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LEADLESS CARDIAC PACEMAKER PROVIDING CARDIAC
RESYNCHRONIZATION THERAPY

CROSS REFERENCE TO RELATED APPLICATIONS

The present application claims the benetit of and priority to US Provisional

5  Patent Application Scrial No. 62/424,582, filed on November 21, 2016, and titled
LCP BASED PREDICTIVE TIMING FOR CARDIAC RESYNCHRONIZATION,
the disclosure of which is incorporated herein by reference.

BACKGROUND
10 Cardiac resynchronization therapy {CRT) modifics the electrical activation

and contractions of the heart’s chambers to enhance pumping efficiency. Benetifs
may mclude mcreased exercise capacity and reduced hospitalization and mortality.
More particudarly, CRT devices operate by affecting the timing of contraction of one
or more cardiac chambers relative to one or more other cardiac chambers. For
15 example, contractions of one or more of the veninicle(s) may be timed relative to
contraction of the atria, or contractions of the left and right ventricles may be timed
relative to one another.
A "fusion” beat occurs when multiple activation signals affect the same
cardiac tissuc at the same time. For example, electrical fusion between pacing of one
20 ventriclke with spontaneous activation of ancther ventricle (for example, paced left
ventricular (V) activation and intrinsic right ventricular (RV) activation) produces a
fusion beat. The generation of fusion beats 1s a goal of CRT in many circumstances.
Prior systems gencrally include intracardiac electrodes coupled via
transvenous leads to an implanted pulse gencrator. The leads of such systems are
25 widely known as introducing various morbidities and are prone o eventual conductor
and/or insulator fatlure. Such issues likely reduce usage of CRT within the mdicated
population of heart failure patients.
Such prior lead systems typically include ventricular and atrial components to
facilitate sensing of atrial and ventricular events to enbance CRT tmung. For
30 example, in some patients, CRT may be achieved by pacing the left ventricle at a
specific time relative to detection of an atrial event. The sensed atrial signal may
conduct to the right ventricle (RV) via natural conduction to gencrate an RY

contraction, with paced LV contraction occurring at a desirable time relative to the
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RV contraction to vicld a fusion beat. The interval from the atrial sensed cvent to the
LV pace may be adjusted to enhance cardiac response in prior systems.

Newer generation pacemakers include the leadless cardiac pacemaker (LCP),
which can be implanted entirely within the heart and does not require a transvenous
{or any) lead. Such devices are commercially available on a limited basis, but are
currently indicated for and capable of use in only bradycardia pacing. With further
enhancements, the LCP also presents an opportunity to provide an aliemative to
traditional CRT using transvenous leads. New and aliernative systems, devices and

methods directed at providing CRT using the LLP are desired.

OVERVIEW

The present inventor has recognized, among other things, that a problem to be
solved is that the absence of an intracardiac lcad makes detection of an atrial event for
purposes of CRT potentially difficult for a system using one or more ventricular LCP
devices. Methods and devices to facilitate CRT from an LCP wmplanted in the left

entricle are disclosed. These methods may be used 1n a stand-alone LCP, orina
system comprising both an LCP and one or more additional devices such as another
LCP, an implantable cardiac monitor, or an implantable defibrillator.

A first ihlustrative and non-limiting example takes the form of a method of
delivering cardiac resynchronization therapy (CRT) from a leadless cardiac
pacemaker (LCP) implanted in or proximate to the left ventuicle of 3 patient such that
the LLP lacks an atnal lead or electrodes to independently provide timing references
from the atria for therapy delivery, the method comprising: in an tnitialization phase:
determining a PR interval for the patient’s cardiac activity; and determining a
reduction factor related to at least the PR interval; in a pacing phase, performing the
following in iterations: measuring a native beat mterval; delivering at least one
synchronization pace at an interval that is reduced relative to the native beat interval
by the reduction factor; and delivering a plurality, “N”, of pacing therapics at a
therapy interval; wherein the therapy interval 1s approximately equal to the native beat
mterval.

Additionally or alternatively, the step of determining the reduction factor may

comprise using an cxtemal programmer to receive the reduction factor.
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Additionally or alternatively, the step of determining the reduction factor may
comprse multiplving the PR interval by a variable, %PR, to determine the reduction
factor.

Additionally or alternatively, the variable %PR may be obtained using an
external programmer or from a stored value i the LCP.

Additionally or alternatively, the reduction factor may be calculated as
follows: in the mitialization phase, a ratio of the RR wderval between native

centricular events and a PR interval within one or more native ventricular events is
calculated and stored as a first variable; a variable, %PR 1is obtained from memory or
from a user/physician; and the reduction factor is calculated as one minus the product
of the first variabie and the %PR; and further wherein in the pacing phase, the
synchronization pace 1s delivered at an interval caleulated by multiplying the
reduction factor and native beat interval.

Additionally or alternatively, the PR mterval may be obtamed in-clinic and
entered via an external programmer. Additionally or altemmatively, the PR nterval is
measured by a second implantable medical device monitoring one or more cardiac
clectrical signals and is then communicated to the LCP.

Additionally or alternatively, the first ilustrative method may further
comprise: sensing for a patient condition that would mfluence the reduction factor;
detecting a change in the patient condition; and adjusting the reduction factor.

Additionally or alternatively, the first idlustrative method may further comprise
sensing a posture of the patient; determining that the patient has changed postures;
determining that the reduction factor should be adjusted n light of the patient posture
change; and adjusting the reduction factor,

Additionally or alternatively, the first iHlustrative method may further comprise
sensing for a patient condition that may influence PR interval, finding that the patient
condition has changed, and adjusting “N”.

Additionally or alternatively, the first idlustrative method may further comprise
sensing a posture of the patient; determining that the patient has changed postures
between standing and one of sitting or laying down; and: if the patient has gone from
standing to sitting or laying down, increasing “N7; or if the patient has gone from
sitting or laying down to standing, reducing “N".

A second llustrative and non-limiting example takes the form of a method of

delivening cardiac resvachronization therapy (CRT) from a leadless cardiac
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pacemaker { LCP) implanted in or proximate to the left ventricle of the patient such
that the LCP lacks an atrial lead or electrodes to independently provide timing
references from the atria for therapy delivery, the method comprising performing a
method the first illustrative and non-limiting example (and/or any vanant thereof just
noted) and further: performing the initialization phase at least once; performing the
pacing phase in at least first and second iterations using at least first and second
measured native beat intervals; comparing the at least first and second measured
native beat mtervals and calculating a dnft of the native beat interval i the at least
first and second iterations; and determining N for use in a subsequent iteration of the
pacing phase using the calculated drift.

A third illustrative and non-Himiting example takes the form of a method of
delivering cardiac resynchronization therapy (CRT) in an implantable medical device
system compnsing at least a leadless cardiac pacemaker {LCP) and a second
unplantable medical device, the method comprising: at a tirst time, delivering CRT m
a first CRT method using the LCP to deliver pace therapy and using CRT timing
mformation communtcated by the second implantable medical device to control or
optimize the CRT; encountering a difficulty with the first CRT method; and switching
to performing the method as m the first illustrative and non-hmiting example (and/or
any variant thereof just noted or second llustrative example.

A fourth tustrative and non-limiting exarmpie takes the form of a leadiess
cardiac pacemaker (LCP) configured for tmoplantation entirely within a heart chamber
of a patient or adjacent to a heart chamber of a patient, the LCP comprising: a
plurality of electrodes for therapy delivery and cardiac electrical sensing; pacing
circuitry to gencrate pacing therapy outputs; and control circuitry to control the use of
the pacing circuitry using signals sensed from the electrodes; wherein the control
circuttry is configured to provide cardiac resynchronization therapy (CRT) in sets
using a predetermined reduction factor and a set parameter, “N”, comprising
delivering sets of CRT therapy including N pacing therapy outputs by: sensing a
native R~R mterval for the patient’s heart; delivering a synchronization pace therapy
at an interval, relative to a native ventricular event, calculated using the native R-R
mterval and the reduction factor; and delivering a plurality of additional pace
therapics at intervals approximately cqual to the native R-R interval.

Additionally or alternatively, the control circuitry may be configured to

provide the CRT without using an atrial sense reference.
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Additionally or alternatively, the control circuity may be configured to
perform an tnutialization of CRT to determine the reduction factor by determining a
PR interval for the patient’s cardiac activity; and nultiplying the PR interval by a

variable, %PR, to calculate the reduction factor.

whn

Additionally or alternatively, the control circuitry may be configured to obtain
%PR either by communication with an external programmer or from a stored value in
the L.CP.

