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LATENCY-BASED ADAPTATION OF ANTLI-TACHYARRHYTHMIA PACING
THERAPY

TECHNICAL FIELD
{0001} The disclosure relates to medical devices, and, more particularly, to implantable
medical devices configured to detect and treat cardiac arthythmias with anti-

tachyarthythmia pacing {ATP) therapy.

BACKGROUND
0062} Implantable cardioverter defibnillators (ICDs) and implantable artificial
pacemakers may provide cardiac pacing therapy to a patient’s heart when the natural
pacemaker and/or conduction system of the heart tails to provide svachronized atrial and
ventricular contractions at vates and intervals sufficient to sustain healthy patient function.
Such antibradycardial pacing mayv provide relief from symptoms, or even life support, for
a patient. Cardiac pacing may also provide electrical overdrive stimulation, e.g., ATP
therapy, to suppress or convert tachyarrhythmias, again supplyving relicf from symptoms

and preventing or terminating arrhvthmias that could lead to sudden cardiac death.

SUMMARY
[3003] ATP therapy may be delivered with decreasing time intervals between pulses, to
advance the heart to refractory. However, decreasing the time mterval between pulses can
alsc lead to loss of capture and may result in delivery of wasteful pulses, as well as waste
of time to successful ternunation of the tachyarrhythmia. Traditional ATP therapy
svstems may wait for an indication of loss of capture before adapting the delivery of ATP
therapy. The systems and methods described herein may be used to modify ATP therapy
before loss of capture occurs to provent loss of capture, prevent delivery of unnecessary
pulses, and shorten the time to successtul ternunation of the tachvarrhythmia.
0004} In one example, this disclosure 13 directed to a method comprising delivering, by
an implantable medical device, anti-tachycardia pacing (ATP) therapy to a heartof a
patient, the ATP therapy mehiding one or more pulse trains, cach of the one or more pulse
trains including a plurality of pacing pulses. The method further comprises, for at least
one of the plurality of pacing pulses of at least one of the one or more pulse trains,

determining at least one latency metric of an evoked response of the heart to the pacing
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pulse. The method further comprises modifying the ATP therapy based on the at least one
latency metric.

{3005} In another example, this disclosure 15 directed to an implantable medical device
comprising therapy delivery circuitry and processing circaitry. The therapy delivery
circuitry is contigured to deliver anti-tachyveardia pacing (ATP) therapy to a heart of a
patient. The ATP therapy includes one or more pulse fraing and each of the one or more
pulse trains includes a plurality of pacing pulses. The processing circuitry 1s configured
to, for at least one of the plurality of pacing pulses of at least one of the one or more pulse
trains, determine at least one latency metric of an evoked responsc of the heart to the
pacing pulse. The processing circuitry 1s further configured to modify the ATP therapy
based on the at least one latency metrie.

10006} In a further example, this disclosure is dirgcted to a non-transitory computer-
readable storage medium having stored thereon instructions that, when executed, causc a
processor to control a therapy delivery circuitry o deliver anfi-tachvcardia pacing (ATP)
therapy to a heat of a patient. The ATP therapy includes one or more pulse trains and
cach of the one or more pulse trains includes a plurality of pacing pulses. The
mstructions, when executed, further cause the processor to, for at least one of the plurality
of pacing pulses of at least one of the one or more pulse trains, determine at least one
latency metric of an evoked response of the heart to the pacing pulse. The instructions,
when executed, further cause the processor to modify the ATP therapy based on the at
least one latency metric,

10807} In a further example, this disclosure is directed to & system comprises a first
uaplantable medical device and a second implantable medical device. The first
implantable medical device 1s configured to deliver anti-tachvcardia pacing (ATP} therapy
to a heart of a patient. The ATP therapy includes one or more pulse trains and cach of the
one or more pulse trains meludes a plurality of pacing pulses. At least one of the first
implantable medical device or the second implantable medical device 1s further configured
to, for at least one of the plurality of pacing pulses of at least one of the one or more pulse
trains, determine at least one latency metric of the evoked response of the heart to the
pacing pulse. The first implantable medical device is configured modify the ATP therapy

based on the at least one latency metric.
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[0008] This summary 1s intended to provide an overview of the subject matter described
this disclosure. It is not intended to provide an exclusive or exhaustive explanation of the
apparatus and methods described in detail withim the accompanying drawings and
description below. The details of one or more aspects of the disclosure are set forth in the

accompanying drawings and the description below.

