time shifts based on whether pacing 1s
on or off. the configuration 706 would be adjusted to cnsure the right quiet time 1s
sclected for both paced and non-paced beats.

It 15 envisioned that a system will operate in a learning mode — that s, the
system may not necessartly rely on specific landmarks or theoretical bases when

10 selecting a quict ime. However, in reality, it is expected that devices will choose a
time period as ndicated by Figure 2 above at 230, a period between the T-wave and
the P-wave when the cardiac signal 18 in a quiescent phase. The configuration 706
that will then be stored would take the form of a value or values indicating an
appropriate delay from the QRS complex or R-wave to the expected quict time.

15 Alternatively, sampling, with or without delayvs may be inggered by a different
detectable event. For example, the configuration 706 may store a time period from
the T-wave or end of the T-wave. The configuration 706 may instead be reflected 1n
identification of a quiescent state of the electrocardiogram where the ECG or EGM is
glectrically at baseline for a period of time, as such a state would correspond to the

20 period between the T-wave and the P-wave.

For those paticnts who cxhibit a detectible third heart sound, the configuration
706 may be selected to ensure motion sensor sampling before or afier the third heart
sound n order to avoid if. Such a result may occur from the device learning when a
quiet tume takes place relative to one or more cardiac signals, or it may be ensured

25  using inputs from a physician.

In some examples a further set of manipulations of the state of the patient may
be had. Configuration may be performed while the patient is in a state of rest as well
as during patient activity selected to increase the heart rate. In conjunction with the
patient activity the output pacing rate may be increased by the implantable device, 1f

30 needed. Forexample, a baseline configuration may be used during a leaming period
and, once data capturing and correlation steps are completed, a tailored configuration
can be stored for the patient. By rechecking the configuration at increased heart
rates, the appropriate timing of the quiet time at various heart rates can be determined

and stored as part of the configuration 706,
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In one example, the pacing rate may be increased to confirm the mechanical
quiet phase remains quict at increased rates {or, if the timing of the quiet phase
moves, to allow for adjustment). That is, if the guiet time at low rates is no longer
guiet at high rates due to motion intrinsic to the heart, the configuration of the quiet
time can be adjusted. The quact time may be preferably selected to avoid mappropriate
feedback from the heart itself, which could perpetuate an unnecessanly high cardiac
rate if not avoided.

Much of the above presumes a ventricular placement of the implantable
device. If an implantable device is placed in the atrivmm, it may be more suitable to
use the P-wave as a trigger point, since it will be the larger signal to the atrial device
absent cross-chamber noise. In this mstance, the immplantable device is more hkely to
identify a quiet time that may occur during systole, that is, while the ventrieles are
gjecting blood to the rest of the body.

Figure 8 shows another example. In this example, the system is shown in
more of an operational state. An event 1s detected at 300, The device will perform
sampling of a motion sensor output at 804 mn response to the detected event from 800,
In some examples, a delay period 802 first nwust expire prior to the sampling at 804

Within Figure §, the detected event, in some examples, may be the delivery of
a pacing output 810, etther by the implantable device or by a second implantable
device. In another example, the detected event may be the detection of a (uuescent
state 812 where, for example, the cardiac electrogram remains stable for a period of
time {such as 40 milliseconds, about 10 samples at 256 Hz). In another example, the
detected event is a predefined event in the electrical cardiac signal such as a P-wave,
R-wave, QRS complex or T-wave, as indicated at 814

The delay 802 may be defined or determuned in a number of ways. In some
gxamples, a learming process 13 used at 820, such as the process of Figure 7 where the
motion sensor output and a second signal are analyzed to fook for quict imes in the
motion sensor output while the patient is in a controlled state. In another example
noted at 822, the delay can be based on a predictive formula; for example, using
Bazett’s formula or Friderica’s formula, the R-T interval can be predicted from a
known cardiac beat rate, and the delay can be set to cause sampling after the T-wave
is completed. In a still further example, the delay 802 may be adjusted in hight of the

cardiac rate of the patient, as shown at 824, For example, at higher rates a shorter
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delay may be needed. Such adjustments in 824 may be made based on learning 820
or prediction 822