Additionally or alternatively, the control circuitry may be configured to
perform an wnitialization of CRT to determine the reduction factor by: sensing one or
10 more native ventricular events to calculate an RR interval between vative ventricular

events and a PR interval within one or more native ventricular events; calculating a
RR:PR ratio as a ratio of the RR mterval to the PR mnterval; obtaining a variable,
%PR, from memory or from an external programmer; and calculating the reduction
factor as onec minus the product of the first vanable and the %PR; and further wherein
15 the control circuitry 1s configured to calculate the mterval for the synchronization
pace therapy by multiplving the reduction factor and the native beat interval.
Additionally or alternatively, the control circuitry may be configured to
perform an initialization of CRT to determine the reduction factor by: sensing one or
more native ventricular events to calculate an RR mterval between native ventricular
20 gvents; communicating with a second device to determine when P-waves occurred in
the one or more native ventricular events and calculating a PR interval; calculating a
RR:PR ratio as a ratio of the RR interval to the PR mterval; obtaining a variable,
%PR, from memory or from an external programmer; and calculating the reduction

N O

factor as one minus the product of the first variable and the %PR; and further whergin

N
g

the control circuitry 1s configured to calculate the interval for the synchronization

pace therapy by multiplying the reduction factor and the native beat interval.
Additionally or alternatively, the control circuitry may be configured to

monitor patient status and make adjustments to the CRT mncluding: sensing fora

patient condition that would influence the reduction factor; detecting a change in the

(]
<

patient condifion; and adjusting the reduction factor,
Additionally or alternatively, the LUP may further comprise a posture sensor,
wherein the control circuitry may be configured o monitor paticnt status and make

adjustments to the CRT including: sensing a posture of the patient; determining

L
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whether the patient has changed postures; and 1n response to finding that the patient
has changed postures, adjusting the reduction factor.

Additionally or alternatively, the control circuitry may be configured to
monitor patient status and make adjustments to the CRT mcluding sensmg fora
predetermined patient condition that may influence PR mterval, and in response to
sensing the predetermined patient condition, adjusting “N”.

Adduionally or alternatively, the LCP may further comprise a posture sensor,
wherein the control circuitry may be configured to monitor patient status and make
adjostments to the CRT including: sensing a posture of the paticnt; determining that
the patient has changed postures between standing and one of sitting or laying down;
and: if the patient has gone from standing to sitting or laving down, increasing “N”; or
if the patient has gone from sitting or layving down to standing, reducing “N7.

Additionally or alternatively, the control circuitry may be configured to
tteratively provide the CRT i sets of N pacing pulses and to adjust N after delivery of
a plurality of sets of N pacing pulses by: observing changes in native R-R mtervals
measured prior to delivery of the synchronization pace therapy in the plurality of sets,
to calculate an R-R drift; and calculating N using the calculated dnft,

Additionally or alternatively, the control circuitry may be configured for at
least first and second modes of CRT therapy wherein: the first mode comprises
delivening sets of CRT therapy including N pacing therapy outputs via the
combination of sensing a native K-R interval, delivering a svnchronization pace
therapy, and delivering a plurality of additional pace therapies; and the second mode
comprises obtaming atrial even timing information from a second implantable or
wearable medical device to control or optimize pace therapy timing.

A fifth illustrative and non-limiting example takes the form of an implantable
medical device system comprising at feast a keadless cardiac pacemaker (LCPYyas in
claim the fourth iHlustrative and non-linuting example {or any of the above variants
thereof) and a sccond implantable medical device, the LCP and the second
implantable medical device bemng configured for communicating with one another,
wherein the system is configured to provide cardiac resynchronization therapy (CRT)
in at feast first and second approaches as follows: the first approach calls for the LCP
to perform the first mode; and the second approach calls for the LCP and the sccond

implantable medical device to cooperatively implement the sccond mode; wherein the

6
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system s configured to use the second approach by default and to use the first
approach if difficulty is encountered with the second approach.
A sixth ithustrative and non-limiting example takes the form of an implantable

medical device system comprising at least a leadless cardiac pacemaker (LCP) as

whn

the fourth illustrative and non-limiting example {or any of the above vanants thergof}
and a second implantable medical device, the LCP and the second mmplantable
medical device being configured for communicating with one another, wherein the
svstem 1s configured to provide cardiac resynchronization therapy (CRT) in at least
first and second approaches as follows: the first approach calls for the LCP to perform
10 the first mode; the second approach calls for the LCP and the second taplantable
medical device to cooperatively implement the second mode; and wherein the system
is configured to use the first approach by default and to use the second approach if
difficulty is encountered with the first approach.
An LCP as in any of the fourth, fifth and/or sixth illustrative and non-luniting
15 examples, or any variant thereof, may use a state machine in the control circuitry
and/or a microcontroller and memory storing executable instructions for the
microcontrolicr.
This overview 1s intended to provide an itroduction to the subject matter of
the present patent application. It is not intended to provide an exclusive or exhaustive
20 explanation of the wnvention. The detailed description is included to provide forther

mformation about the present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS
In the drawings, which are not necessanly drawn to scale, like numerals may
25 describe stmilar components in different views. Like numerals having different letter
suffixes may represent different mstances of similar components. The drawings
dlustrate generally, by way of example, but not by way of limitation, variocus
embodiments discussed in the present document.
Figure 1 itlustrates a patient having an implantable leadless cardiac pacemaker
30 {LCP) implanted in the left ventricle;
Figure 2 shows an tHustrative implantable leadless cardiac pacemaker;
Figure 3 shows a patient having a plurality of implantable medical devices;
Figure 4 shows an ilhistrative implantable medical device;

Figures 5-7 ilfustrate a method of LCP pacing for CRT;



WO 2018/093605 PCT/US2017/060284

Figure 8A 1s a timung diagram ilustrating a method as in Figure 7;
Figure 8B is a block diagram for overall management of a method of LCP
pacing for CRT referencing the timing diagram of Figure 8A;

Figures 9~-13 iltustrate sub-methods to adjust a method of LCP pacing for

whn

CRT,

Figure 14 shows in block form transitions among a number of different CRT
methods; and

Figure 15 illustrates 2 method of handling ventricular beats should those ocenr
during CRT as illustrated by other methods herein.

i0

DETAILED DESCRIPTION

The following deseription should be read with reference to the drawings. The
description and the drawings, which are not necessarily to scale, depict itlustrative
embodiments and are not intended to limit the scope of the disclosure.

15 Figure | iHustrates a patient 10 having an implanted leadless cardiac
pacemaker 14 (LCP placed in the left ventricle of the patient’s heart 12. The LCP 14
may he implanted in other chambers, such as the right ventricle, if desired, and as
shown below, additional devices may also be maplanted to act cooperatively with or
mdependently of the LCP 14. Rather than implantation in the left ventricle, the LCP

20 14 may be implanted proximate to the left ventricle such as by implantation in a blood
vessel of the heart that would place the LCP adjacent to the target chamber.

The LCP 14 1s configured for communication with an external device 20
which may be, for example, a chinician programmer or, in some embodiments, may be
some other device such as a mobile phone usable by the patient or a remote

25 monitoring apparatus. The external device 20 may perform various processes and
methods known 1n the art such as setting therapy or sensing parameters of the LCP
and/or obtaining device diagnostics/settings as well as patient history or other
mformation from the LCP 4.

Communication between the LUP 14 and external device 20 may use an

30 optional wand 22 that can be placed on or near the patient to facilitate

communication. For example the wand may be designed with two or more skin

contact electrodes for conducted communication with an implantable device.

Alternatively the wand may comprise a cotl or antenna to facilitate mductive or

radiofrequency communications, or may include an optical element(s) for infrared
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communication, or a transmitier and receiver for ultrasound communications, as

esired. For example, Medradio communications m the 401-405 MHz band,
Bluetooth or Bluctooth Low Energy, or Zighec or other communications mode, may
be facilitated by the provision of appropriate antennae and associated circuitry, The
wand may be omitted and antenna and circwitry may be provided within or on the
external device 20. Though not shown m detail, the external device 20 may include
any suitable user interface, including a screen, buttons, kevboard, touchscroen,
speakers, and various other features widely known in the art.

The LCP 14 may include at least two therapy delivery electrodes to act as
anode and cathode for therapy delivery. The LCP 14 may be placed by advancing a
catheter into the heart from, for example, a femoral location, and attamning access 1o
the left ventricle and placing the LCP 14 adjacent to the myocardium and engaging
attachiment features, such as tines, hooks, or helical coils, for example, thereto.
Delivery, tissue attachment and retrieval features may be included in the LCP
mchuding those features shown m US PG Patent Publications 20150051610, titled
LEADLESS CARDIAC PACEMAKER AND RETRIEVAL DEVICE, and
20150025612, titled SYSTEM AND METHODS FOR CHRONIC FIXATION OF
MEDICAL DEVICES, the disclosures of which are incorporated herein by reference.
Delivery, fixation and retricval structures may also resemble that of the Micra™
(Medtronic) or Nanostim ™ (St Jude Medical) leadless pacemakers.

The LV placement may be particularly useful for cardiac resynchronization
therapy (CRT) purposes. In CRT, as explained m the Background, one goal 1s to time
delivery of pacing to one or more ventricles to cause electrical “fusion” wherein the
ventricular contraction is made stronger by activation of tissue due to convergence of
multiple electrical signals. A therapy delivered to the LV can converge with the
electrical wavefront moving tnferiorly through the heart’s natural conduction path to
enhance cardiac ocutput/efficiency.