BRIEF DESCRIPTION OF DRAWINGS
10009 FIG. 1A 15 a front view of a paticnt implanted with an example implantable
medical device svstem.
[8016] FIG. 1B 15 a side view of the patient implanted with the implantable medical
device system of FIG. 1A
10011} FIG. 1C s a transverse view the patient implanted with the implantable medical
device system of FIGS. 1A and 1B.
{0012} FIG. 2 is a conceptual drawing itlustrating an example configuration of the
intracardiovascular pacing device {(IPD) of the implantable medical device system of
FIGS. 1A-1C.
{801 3] FIG. 3 15 a schematic diagram of another example implantable medical device
system in conjunction with a patient.
10014} FIG. 4 s a conceptual drawing iHlustrating an example configuration of the
insertable cardiac monitor (ICM) of the implantable medical device svstem of FIG. 3.
{0015} FIG. 5 is a functional block diagram ilustrating an example configuration of the
IPD of FIGS. 1A-1C and 2.
0016} FiG. ©is a functional block diagram illustrating an example configuration of the
ICD of the implantable medical device system of FIGS. 1A-1C.
[0017] FIG. 7 is a functional block diagram illustrating an example configuration of the
external device of FIGS. 1A-1C and FIG. 3.
{0018} FIG. 8 s a functional block diagram illustrating an example configuration of the
pacemaker/cardioverter/defibritlator {PCD) of the implantable medical device system of
FiG. 3.
10019} FIG. 9 is a functional block diagram illustrating an example configuration of the

ICM of FIGS. 1A-1C and FIG. 4.

(U9
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10026] FIG. 10 13 a timing diagram thustrating delivery of a plurality of pulses delivered
as ATP therapy.

{00211 FIG. 11A illustrates left and right ventricular electrocardiograms and a
corresponding timing diagram, which illustrate a plurality of delivered pacing pulses and a
plurality of sensed evoked responses.

{0022} FIG. 11B 15 a timing diagram corresponding fo a portion of the electrocardiogram
of FIG. 11A.

[0023] FIG. 12 13 a flow diagram of an example process for modifying ATP therapy based
on a determined latency metric,

{0024} FiG. 15 15 a flow diagram of an example process tor modifving ATP therapy based
on a determined latency metric including an interval between a pacing pulse and an
evoked response.

{0025} FIG. 14 15 a flow diagram of an example process for modifying ATP therapy based
on a determined latency metric mehuding modifying a pulse train with an increased cycle
length and an intermediate pulse.

[0026] FiG. 15 is a flow diagram of an example process for modifving ATP therapy based
on a determined latency metric by adding an additional puises or an intermediate phase to
a pulse train,

10027] FIG. 16 15 a flow diagram of an example process for modifying ATP therapy based
on a determined latency metric by selecting a location for delivery of a pulse train based

on determined latency metrics.

DETAILED DESCRIPTION
{0028 FIGH. 1A-1C are conceptual diagrams illustrating various views of an exampie
implantable medical device system 8. The system & includes an extracardiovascular ICD
system 6, including ICD 9 connected to a medical electrical lead 10, and IPD 16
constructed in accordance with the principles of the present application. FIG. 1A is a front
view of a patient 14 implanted with the medical device system & FIG. 1B 15 a side view of
patient 14 implanted with the medical device system 8. FIG. 1 is a transverse view of
patient 14 implanted with the medical device system 8.
{0029} The ICD 9 may include a housing that forms a hermetic seal that protects

components of the ICD 9. The housing of the ICD 9 may be formed of a conductive
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material, such as titanium or titaruam alloy, which may function as a3 housing ¢lectrode
(sometimes referred to as a can ¢lectrode). in other examples, the ICD 9 may be formed to
have or may include one or more electrodes on the outermost portion of the housing. The
ICD 9 may also include a connector assembly {also referred to as a connector block or
header} that includes elecirical tecdthroughs through which electrical connections are
made between conductors of lead 10 and electronic components included within the
housing of the ICD 9. As will be described in further detail herein, housimg may house ong
OF MO PrOCesSOrs, Memaorics, transmitiers, receivers, SCnsors, sensing circutry, therapy
delivery circuitry, power sources and other appropriate components. The housing is
configured to be implanted in a patient, such as patient 14.