Figure 9 illustrates a data correction method that may also be used. Following
capture of a sample at 900, a device checks a second signal, such as the electrogram,
as noted at 9502, If a particular event is identified in the second signal, the sample can
be discarded, as noted at 904. For example, supposing sampling takes place in
response to the R-wave and is intended to occur after the T-wave and before the P-
wave, if the check of the second signal electrogram at 902 shows that the T-wave
overlaps or P-wave precedes the sample 900, then the quiet phase of the cardiac
motion may have been missed. This suggests a sample which may be noisy and may
mix or overlap patient motion and cardiac motion. Thus the sample is discarded at
904. Repeated discarding may result in a decision to reconfigure the sampling
system, implementation of a higher power approach to sampling (higher duty cvele},
or activation of a paticnt or physician alert function.

Further to the example of Figure 9, rather than a P-wave or T-wave overlap,
the presence of another signal in the electrogram at 902 can trigger discarding the
sample. For cxample, a conducted atrial archvthoua, or a ventricular extra-systolic
beat (such as a premature ventricular contraction} wdentified within the cardiac
glectrical signal, or by some other sensor such as heart sounds or a pressure sensor,
for example, may be identified at block 902 and used as a basis for discarding a
motion sensor signal. The circuitry feature, or software function, which performs
such identification may be spurious event identifier.

Figure 10 shows another tHustrative example. Here, motion sensor samples are
captured at 1000, A large number of such samples are averaged over time to gengrate
a baseline mouion for the patient. If desired, statistical methods may be used to
eliminate outlier data prior to setting the bascline by, for example, ehiminating
samples more than two standard deviations away from a mean. The baselining step
1002 may occur while a patient is ambulatory but more preferably would take place in
a controlled setting with the patient generally at rest.

{Once a baseline is established at 1002, a sample is taken at 1004, The sample
1004 is then compared to the baseline at 1006, 1o gencrate a difference that is used to
assess patient activity at 1008, If desired, several samples may be taken and averaged
together, or a smoothing function may be applied to a serics of samples prior to

comparing to the baseline 1006,
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Figure 11 shows a chnical method of establishing a patient configuration.
Here, the patient 1s instrucied at 1100 to assame a posture, for example as shown at
1110, Sitting, supine, prone, laying on lett or night sign, standing, or other postures
may be chosen at 1110, Alternative, the patient is mstructed 1100 to engage in a

5 wmovement, such as walking, fogging, or a favornite exercise, or to hold still or engage
i the Valsalva manewver, as indicated at 1112,

Next, data capture is performed at 1102, Data capture may include capturing
data from a motion sensor as well as a second data input or sensor such as the
electrogram. Capture of the motion sensor output and second signal may be

10 continuous 1120 or at high rate 1122 for the purposes of configuration, with the udent
being that once configuration is completed a lower rate may be implemented.

Steps 1100 and 1102 may be repeated as shown at 1104 with new instructions
to the patient for second and subsequent iterations. Unce data is captured, the method
determinges a quict time 1o the motion sensor signal using a trigger or reference pomt

15 identified n the second signal data. The analvsis of this type may be performed by the
mmplanted device 1130 or may be performed by an external device in comnmmmication
with an implanted device 1132,

Figure 12 shows a patient having an implantable medical device svstem in the

heart. The patient 1200 is shown having a heart 1201 m which a phurality of medical
20 devices are implanted. In this example, a ventricular device is shown at 1204 and an

atrial device at 1206, The implantable devices 1204, 1206 may operate independent

of one another or may coordinate using conducted communication — or other

communication such as RF - therebetween. An external device 1210 suchasa

programmer is also shown, in this instance with a wand 1212 for placement on the
25 patient to facilitate communication to the implantable devices 1204, 1206,

It 1s not necessary to have multiple tmplanted devices, but it 1s envisioned that
at least some patients will have multiple devices. In some examples, one or both
waplanted device 1204, 1206 has a motion sensor. In some examples, the motion
sensor of one of the devices is disabled after configuration has been performed, if it

