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(57) ABSTRACT

Methods and devices for configuring the use of a motion
sensor in an implantable cardiac device. The electrical
signals 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 cardiac motion in favor of
overall motion of the patient.
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TEMPORAL CONFIGURATION OF A
MOTION SENSOR IN AN IMPLANTABLE
MEDICAL DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application is a divisional of U.S.
patent application Ser. No. 15/243,524, filed Aug. 22, 2016,
which claims the benefit of and priority to U.S. Provisional
Patent Application Ser. No. 62/210,882, filed Aug. 27, 2015,
the disclosures of which are incorporated herein by refer-
ence.

TECHNICAL FIELD

[0002] 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

[0003] Pacing instruments can be used to treat patients
suffering from various heart conditions that result in a
reduced ability of the heart to deliver sufficient amounts of
blood to a patient’s body. These heart conditions may lead
to rapid, irregular, and/or ineflicient heart contractions. To
help alleviate some of these conditions, various devices
(e.g., pacemakers, defibrillators, 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 and/or safe manner. In some cases,
a patient may have multiple implanted devices.

[0004] Motion detectors have been used in some pace-
makers 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 is paced up or down in response to detected
motion of the patient. By so doing, the pacemaker is 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 to the use of motion
sensors are desired.

OVERVIEW

[0005] Insome embodiments the present invention relates
to a leadless cardiac pacemaker (LCP) or other implantable
cardiac device having a motion sensor for 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 interior of the heart, with electrodes attached to the heart
to facilitate therapy delivery 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.

[0006] For certain newer generation devices including the
LCP, the entire product, including 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 heart when it beats in addition to motion
caused by bodily movement of the patient. In several
embodiments the present invention is directed toward meth-
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ods and devices that use the temporal patterns of cardiac
movement to avoid detecting cardiac motion in place of
bodily motion.

[0007] This overview is intended to provide an overview
of subject matter of the present patent application. It is not
intended to provide an exclusive or exhaustive explanation
of the invention. The detailed description is included to
provide further information about the present patent appli-
cation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Inthe drawings, which are not necessarily drawn to
scale, like numerals may describe similar components in
different views. Like numerals having different letter suf-
fixes may represent different instances of similar compo-
nents. The drawings illustrate generally, by way of example,
but not by way of limitation, various embodiments discussed
in the present document.

[0009] FIG. 1 is a schematic block diagram of an illustra-
tive leadless cardiac pacemaker (LCP) according to one
illustrative embodiment of the present disclosure;

[0010] FIG. 2 is a graphic showing cardiac electrical
events and intracardiac pressure and volume measurements
on a single timeline;

[0011] FIGS. 3-6 show several data flow arrangements for
illustrative motion sensors;

[0012] FIGS. 7-11 show several illustrative process flow
diagrams; and
[0013] FIG. 12 shows a patient having an implantable

medical device system in the heart.

DETAILED DESCRIPTION

[0014] This disclosure describes systems, devices, and
methods for delivering electrical stimulation to a heart in a
rate adaptive manner. Healthy people’s bodies generally
adjust the rate at which their hearts beat in 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 electrical
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.

[0015] FIG. 1 is similar to FIG. 1 of commonly assigned
U.S. Provisional Patent Application 62/128,340, the disclo-
sure of which is incorporated herein by reference as showing
and describing numerous additional details which may be
included in the methods, systems and devices discussed
herein.

[0016] More specifically, FIG. 1 is a conceptual schematic
block diagram of an exemplary leadless cardiac pacemaker
(LCP) that may be implanted on the heart or within a
chamber of the heart and may operate to sense physiological
signals and parameters and deliver one or more types of
electrical stimulation therapy to the heart of the patient.
Example electrical stimulation therapy may include brady-
cardia pacing, rate responsive pacing therapy, cardiac resyn-
chronization therapy (CRT), anti-tachycardia pacing (ATP)
therapy and/or the like. As can be seen in FIG. 1, LCP 100



US 2018/0207426 Al

may be a compact device with all components housed within
LCP 100 or directly on housing 120. In some instances, LCP
100 may include communication module 102, pulse genera-
tor module 104, electrical sensing module 106, mechanical
sensing module 108, processing module 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 addi-
tional electrode, extended antenna functionality, to couple to
a second such implantable device, or to prevent migration.

[0017] As depicted in FIG. 1, LCP 100 may include
electrodes 114, which can be secured relative to housing 120
and electrically exposed to tissue and/or blood surrounding
LCP 100. Electrodes 114 may generally conduct electrical
signals to and from LCP 100 and the surrounding tissue
and/or blood. Such electrical signals can include communi-
cation 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 the cardiac electrogram
(EGM), if observed on or in the heart, or the electrocardio-
gram (ECG), if observed at some distance from the heart.

[0018] Electrodes 114 may include one or more biocom-
patible 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 elec-
trodes, housing 120, and/or other parts of LCP 100. In some
instances, some or all of electrodes 114 may be spaced from
housing 120 and connected to housing 120 and/or other
components of LCP 100 through connecting wires. In such
instances, the electrodes 114 may be placed on a tail (not
shown) that extends out away from the housing 120. As
shown in FIG. 1, in some embodiments, LCP 100 may
include electrodes 114'. Electrodes 114' may be in addition
to electrodes 114, or may replace one or more of electrodes
114. Electrodes 114' may be similar to electrodes 114 except
that electrodes 114" are disposed on the sides of LCP 100. In
some cases, electrodes 114' may increase the number of
electrodes by which LCP 100 may deliver communication
signals and/or electrical stimulation pulses, and/or may
sense intrinsic cardiac electrical signals, communication
signals, and/or electrical stimulation pulses. Electrodes 114
and/or 114' may assume any of a variety of sizes and/or
shapes, and may be spaced at any of a variety of spacings.
For example, electrodes 114 may have an outer diameter of
two to twenty millimeters (mm). In other embodiments,
electrodes 114 and/or 114' may have a diameter of two,
three, five, seven millimeters (mm), or any other suitable
diameter, dimension and/or shape. Example lengths for
electrodes 114 and/or 114' may include, for example, one,
three, five, ten millimeters (mm), or any other suitable
length. As used herein, the length is a dimension of elec-
trodes 114 and/or 114' that extends away from the outer
surface of the housing 120. In some instances, at least some
of electrodes 114 and/or 114' may be spaced from one
another by a distance of twenty, thirty. forty, fifty millimeters
(mm), or any other suitable spacing. The electrodes 114
and/or 114' of a single device may have different sizes with
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respect to each other, and the spacing and/or lengths of the
electrodes on the device may or may not be uniform.