{0030} ICD 9 1s implanted extra-thoracically on the left side of patient 14, e.g., under the
skin and cutside the ribcage (subcutancously or submuscularlyy. ICD 9 may, in some
instances, be implanted between the left posterior axillary line and the left anterior axillary
line of patient 14. 1CD 9 may, however, be implanted at other extra-thoracic locations on
patient 14 as described later.

0031} Lead 10 may include an clongated lead body 12 sized to be implanted in an
extracardiovascular location proximate the heart, ¢.g., intra~thoracically (as illustrated in
FIGS. 1A-C), or subcutaneously. In the illustrated example, lead body 12 extends
superiorty intra-thoracically underneath the sternom, i a direction substantially parallel to
the sternum. In one example, the distal portion 24 of lead 10 may reside in a substernal
location such distal portion 24 of lead 10 extends superior along the posterior side of the
sterpum substantially within the anterior mediastinom 36. Anterior mediastinum 36 may
be viewed as being bounded laterally by pleurae 39, posteriorly by pericardium 38, and
anteriorly by the sternum 22. In some instances, the anterior wall of anterior mediastinum
36 may also be formed by the tranaversus thoracis and one or more costal cartilages.
Anterior mediastinum 36 includes a quantity of loose connective tissue {such as arcolar
tissue), adipose tissue, some lvmph vessels, lvmph glands, substernal musculature {c.g.,
transverse thoracic muscle), the thymus gland, branches of the mtemal thoracic artery, and
the intemal thoracic vein. Lead 10 may be implanted at other locations, such as over the
sterpum, offset to the right of the sternum, angled fateral from the proximal or distal end of

the sternum, or the hike.
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10832} Lead body 12 may have a generally tubular or cylindrical shape and may define a
diameter of approximately 3-9 French (Fr), however, lead bodies of less than 3 Frand
more than 9 Fr may also be utilized. In another configuration, lead body 12 may have a
Hat, ribbon, or paddle shape with schid, woven filament, or metal mesh structure, along at
icast a portion of the length of lead body 12. Tn such an cxample, the width across lead
body 12 may be between 1-3.5 mm. Other lead body designs may be used without
departing from the scope of this apphication.

10833} Lead body 12 of lead 10 may be formed from a non-conductive material, including
stlicone, polvurethane, fluoropolymers, mixtures thereof, and other appropriate materials,
and shaped to form one or more fumens (not shown), however, the technigues are not
limnited to such constructions. Distal portion 24 may be fabricated to be biased in 8 desired
configuration, or alternatively, may be manipulated by the user into the degsired
configuration. For example, distal portion 24 may be composed of a malleable material
such that the user can manipulate distal portion 24 into a desired configuration where it
remains until manipulated to a different configuration.

{0034} Lead body 12 may mclude a proximal end 14 and a distal portion 24 configured to
deliver electrical energy to the heart or sense electrical energy of the heart. Distal portion
24 may be anchored to a desired positioned within the patient, for example, substernally or
subcutancously by, for example, soturing distal portion 24 to the patient’s musculature,
tissue, or bone at the xiphoid process entry site. Alternatively, distal portion 24 may be
anchored to the patient or through the use of ngid tines, prongs, barbs, clips, screws,
and/or other projecting elements or flanges, disks, pliant tines, flaps, porous structures
such as a mesh-like element and metallic or non-metallic scaffolds that facilitate tissuc
growth for engagement, bio-adhesive surfaces, and/or any other non-piercing elements.
[0035] Dnstal portion 24 includes defibrillation electrode 28 configured to deliver a
cardioversion/defibrillation shock to the patient’s heart. Defibnllation electrode 28 may
mclude a plurality of sections or segments 28a and 28b spaced a distance apart from cach
other along the length of distal portion 24. The defibrillation electrode segments 28a and
28b may be a disposed around or within lead body 12 of distal portion 24, or altematively,
may be embedded within the wall of lead body 12, In one configuration, defibrillation
electrode segments 28a and 28b may be a cotl electrode formed by a conductor. The