30 can be determined that performance of one or the other is better or worse and the
devices operate in coordination with one another. In some examples, an atrial device
1206 may be of smaller sizc and lesser mass, and omits a motion sensor which is

mstead provided in the ventricular device 1204,
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Alternatively, the devices may be identical and whichever device has a greater
available batiery capacity is used for motion capture, while the other device renders a
motion sensor inactive. For example, it may be that the atrial device 1206 is
anticipated to use less power in therapy delivery than the ventricular device 1204,
such that motion sensing 1s performed with just the atrial device 1206,

In some examples, the two separate devices 1204 and 1206 may provide
synchronized motion capture to identify an appropriate configuration. For example,
both devices 1204 and 1206 may communicate captured motion data out to the
external programmer 1210, where the motion sensing data is captured in overlapping
time pertods. Motion that is sensed due to paticnt movement should be identitied in
both of the devices, while local motion from cardiac chamber movement, for
gxample, would not necessarily show up in gach device’s motion sensor output. By
comparing the signals, the bodily motion signal can be extracted. Next, working
backwards, 1t would be determined which time periods 1n one or both implanted
devise 1204 and 1206 1s capturing the bodily motion accurately and without
mterference from local cardiac motion. A configuration would be identified and
stored for one or both implanted devices 1204 and 1206,

A first non-himiting example is an implantable device (ID) compnising a power
source, operational circuitry, a motion sensor, and electrodes, the electrodes
configured to capture a cardiac electrical signal, wherein the operational circuitry
comprises: trigger means for deternuning that a predefined event has occurred inthe
heart of the patient using a signal from the electrodes; sampling means for sampling
an output of the motion sensor in response to the trigger means. Hlustrative examples
of a trigger means inchudes a circuit {such as a comparator) or software implemented
mstruction for comparing a representation (analog or digital) of a recetved cardiac
signal to a predetermined threshold such as a threshold as described in US Patent
8.565,878, the disclosure of which is incorporated herein by reference. Such triggers
are also described above. THustrative examples of sampling means include any
suitable sampling circuit such as a capacitive sample and hold civcuit in which, for
example, an output is switched to a capacitor, charging the capacitor up ordown to a
level related to the sampled signal, and a comparator is used to drive a second
capacitor to maich the sampling capacitor, or a comparator circuit, and an analog-to-
digital convertor capable of retaining or passing to memory an cutput of a

measurement, among others. The drawings indicate certain exampies including
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trgger 402 and sampling 400 in Figure 4, trigger 502 and sampling 500 m Figure 5,
for example.

A second non-iimiting cxample is the 1D of the first non-limiting example,
wherem the sampimg means further comprises delay means for waiting a delay period
following activation of the trigger means before sampling the output of the motion
sensor. Hlustrative delay means may inchide a timer and associated memory or
comparator for sctiing the duration to run the timer, or may inchude a capacitor that
can be charged to a selected level and then discharged in predictable fashion. Delay is
ilastrated 10 the Figures, for example, at Figure 6, block 614, and Figure &, at 802,

A third non-liniting cxample is an 1D as in the second non-limiting example,
wherein the motion sensor is configured to operate in a low-power mode except to
facilitate the sampling means taking a sample of the output thereof. A fourth non-
limiting example is an ID as in either of the second or third non-limiting examples,
wherein the predetined event is one of an R-wave, a pacing tmpulse, or a QRS
complex, and the delay period 1s selected to expire prior to occurrence of a P-wave. A
fifth non-hmiting example is an 1D as in any of the second to fourth non-limiting
cxamples further comprising a spurious cvent detector configured to determine
whether an event occurs during or after the delay period and, if so, the spurious event
detector 1s configured to interrupt the sampling means or cause the sampling means to
discard the sampled output of the motion sensor. A sixth non-limiting example is an
1D as 1o the tifth non-limiting example, wherem the specified cardiac event is a

rentricular contraction.