[0019] In the embodiment shown, communication module
102 may be electrically coupled to electrodes 114 and/or
114' 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 be any modulated signal that conveys informa-
tion to another device, either by itself 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 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 instances, the com-
munication may take the form of distinct communication
pulses separated by various amounts of time. In some of
these cases, the timing between successive pulses may
convey information. Communication module 102 may addi-
tionally be configured to sense for communication signals
delivered by other devices, which may be located external or
internal to the patient’s body.

[0020] 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
information 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 one or more
signal processing techniques. Processed information may
also include 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 param-
eters, blood-oxygen parameters, blood pressure parameters,
heart sound parameters, and the like. Messages and/or
commands may include instructions or the like directing
another device to take action, notifications of imminent
actions of the sending device, requests for reading from the
receiving device, requests for writing data to the receiving
device, information messages, and/or other messages com-
mands.

[0021] 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. It is contem-
plated that communication module 102 may be communi-
cating with other devices via conducted signals, radio fre-
quency (RF) signals, optical signals, acoustic signals,
inductive coupling, and/or any other suitable communica-
tion methodology. Where communication module 102 gen-
erates electrical communication signals, communication
module 102 may include one or more capacitor elements
and/or other charge storage devices to aid in generating and
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delivering communication signals. In the embodiment
shown, communication module 102 may use energy stored
in energy storage module 112 to generate the communica-
tion signals. In at least some examples, communication
module 102 may include a switching circuit that is con-
nected 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.

[0022] As shown in FIG. 1, a pulse generator module 104
may be electrically connected to one or more of electrodes
114 and/or 114'. Pulse generator module 104 may be con-
figured 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' to provide elec-
trical stimulation therapies such as bradycardia pacing, ATP,
CRT, cardioversion or defibrillation.

[0023] The LCP 100 may vary the rate at which pulse
generator 104 generates the electrical stimulation pulses, for
example in rate adaptive pacing. These are just some
examples. When used to treat other ailments, the pulse
generator module 104 may generate electrical stimulation
pulses suitable for neurostimulation or neuromodulation
therapy or the like.

[0024] Pulse generator module 104 may include one or
more capacitor elements and/or other charge storage devices
to aid in generating and delivering appropriate electrical
stimulation pulses. In the embodiment shown, pulse genera-
tor 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 is connected to energy storage module
112 and may connect energy storage module 112 to one or
more of electrodes 114/114' to generate electrical stimula-
tion pulses.

[0025] Pulse generator module 104 may include the capa-
bility to modify the electrical stimulation pulses, such as by
adjusting the pulse width and/or amplitude 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 tailor the therapy for a particular
application and/or help make the therapy more effective for
a particular patient.

[0026] In some embodiments, LCP 100 may include an
electrical sensing module 106 and mechanical sensing mod-
ule 108. Electrical sensing module 106 may be configured to
sense intrinsic cardiac electrical signals conducted from
electrodes 114 and/or 114' to electrical sensing module 106.
For example, electrical sensing module 106 may be electri-
cally connected to one or more electrodes 114 and/or 114'
and electrical sensing module 106 may be configured to
receive cardiac electrical signals conducted through elec-
trodes 114 and/or 114' via a sensor amplifier or the like. In
some embodiments, the cardiac electrical signals may rep-
resent local information from the chamber in which LCP 100
is implanted. For instance, if LCP 100 is implanted within a
ventricle of the heart, cardiac electrical signals sensed by
LCP 100 through electrodes 114 and/or 114' may represent
ventricular cardiac electrical signals.

[0027] Mechanical sensing module 108 may include, or be
electrically connected to, various sensors, such as acceler-
ometers, blood pressure sensors, heart sound sensors, piezo-
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electric 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 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 module 110 and may provide signals repre-
sentative of the sensed cardiac electrical signals and/or
physiological signals to processing module 110. Although
described with respect to FIG. 1 as separate sensing mod-
ules, in some embodiments, electrical sensing module 106
and mechanical sensing module 108 may be combined into
a single module. In at least some examples, LCP 100 may
only include one of electrical sensing module 106 and
mechanical sensing module 108. In some cases, any com-
bination of the processing module 110, electrical sensing
module 106, mechanical sensing module 108, communica-
tion module 102, pulse generator module 104 and/or energy
storage module may be considered a controller of the LCP
100.

[0028] The mechanical sensing module may include, for
example, a micro-electro-mechanical system (MEMS)
based motion sensor. This may include a 1, 2 or 3 dimen-
sional motion sensor and may take any of numerous forms
known in the art. Some examples may include a micro-
machine size vibrating element that varies an electrical
parameter when motion impacts it. To facilitate sensing, the
motion sensor can be turned “on,” requiring current drain,
and the output can then be sampled to generate an output.
Keeping the motion sensor “on” all the time may drain
battery sourced current unnecessarily, and so duty cycling is
performed to minimize current draw in some embodiments.

[0029] 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 information from commu-
nication module 102. In some embodiments, processing
module 110 may additionally use such received information
to determine occurrences and types of arrhythmias. How-
ever, in other embodiments, LCP 100 may use the received
information instead of the signals received from electrical
sensing module 106 and/or mechanical sensing module
108—for instance 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 sens-
ing module 108 have been disabled or omitted from LCP
100.

[0030] After determining therapy is needed, processing
module 110 may control pulse generator module 104 to
generate electrical stimulation pulses in accordance with one
or more electrical stimulation therapy regimens. For
example, processing module 110 may control pulse genera-
tor module 104 to generate pacing pulses with varying
parameters and in different sequences to effectuate one or
more electrical stimulation therapies. As one example, in
controlling pulse generator module 104 to deliver bradycar-
dia pacing therapy, processing module 110 may control
pulse generator module 104 to deliver pacing pulses
designed to capture the heart of the patient at a regular
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interval to help prevent the heart of a patient from falling
below a predetermined threshold.

[0031] Insome embodiments, processing module 110 may
further control communication module 102 to send infor-
mation 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, process-
ing module 110 may control communication module 102 to
generate communication signals in particular pulse
sequences, where the specific sequences convey different
information. Communication module 102 may also receive
communication signals for potential action by processing
module 110.