conductor may be formed of one or more conductive polymers, ceramics, metal-polymer
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compaosites, senuconductors, metals or metal alloys, including but not limited to, one of or
a combination of the platinum, tantalum, titanium, niobium, zirconium, ruthenium,
indiam, gold, palladium, iron, zinc, silver, nickel, aluminum, molybdenum, stainless sieel,
MP35N, carbon, copper, polyaniline, polypyrrole and other polymers. In another
configuration, cach of the defibrillation clectrodes segments 28a and 28b may be a flat
ribbon electrode, a paddie elecirode, a brarded or woven electrode, a mesh ¢clectrode, a
directional glectrode, a patch electrode or another type of electrode configured to deliver a
cardioversion/defibrillation shock to the patient’s heart.

{0036} In onc configuration, the defibrillation clectrode segments 28a and 28b are spaced
approximately 0.25-4.5 om, and 10 some mstances between 1-3 cm apart from each other.
In another configuration, the defibrillation electrode segments 28a and 28b are spaced
approximately 0.25-1.5 cm apart from each other. In a further configuration, the
defibriliation electrode segments 28a and 28b are spaced approximately 1.5-4.5 con apart
from each other. In the configuration shown in FIGS. 1A-1C, the defibnilation electrode
segments 28a and 28b span a substantial part of distal portion 24, Each of the defibnilation
electrode segments 28a and 28b may be between approximatelv 1-10 cm 1n length and,
more preferably, between 2-6 cm in length and, even more preferably, between 3-3 om in
length. However, lengths of greater than 10 cm and less than 1 cm may be utilized without
departing from the scope of this disclosure. A total length of defibrillation electrode 28
(c.g., length of the two segments 28a and 28b combined) may vary depending on a number
of vaniables. The defibrillation electrode 28 may, m one example, have a total length of
between approximately 5-10 cm. However, the defibrillation electrode segments 283 and
28b may have a total length less than 5 cm and greater than 10 cm in other exaraples. In
some instances, defibrillation segments 28a and 28b may be approximately the same
length or, altematively, different lengths.

10037} The defibnllation electrode segments 28a and 28b may be electrically connected to
one or more conductors, which may be disposed in the body wall of lead body 12 or may
alternatively be disposed m one or more msulated lumens {not shown) defined by lead
body 12, In an example configuration, cach of the defibrillation electrode segments 28a
and 28b s connected to a common conductor such that a voliage may be applied
simultancously to all the defibrillation electrode seaments 28a and 28b to deliver a

defibrillation shock to a patient’s heart. In other configurations, the defibrillation electrode
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segments 28a and 28b may be attached to separate conductors such that cach defibrillation
electrode segment 28a or 28b may apply a voltage independent of the other defibrillation
electrode segments 28a or 28b. In this case, ICD Y or lead 10 may include one or more
switches or other mechanisms to electrically connect the defibnillation electrode segments
together to funciion as a common polarity electrode such that a voltage may be applied
simultaneously to all the defibrillation clectrode segments 28a and 28b m addition to beng
able to independently apply a voltage.

10038} In one example, the distance between the closest defibrillation electrode segment
28a and 28b and electrodes 32a and 32b 1s greater than or equal to 2 num and less than or
equal to 1.5 cm. In another example, electrodes 32a and 32b may be spaced apart from the
closest one of defibrillation electrode segments 28a and 28b by greater than or equal to 5
mm and less than or equal to 1 cm. In a further example, clectrodes 32a and 32b may be
spaced apart from the closest one of defibrillation clectrode segments 28a and 28b by
greater than or equal to 6 mm and less than or equal to 8 mm,

10839} The electrodes 32a and 32b may be configured to deliver low-voltage electrical
pulscs to the heart or may scnse a cardiac clectrical activity, ¢.g., depolarnization and
repolanzation of the heart. As such, electrodes 32a and 32b may be referred to herein as
pace/sense electrodes 32a and 32b. In one configuration, electrodes 32a and 32b are ring
electrodes. However, m other configurations the electrodes 32a and 32b may be any of a
number of different types of clectrodes, including ring electrodes, short coil electrodes,
paddle electrodes, hemispherical electrodes, divectional electrodes, or the like. Electrodes
32a and 32b may be the same or different types of electrodes. Electrodes 32a and 32b may
be electrically isolated trom an adjacent defibrillation segment 28a or 28b by including an
electrically insulating laver of material between electrodes 32a and 32b and the adjacent
defibrillation segments 28a and 28b. Each electrode 32a or 32b may have its own separate
conductor such that a voltage may be applied to cach electrode independently from
another electrode 32a or 32b n distal portion 24. In other configurations, ¢ach clectrode
32a or 32b may be coupled to a common conductor such that cach electrode 32a or 32b
may apply a voltage simultancously.