A seventh non-limiting example 15 an 1D as in any of the second to sixth non-
limiting examples, wherein the operational circuitry includes means for mitializing
the ID including: coliection means to collect a sct of data points from the motion
sensor and from a cardiac electrical signal from the electrodes contemporaneously;
correlating means to correlate time periods within the set of data points from the
motion sensor to cardiac activity reflecied by the cardiac electrical signal; and setting
means to store mformation indicating when data from the motion sensor s to be
captured by reference to specific repeatable elements of the cardiac electrical signal.
HHustrative collection means may take the form of a memory location for receiving
data for at least temporary storage. The correlating means may take any suitable form
for comparing two shapes such as a correlation waveform analysis block or signal

processing chip, or a migcroprocessor of microcontroller with associated memory
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mstructions for comparing two shapes by difference of area, principal components, or
wavelet analysis, for example. The setting means may include a volatile or non-
volatile memorv. An example is in Figure 6, with collection at blocks 700 and 702,
correlation at 704, and setting performed as the configuning step at 706,

5 An eighth non-limiting example is an 1D as in the seventh non-limiting
example, wherein the delay means is configured to calculate the delay period from the
mformation stored by the setting means, taking into account a cardiac rate of the
patient. A ninth non-limiting example is an 1D as in any of the seventh or eight non-
limiting examples, wherein: the correlating means is configured to determine when

10 minnsic mechanical motion of the heart is detected by the motion sensor relative to
clectrical signals of the heart; and the setting means 1s configured to store mformation
mdicating a time period relative to a specified electrical signal of the heart to avoid
capturing ininnsic mechanical motion of the heart with the motion sensor. A tenth
non-limiting example is an 1D as in any of the seventh to ninth non-limiting e¢xamples,

15 wheremn the setting means is configured to set a delay to be friggered by detection of a
T-wave in the cardiac electrical signal.

An eleventh non-hmiting exarople is an I as in any of the first to tenth non-
limiting examples, wherem the ID includes pacing means to deliver pacing therapy to
the patient and the predefined event is delivery of a pacing stimulus by the 1D

20 Hustrative pacing means may include one or more of a voltage supply (such as an
amplificr output), a current source (such as a current mitror), or a capacitor {or
plurahity thereof) or simply a battery output, coupled via the pulse generator module
104 ¢such as by a mudtiplexor, switch array or H-Bridge) to one or more of the
clectrodes 114, 1147, for example, and associated instruction sets for operation by the

25  processing module 110

A twelfth non-limiting example is an mplantable device (1D comprising a
power source, operational circuitry, a motion sensor, and electrodes, the electrodes
configured to capturc a cardiac clectrical signal, wherein the operational circuitry
comprises: sampling means for sampling a signal from a motion sensor n the [D;

30 bascline calculation means for analyzing the sampled signal over time to gencrate a
baseline output of the motion sensor; present state means for determining a present
state indicator from the sampled signal; comparing means to compare the present state
indicator to the basehine to yield a difference; activity characterizing means to analyze

the difference to determine the patient’s activity level, Hlustrative sampling means
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may be as described above. Hustrative baseline calculation means may mclude
analog or digital domain memory or storage locations for capturing an average
sampled output of the motion sensor over time, with associated instruction sets for the
processing module 110 to use for controlling baseline. For example, block 306

& (Figure 3} takes an average over a long tnterval o obtain a baseline; block 1002
(Figure 10} hkewise identifies a baseline using captured samples 1000,

Hiustrative comparing means may include digital domain software instruction
set or module for comparimg two digital valugs, for example, or a comparator, for
example, i the analog domain. A difference, as vielded, may be a subtractive

10 difference, a ratio of two numbers/values, or other comparative output. Comparisons
of this sort are noted at block 316 (Figure 3}, block 422 (Figure 4}, block 524 (Figure
5), and block 1006 (Figure 10},
The activity characterizing means may include a state machine, for example,
which operates to change state based on the difference as caleulated by the comparing
15 means, for example, assuming baseline to a rest state for the patient, then a difference
such as large subtractive difference, or large ratio to the baseline would suggest a high
level of activity and be classified in an active state if meeting an active state
threshold; and 1f'the difference 1s a small subtractive difference or ratio, below an
inactive state threshold, then the state maching may assume an mactive state. Other
20 such means may be provided, using for example a stored memory location as a
characterization of paticot activity with plural possible values such as active, mactive,
or hysteresis (in-between). Hlustratively, the Temporary Response Level (Temp RL,
at Figure 3, block 318, Figure 4, block 424, and Figure 5 block 526) may be used as
shown 1n the high level diagram of Figure 10 to assess activity at block 1008 by the

25  use of binning of the Temp RL to hugh or low classes, with or without a hysteres:

w

band/bin in the middle. As noted, these may drive state machine logic in some
examples.