[0032] Insome embodiments, processing module 110 may
include a pre-programmed chip, such as a very-large-scale
integration (VLSI) chip or an application specific integrated
circuit (ASIC). In such embodiments, the chip may be
pre-programmed with control logic in order to control the
operation of LCP 100. By using a pre-programmed chip,
processing module 110 may use less power than other
programmable circuits while able to maintain basic func-
tionality, thereby potentially increasing the battery life of
LCP 100. In other instances, processing module 110 may
include a programmable microprocessor or the like. Such a
programmable microprocessor may allow a user to adjust
the control logic of LCP 100 after manufacture, thereby
allowing for greater flexibility of LCP 100 than when using
a pre-programmed chip.

[0033] Processing module 110, in additional embodi-
ments, may include a memory circuit and processing module
110 may store information on and read information from the
memory circuit. In other embodiments, LCP 100 may
include a separate memory circuit (not shown) that is in
communication with processing module 110, such that pro-
cessing 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.

[0034] Collectively the processing module 110, mechani-
cal sensing module 108, electrical sensing module 106,
pulse generator module 104, and communication module
102 may be referred to as the operational circuitry of the
LCP. In some 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 determining whether to deliver therapy
and operating the communication module when awoken for
such a purpose—while others are performed in the analog
domain—such as ongoing monitoring of the received elec-
trical and./or motion signal until a significant perturbation of
either signal or a timeout occurs, allowing the digital cir-
cuitry to stay in a low power state by duty cycling 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 circuitry and/or ASIC chips.

[0035] Energy storage module 112 may provide a power
source to LCP 100 for its operations. In some embodiments,
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energy storage module 112 may be a non-rechargeable
lithium-based battery. In other embodiments, the non-re-
chargeable battery may be made from other suitable mate-
rials. 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 transcutaneously, as
is well known in the art. In other embodiments, biological
energy capture devices may be used to take advantage of
energy that can be generated using the cardiac or other
biological motion. In still other embodiments, energy stor-
age module 112 may include other types of energy storage
devices such as super capacitors.

[0036] To implant LCP 100 inside 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 include one or more anchors 116. The
one or more anchors 116 are shown schematically in FIG. 1.
The one or more anchors 116 may include any number of
fixation or anchoring mechanisms. For example, one or
more anchors 116 may include one or more pins, staples,
threads, screws, helix, tines, and/or the like. In some
embodiments, although not shown, one or more anchors 116
may include threads on its external surface that may run
along at least a partial length of an anchor member. The
threads may provide friction between the cardiac tissue and
the anchor to help fix the anchor member within the cardiac
tissue. In some cases, the one or more anchors 116 may
include an anchor member that has a cork-screw shape that
can be screwed into the cardiac tissue. In other embodi-
ments, anchor 116 may include other structures such as
barbs, spikes, or the like to facilitate engagement with the
surrounding cardiac tissue.

[0037] 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,
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 ema-
nating from the specific chamber that other devices may not
be able to sense with such resolution. Where LCP 100 is
configured to be implanted on a patient’s heart, LCP 100
may be configured to be implanted on or adjacent to one of
the chambers of the heart, or on or adjacent to a path along
which intrinsically generated cardiac electrical signals gen-
erally follow. In these examples, LCP 100 may also have an
enhanced ability to sense localized intrinsic cardiac electri-
cal signals and deliver localized electrical stimulation
therapy.

[0038] 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.
[0039] For example, based on the sensed one or more
signals, LCP 100 may determine that there is less of a need
for cardiac output, and may decrease the rate of delivery of
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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 stimu-
lation 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
increased 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 output need of the patient.

[0040] 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 electrical stimu-
lation pulses based on the determined respiration rate.
[0041] In at least some examples, LCP 100 may include a
motion sensor (such as an accelerometer) and may deter-
mine a measure 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 include movement related to the gross movement
of the patient, such as walking, bending, or other gross body
movements. Additionally, the motion sensor signal may
include movement related to the contraction of the heart,
particularly 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 (i.e. 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 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 inha-
lation, 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 intrathoracic 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 into and
out of the heart and any movement of the heart or heart
chambers due to the changes in intrathoracic pressure may
be contained in the motion sensor signal.

[0042] A motion sensor may be used to measure inotropic
changes in the myocardium; either positive or negative
changes. Patients having chronotropic incompetence can
still have appropriate contractility responses to increased
metabolic demand. For example with increased metabolic
demand, contractility increases due to adrenergic excitation.
The opposite occurs with decreased metabolic demand.
[0043] Although an L.CP serves as the platform for much
of the below description and above detail, any implantable
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device having a motion sensor may take advantage of the
presently described enhancements. Other devices may
include drug or other substance delivery systems, neuro-
stimulator or neuromodulation systems, and implantable
cardiac monitoring systems, for example.

[0044] FIG. 2 shows several different biological signals in
a time-sequenced fashion. For example, the electrocardio-
graph is shown at 200, including well known P-Q-R-S-T
wave sequences as the heart beats. These “waves” represent
the electrical signals that flow through the myocardium to
trigger muscle contractions during depolarization and sub-
sequent 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.

[0045] At 204, the ventricular pressure is represented, with
apeak at 222 as the cardiac volume decreases (shown by line
202). Atrial pressure is represented at 206. The atrial pres-
sure 206 illustrates changes that are much smaller than those
of the ventricles.

[0046] The phonocardiogram is shown at 208, with the
first heart sound at 210, over the QRS complex during
systole, the second 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 to
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 is generally less common and of lower amplitude
than the first two heart sounds 210, 212 and may relate, it is
thought, to blood filling the ventricles. The motion and
sounds represented by the changing ventricular volume 202
and heart sounds 210, 212, 214 can all create interference for
a motion sensor, which may be sensitive to each of these.
[0047] The inventors have recognized that a useful goal in
this context is to identify a relatively quiet period of time,
illustrated at 230, during which cardiac-sourced interference
is reduced. Although the third heart sound 214 may overlap
this period 230, it should be noted that the third heart sound
214 is not universally observed and is the lowest amplitude
of the heart sounds and so is less likely to cause significant
interference. The inventors have recognized that an LCP
may be configured for temporal avoidance of cardiac motion
interference, enhancing the signal for analysis and poten-
tially avoiding or reducing computational burden associated
with other filtering techniques.