While the LV is a good place from which to deliver therapy, an LCP may not
be able {o adequately sense atrial activity from the LY well enough to independently
manage CRT pace timing in all patients and/or at all times. It is bkely that in at least
some circumstances, an LV -placed LCP will be able to do some atrial sensing asing
clectoral or mechanical signals, however, further options are desired.

Methods described below are intended to provide additional options foran LY

located LCP to provide CRT. Such methods may be embodied in devices having
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operational circuitry configured to perform the methods, such as by mcluding
dedicated circuttry for certain functions as well as stored instruction sets to be
operated by a processor or controlier, or by providing one or more state machines to

perform identified functions m various configurations.

whn

Some patients may also or instead need a right ventricle (RV} located LCP 1o
facilitate CRT. The methods and devices herein may be further configured for use in
the RV such as by adjusting timing interval calculations to accommodate a location in
the RV.
Figure 2 shows an illusirative LCP design. The LCP 50 is shown as including
10 several functional blocks including a communications module 52, a pulse gencrator
module 34, an electrical sensing module 36, and a mechanical sensing module 38, In
some examples, the clectrical sensing module 56 and mechanical sensing module 38
may be configured to sense one or more biological signals for use in one or more of
determining timing for CRT, identifving physiological conditions, such as those

15 affecting the parasympathetic nervous system that may affect CRT timing needs,
and/or for assessing CRT efficacy, as further described below.

A processing module 60 may receive data from and generate conunands for

outputs by the other modules 52, 54, 56, 38, An energy storage module is highlighted
at 62 and may take the form of a rechargeable or non-rechargeable batiery, or a

20 supercapacitor, or any other suitable element. Various details and/or examples of
wternal circuitry, which may include a microprocessor or a state-machine
architecture, are further discussed m US PG Patent Publications 20130360436, titled
SYSTEMS AND METHODS FOR RATE RESPONSIVE PACING WITH A
LEADLESS CARDIAC PACEMAKER, 20150224320, titled MULTI-CHAMBER

25 LEADLESS PACEMAKER SYSTEM WITH INTER-DEVICE
COMMUNICATION, 20160089539, titled REFRACTORY AND BLANKING
INTERVALS IN THE CONTEXT OF MULTI-SITE LEFT VENTRICULAR
PACING, and 20160059023, titled, MEDICAL DEVICE WITH TRIGGERED
BLANKING PERIOD, as well as other patent publications. [lustrative architectures

30 may also resemble those found in the Micra™ (Medtronic) or Nanostim™ (&t Jude

Medical} leadless pacemakers.

The device is shown with a first end clectrode at 64 and a second end
clectrode at 66. A retrieval feature 18 shown schematically at 70 and may be, for

example, a short post with an opening therethrough to receive a retrieval hook. A

10
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number of tines 68 may extend from the device i several directions. The tines 68
may be used to secure the device in place within a heart chamber. An attachment
structure may instcad take the form of a helical screw, if desired. In some cxamples,

tines 68 are used as the only attachment features. As noted above, delivery, tissue

whn

attachment and retrieval features may be included i the LCP including those features

shown m US PG Patent Pubkications 20150051610, and/or 20150025612, titled

SYSTEM AND METHODS FOR CHRONIC FIXATION OF MEDICAL DEVICES,

for example. Delivery, fixation and retrieval structures may also resemble that of the

Micra™ (Medtronic) or Nanostim™ (5t Jude Medical} leadless pacemakers.

10 Figure 3 illustrates a patient 100 with an LCP 104 implanted inside the heart
102, m the left ventricle for illustrative purposes. Optionally a second LCP 1061
shown i the right ventricle of the heart 102, H desired further devices may be
provided by having, for example, an LCP in one of the atria.

The patient 100 also has implanted another medical device in the form of a

15 subcutancous implantable defibnillator (SICD) having a left axillary camister 110 and
alead 112, The iHustrative lead 112 15 shown with a defibrillation coil 114 and
scnsing electrodes 116, 118 distal and proximal of the coil 114, A still more proximal
sense electrode may also be provided as shown at 120, For securing the lead
subcutaneously, one or more suture slegves may be provided and/or the distal tip

20 glectrode 116 may be secured 1o the fascia by the use of a suture or clip engaging a
suture hole in the distal tip.

In some embodiments the lead may be as shown, for example, m US Patent
9,079,035, utled ELECTRODE SPACING IN A SUBCUTANEOUS
IMPLANTABLE CARDIAC STIMULUS DEVICE, the disclosure of which is

25 meorporated herein by reference. Plural leads may be provided as shown, for
example, i US Patent 7,149,573, ntded SUBCUTANEQUS CARDIAC
STIMULATOR DEVICE HAVING AN ANTERIORLY POSITIONED
ELECTRODE or, alternatively, the lead may have a bifurcation. Any suitable design
for single, multiple, or biturcated implantable leads may be used.

30 The lead 112 may be implanted entirely subcutancously, such as by extending

across the anterior or posterior of the chest, or by going partly across the chestina

lateral/medial direction and then superiorly toward the head along the sternum. Some
gxamples and discussion of subcutancous lead implantation may be found 1n US

Patent No. 8,157,813, titled APPARATUS AND METHOD FOR SUBCUTANEOUS

11
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ELECTRODE INSERTION, and US PG Publication No. 201200293335, titled
SUBCUTANEOUS LEADS AND METHODS OF IMPLANT AND EXPLANT, the
disclosures of which are imcorporated herein by reterence. Additional subcutancous
placements are discussed i US Patent 6,721,597, titled SUBCUTANEOGUS ONLY
IMPLANTABLE CARDIOVERTER DEFIBRILLATOR AND OPTIONAL PACER,
and the above mentioned US Patent 7,149,575, the disclosures of which are
meorporated herein by reference.

A substernal placement may be used instead, with the distal end of the lead
112 {that is, the end distant from the canmister 110} going beneath the sternuny. Some
examples of such placement are described in US PG Patent Pub. No. 20170021159,
titled SUBSTERNAL PLACEMENT OF A PACING OR DEFIBRILLATING
ELECTRODE, the disclosure of which is incorporated herein by reference. Still
another alternative placement is shown in US Patent Application No. 15/667.167,
titled IMPLANTATION OF AN ACTIVE MEDICAL DEVICE USING THE
INTERNAL THORACIC VASCULATURE, the disciosure of which is incorporated
herein by reference.

The devices 104, 106 (optionally), 110 may communicate with one another
and/or with an external programmer 130 using conducted commumication, in some
examples. Conducted communication 18 communication via electrical signals which
propagate via patient tissue and are geoerated by more or less ordinary electrodes. By
using the existing electrodes of the implantable devices, conducted communication
does not rely on an antenna and an oscillator/resonant circuit having a tuned center
frequency or frequencies common to both transmitter and receiver. radiofrequency or
mductive communication may be used instead. Alternatively the devices 104, 106
{optionally}, 110 mayv communicate via inductive, optical, sonic, or radiofrequency
communication, or any other suitable medium.

Subcutaneous implantable defibriliators may include, for example, the
Emblcm 8-ICD Svstem™ offered by Boston Scientific Corporation. Combinations of
subcutaneous defibriliators and LCP devices are discussed, for example, in US PG
Patent Publication Nos. 20160059023, 20160059024, 20160059022, 20160059007,
20160038742, 20150297902, 20150196769, 20150196758, 20150196757, and
20150196756, the disclosures of which are incorporated hercin by reference. The
subcutancous defibrniliator and LCP may, for example, exchange data related to

cardiac function or device status, and may operate together as a gystem {0 ensure
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appropriate determination of cardiac condition (such as whether or not a ventricular
tachyarrhythmia is occurring}, as well as to coordinate therapy such as by haviag the
L.CP deliver antitachveardia pacing in an atfernpt to convert certain arrhythnuas

before the subcutancous defibrillator delivers a defibnilation shock. In addition, the

whn

two systems may coordinate as set forth herein to provide cardiac resynchronization
therapy (CRT).
In some exaraples, rather than a therapy device such as the SICD shown in
Figure 3, a second implantable medical device may take the form of an implantable
monitoring device such as a subcutancous cardiac monitor {(SCM). An SCM may be,
10 for example, a loop monitor that captures data under select conditions using two or
more sensing electrodes on a housing thereof and/or attached thereto with a lead.
Such monitors have found use to assist i diagnosing cardiac conditions that may be
infrequent or intermittent, or which have non-specific symptoms. In the context of
the present invention, an SCM, or even a wearable cardiac monitor, may be used in
15 place of the SICD as descnibed in any of the following examples.

Several examples focus on using a left ventricular LCP 104, However, some
cxamples may instead use a right ventricular LCP 106, and other examples may
meiude both the left ventricular LCP 104 and night ventricular LCP 106, In other
examples, a three mmplant system may inclade two LCP devices 104, 106, as well as a

20 subcutaneous device such as the SICD 110 as shown. In still other examples, an
atrial-placed LCP (not shown) may also be meluded or may take the place of one of
the veninicular LCP devices 104, 106 and/or the SICD 110,

Figure 4 illustrates a block diagram of an implantable medical device. The
illustration indicates various functional blocks within a device 150, including a

processing block 152, memory 154, power supply 156, input/output cirawtry 158,

N
g

therapy circuitry 160, and communication circuitry 162, These functional blocks
make up at least some of the operational circuitry of the device. The VO circuitry 158
can be coupled to one or more clectrodes 164, 166 on the housing of the device 150,
and may aiso couple via a header 168 for attachment to one or more feads 170 having

additional electrodes 172.