A thirteenth non-limiting example is an 1D as in the twelfth non-limiting
example, wherein the baseline caleulation means uses a number, M, of individual

30 samples from the motion sensor; the present state means uses a number, N, of

mdividual samples from the motion sensor; and M is an order of magnitude larger
than N.

A fourteenth non-limiting example is an ID as in any of the first to tenth,

twelfth or thirteen non-limiting examples, wherein the operational circuiiry
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comprises: pacing means to deliver pacing therapy to a patient at a pacing cutput rate;
activity determining means configured to use an cutput of the motion sensor to
calculate an activity level of the patient; and adjusting means to adjust the pacing
output rate m view of the activity level. Such activity determining means may be as
noted in block 1008 of Figure 10 and described above. The adjusting means may
operate by increasing the pacing rate output when a higher level of patient activity is
observed or likely, and reducing the pacing rate output when a lower level of patient
activity is observed or likely, both within reasonable boundaries. That s such
adjusting would have minimum boundaries {40 to 60 bpm, for example} and upper
boundaries (120 to 200 bpm, for example) which may vary depending on patient
charactenstics and physician decisions.

A fifieenth non-limiting example 18 an 1D as m any of the first to fourteenth
non-limiting examples, wherein the 1D is configured as a leadless cardiac pacing
deviee for implantation cutirely within the heart of the patient without a lead.

A sixteenth non-limiting example 1s a method of operation 1 an wmplantable
device comprising: initializing an implantable device {(ID) for disposition within the
heart of a patient, the ID comprising a motion sensor for detecting movement of the
patient, the initializing step being performed by: contemporaneously collecting a set
of data potnts from the motion sensor and from a cardiac electrical signal; correlating
time pertods within the set of data points from the motion sensor (o cardiac activity
reflected by the cardiac electrical signal; and configuring the ID {o capture data from
the motion sensor by reference to specific repeatable elements of the cardiac electrical
signal; using the 1D as configured m the initializing step to captire cardiac signals of
the patient and motion signals for the patient. A seventeenth non-limiting cxample s a
method as in the sixteenth non-limiting example, further comprising; using the motion
signals to determine an activity level of the patient; and setting and implementing a
pacing rate for the patient using the determined activity level.

An eighteenth non-limiting exaraple is a method as in cither of the sixteenth or
seventeenth non-limuting examples, wherein the step of configunng the 1D to capture
data from the motion sensor is performed by determining when intrinsic mechanical
motion of the heart 1s detected by the motion sensor relative to electrical signals of the
heart; and setting a data capture period for the motion sensor relative to a specified
electrical signal of the heart to avoid capturing the mtrinsic mechanical motion of the

heart with the motion sensor.
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A mineteenth non-lmiting example 18 a method as in any of the siteenth to
cighteenth non-limiting examples, wherein the step of configuring the 1D o capture
data from the motion sensor includes determining a delay after a T-wave in the
cardiac electrical signal. A twentieth non-limiting example is a method as in the
nincteenth non-hmiting example, wherein the delay is configured as a function of
cardiac rate. A twenty-first non-fimiting example 15 a method as in the twentieth non-
hinmiting example, wherein the cardiac rate 15 determined as a rate of pacing output of
the ID. A twenty-second non-limiting example 15 a method as in the twentieth non-
limiting example, wherein the cardiac rate is determined as an intrinsic rate of the
patient’s heart,

A twenty-third non-hmiting example 18 a method of operating a motion sensor
in an implantable device (ID) for disposition within the heart of a patient, the ID
comprising a motion sensor for detecting movement of the patient. the method
comprising: the 1D determining a predefined event has occurred in the heart of the
patient; and the ID waiting a predetermined pernod of time after the predefined
electrical event and sampling an output of the motion sensor.