[0048] FIGS. 3-6 shows several data flow arrangements
for illustrative motion sensors. FIG. 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 captured for each of several axes of a
multi-axis accelerometer (X, Y, Z, for example) that may
serve as a motion sensor; such a sample may be thought of
as a vector sample with elements {x[1], y[i], z[i]}. Moreover,
a sample may include several close-in-time data points. For
example, when “sampling” is 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, yielding a 10
millisecond slice of the output signal as the sample; other
rates and quantities may be used. Thus a single sample from
a three axis accelerometer could be thought of as a matrix
such as:
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[0049] x[i], x[i+1], x[i+2], x[i+3]
[0050]  yli], y[i+1], yli+2], y[i+3]
[0051] z[i], z[i+1], Z[i+2], 7[i+3]

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

[0052] Sampling may be called on a constant basis; his-
torically accelerometer or motion sensor outputs in implant-
able medical systems would be sampled at rates of 10 to 50
hertz. However, in examples further shown below, sampling
occurs in response to detected heart beats identified by
analyzing the cardiac electrical signal. For example, the
cardiac electrical signal (sometimes referred to as the car-
diac electrogram, 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
cycle. If desired, as alternatives, heart sounds or blood
pressure measurements may instead be used to identify a
cardiac cycle. As discussed further below, when taking one
or more samples with each cardiac cycle, timing of the
samples is be selected, in some examples, to avoid certain
noise sources.

[0053] In the example of FIG. 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 to take a sum of squares, absolute value
suml, mean, or max value, as desired. An integral is taken of
the several data points in a given sampling cycle at 304. The
integration at 304 may be omitted if a single data point is
taken as the sample

[0054] The output of the integral 304 is averaged over a
long interval at 306 to yield a baseline. At 308, the instan-
taneous output from block 304 is compared by subtraction to
the long interval average from block 306. The difference
may be multiplied in 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 in the range of 5
to 30 seconds. Such smoothing would avoid inappropriate
rate response to isolated motion.

[0055] For simplicity, several examples herein refer a
difference being calculated. In some examples, a difference
is calculated relative to a baseline by subtraction. In other
example, a difference may be a ratio of a measured value to
a baseline value, that is, if the baseline is represented by a
non-zero measurement output, 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 baseline
to determine a difference.

[0056] 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 is the temporary response level, is used to modify the
existing state.

[0057] In some examples, the various blocks shown in
FIG. 3 (and further below in FIGS. 4-11) may be imple-
mented as instruction sets stored in non-transitory medium,
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such as the memory of an implantable medical device, for
operation by a microprocessor or microcontroller. In other
examples, a state machine architecture may be used with
various operations taking place under control of the device
as it progresses through a series of analytical states. In some
examples, one or more blocks in FIGS. 3-11 may be pet-
formed by application specific integrated circuit hardware or
other dedicated hardware. For example, processing and
integration blocks 304, 306 may be performed by dedicated
hardware, while other blocks are performed within a micro-
processor.

[0058] FIG. 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 be more
broadly thought of as a trigger based on a predefined
electrical cardiac event occurring. For example, a cardiac
electrical signal may be monitored using electrodes (such as
electrodes 114, 114' of FIG. 1) and compared to a threshold,
when the threshold is crossed, a predefined electrical cardiac
event is found to have occurred. The threshold may be
time-varying and may be adaptive to the sensed cardiac
electrical signal amplitude using various known methods in
the art. Sampling may occur at first and/or second delays
404, 406 after the trigger event 402 is 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 cycle.

[0059] The output sample is may go through computation
and filtering 408 (such as amplifying, root-mean-square
assessment, smoothing, etc.) and an average signal within
the sample may then be calculated at 410. The pre-process-
ing at blocks 408, 410 may be on a per-sample basis, or may
be performed for all samples (if multiple are taken) within
a cardiac cycle, if desired. The pre-processed sample can be
compared to a long term average 412 in block 414, pro-
cessed further with an optional gain stage 416, and smoothed
to generate a moving average at 418. As with FIG. 3, the
moving average 418 can then be compared at 422 to the
existing activity calculation 420 to yield a change, if needed,
to the activity calculation at 424.

[0060] In a further example, the trigger 402 may be either
adetected cardiac event, if one occurs, or pace delivery if the
bradycardia pacing escape threshold is exceeded. In such a
design, the first delay 402 may be configured for intrinsic
(non-paced) cardiac cycles, and the second delay 404 may
be configured for paced cardiac cycles. This accounts for the
differences between intrinsic and paced cardiac cycles since,
for example, the paced cycles may have different conduction
characteristics and wider QRS complexes than intrinsic
beats.

[0061] FIG. 5 shows another illustrative example. Here,
the sample again is taken at 500, based on a trigger 502 and
one or more delays 504, 506. In some examples, the delay(s)
are selected to identify a “quiet” phase of the cardiac cycle
where the heart is not moving significantly. In other
examples, the peak activity phase of the heart may be sought
to assist in characterizing the physiology thereof for
example by identifying certain heart sounds and specifying
cardiac motion.

[0062] Again, the sample 500 is pre-processed at 508
using, for example, a sum of square approach or the like, 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 sam-
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pling at a number of times within a cardiac cycle 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 cycle. These
outputs may be used to compare to the existing state 522 in
a comparison at 524 to yield 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 con-
traction.

[0063] FIG. 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 to one of the above
or below described methods of analyzing the motion sensor
output. In addition, the output can be provided to a com-
parison module at 608. In this “learning” example, a device
is provided the opportunity to observe, at relatively high
sampling rates (10 to 100 Hz for example) motion sensor
output across the entire cardiac cycle for a short period of
time—perhaps a few seconds up to a few minutes while a
patient is active and/or at rest. Observing such an overall
cycle while in 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
to reduce energy consumption is the state of rest or sleep.

[0064] Alignments 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. If an active state is identified or cannot
be eliminated, 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
indicated at 614, and the motion sensor subcomponents of
the implantable medical device are put to sleep at 616 until
the delay period expires. Illustrative delay periods may
range from a minute to an hour. In one example, if the patient
appears to be asleep or inactive, a thirty-minute delay is set
to conserve energy.