(]
<

The processing block 152 will generally control operations in the device 150
and may include a microprocessor or microcontroller and/or other circuitry and logic
suttable to ity purpose. A state machine may be included. Processing block 152 may

include dedicated circuits or logic for device functions such as converting analog

fmmat
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signals to digital data, processing digital signals, detecting events m a biological
signal, ¢tc. The memory block may include RAM, ROM, flash and/or other memory
circuits for storing device parameters, programming code, and data related to the use,

status, and history of the device 150, The power supply 156 typically includes one to

whn

several batterics, which may or may not be rechargeable depending on the device 150.
For rechargeable systems there would additionally be charging circuitry for the
battery {not shown} including for example a coil for receiving energy and regulating
and rectification circuitry to provide recetved energy o a rechargeable battery or
supercapacitor.

10 The VO circuitry 158 may include various switches or multiplexors for
sclecting inputs and outputs for use. /0 circuitry 158 may also melude filtering
circuttry and amplifiers for pre-processing mput signals. In some applications the 10
circuitry will include an H-Brdge to facilitate high power ocutputs, though other
circuit designs may also be used. Therapy block 160 may include capacitors and

15 charging circuits, modulators, and frequency generators for providing electrical
ostputs. A monitoring device may omut the therapy block 160 and may have a
simplified VO circuitry used sumaply to capture electrical or other signals such as
chemical or motion signals.

The communication circuitry 162 may be coupled to an antenna 174 for radic

20 communication (such ag Medradio, ISM, Bluetooth, or other radiofrequency

protocol/band), or alicmatively to a coil for inductive communication, and/or may

couple via the 1O circuitry 158 to a combination of electrodes 164, 166, 172, for
conducted communication. Communication circuitry 162 may include a frequency

generator/oscillator and mixer for creating output signals to transmit via the antenna

N
g

174, Some devices 130 may include a separate or even off-the shelf ASIC for the
communications circuitry 162, for example. For devices using an inductive
conymunication output, an inductive cotl may be included. Bevices may use optical
o1 acoustic communication, and suitable circuits, transducers, generators and receivers
may be included for these modes of communication as well or instead of those

discussed above.

(]
<

As those skilled in the art will understand, additional circuits may be provided
cvond those shown in Figure 4. For example, some devices 130 may include a Reed
switch, Hall Effect device, or other magnetically reactive element to facilitate magnet

wakeup, reset, or therapy inhibition of the device by a user, or to enable an MRI

14
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protection mode. A device lacking a lead may have plural electrodes on the housing
thereof, as indicated at 164, 166, but may omit the header 168 for coupling to lead
170.

A device as in Figure 4 may be embodied as a subcutancous implantable
defibrillator as shown above in Figure 3. Altermatively a device 150 may be
embodied as an implantable defibnllator and/or pacemaker as in US PG Patent Pub.
No. 20170021159, titled SUBSTERNAL PLACEMENT OF A PACING OR
DEFIBRILLATING ELECTRODE, the disclosare of which is incorporated herein by
reference. Stlf another alternative placement is shown in US Patent Application No.
15/667,167, titled IMPLANTATION OF AN ACTIVE MEDICAL DEVICE USING
THE INTERNAL THORACIC VASCULATURE, the disclosure of which is
meorporated herein by reference. Still forther, a device 150, omitting the therapy
circuitry 160 if desired, may be embodied as an implantable cardiac monitoring
system.

Figures 5-7 illustrate a method of LCP pacing for CRT. Figure 5 shows the
method at a high level as being an approach for stand-alone LYV LCP pacing, as
ndicated at 200. A setup process, shown 1o Figure 6, is performed as indicated at
210, Next, ambulatory operation 250 takes place, as tfurther detailed below in Figure
7. Upon occurrence of a reset 202 of the device, optionally, the system may return to
the setup process 210, Upon occurrence of one or a plurality of errors, such as a
persistent failure of one or more types, setup 210 may be revisited. For example, if
desired, one or more measures of CRT success may be monitored such as review of
cardiac contractility, occurrence of fusion pacing events, changes i patient fluid
status, occurrence of desirable hemodynamic outcomes as mdicated by strength of
cardiac beats or changes 1n pressure in the heart or blood vessels, for example, and
fatlure to attain desired outcomes may be viewed as an error 204 triggering retum to
sctup. In the most likely to occur of these retarn states, a physician intervention may
oceur, such as when a patient goes to the clinic for a follow-up (or has, if enabled. a
follow-up via remote telemetry) with a physician 206 who may oversee a re-visit to
the setup 210.

Tuming to Figure 6, the sctup process is shown at 210, A pre-excitation
mterval, PRX, is to be deternuned as indicated at 212, In a stmplest approach, PRX
can be directly determined 214 by having the physician enter the desired PRX 216

using a chinician programmer. The entered value for PRX can then be used n
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ambulatory operation 250 which is further discussed 18 Figure 7. PRX 15 one type of
“reduction factor (RF)” that may be used in some embodiments; another example of
an RF is also described below.

A calculated approach 220 1s also provided. Here, the PR interval 1s measured

whn

224 — that 18, an interval from the P-wave to the R-wave for the patient 13 determined

using, for cxample, measurement of such an mterval in one or a plarality of cardiac

cycles. Step 224 may be performed in-clinic 226 under the supervision of a physician

or otherwise qualified personnel. Alternatively, step 224 may be performed by a

second implant 228 such as an extracardiac device {EDY), for example, a subcutanecus

10 implantable cardioverter defibrillator (SICD) or subcutancous cardiac monitor (SCM},
or even another LCP. In a still further alternative, the LCP itself may measure a PR
mterval by, for example, obtaining a heart sound associated with occurrence of a P-
wave and assuming an interval between occurrence of the heart sound and the desired
atrial fiducial.

15 Wext, a vanable, %PR, is obtained for use mn calculating PRX, as indicated at
230. The variable may be provided by a physician gverseeing the procedure, or it
may be pre-set, for example, as a desired target based on general population studies.
For example, given a P-R mterval, the point m time at which pacing for CRT should
be dehivered may be assumed to be some fraction of the P-R interval such as in the

20 range of about 25% to about 60%. or about 35% to about 50% of the P-R interval
prior to the oncoming K~wave. Thus, as an example, if the KR interval 15 1000 ms,
the %PR 15 60%, and the PR mierval is 160 ms, then a pace therapy tor CRT may

cairably precede the R-wave by 96 ms, or 60% of the PR interval. In the tllustrative
example, 40% of the PR interval would be subtracted from the RR interval to vield a

25 synchronization pulse interval.

The pre-excitation interval, PRX can then be calculated as the product of the
measurcd PR interval times the obtained or entered %PR, as shown at 232, With
PRX calculated, the method then turns to ambulatory operation 250 shown in Figure
7.

30 Figure 7 tllustrates steps for ambulatory operation. Following setup 210, a

native interval between R-waves, QRS complexes, or “beats” is measured, as

ndicated at 252, This interval may be obtained using any suitable method such as by
monitoring the clectrocardiogram as recetved at the LCP, other methods may be used

such as by monitoring for heart scunds, motion, or pressure events inside the heart, f

16
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desired. The interval is “pative” msofar as at least the latter cardiac cycle of the two
surrounding the interval 1s not artificially paced. The measured interval is then an
mterval between two ventricular events, or VVint. If desired, both of the preceding

and following ventricular events defining the native mierval mayv be non-paced.

whn

A single, “Synchronization”™ occurs with a pace therapy delivered at an
interval that is equal to VVint less PRX ag indicated at 254, Then a plurality of beats
are paced at intervals equal to VVInt. By pacing at an interval, as used herein, the
mtent 1s that a pace therapy output is delivered following expiration of the interval
from a preceding sensed ventricelar event or pace therapy delivery. Thus, the pace at
10 254 follows expiration of an interval following a native ventricular event, while the

paces at 236 are cach taking place following expiration of an interval following a
previous pace therapy delivery.
After “N” beats are paced, the method retums from block 256 to block 252 to
obtain a new VVInt. The loop back to measure VVIint acknowledges, m part, that the
{5 patient’s native heart rate may change over time as, for example and without
himitation, the patient moves, undertakes an activity, becomes excited, falls asleep, or
is affected by an ingested chemical such as caffeine. In the figure, the combination of
blocks 252, 254 serve as synchronization cvcles comprising a native cardiac cycle and
a paced cardiac cycle. The pace therapy at 254 also serves as a CRT dehivery cycle
20 along with those delivered in block 256.