A twenty-fourth non-limiting example is a method as in the twenty-third non-
Limiting example, further comprising duty cycling the motion sensor to operatc in a
window corresponding to the sampling step and otherwise be m alow-power state. A
twenty-fifth non-limiting example is a method as in either of the twenty-third or
twenty-fourth non-himiting examples, wherein the predefined cvent 1s one of an R-
wave, a pacing pulse, or a QRS complex, and the predetermined time period is
selected to expire prior to occurrence of a P-wave. A twenty-sixth non-limiting
example is a method as in any of the twenty-third to twenty-fifth non-hmiting
examples, further comprising using the output of the motion sensor to determime
whether the patient 1s physically active to facilitate a rate-responsive pacing by the ID.
A twenty-seventh non-fimiting example 1s a method as in any of the twenty-third to
twenty-sixth non-limiting examples, further comprising using the output of the motion
sensor to determine an increase or decrease m cardiac contractility to facilitate a rate-
responsive pacing by the IB.

A twentyv-eighth non-limiting example 1s a method as in any of the twenty-
third to twenty-seventh non-limiting examples, further comprising determining the
predetermined period of time by using an accepted formula for predicting occurrence

of a cardiac mechanical or electrical event. A twenty-ninth non-limiting example is a
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method as in any of the twenty-third to twenty-seventh non-limiting examples further
comprsing determining the predetermined penod of time by initializing the 1D by
capturing a plurality of outputs from the motion sensor over a period of time including
several heart beats to determine a mechanically quiet penod in the patient’s cardiac
cycle relative to the predefined event.

A thirtieth non-limiting example 1s a method as 1n any of the twenty-third to
twenty-ninth non-limiting examples, wherein the predetined event s one of a P-wave,
an R-wave, a QRS complex, a T-wave, or a quiescent period. A thirty-first non-
limiting example 1s a method as  any of the twenty-third to twenty-ninth non-
luniting examples wherein the predefined cvent 1s delivery of a pacing stimulus. A
thirty-second non-limiting example is a method as in any of the twenty-third to thirty-
first non-limiting examples, further comprising analyzing a cardiac electrical signal of
the patient during at least the predetermined period of time to observe whethera
specified cardiac electrical event occurs and, if so, discarding the sampled output of
the motion sensor. A thirty-third non-limiting example 1s a method as in the thirty-
second non-limiting example, wherein the specified cardiac event is a ventricular
contraction. A thirty-fourth non-liniting cxample is a method as in the thirty-second
non-limuting example, wherein occurrence of the ventricular contraction is determined
by identifying a P-wave, R-wave or QRS complex in the electrical cardiac signal at
the same time as, or just before, the output of the motion sensor 1s sampled.

A thutv-tifth non-hmiting example 15 a method of determining whether a
patient is active using an implantable device (ID) for disposition within the heart of a
patient, the ID comprising a motion sensor for detecting movement of the patient, the
method comprising: sampling a signal from a motion sensor i the 1D; analyzing the
sampled signal over time to generate a baseline; gencrating a present state indicator
from the sampled signal; comparing the present state indicator to the baseline to yield
a difference; and companng the difference to one or more thresholds to characterize
the patient’s activity lovel.

A thirtv-sixth non-limiting example is a method as in the thity-fifth non-
limiting example, wherein: the present state indicator is generated by averaging a
number, M, of individual samples from the motion sensor; the subtractive baseline is
generated by averaging a number, N, of individual samples from the motion sensor;
and wherein M is an order of magnitude smaller than N. A thurty-seventh non-

limiting example is a method as in cither of the thirty-fifth or thirty-sixth non-limiting
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examples, further comprising: providing a pacing output from the 1D to the patient’s
heart, wherein the pacing output has a rate which is adjustable; and adjusting the
pacing output rate in light of the patient’s activity level.

A thitty-cighth non-limiting example is a method of operating a motion sensor
in an implantable device (ID) for disposition within the heart of a patient, the ID
comprising a motion sensor for detecting movement of the patient. the method
comprising: instructing a patient having the 1D mplanted 1o the heart thereof to adopt
a set of postures or engage in a movement; capturing a number of motion sensor
outputs while the patient is in one or more postures or engaging in One or more
movement while capturing a cardiac clectrical signal; identifying a quiet period within
the cardiac the cardiac electrical signals during which mtrinsic motion of the heart
does not impact the cutput of the motion sensor outputs; and configuring the 1D to
activate and capture data from the motion sensor during the quist periods. A thirty-
ninth non-luniting example 18 a method as in the thirty -cighth non-limiting example,
wherein the quict time 18 defined relative to a predetermined event in the cardiac
electrogram. A forticth non-limiting example is a method comprising repeatedly
performing the method of the thirty-cighth non-luniting example using one or more of
the following: with and without the patient receiving pacing therapy, and for at least
first and second postures or activitics.