[0065] A sleep function as shown in FIG. 6 may be called
when the patient’s activity level according to the rate
response algorithm 602 is at baseline or minimum. In
another illustration, 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 is
asleep. In another illustration, the delay period may be
initially short in a first iteration (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 yet another illustration, if the patient’s sensed cardiac rate
rises above a preset threshold for a predetermined period,
sleep mode 616 may be interrupted.

[0066] FIGS. 7-11 show several illustrative process flow
diagrams. Starting at block 700, motion sensor data is
collected, as well as a second signal data 702, preferably
contemporaneously though not necessarily concomitantly.
For example, 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 second
timing scheme. In an illustration, motion sensor data 700
may be captured in sets of data points, with each set being
a sample, captured at a rate of 50 Hz to 1000 Hz, with sets

Jul. 26,2018

of 1 to 20 data points, captured in groups at rates of 10 Hz
to 50 Hz, while the second sensor data 702 is captured
continuously at a rate of 100 to 1000 Hz, with 256 Hz being
illustrative. In one embodiment the second signal data is the
cardiac electrogram. In another embodiment the second
signal data is blood pressure data, which may be captured at
a lower rate, but more continuously, than the motion sensor
data.

[0067] The motion sensor data and second signal data are
aligned and correlated at 704, and used to generate a
configuration for the motion sensor data 706. For example,
the aligning and correlating step may be performed to
facilitate identifying a quiet time 720 in the motion sensor
data relative to alignment or reference points in the second
signal data 702.

[0068] To further facilitate the configuration, patient activ-
ity 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 is 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
accelerometer-based motion sensor may be sensitive to
vibrations (“sounds™) occurring in the heart. Thus a quiet
phase of the motion sensor output would provide a good
baseline for identifying patient activity. The process may be
repeated with pacing on and off, as indicated at 712, to
ensure that quiet times 720 can be identified in either
circumstance. Moreover, if the quiet time shifts based on
whether pacing is on or off, the configuration 706 would be
adjusted to ensure the right quiet time is selected for both
paced and non-paced beats.

[0069] It is envisioned that a system will operate in a
learning mode—that is, the system may not necessarily rely
on specific landmarks or theoretical bases when selecting a
quiet time. However, in reality, it is expected that devices
will choose a time period as indicated by FIG. 2 above at
230, a period between the T-wave and the P-wave when the
cardiac signal is 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 com-
plex or R-wave to the expected quiet time.

[0070] Alternatively, sampling, with or without delays
may be triggered 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 in identification of a quiescent state of
the electrocardiogram where the ECG or EGM is electrically
at baseline for a period of time, as such a state would
correspond to the period between the T-wave and the
P-wave.

[0071] For those patients who exhibit a detectible third
heart sound, the configuration 706 may be selected to ensure
motion sensor sampling before or after the third heart sound
in order to avoid it. Such a result may occur from the device
learning when a quiet time takes place relative to one or
more cardiac signals, or it may be ensured using inputs from
a physician.

[0072] 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, if needed. For
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example, a baseline configuration may be used during a
learning 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.

[0073] In one example, the pacing rate may be increased
to confirm the mechanical quiet phase remains quiet at
increased rates (o, if the timing of the quiet phase moves, to
allow for adjustment). That is, if the quiet time at low rates
is no longer quiet at high rates due to motion intrinsic to the
heart, the configuration of the quiet time can be adjusted.
The quiet time may be preferably selected to avoid inap-
propriate feedback from the heart itself, which could per-
petuate an unnecessarily high cardiac rate if not avoided.
[0074] Much of the above presumes a ventricular place-
ment of the implantable device. If an implantable device is
placed in the atrium, 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
instance, the implantable device is more likely to identify a
quiet time that may occur during systole, that is, while the
ventricles are ejecting blood to the rest of the body.

[0075] FIG. 8 shows another example. In this example, the
system is shown in more of an operational state. An event is
detected at 800. The device will perform sampling of a
motion sensor output at 804 in response to the detected event
from 800. In some examples, a delay period 802 first must
expire prior to the sampling at 804.

[0076] Within FIG. 8, the detected event, in some
examples, may be the delivery of a pacing output 810, either
by the implantable device or by a second implantable device.
In another example, the detected event may be the detection
of a quiescent 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 §14.

[0077] The delay 802 may be defined or determined in a
number of ways. In some examples, a learning process is
used at 820, such as the process of FIG. 7 where the motion
sensor output and a second signal are analyzed to look for
quiet times 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 light of the cardiac rate of the patient, as shown
at 824. For example, at higher rates a shorter delay may be
needed. Such adjustments in 824 may be made based on
learning 820 or prediction 822.

[0078] FIG. 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
902. 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

Jul. 26,2018

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 cycle), or activation of a
patient or physician alert function.

[0079] Further to the example of FIG. 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
example, a conducted atrial arrhythmia, or a ventricular
extra-systolic beat (such as a premature ventricular contrac-
tion) identified within the cardiac electrical 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 identi-
fication may be spurious event identifier.

[0080] FIG. 10 shows another illustrative example. Here,
motion sensor samples are captured at 1000. A large number
of such samples are averaged over time to generate a
baseline motion for the patient. If desired, statistical meth-
ods may be used to eliminate outlier data prior to seftting the
baseline by, for example, eliminating 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.

[0081] Once a baseline is established at 1002, a sample is
taken at 1004. The sample 1004 is then compared to the
baseline at 1006, to generate 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 series of samples prior to comparing to
the baseline 1006.

[0082] FIG. 11 shows a clinical method of establishing a
patient configuration. Here, the patient is instructed at 1100
to assume a posture, for example as shown at 1110. Sitting,
supine, prone, laying on left or right sign, standing, or other
postures may be chosen at 1110. Alternative, the patient is
instructed 1100 to engage in a movement, such as walking,
jogging, or a favorite exercise, or to hold still or engage in
the Valsalva maneuver, as indicated at 1112.

[0083] 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 continuous 1120 or at high rate 1122 for the purposes of
configuration, with the intent being that once configuration
is completed a lower rate may be implemented.

[0084] Steps 1100 and 1102 may be repeated as shown at
1104 with new instructions to the patient for second and
subsequent iterations. Once data is captured. the method
determines a quiet time in the motion sensor signal using a
trigger or reference point identified in the second signal data.
The analysis of this type may be performed by the implanted
device 1130 or may be performed by an external device in
communication with an implanted device 1132.