Druring therapy cveling, the device monttors the cardiac electrical signal to
ensure that a new ventricular beat does not occur between pace therapy outputs. Such
beats may take place if, for example, an ectopic beat, such as premature ventricular

contraction, occurs, or if an atrial arthythmia such as atrial fiballation, conducts to the

N
g

ventricie(s). If this occurs it may be treated as an ervor as indicated at 280, and may
be handled as shown below in Figure 15, returming to one of block 252 or block 254,
as desired. In addition, one or more physiclogical signals of the patient may be
monitored as illustrated below in Figures 9-13, yielding an adjustment to one or more

parameters as indicated at 290, For example, PRX {or other reduction factor, RF) or

(]
<

N7 may be modified m light of a sensed condition as shown in Figures 9-13.

In operation, the method as shown in Figure 7 will provide a percent therapy
delivery for CRT pacing of (N+1/{N+2). The percent therapy delivery can be
manipulated by increasing or decreasing N, and may be further reduced if desired by

mtroducing delays between sets. Studies bave shown, however that a higher percent
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therapy delivery tends to result in greater therapy benefit. On the other hand, as
shown in Figure 8A, the underlving rhythm may drift over time to yield changes in
the PR miterval and/or RR interval that can reduce efficacy during performance of step
256, These tradeoffs can be handled to some extend by using methods shown in
Figures 9-13 below to increase or decrease the percent therapy delivery in response to
select conditions. In general, a range of N may be anywhere from 3 up to about 50, or
higher or lower, if desired. In an exarople, N may be mncremented up and down in
steps of 1, 2, 5 or 10, or other increment.

Figure SA is a timing diagram illustrating a method as in Figure 7. Atrial
events (P-waves) are shown on the line at 300; cach dark vertical line along the
horizontal axis at 300 represents a P-wave or atrial depolanization. Asas 310 shows
ventricular depolarizations in the dark vertical lines on the horizontal axis. Paced
ventricular events on axis 310 are marked as Vp, and native events marked as Vs.
Certain intervals arc marked for the first two cardiac cycles on the left hand side,
mchuding the PR interval at 302 from an atrial event to the subsequent ventricular
event, an RP interval at 312 from a ventricular event to the subsequent atrial event,
and the RR interval between two consecutive ventricular events at 314, Going to the
right hand side of the figure, the PR mtervals continue to be called out.

The lower portion of Figure 8A shows pace imtervals with characterizations
and durations. At 320 is a measurement beat. The measurement beat is what would
be observed at block 232 of Figure 7. as the ventricular event Vs that ends the mterval
18 a native beat and 1s not paced. Next a synchronization beat is delivered, as
mdicated at 322, which would match therapy dehivery at block 254 of Figure 7. Then
a set of "N therapy beats are delivered at 324, corresponding to the delivery of CRT
therapy in block 236 of Figure 7. The process then iterates with a measurement beat
at 330, a synch beat at 332, and another set of therapy beats at 334

Hlustrative intervals are shown in blocks 320, 322 and associated with 324, In
this example, the measured beat interval has a duration of 900 nulliseconds, which
would correspond to about 67 beats per minute. The syonchronization beat in this
example is delivered at a shorter interval) in this case, 828 mulliseconds following the
native ventricular event Vs that ends the measurement beat interval. For this
llustrative, non-limiting example, the value for PRX is 72 mulliscconds, which could

be calculated, for example, using 45% of a 160 millisecond PR interval. The

18
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numerical solution is hvpothetical but Likely in the range of what a real world patient
would experience.

Another tHustrative approach may take into account the relative length of the
PR interval to the RR interval as follows. In an example, the setup phase may
determine the RR interval and PR interval at a given point in time and generate a
PR:RR ratio. For example, if the RR mterval s measured at 800 milliseconds and the
PR nterval is 160 milliseconds, then the PR:RR interval would be 160/8006 =02,
which can be referred to as the “Ratio”™. Then a Pre-Excitation Percentage (PEP) may
be provided by the physician or pre-set by the device, for example i the range of
30% to 50%; in one cxample, the PEP is sct to 40%. In the ambulatory setting, the
synchronization pace nterval can be set as follows:

Synch Interval = VVint * {1 — Ratio ¥ PEP)

Assuming VVini is measured at 900 millisecond, then the cutcome given a Ratio of
0.2 and a PEP of 40% is:

Synch Interval =900 ms * (1 - 0.2 ¥ 0.4) =900 * (0.92) =528 ms
In operation, for the Ambulatory Setting, block 328 may be revised to state that a pace
therapy 1s delivered at VVint * Synch Fraction, where Sync_Fraction is the product
of the ratio of the measured PR to RR intervals, and the PEP. In the remaining
explanation and Figures, PRX and/or the combination calculated factor (1 - Ratic *
PEP) may be treated as reduction factors (RF) that are used to reduce VVint for
purposes of delivering the Synch Interval.

One of the reasons for bimiting “N7 1s illustrated at 326, where the Pto Vp
interval drifis as the set of pace therapies are debivered. Drift would again occur
within the therapy set at 334; at least for the intial fow beats the drift is likely to be
small but it may grow over time as deviee settings and assumptions become less
connected to the patient’s changing physiclogical experience.

Such drift is not harmful within reasonable limits. For example, typically, a
tolerance for drift may be 1o the range of 20 milliseconds or so in ctther direction and
so random variation is likely tolerable. However, dnift of the P-Vp interval may not
be purely random, for example, physiclogical conditions of the patient can cause drift
to oceur in a directional manner. For example, if the patient begins excrcising or
changes posture causing a change in sympathetic tone, the actual underlying PR
interval may change, or the patient’s heart rate may change causing changes in the RR

interval which, 1o tum would make the pace therapy delivery mis-timed relative to the

19
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P-wave as metabolic demand may change the time of P-wave appearing on the atrial
axig 300 {which is not paced), but the pacing on the ventricular axis 310 remains
fixed. In some cxamples, also laid out below, the actual PR interval even at the same

RR mnterval may be different depending on certain factors such as posture, and

whn

accommodations for that may also be made.

In some examples, N mav be selected for a given patient in view of a
physician’s experience with the patient and/or in light of information gathered fora
patient. For example, a patient may receive a wearable monitoring system or
implantable mouitor to determine PR variability in order to determine how N may be
10 set, in advance of LCP implantation by seeing how quickly the patient’s heart rate or

other characteristics change in response to activity, posture change, sleep, exciiement,
gtc. In another example, wearable or additional implantable device may be provided
after implantation of the LCP to monitor pacing effectiveness for a time period to
determine a range for N, as well as other suitable patient diagnostics.

15 Figure 8B illustrates an example wherein the LCP adjusts N based on the RR
mterval drift measured by the LCP in prior therapy sets. At 340 the LCP measurces
the RR interval, for example during the measurement beat 320 (Figure 8A}) At 342
the LCP delivers a set of N beats of CRT as illustrated m Figure 8A. Ifat 344, M
{e.g. 10} CRT scts have been delivered, a new N is calculated at 346,

20 In most paticnts there is a strong relationship between the RR and PR
mtervals. Thus measuring the RR interval drift (RRoar) can be used to estimate the
drift in the PR mterval. For example, the PR dnft may be about one fifth the RR dnft.
Ag noted above, 1n some examples, the usable value of N is dependent on the PR drift
and the tolerance of CRT to deviations from the desired AY delay (AVDwa). Inan

25 example, the new N can be calculated as follows:

Nnew = Nowg * {5 * | AVDro1 / RRopuisl)
For example, if over the last 10 CRT sets the RR interval drift is +120 ms, the AV
delay tolerance 18 30 ms and the present N is 25, the new N would be 25 * (5 * |30 1us
/ 120 ms}) = 31 (Nwew being rounded to the nearest integer). In another example, if

30 over the last 10 CRT sets the RR interval drift 18 -150 ms, the AV delay tolerance 1s

25 ms and the present N is 30, the new N would be 30 * (5 * |25 ms / -150 mg|} = 25,

in some examples the ratio of the PR interval to RR interval is fixed (e.g. 5. In some

gxamples the PR interval varies by patient or time and can be attained via physician

entry or measurement via another device.



WO 2018/093605 PCT/US2017/060284

In still other examples, below, N mavbe modified in light of additional patient
conditions.
Figures 9-13 illustrate sub-methods to adjust a method of LCP pacing for

CRT. Figure 9 shows an example in which an adjustment may be made between sets

whn

of CRT. In this example, the device (the LCP itself, or a second device

communicatively linked to an LCP) identifies a physiological change that likely has

an autonomic influence at 350, particularly with focus on any change that may affect

the reduction factor (RF). If such a change is observed, a substitute reduction factor is

mserted, RE’, as mdicated at 352, For example, referring to Figure 7, this type of

10 adjustment may be made at block 290, between therapy sets, as the modification of
RF would be of most importance when RF 1s actually used during the svnchronization
pace step, and would have less importance, if any, dunng the actual set of therapigs.
However, 1o another example, if desired, the postural change may be used to interrapt
the set of CRT pace therapies prior to reaching "N therapies to force re-

15 synchronization. Such an mierruption may be treated as an error 280 forcing a retum
io the sense or synchronization steps of Figare 7.