Each of these non-limiting examples can stand on ifs own, or can be combined
m various permutations or combinations with one or more of the other examples. The
above detailed deseription includes references to the accompanying drawings, which
form a part of the detatled descrintion. The drawings show, by way of llustration,
specific embodiments in which the invention can be practiced. These embodiments
are also referred to herein as “examples.” Such examples can include elements in
addition to those shown or described. However, the present inventors also
contemplate cxamples in which only those elements shown or deseribed are provided.
Morcover, the present inventors also contemplate examples using any combination or
permutation of those elements shown or described {(or one or more aspects thereof),
either with respect to a particular example (or one or more aspects thereof), or with
respect to other examples {or one or more aspects thereof) shown or described herein.

In the event of inconsistent usages between this document and any documents
s0 mcorporated by reference, the usage in this document controls. In this document,

the terms “a” or “an” are used, as is common i patent documents, 1o include oneg or
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more than one, independent of any other instances or usages of “at least one” or “one

or more.” Moreover, in the following claims, the terms “first,” “second,” and “third,”
ctc. arc used merely as labels, and are not intended to impose numerical requirements
on their objects.

Method examples described herein can be machine or computer-implemented
at least in part. Some examples can include a computer-readable medium or machine-
readable maedium encoded with instructions operable to configure an clectronic device
to perform methods as deseribed in the above examples. An mmplementation of such
methods can include code, such as microcode, assembly language code, a higher-level
language code, or the like. Such code can include computer readable mstructions for
performing vanous methods. The code may form portions of computer program
products. Further, in an example, the code can be tangibly stored on one or more
volatile, non-transitory, or non-volatile tangible computer-readable media, such as
during execution or at other times. Examples of these tangible computer-readable
media can include, but are not limited to, hard disks, removable magnetic or optical
disks, magnetic cassettes, memory cards or sticks, random access memories (RAMs),
read only memories (ROMs), and the hike.

The above description 1s infended to be illustrative, and not restrictive. For
gxample, the above-described examples (or one or more aspects thereof) may be used
in combination with cach other. Other embodiments can be used, such as by one of
ordinary skill in the art upon reviewing the above description.

The Abstract is provided to comply with 37 C.F.R. §1.72(b), to allow the
reader to quickly ascertain the nature of the technical disclosure. I is submitted with
the understanding that #t will not be used to interpret or limit the scope or meaning of
the claims.

Also, in the above Detailed Description, vanous features may be grouped
together to streamline the disclosure. This should not be interpreted as intending that
an unclaimed disclosed feature s essential to any claim. Rather, inventive subject
matter may lie m less than all features of a particular disclosed embodiment. Thus,
the following claims are hereby incorporated into the Detailed Description as
examples or embodiments, with each claim standing on 1ts own as a separate
cembodiment, and it is contemplated that such emboduments can be combined with

each other in various combinations or permutations. The scope of the invention

98]
[—



WO 2017/035209 PCT/US2016/048353

should be determined with reference to the appended claims, along with the full scope

of equivalents to which such claims are entitled.
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What 1s claimed is:
I Animplantable device (1D} comprising a power source, operational circuitry,
a motion sensor, and electrodes, the electrodes configured to capture a cardiac
clectrical signal, wheren the operational circuitry comprises:

trigger means for determining that a predefined event has occurred in the heart
of the patient using a signal from the elecirodes;

sampling means for sampling an cutput of the motion sensor in response 1o the

trigger means.

2. The 1D of claim 1 whercmn the sampling means further comprises delay means
for watting a delay perod following activation of the trigger means before sarpling

the output of the motion sensor,

3 The 1D of claim 2 wherein the motion sensor is contfigured to operate in a low-

power mode except to facilitate the sampling means taking a sample of the output

4. The ID of cither of claims 2 or 3 wherem the predefined event is one of an R~
wave, a pacing impulse, or a QRS complex, and the delay period is selected to expire

prior to occurrence of a P-wave.