[0085] FIG. 12 shows a patient having an implantable
medical device system in the heart. The patient 1200 is
shown having a heart 1201 in which a plurality of medical
devices are implanted. In this example, a ventricular device
is shown at 1204 and an atrial device at 1206. The implant-
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able devices 1204, 1206 may operate independent of one
another or may coordinate using conducted communica-
tion—or other communication such as RF—therebetween.
An external device 1210 such as a programmer is also
shown, in this instance with a wand 1212 for placement on
the patient to facilitate communication to the implantable
devices 1204, 1206.

[0086] It is not necessary to have multiple implanted
devices, but it is envisioned that at least some patients will
have multiple devices. In some examples, one or both
implanted 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 can be deter-
mined 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 size
and lesser mass, and omits a motion sensor which is instead
provided in the ventricular device 1204.

[0087] Alternatively, the devices may be identical and
whichever device has a greater available battery 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 is performed with just the atrial device 1206.
[0088] 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 periods. Motion
that is sensed due to patient movement should be identified
in both of the devices, while local motion from cardiac
chamber movement, for example, would not necessarily
show up in each device’s motion sensor output. By com-
paring the signals, the bodily motion signal can be extracted.
Next, working backwards, it would be determined which
time periods in one or both implanted devise 1204 and 1206
is capturing the bodily motion accurately and without inter-
ference from local cardiac motion. A configuration would be
identified and stored for one or both implanted devices 1204
and 1206.

[0089] A first non-limiting example is an implantable
device (ID) comprising a power source, operational cir-
cuitry, a motion sensor, and electrodes, the electrodes con-
figured to capture a cardiac electrical signal, wherein the
operational circuitry comprises: trigger means for determin-
ing that a predefined event has occurred in the 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. [llustrative examples of a trigger means
includes a circuit (such as a comparator) or software imple-
mented instruction for comparing a representation (analog or
digital) of a received cardiac signal to a predetermined
threshold such as a threshold as described in U.S. Pat. No.
8,565,878, the disclosure of which is incorporated herein by
reference. Such triggers are also described above. llustra-
tive examples of sampling means include any suitable
sampling circuit such as a capacitive sample and hold circuit
in which, for example, an output is switched to a capacitor,
charging the capacitor up or down to a level related to the
sampled signal, and a comparator is used to drive a second
capacitor to match the sampling capacitor, or a comparator
circuit, and an analog-to-digital convertor capable of retain-
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ing or passing to memory an output of a measurement,
among others. The drawings indicate certain examples
including trigger 402 and sampling 400 in FIG. 4, trigger
502 and sampling 500 in FIG. 5, for example.

[0090] A second non-limiting example is the ID of the first
non-limiting example, wherein the sampling means further
comprises delay means for waiting a delay period following
activation of the trigger means before sampling the output of
the motion sensor. Illustrative delay means may include a
timer and associated memory or comparator for setting the
duration to run the timer, or may include a capacitor that can
be charged to a selected level and then discharged in
predictable fashion. Delay is illustrated in the Figures, for
example, at FIG. 6, block 614, and FIG. 8, at 802.

[0091] A third non-limiting example is an ID as in the
second non-limiting example, wherein the motion sensor is
configured to operate in a low-power mode except to facili-
tate 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
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. A fifth non-limiting
example is an ID as in any of the second to fourth non-
limiting examples further comprising a spurious event detec-
tor configured to determine whether an event occurs during
or after the delay period and, if so, the spurious event
detector is 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 ID as
in the fifth non-limiting example, wherein the specified
cardiac event is a ventricular contraction.

[0092] A seventh non-limiting example is an ID as in any
of the second to sixth non-limiting examples, wherein the
operational circuitry includes means for initializing the ID
including: collection means to collect a set 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 reflected by the cardiac
electrical signal; and setting means to store information
indicating when data from the motion sensor is to be
captured by reference to specific repeatable elements of the
cardiac electrical signal. Illustrative 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
microprocessor or microcontroller with associated memory
instructions 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
memory. An example is in FIG. 6, with collection at blocks
700 and 702, correlation at 704, and setting performed as the
configuring step at 706.

[0093] An eighth non-limiting example is an ID as in the
seventh non-limiting example, wherein the delay means is
configured to calculate the delay period from the informa-
tion stored by the setting means, taking into account a
cardiac rate of the patient. A ninth non-limiting example 1is
an ID as in any of the seventh or eight non-limiting
examples, wherein: the correlating means is configured to
determine when intrinsic mechanical motion of the heart is
detected by the motion sensor relative to electrical signals of
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the heart; and the setting means is configured to store
information indicating a time period relative to a specified
electrical signal of the heart to avoid capturing intrinsic
mechanical motion of the heart with the motion sensor. A
tenth non-limiting example is an ID as in any of the seventh
to ninth non-limiting examples, wherein the setting means is
configured to set a delay to be triggered by detection of a
T-wave in the cardiac electrical signal.

[0094] An eleventh non-limiting example is an 1D as in
any of the first to tenth non-limiting examples, wherein the
ID includes pacing means to deliver pacing therapy to the
patient and the predefined event is delivery of a pacing
stimulus by the ID. Illustrative pacing means may include
one or more of a voltage supply (such as an amplifier
output), a current source (such as a current mirror), or a
capacitor (or plurality thereof) or simply a battery output,
coupled via the pulse generator module 104 (such as by a
multiplexor, switch array or H-Bridge) to one or more of the
electrodes 114, 114', for example, and associated instruction
sets for operation by the processing module 110.

[0095] A twelfth non-limiting example is an implantable
device (ID) comprising a power source, operational cir-
cuitry. a motion sensor, and electrodes, the electrodes con-
figured to capture a cardiac electrical signal, wherein the
operational circuitry comprises: sampling means for sam-
pling 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; comparing means to compare the
present state indicator to the baseline to vield a difference;
activity characterizing means to analyze the difference to
determine the patient’s activity level. Illustrative sampling
means may be as described above. Illustrative baseline
calculation means may include analog or digital domain
memory or storage locations for capturing an average
sampled output of the motion sensor over time, with asso-
ciated instruction sets for the processing module 110 to use
for controlling baseline. For example, block 306 (FIG. 3)
takes an average over a long interval to obtain a baseline;
block 1002 (FIG. 10) likewise identifies a baseline using
captured samples 1000.