Figure 10 shows a more specific example of the congept of Figure 9. Here,
RF may be calculated with the patient in a known posture, Posture 1, as indicated at
360, Then, the CRT therapy is delivered using RF as calculated for Posture 1 when

20 the patient is 1 Posture 1 and, if the patient changes posture, as indicated at 362, a
different RF value 1s selected 364,

For example, the setup process may comprise calculating a separate RF value
for a plurality of posture by, for example, requesting the patient to assume and hold
different postures while the RF caleulation process{es) described above are repeated

25 for cach posture. Then, with the patient ambulatory, one of the RF values 1s selected
at any given time based on the sensed posture of the patient. For example, posture
may be sensed using an accelerometer. If the patient assumes a posture for which a
RF value has not been identified, the RF value used may be an average or median of
the RF values for various postures, or a value of RF in the last posture sensed for
30 which RF has been calculated, for example.
Figure 11 shows ancther example. Here, the value for "N” is adjusted 1n
response to sensed conditions that may influence PR dnft as highlighted above in
Figure 8A. First, a relevant influence 1s identified as mdicated at 400. Some

iustrative influences may be activity of the patient 402 (particularly where the
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activity level of the patient changes), reapiration 404 (particularly mterested again in
changes in the rate or depth of respiration, for example}, posture 406 (for example a
patient in repose is less likely to have a significant change of heart rate and therefore

may be better suited to larger “N” than one who is standing and more likely to have a

whn

change in heart rate), and/or time of day 408 (nighttime, while the patient 1s slegping,
may work better for a larger “N™ than davtime, while the patient is awake}. ifan
mfluence 400 changes, then the resynchronization frequency is adjusted 4106 by, for
example, modifving “N” as indicated at 412 which will, in tum, adjust the percent
pacing and percent therapy delivery 414, The method of Figure 11 may be mchuded
10 as part of the adjustment step at 290 in Figure 7. Some influences, such as a change
m activity 402, respiration 404, or posture 406, may also be used to trigger an
interrupt or error 280 in Figure 7, truncating a CRT therapy set, if desired.
Figures 12 and 13 show particular examples of the concept of Figure 11, In
Figure 12, the patient’s activity level 1s measured at 430 using, for example, an
15 accelerometer to detect patient movement or, alieratively, a temperature sensor on
the LCP that can detect a change 1n bood temperature 1n the heart, which will also
suggest a change in metabolic demand and patient activity. “N7 is then calculated (or
recalculated) n response to the measured activity level, as indicated at 432,
Figure 13 shows another example using posture this time. Posture sensing is
20 performed at 450 to yield one of three outcomes {in this example — most posture
definitions may be used if desired 10 other exaraples). The three outcomes include
Posture 1, supine, as ndicated at 452, in which re-synchronization may be performed
relatively less frequently as indicated at 434, The three osteomes also mclude Posture
2, standing, as indicated at 460, in which case the system uses a smaller N and
25 resynchronizes more frequently, as indicated at 462, than 1t the patient was supine.
For this example, any other posture may be handled at block 456, “Other Posture”, in
which case reference may be made to another sensor as indicated at 438 such as an
activity sensor, which can then be used to deternune whether to use a larger N and re-
syach less often 454, or a smaller N and re-synch more often 462. For example, if the
30 patient is active at block 438, then re-synchronization may be performed more often
as the patient’s heart rate is more likely to change quickly while active. In an
alternative, the other posture block 456 may simply go to one or the other of blocks

454, 462 automancally.
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In still ancther alternative, N may be set according to the measured cardiac
rate to ensure a frequency per unit time of re-synchronization. For example, a patient
with a heart rate of 60 beats per nunute would take 22 scconds, approximately, to

proceed through one full therapy regimen as shown in Figure 7 (1 native interval at |
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second, 20 paced intervals at 1 second, and 1 paced interval at | second less a
reduction due to RF). I the heart rate is 100 beats per minute, a full therapy regimen
as shown in Figure 7 would take about 13 seconds instead. Normalizing N by rate
might mean, for example, setting N to ensure it is revisited every 20 seconds, making
N=18 when the heart rate is 60 beats per minute, and N=31 when the heart rate is 160
10 beats per minute. Other approaches may be used instead to modify N in light of
patient conditions.
Figure 14 shows in block form transitions among a number of different CRT
methods. While some examples are directed at using an LOP implanted in the LV {o
provide stand-alone CR'T, such as a svstem shown in Figure 1, above, other examples
15 may be part of a broader method and system to provide a number of CRT solutions in
one system. For example, an LCP may be implanted with one or more additional
evices such as another LCP, a subcutaneous implantable monitor, or a subcutancous
mmplantable defibrillator, as shown in Figure 3, above. In sull fisther alternatives, a
wearable apparatus, or a completely different apparatus, such as an implantable
20 nguromodulation device, drug pump, or other apparatus, may be useful to provide
data that can be helptul in providing CRT.
Figure 14 illustrates mode switching among a plurality of pacing modes for
CRT, with modes mdicated at 500, 510, 520, and 530. Modes 500, 310, and 520 arc
each cooperative modes 1n which a left ventricular placed LCP delivers pace therapy
25 and receives timing assistance from a sccond device such as an extracardiac device
(SICD and/or SCM, for example) or a second LCP placed else wherein the heart,
while mode 530 represents an independent mode of operation for the LLP, where the
LCP itself deternines pace timing for CRT.
For example, mode 500 is an atnal-triggered mode, which may use cardiac
30 electrical information such as the P-wave, as indicated at 502. Alternatively,
mechanical or other sensor information may be captured and used as a trigger, as
ndicated at 504, such as by identifying a heart sound, motion in the atrium, or

pressure changes i the atrium or related to atrial activity.
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Predictive mode 510 may operate by controlling a pace-to-pace interval and
reviewing past result of pace therapy delivery to adjust the pace-to-pace imterval based
on a “prediction” of when will be the right time to deliver a next pace therapv. For
example, a predictive mode may use analysis of prior P-wave to pace mtervals, as
indicated at 512, or may use a morphology asscssment of a QRS complex to
determine whether the QRS complex has a shape that mdicates fusion 514, using for
examples rulcs or templates in the analysis. In still further examples of predictive
pacing 510, a mechanical signal, such as the timing of heart sounds in relative
sequence, may be analyzed as mdicated at 516 to optimize pace timing.

Uther signals may be assessed as well, as mdicated at 320, including a septal
signal such as the Q-wave onset, as indicated at 522, Non-electrogram signals may be
used, such as a heart sound emanating from other than the atria at 524,

An autonomous mode for CRT pacing by an LCP may be used as well, as
mdicated at 330. Such an L.CP may be placed in the left ventricle, and may be
capable of vanous analvsis to help with tnggered or predictive pacing management.
For example, the LCP may monttor for an atrial tngger 532 such as a heart sound or
an clectrical signal such as the P-wave. The LCP may mstead use an impedance
measurement, triggering pacing when the volume reaches a threshold level or change.
The LCP may detect motion such as movement in the atria and trigger therapy. The
LCP may have a sensor for sensimg heart scunds and may detect a sound associated
with atrial or right vendricular contraction, to trigger therapy delivery. A pressure
signal may monitored to detect changes indicating atrial or right ventricular
contraction triggering therapy output. An electrical input may be used by filtering to
obtain a far-field signal {frony the atrivim, or the LCP may have a short lead accessing
the atria and can sense atnal signals. Any of these mputs may instead be used m a
predictive method that analvzes past results and modifies pace to pace timing to
achieve desirable CRT m subsequent pace therapy delivery. Another option is to use
the reduction factor (RF) based approach shown above in Figures 5-7, as indicated at
534,

As indicated by the various arrows, the example may switch from one mode to
another. Such switching may be based on errors or preference (E/P) as indicated at
any of 540, 542, 544, 546. Errors may indicate that a particular mode or mode type is
unireliable at a given time, while preference may indicate the order in which modes

are to be made available.
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For example, an atrial triggered mode 500 may be in ase, however, vpon loss
of the atrial signal {caused by posture change, archythmia, or unknown cause)} may
trigger switching to usc of an “other” signal in block 520, or to use of a predictive

mode as indicated at 510, In several examples, a preference for cooperative modes

whn

may be in place, with switching to mode 530 performed only after other modes 500,
510, 320 are shown uarchiable or ineffective. In other examples, any of modes 300,
5310, 520, 530 may be used at any time simply based on which is decmed to be most
reliable and/or to provide the preferred quality of CRT,

An atnal triggered mode may include, for example, sensing an atrial

10 contraction using an clecirical or mechanical signal. See, for example, US Patent
Application Serial No. 15/633,517, titled CARDIAC THERAPY SYSTEM USING
SUBCUTANEQUSLY SENSED P-WAVES FOR RESYNCHRONIZATION
PACING MANAGEMENT, and/or US Patent Application Serial No. 15/642,121,
titled METHOD AND SYSTEM FOR DETERMINING AN ATRIAL