5. The 1D of any of claims 2-4 further comprising spurious event detection
means configured o determine whether an event occurs during or after the delay
period and, if so, the spurious event detection means s configured to interrupt the
sampling means or cause the samphing means to discard the sampled output of the

motion sensor.

6. The 1D of claim 5 wherein the spectfied cardiac ovent is a ventricular
countraction.
7. An umplantable device (1D} as in any of claims 2-6 wherein the operational

circuitry includes means for imtializing the ID including:
collection means to collect a set of data points from the motion sensor and

from a cardiac elecirical signal from the electrodes contemporancously;

98]
P



WO 2017/035209 PCT/US2016/048353

correlating means to correlate ime periods within the set of data points from
the motion sensor to cardiac activity reflected by the cardiac electrical signal; and

setting means to store information indicating when data from the motion
sensor 18 1o be captured by reference to specific repeatable elements of the cardiac

electrical signal.

8. The 1D of claim 7 wherein the delay means is configured to calculate the delay
period from the information stored by the setting means, taking into account & cardiac

rate of the patient.

9, The ID of either of claims 7 or 8 wherem:

the correlating means is configured to determine when intrinsic mechanical
motion of the heart 1s detected by the motion sensor relative to electrical signals of the
heart; and

the setting means is configured to store information mdicating a time period
relative to a specified electrical signal of the heart to avoid captoring ntringic

mechanical motion of the heart with the motion sensor.

10, The ID of cither of any of claims 7 to 9 wherein the setting means 18
configured to set a delay to be triggered by detection of a T-wave in the cardiac

electrical signal.

11, The D of any of claims 1-10 wherein the 1D includes pacing means to deliver
pacing therapy to the patient and the predefined event 1s delivery of a pacing stimaulus

by the ID.

12, Agn mplantable device (D) comprising a power source, operational circuitry,
a motion sensor, and elecirodes, the electrodes configured to capture a cardiac
electrical signal, wherein the operational circuitry comprises:

sampling means for sampling a signal from a motion sensor in the 1D

baseline calculation means for analyzing the sampled signal over time to
generate a baseline ouiput of the motion sensor;

present state means for determining a present state indicator from the sampled

signal;

)
=
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comparing means (o compare the present state indicator o the baseling to yield
a difference;
activity characterizing means to analyze the difference to deternune the

patient’s activity level.

13, The 1D of claim 12 wherein:

the baseline calculation means uses a number, M, of individual samples from
the motion sensor;

the present state means uses a number, N, of individual samples from the
motion sensor; and

M is an order of magnitude farger than N.

14, AnID as inany of claims 1 1o 13 wherein the operational circuitry comprises:
pacing means to deliver pacing therapy to a paticnt at a pacing output rate;
activity determining means configured to use an output of the motion sensor {0

calculate an activity level of the patient; and

adjusting means to adjust the pacing output rate in view of the activity level.

15, AnID as i any of claims 1 to 14 wherein the 1D is configured as a leadless
cardiac pacing device for implantation entirely within the heart of the patient without

alead.
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BoxNo.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. |:| Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. |:| Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribad requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No.lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This Internaticnal Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

—_

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-11

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:l No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-11

Implantable device with motion sensor triggered based on
detection of cardiac event

2. claims: 12-15

Implantable device detecting patient's activity level based
on a motion sensor signal deviating from a baseline.
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US 2016051823 Al 25-02-2016 US 2016051823 Al 25-02-2016
WO 2016028799 Al 25-02-2016
US 2013325081 Al 05-12-2013 US 2013325081 Al 05-12-2013
US 2015165199 Al 18-06-2015
US 2014214104 Al 31-07-2014 CN 105102060 A 25-11-2015
EP 2950881 Al 09-12-2015
us 8744572 Bl 03-06-2014
US 2014214104 Al 31-07-2014
US 2015297905 Al 22-10-2015
WO 2014120769 Al 07-08-2014
US 2007255327 Al 01-11-2007 EP 2015839 Al 21-01-2009
US 2007255327 Al 01-11-2007
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