[0096] Illustrative comparing means may include digital
domain software instruction set or module for comparing
two digital values, for example, or a comparator, for
example, in the analog domain. A difference, as yielded, may
be a subtractive difference, a ratio of two numbers/values, or
other comparative output. Comparisons of this sort are noted
at block 316 (FIG. 3), block 422 (FIG. 4), block 524 (FIG.
5), and block 1006 (FIG. 10).

[0097] The activity characterizing means may include a
state machine, for example, which operates to change state
based on the difference as calculated by the comparing
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 if the difference is a small
subtractive difference or ratio, below an inactive state
threshold, then the state machine may assume an inactive
state. Other such means may be provided, using for example
a stored memory location as a characterization of patient
activity with plural possible values such as active, inactive,
or hysteresis (in-between). Illustratively, the Temporary
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Response Level (Temp RL, at FIG. 3, block 318; Figure 4,
block 424, and FIG. 5 block 526) may be used as shown in
the high level diagram of FIG. 10 to assess activity at block
1008 by the use of binning of the Temp RL to high or low
classes, with or without a hysteresis band/bin in the middle.
As noted, these may drive state machine logic in some
examples.

[0098] A thirteenth non-limiting example is an ID as in the
twelfth non-limiting example, wherein the baseline calcula-
tion 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 larger than N.

[0099] 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 circuitry comprises: pac-
ing means to deliver pacing therapy to a patient at a pacing
output rate; activity determining means configured to use an
output of the motion sensor to calculate an activity level of
the patient; and adjusting means to adjust the pacing output
rate in view of the activity level. Such activity determining
means may be as noted in block 1008 of FIG. 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 is 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 character-
istics and physician decisions.

[0100] A fifteenth non-limiting example is an ID as in any
of the first to fourteenth non-limiting examples, wherein the
ID is configured as a leadless cardiac pacing device for
implantation entirely within the heart of the patient without
a lead.

[0101] A sixteenth non-limiting example is a method of
operation in an implantable 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 per-
formed by: contemporaneously collecting a set of data
points from the motion sensor and from a cardiac electrical
signal; correlating time periods within the set of data points
from the motion sensor to cardiac activity reflected by the
cardiac electrical signal; and configuring the 1D to capture
data from the motion sensor by reference to specific repeat-
able elements of the cardiac electrical signal; using the ID as
configured in the initializing step to capture cardiac signals
of the patient and motion signals for the patient. A seven-
teenth non-limiting example is 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.

[0102] An eighteenth non-limiting example is a method as
in either of the sixteenth or seventeenth non-limiting
examples, wherein the step of configuring the ID to capture
data from the motion sensor is performed by: determining
when intrinsic mechanical motion of the heart is detected by
the motion sensor relative to electrical signals of the heart;
and setting a data capture period for the motion sensor
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relative to a specified electrical signal of the heart to avoid
capturing the intrinsic mechanical motion of the heart with
the motion sensor.

[0103] A nineteenth non-limiting example is a method as
in any of the sixteenth to eighteenth non-limiting examples,
wherein the step of configuring the ID to 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 nineteenth non-
limiting example, wherein the delay is configured as a
function of cardiac rate. A twenty-first non-limiting example
is a method as in the twentieth non-limiting example,
wherein the cardiac rate is determined as a rate of pacing
output of the ID. A twenty-second non-limiting example is
a method as in the twentieth non-limiting example, wherein
the cardiac rate is determined as an intrinsic rate of the
patient’s heart.

[0104] A twenty-third 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: the ID determining a predefined event
has occurred in the heart of the patient; and the ID waiting
a predetermined period of time after the predefined electrical
event and sampling an output of the motion sensor.

[0105] A twenty-fourth non-limiting example is a method
as in the twenty-third non-limiting example, further com-
prising duty cycling the motion sensor to operate in a
window corresponding to the sampling step and otherwise
be in a low-power state. A twenty-fifth non-limiting example
is a method as in either of the twenty-third or twenty-fourth
non-limiting examples, wherein the predefined event is 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-limiting examples, further comprising
using the output of the motion sensor to determine whether
the patient is physically active to facilitate a rate-responsive
pacing by the ID. A twenty-seventh non-limiting example is
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 in
cardiac contractility to facilitate a rate-responsive pacing by
the ID.

[0106] A twenty-eighth non-limiting example is a method
as in any of the twenty-third to twenty-seventh non-limiting
examples, further comprising determining the predeter-
mined 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 method as
in any of the twenty-third to twenty-seventh non-limiting
examples further comprising determining the predetermined
period of time by initializing the ID by capturing a plurality
of outputs from the motion sensor over a period of time
including several heart beats to determine a mechanically
quiet period in the patient’s cardiac cycle relative to the
predefined event.

[0107] A thirtieth non-limiting example is a method as in
any of the twenty-third to twenty-ninth non-limiting
examples, wherein the predefined event is one of a P-wave,
an R-wave, a QRS complex, a T-wave, or a quiescent period.
A thirty-first non-limiting example is a method as in any of
the twenty-third to twenty-ninth non-limiting examples
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wherein the predefined event is delivery of a pacing stimu-
lus. 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 whether a specified cardiac electrical event
occurs and, if so, discarding the sampled output of the
motion sensor. A thirty-third non-limiting example is a
method as in the thirty-second non-limiting example,
wherein the specified cardiac event is a ventricular contrac-
tion. A thirty-fourth non-limiting example is a method as in
the thirty-second non-limiting 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 is sampled.

[0108] A thirty-fifth non-limiting example is 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
amotion sensor in the ID; analyzing the sampled signal over
time to generate a baseline; generating a present state
indicator from the sampled signal; comparing the present
state indicator to the baseline to yield a difference; and
comparing the difference to one or more thresholds to
characterize the patient’s activity level.

[0109] A thirty-sixth non-limiting example is a method as
in the thirty-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 indi-
vidual samples from the motion sensor; and wherein M is an
order of magnitude smaller than N. A thirty-seventh non-
limiting example is a method as in either of the thirty-fifth
or thirty-sixth non-limiting examples, further comprising:
providing a pacing output from the ID 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.