15 CONTRACTION TIMING FIDUCIAL IN A LEADLESS CARDIAC
PACEMAKER SYSTEM, the disclosures of which are incorporated herein by
reference

A predictive mode 510 may include, for example, monitoring evoked
response(s} for fusion or comparing pace to R-wave {(or other fiducial reference)

20 timing to a target. See, for example, US Patent Application Serial Number
15/684,366, titled INTEGRATED MULTI-DEVICE CARDIAC
RESYNCHRONIZATION THERAPY USING P-WAVE TO PACE TIMING, and/or
US Patent Application Serial No. 15/684.264 titled CARDIAC
RESYNCHRONIZATION USING FUSION PROMOTION FOR TIMING

25 MANAGEMENT, the disclosures of which are incorporated herein by reference.

In addition, within the mode types, there may be mudtiple specific mode
implementations such that a method or device can switch between modes of the same
type. The assessment of different pacing modes, and switching between modes, may
encompass the activation or deactivation of sensors and sensimg capabilities specific

30 to different modes. For example, an SICD or SCM may have multiple sensing

chanuels and/or sense vectors that better target (using filtering or spatial differences)

ventricular or atnial electrical signals. When a pacing mode relying on an electrical
atrial signal 1s selected, the sense channel and/or sense vector best for atrial sensing

may be activated; when a different pacing mode is selected, that same chaanel or
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vector may be deactivated to save power. A mechanical or optical sensor used in
certain pacing modes may be deactivated when the relevant mode is not selected or
under assessment.

Additional concepts related to switching between mode types for CRT using
muoltiple cooperating devices may be found m US Patent Application Senial No.
15/710,118, titled MULTI-DEVICE CARDIAC RESYNCHRONIZATION
THERAPY WITH MODE SWITCHING TIMING REFERENCE, the disclosure of
which 1s incomporated herein by reference.

Figure 15 illustrates a method of handling ventricular beats should those occur
during CRT as illustrated by other methods hercin. The illustration presumes action
during the step of pacing “N” eats at VVint as indicated at 600, Within block 600
there are at feast three substeps going on. A pace output oceurs at 602 i which
therapy is delivered. Sensing may be blanked or refractory during pace cutput, if
desired, and then comes on in an interval between pace outputs, as indicated at 604,
When VVint expires, at 606, the pacing method iterates until N is reached (N being
reached is not explicitly shown), as indicated by the line back to 602.

If during the sensing step 604 a beat is detected, the loop 1s exited at 610 upon
beat detection. If a single beat 15 detected, the method may wait one additional cycle
612 and then performs synchronization again, as indicated at 614, The waiting of one
additional cycle 612 is optional; the device may 1nstead simply jump directly o re-
synchronizing at 614. For example, in an embodiment that waits 1 cvele 612, anew
V¥Int may be measured for use in the re-started CRT regimen. Alternatively, the
previcusly measured VVInt may be preserved and the system may jumy directly to re-
sviachronizing by delivering the synchronizing pace (pace at an interval of the
preserved VVint as reduced by RF). The beat detection at 610 may further trigger
assessment of any possible influences, such as shown 1n Figurgs 11-13 to see if the
“N7 value should be changed in light of the patient being 1n a likely varnable rate
state, or if a different RF value might be called for using a method as shown in
Figures 9-10, prior to returning to the resynchronization pulse.

A sernes of illustrative and non-limiting examples follows. These examples
are provided for further iHumination and is should be understood that other
cmbodiments using other combinations of features arc also contemplated.

An illustrative and non-limiting example takes the form of a leadless cardiac

pacemaker {LTP) configured for implantation entirely within a heart chamber of a
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patient or adjacent to a heart chamber of a patient (item 14 in Figare 1, for example),
the LCP comprising: a phurality of electrodes for therapy delivery and cardiac
clectrical sensing (itoms 64, 66, 68 in Figure 2, for example); pacing means o
generate pacing therapy outputs (pulse generator module 54 in Figure 2, for example);
and control means to control the use of the pacing means using signals sensed from
the ciectrodes {processing module 60 in Figure 2); wherein the control means is
configured to provide cardiac resynchronization therapy (CRT) i sets using a
predetermined reduction factor and a set parameter, “N7, comprising delivening sets
of CRT therapy including N pacing therapy outputs by sensing a native R-R interval
for the patient’s heart (operational circuitry, dedicated circuitry, a defined state of a
state machine, and/or stored instruction set for performing as shown at block 252 in
Figure 7); delivering a synchronization pace therapy at an mterval, relative to a native
ventricular event, calculated using the native R-R interval and the reduction factor
{operational circuitry, dedicated cirenitry, a defined state of a state machine, and/or
stored mnstruction set for performing as shown at block 254 m Figure 7, with PRX
determined as dicated by cither block 216 or blocks 224, 230 and 232 of Figure 6};
and delivening a plurality of additional pace therapies at intervals approximately equal
to the native R-R interval (operational civcuitry, dedicated circuitry, a defined state of
a state machine, and/or stored instruction set for performing as shown at block 256 in
Figure 7, for example).

Adduionally or alternative, the control means may be configured to provide
the CRT without using an atrial sense reference, as described repeatedly above and
using the methods tllustrated 1o Figares 6-7.

Additionally or alternatively, the control means may comprises initialization
means configured to determine the reduction factor by: determining a PR interval for
the patient’s cardiac activity; and multiplving the PR interval by a variable, %PR, to
calculate the reduction factor (such mitialization means may nclude operational
circuttry, dedicated circuttry, a defined state of a state machine, and/or stored
matruction set for performing as shown m the calculated path 220, 224, 230, 232 in
Figure 6).

Additionally or alternatively, the control means may be configured to obtain
%PR either by communication with an external programmer or from a stored value 1n

the LCP {as indicated in the deseription of block 230 i Figure 6, for example}.



WO 2018/093605 PCT/US2017/060284

i

1

(]

whn

0

5

g

<

Additionally or alternatively, the control means comprises mitialization means
configured to determine the reduction factor by: sensing ong or more native
ventricular events to calculate an KR interval between native ventricular events and a
PR interval within one or more native ventricular events; calculating a RR:PR ratio as
aratio of the RR interval to the PR interval; obtaining a variable, %PR, from memory
or from an extemnal programmer; and calculating the reduction factor as one mimus the
product of the first variable and the %PR; and further wherein the control means is
configured to calculate the mnterval for the synchronization pace therapy by
multiplving the reduction factor and the native beat interval. An example of this sort
is explained above relative to Figure 8A.

Additionally or alternatively, the control means may comprise initialization
means configured to determine the reduction factor by: sensing one or morg native
ventricular events to caloulate an RR interval between native ventricular events;
communicating with a sccond device to determine when P-waves oceurred in the one
or more native ventricular events and calculating a PR interval; calculating a RRIPR
ratio as a ratio of the RR interval to the PR interval; obtaining a variable, %PR, from
memory or from an external programumer; and calculating the reduction factor as one
minus the product of the first variable and the %PR; and further wherein the control
means is configured to calculate the interval for the synchronization pace therapy by
multiplving the reduction factor and the native beat interval. An example of this sort
18 explained above relative to Figure 8A.

Additionally or alternatively, the LCP may further comprise a patient status
monitoring means, and the control means i1s configured to make adjustments to the
CRT including: using the patient status monitoring means to monitor a patient
condition that would influence the reduction factor; detecting a change in the patient
condition; and adjusting the reduction factor. For example, Figure 9 shows an
example where the control means dentifies an autonomic influence, and replaces the
reduction factor with a different value.

Additionally or alternatively, the LCP may be configured such that the status
moniforing means comprises a posture sensor and the patient condition is a posture of
the patient, such that the control means is configured to adjust the reduction factor in
response to finding that the patient has changed postures. For example, Figure 10

shows an example in which the control means identifies a reduction factor for a first
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posture, detects a change in posture, and replaces the reduction factor with a different
value.

Additionally or alternatively, the LCP may comprise a patient status
monitoring means, and the control means 1s configured to make adjustments to the
CRT mcluding: sensing for a predeternuned patient condition that may influence PR
interval; and in response to sensing the predetermingd patient condition, adjusting
“N”. An example is shown in Figure 11, in whicha plurality of patient status means
are identified inchuding activity sensor 402, or respiration sensor 404, or posture
sensor 406, or time of day determiner 408, any of which can be used by the control
means (cmbodied as dedicated circuitry, a state machine, or controller acting on
stored instructions, or a combination thereof} to operate as ilfustrated at block 400 and
410

Additionally or alternatively, the LCP may comprise a posture sensor, wherein
the control means is configured to monitor patient status and make adjustments to the
CRT including: using the posture sensor to monitor a posture of the patient;
determining that the patient has changed postures between standing and one of sitting
or laving down; and: if the paticnt has gone from standing fo sitting or laying down,
mereasing “N7; or if the patient has gone from sitting or laying down to standing,
reducing “N”. For example, Figure 11 shows a posture sensor 406 as one of the
means that a control means may rely upon to adjust the resynchronization frequency,
with a specific exaraple further detailed by Figure 13 with reference to Javing down
432 (such as supine posture)} and standing up 460,

Additionally or altematively, the LCP control means may be configored to
iteratively provide the CRT in sets of N pacing pulses and o adjust N after delivery of
a plurality of sets of N pacing pulses by: observing changes in native R-R miervals
measured prior to delivery of the synchronization pace therapy in the plurality of sets,
to calculate an R-R drift; and adjusting N using the calcolated drift. An example of
such a control means 1s described above relative to block 346 of Figure §B.