{00483} Proximal end 14 of lead body 12 may inciude one or more connectors 34 {o
electrically couple lead 10 to the implantable cardioverter-defibriliator (ICD) 9

subcutancously implanted within the patient, for example, under the left armpit of the
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patient. The ICD 9 may include a housing 38 that forms a hermetic scal which protects
the components of ICD 9. The housing of ICH 9 mayv be formed of a conductive material,
such as titamum or titanium ailoy, which may function as a housing electrode for a
particular therapy vector between the housing and distal portion 24, ICD 9 may also
include a connector assembly that includes electrical feedthroughs through which
clecirical connections are made between the one or more connectors 34 of fead 10 and the
electronic components included within the housing. The housing of ICD 9 may house one
OF MO PrOCesSOrs, Memaorics, transmitiers, receivers, SCnsors, sensing circutry, therapy
circuitry, power sources {capacitors and batterics) and/or other appropriate components,
The components of ICD 9 may generate and deliver electrical stimulation therapy such as
anti tachycardia pacing.

13041} The inclusion of electrodes 32a and 32b between defibritlation electrode segments
28a and 28b provides a number of therapy vectors for the delivery of electrical stimmlation
therapy to the heart. For example, as shown in FIGS. 1A-1C, at least a portion of the
defibrillation electrode 26 and one of the ¢lectrodes 32a and 32b may be disposed over the
right veniricle, or any chamber of the heart, such that pacing pulses and defibriliation
shocks may be delivered to the heart. The housing of ICD 9 may be charged with or
function as a polarity different than the polanty of the one or more defibrillation electrode
segments 28a and 28b and/or electrodes 32a and 32b such that electrical energy may be
delivered between the housing and the defibnillation electrode segment(s) 28a and 28b
and/or clectrode(s} 32a and 32b to the heart. Fach defibnllation electrode segment 28a or
28b may have the same polarity as every sther defibrillation clectrode segment 28a or 28b
when a voltage is applied to it such that a defibrillation shock may be delivered from the
entirety of the defibnliation electrode 28. In examples in which defibnillation electrode
segments 28a and 28b are electrically connected to a common conductor within lead body
12, this is the only configuration of defibrillation electrode segments 28a and 28b.
Howgever, in other examples, defibrillation clectrode scgments 28a and 28b may be
coupled to separate conductors within lead body 12 and may therefore cach have different
polartties such that electrical energy may flow between defibrillation electrode segments
28a and 28b {or between one of defibrillation clectrode segments 28a and 28b and ong or
more pace/sense electrodes 32a and 32b or the housing clectrode) to provide pacing

therapy and/or to sense cardiac depolanzations. In this case, the defibrillation electrode

fus)
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segments 28a and 28b may still be electrcally coupled together (o.g.. via ong or more
switches within ¥CD 9) to have the same polarity to deliver a defibrillation shock from the
entirety of the defibriliation electrode 28,

[0042] Additionally, each electrode 32a and 32b may be configured to conduct electrical
pulses directly to the heart, or sense a cardiac depolanization between adjacent
defibnllation electrode segments 28a and 28b, whether disposed on the same defibnillation
clectrode segment 28a or 28b or on other defibrillation electrode scgment 28a or 28b,
and/or between proximate clectrodes 3Za and 32b. Additionally clectrodes 32a and 32b
may conduct electrical pulses between one another, ¢.g., between one of electrodes 32a
and 32b and an inferior and superior electrode 32a and 32b, between one of electrodes 32a
and 32b and the housing electrode, or between a plurality of electrodes 32a and 32b ¢at the
same polarity) and the housing electrode at the opposite polarity. As such, each electrode
32a or 32b may have the same polarity as every other electrode 32a or 32b or aliematively,
may have different polarities such that different therapy vectors can be utilized to dehiver
pacing puises to the heart.