[0110] A thirty-eighth 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 1D com-
prising a motion sensor for detecting movement of the
patient, the method comprising: instructing a patient having
the ID implanted in 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 electrical signal; identifying a quiet
period within the cardiac the cardiac electrical signals during
which intrinsic motion of the heart does not impact the
output of the motion sensor outputs; and configuring the ID
to activate and capture data from the motion sensor during
the quiet periods. A thirty-ninth non-limiting example is a
method as in the thirty-eighth non-limiting example,
wherein the quiet time is defined relative to a predetermined
event in the cardiac electrogram. A fortieth non-limiting
example is a method comprising repeatedly performing the
method of the thirty-eighth non-limiting 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 activities.
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[0111] Each of these non-limiting examples can stand on
its own, or can be combined in various permutations or
combinations with one or more of the other examples. The
above detailed description includes references to the accom-
panying drawings, which form a part of the detailed descrip-
tion. The drawings show, by way of illustration, 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
examples in which only those elements shown or described
are provided. Moreover, the present inventors also contem-
plate 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.
[0112] In the event of inconsistent usages between this
document and any documents so incorporated by reference,
the usage in this document controls. In this document, the
terms “a” or “an” are used, as is common in patent docu-
ments, to include one or 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,” “sec-
ond,” and “third,” etc. are used merely as labels, and are not
intended to impose numerical requirements on their objects.
[0113] Method examples described herein can be machine
or computer-implemented at least in part. Some examples
can include a computer-readable medium or machine-read-
able medium encoded with instructions operable to config-
ure an electronic device to perform methods as described in
the above examples. An implementation 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 instructions for performing
various 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 dur-
ing 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 like.
[0114] The above description is intended to be illustrative,
and not restrictive. For example, the above-described
examples (or one or more aspects thereof) may be used in
combination with each other. Other embodiments can be
used, such as by one of ordinary skill in the art upon
reviewing the above description.

[0115] 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. It is submitted with the under-
standing that it will not be used to interpret or limit the scope
or meaning of the claims.

[0116] Also, in the above Detailed Description, various
features may be grouped together to streamline the disclo-
sure. This should not be interpreted as intending that an
unclaimed disclosed feature is essential to any claim. Rather,
inventive subject matter may lie in 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
its own as a separate embodiment, and it is contemplated
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that such embodiments can be combined with each other in
various combinations or permutations. The scope of the
invention should be determined with reference to the
appended claims, along with the full scope of equivalents to
which such claims are entitled.

What is claimed is:

1. A method of operating an implantable device (ID)
adapted for disposition within the heart of a patient, the ID
comprising a motion sensor for detecting movement of the
patient, the method comprising:

initializing the ID by:

contemporaneously collecting a set of data points from
the motion sensor and from a cardiac electrical
signal;

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

configuring the ID to capture data from the motion
sensor by reference to specific repeatable elements of
the cardiac electrical signal;

using the ID as configured in the initializing step to

capture cardiac signals of the patient and motion sig-
nals for the patient.

2. The method of claim 1 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.

3. The method of claim 1 wherein the step of configuring
the ID to capture data from the motion sensor is performed
by:

determining when intrinsic mechanical motion of the

heart is 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 intrinsic mechanical motion of the heart
with the motion sensor.

4. The method of claim 1 wherein the step of configuring
the ID to capture data from the motion sensor is performed
by:

determining when a quiet period in the intrinsic mechani-

cal motion of the heart is 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 intrinsic mechanical motion of the heart
with the motion sensor.

5. The method of claim 1 wherein the step of configuring
the ID to capture data from the motion sensor includes
determining a delay after a T-wave in the cardiac electrical
signal.

6. The method of claim 5 wherein the delay is configured
as a function of cardiac rate.

7. The method of claim 6 wherein the cardiac rate is
determined as a rate of pacing output of the ID.

8. The method of claim 6 wherein the cardiac rate is
determined as an intrinsic rate of the patient’s heart.

9. The method of claim 1 wherein the specific repeatable
elements of the cardiac electrical signal are one of an
R-wave or a QRS complex.

10. The method of claim 1 wherein the specific repeatable
elements of the cardiac electrical signal comprise the
T-wave.



US 2018/0207426 Al

11. The method of claim 1 wherein the step of configuring
the ID to capture data from the motion sensor by reference
to specific repeatable elements of the cardiac electrical
signal further includes configuring the ID to maintain the
motion sensor in a low power state except when the ID is
capturing data therefrom.

12. 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 in the ID;

analyzing the sampled signal over time to generate a

baseline;

generating a present state indicator from the sampled

signal,

comparing the present state indicator to the baseline to

vyield a difference; and

comparing the difference to one or more thresholds to

characterize the patient’s activity level.

13. The method of claim 12 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.

14. The method of claim 12 further comprising:

providing a pacing output from the ID 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.

15. An implantable medical device (IMD) adapted for
implantation within the heart of a patient and comprising;

a plurality of electrodes adapted for one or more of

sensing electrical cardiac activity and delivering
therapy;

a motion sensor for detecting movement of the patient;

and

a processing module configured to receive signals from

the motion sensor and from the plurality of electrodes
to determine patient status, wherein the processing
module is configured to enhance the operation of the
device by:
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initializing the IMD by:

contemporaneously collecting a set of data points from
the motion sensor and from a cardiac electrical signal
capturing using two or more of the plurality of
electrodes;

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

set up the IMD to capture data from the motion sensor
by reference to specific repeatable elements of the
cardiac electrical signal; and

using the IMD as set up in the initializing step to capture

cardiac signals of the patient and motion signals for the
patient.

16. An IMD as in claim 15 wherein the processing module
is further configured to:

use the motion signals to determine an activity level of the

patient; and

set and implement a pacing rate for the patient using the

determined activity level.

17. An IMD as in claim 15 wherein the processing module
is configured to set up the IMD to capture data from the
motion sensor by:

determining when intrinsic mechanical motion of the

heart is 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 intrinsic mechanical motion of the heart with
the motion sensor.

18. An IMD as in claim 15 wherein the processing module
is configured to set up the IMD to capture data from the
motion sensor by:

determining when a quiet period in the intrinsic mechani-

cal motion of the heart is 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 intrinsic mechanical motion of the heart with
the motion sensor.

19. An IMD as in claim 15 wherein the processing module
is configured to set up the IMD to capture data from the
motion sensor by determining a delay after a T-wave in the
cardiac electrical signal.

20. An IMD as in claim 19 wherein the processing module
is configured to set the delay after a T-wave as a function of
cardiac rate.
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