Additionally or altemnatively, the LCP may further comprise communication
means (Figure 2, block 52) for commumicating with a second medical device, wherein
the control means is configured for at least first and second modes of CRT therapy
wherein: the first mode comprises delivering sets of CRT therapy including N pacing
therapy outputs via the combination of sensing a native R-R interval, delivering a

synchronization pace therapy. and delivering a plurality of additional pace therapics,
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as recited in any of the preceding illustrative examples; and the second mode
comprises using the communication means 1o obtain atrial event timing information
from a second implantable or wearable medical device to control or optimize pace

therapy timing. Figure 14 illustrates multiple modes available for stand-aione LCP

whn

operation {(530) and cooperative operation (510, 520, 530), including a specific
reduction factor based method indicated at 534 which may take the form as shown in
Figures 6-7, above.
Additionally or altematively, an implantable medical device system
comprsing at least a leadless cardiac pacemaker (LCP) as in these illustrative
10 cxamples, and a sccond implantable medical deviee, the LCP and the second
mmplantable medical device configured for communicating with one another, wherem
the system is configared to provide cardiac resynchronization therapy (CRT) m at
least first and second approaches as follows: the first approach calls for the LCP to
perform the first mode; and the second approach calls for the LCP and the second
15 implantable medical device to cooperatively implement the second mode. Figure 3
shows an example wherein a patient has multiple implanted devices configured to
operate cooperatively in one or more modes, and Figure 14 illustrates multiple modes
available for stand-alone LCP operation (530} and cooperative operation (510, 520,
530}, mehuding a specific reduction factor based method indicated at 534 which may
20 take the form as shown in Figures 6-7, above.
Additionally or alternatively, an LCP or a svstem as in any of these illustrative
examples may be configured such that the control means comprises a state machine.
Additionally or altematively, an LCP or a svstem as in anv of these illustrative

examples may be configured such that the control means comprises a microcontrolier

N
g

and memory storing executable instructions for the microcontroller,

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 accompanying

drawings, which form a part of the detailed descniption. The drawings show, by way

(]
<

of Hlustration, specific embodiments in which the invention can be practiced. These
embodiments are also referred to herein ag “examples.” Such examples can inchide
clements in addition to those shown or described. However, the present inventor also
contemplates examples in which only those clements shown or deseribed are

provided. Moreover, the present inventor contemplates examples using anv
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combination or permutation of those clements shown or desenibed {or one or more
aspects thereof), cither with respect to a particular example {or one or more aspects
thereof}, or with respect to other examples (or one or more aspects thercof) shown or
described herein.

In the event of inconsistent usages between this document and any documents
so corporated by reference, the usage in this document controls. In this document,
the terms “a” or “an” are used, as is common i patent documents, 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,” “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 described in the above examples. An implementation of such
methods can include code, such as microcede, 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 hke.

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

31



WO 2018/093605 PCT/US2017/060284

an unclaimed disclosed feature 1s essential to any claim. Rather, inventive subject
matter may lie i 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 cach claim standing on its own as a separate

whn

embodiment, and 1t is contemplated that sach embodiments can be combined with
cach other 1n 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.



WO 2018/093605 PCT/US2017/060284

The Claimed Invention Is:
I A leadless cardiac pacemaker (LCP) contfigured for implantation entirely
within a heart chamber of a patient or adjacent to a heart chamber of a patient, the
LCP comprising:

a plarality of electrodes for therapy delivery and cardiac electrical sensing;

pacing means to generate pacing therapy outputs; and

control means to control the use of the pacing means using signals sensed
from the clectrodes;

wherein the control means is configured to provide cardiac resynchronization
therapy (CRT) in sets using a predetermined reduction factor and a set parameter,
“N”, comprising delivening sets of CRT therapv including N pacing therapy outputs
by:

sensing a native R-R interval for the patient’s heart:

delivering a svnchronization pace therapy at an mterval, relative to a native
entricular event, calculated using the native R-R interval and the reduction factor;
and

delivering a plurality of additional pace therapies at intervals approximately

equal to the native R-R interval.

2. The LCP of claim | wherein the control means 1s configured to provide the

CRT without using an atrial sense reference.

3. The LCP of ¢ither of ¢lamms 1 or 2, wherein the control means comprises
nttialization means configured to determine the reduction factor bv:
deternuning a PR interval for the patient’s cardiac activity; and
multiplying the PR mterval by a vaniable, %PR, to calculate the redaction

factor.

4. The LCP of claim 3 wherein the control means 1s configured to obtain %PR
either by communication with an external programmer or from a stored value in the

L.CP.

5. The LCP of either of claims 1 or 2, wherein the control means comprises

mitialization means configured to determine the reduction factor by:

[958}
[
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sensing ong or more native ventricular events to calculate an RR interval
between native ventricular events and a PR interval within one or more native
ventricular events;

calculating a RR:PR ratio as a ratio of the RR mterval to the PR interval;

obtaining a variable, %PR, from memory or from an external programmer;
and

calculating the reduction factor as one minus the product of the tirst varable
and the %6PR; and

further wherein the control means s configured to caleulate the interval for the
synchronization pace therapy by multiphying the reduction factor and the native beat

mterval,

6. The LCP of either of claims 1 or 2, wherein the control means comprises
mitialization means configured to determine the reduction factor by:

sensing ong or more native ventricular events to calculate an RR interval
between native ventricular events;

communicating with a sccond device to deternune when P-waves occurred in
the one or more native ventricular events and calculating a PR interval;

calculating a RR:PR ratio as a ratio of the RR interval to the PR interval;

obtaining a variable, %PR, from memory or from an external programmer;
and

calculating the reduction factor as one minus the product of the first variable
and the %PR; and

further wherein the control means is configured to caleunlate the interval for the
synchronization pace therapy by multiplying the reduction factor and the native beat

nterval,

7. The L.CP of any of the preceding claims further comprising a paticnt status
monitoring means, and the control means is configured to make adjustments to the
CRT including:

using the patient status monitoring means to monitor a patient condition that
wottld mfluence the reduction factor;

detecting a change in the patient condition; and

adjusting the reduction factor.

34
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g. The LCP of claim 7 wheren the patient status monitoring means comprises a
posture sensor and the patient condition 1s a posture of the patient, such that the
control means is configured to adjust the reduction factor in response to finding that

the patient has changed postures.

9. The LCP of any of claims 1-6, further comprising a patient status monitoring
means, and the control means is configured to make adjustments to the CRT
meluding:

sensing for a predetermined patient condition that mav influence PR interval:

and
in response (o sensing the predetermined patient condition, adjusting “N”.
10, The LCP of any of claims 1-6, further compnsing a postire sensor, wherein

the control means is configured to monitor patient status and make adjustments to the
CRT including:

using the posture sensor to monitor a posture of the patient;

determining that the paticnt has changed postures between standing and one of
sitting ot taying down; and:

ifthe patient has gone from standing to sitting or laying down, increasing “N”;

or
if the patient has gone trom sitting or laying down to standing, reducing “N”.
11, An LCP as in any of claims 1-10 wherein the control means is configured to

iteratively provide the CRT in sets of N pacing pulses and o adjust N after delivery of
a plurality of sets of N pacing pulses by:

observing changes in native R-R miervals measured prior to delivery of the
synchronization pace therapy in the plurality of sets, to caleulate an R-R driff; and

adjusting N using the calculated drift.

12, An LCP as in claim 1 forther comprising communication means for
communicating with a second medical device;
wherein the control means 1s configured for at least first and second modes of

CRT therapy wherein:
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the first mode comprises delivering sets of CRT therapy including N pacing
therapy outputs via the combination of sensing a native R-R interval, delivering a
synchronization pace therapy, and delivering a plurality of additional pace therapies,
as recited in any of the preceding claims; and

the second mode comprises using the communication means to obtain atrial
event timing information from a second implantable or wearable medical device to

control or optimize pace therapy timing.

13, An uaplantable medical device system comprising at least a leadless cardiac
pacemaker {(LCP) as 1n claim 12 and a second implantable medical device, the LCP
and the sccond implantable medical device configured for communicating with one
another, wherein the system is configured to provide cardiac resyanchronization
therapy (CRT) in at least first and second approaches as follows:

the first approach calls for the LCP to perform the first mode; and

the second approach calls for the LCP and the second implantable medical

device to cooperatively implement the second mode.

4. An LCP or a system as in any of claims 1-13 wherein the control means

comprises a state maching.
15, An L.CPorasysiom as in any of claims 1-13 wherein the control means

comprises a microcontrolier and memory storing executable mstructions for the

microcontrolier.
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