[0043] 1PD 16 may be tmplanted within a heart 26 of patient 14. n the example of FIGS.
TA-1C, IPD 16 1s implanted within right ventricle of heart 26 to sense electrical activity of
heart 26 and deliver pacing therapy, ¢.g., anti-tachycardia pacing {ATP} therapy, to heart
26. IPD 16 may be attached to an interior wall of the right ventricie of heart 26 via one or
more fixation elements that penetrate the tissue. These fixation clements may secure 1PD
16 to the cardiac tissue and refain an electrode {e.g., a cathode or an anode) in contact with
the cardiac tissuc. However, in other examples, svstem 8 may include additional pacing
devices 16 within respective chambers of heart 26 {e.g., right or left atrium and/or left
ventricle). In further examples, a cardiac pacing device configured similarly to 1PD 16
may be attached to an external surface of heart 26 {e.g., in contact with the epicardium)
such that the pacing device is disposed outside of heart 26.

{0044} IPD 16 may be capable sensing clectrical signals using the electrodes carried on
the housing of IPD 16. These electrical signals may be electrical signals generated by
cardiac muscle and mdicative of depolarizations and repolarizations of heart 26 at various
times during the cardiac cycle. PP 16 may analyze the sensed electrical signals to detect

tachyarrhvthmias, such as ventricular tachveardia or ventricular fibrillation. fn response to

10
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detecting the tachyvarrhythmia, IPD 16 may, e.g.. depending on the type of
tachyarrhythnua, begin to deliver ATP therapy via the clectrodes of IPD 16,

{8045} In some examples, IPD 16 and ICD 9 may be may be configured to communicate
with ong another, e.g., via radio-frequency communication, to cooperate with one ancther.
For example, IPD 16 and ICD 9 may communicate information, such as sensc signals
and/or delivered signals, and may coordinate to establish pacing and/or sensing vectors
between respective clectrodes on ICD 9, IPD 16, and/or lead 10, IPD 16 and ICD 9 may
be configured for ong-way or two~-way communication.

[0046] In other examples, IPD 16 and ICD 9 are not configured to communicate with cach
other. In such examples, each of IPD 16 and ICD 9 may independently monitor the
electrical activity of heart, and deliver therapy in response to detecting arthythmia. In
such examples, one or both of IPD 16 and ICD 9 may be configured to detect activity of,
c.g., delivery of therapy by, the other. In this manner, delivery of therapies by IPD 16 and
[CD 9 may be coordinated without conventional uni~ or bi-directional communication
between the devices.

[0047] Although FIGS. 1A-1C are described in the context of an ICD 9 connected to lead
10 and IPD 16, the technigues may be applicable to other coexistent systems. For example,
a medical device that inchudes a lead having a distal portion that is implanted above the
sternum {or other extra-thoracic, subcutaneous location) instead of being implanted below
the ribs and/or sternum. As another example, instead of an intracardiac pacing device, a
pacing system may be implanted having a subcutaneous or submuscular pacemaker and
ong or more leads connected to and extending from the pacemaker into one or morg
chambers of the heart or attached to the outside of the heart to provide pacing therapy to
the one or more chambers. As such, the example of FIGS. 1A-1C is llustrated for
exemplary purposes only and should not be considered himiting of the technigues
described herein.

0048} External device 21 may be configured to communicate with one or both of IC3 9
and IPD 16. In examples where external device 21 only communicates with one of
suabcutaneous ICD 9 and IPD 16, the non-commumicative device may receive instructions
from or transmit data to the device in communication with external device 21, In some
examples, extemal device 21 compriscs a handheld computing device, computer

workstation, or networked computing device. External device 21 may include a user
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interface that receives input from a user. In other examples, the user may also interact with
external device 21 romotely via a networked computing device. The user may interact with
external device 21 to communicate with TPD 16 and/or ICD 9. For example, the user may
interact with external device 21 to send an interrogation request and retrieve therapy
delivery data, update therapy parameters that define therapy, manage communication
between IPD 16 and/or ICD 9, or perform any other activitics with respect to IPD 16
and/or ICD 9. Although the user 1s a physician, technician, surgeon, electrophysiologist,
or other healthcare professional, the user may be patient 14 in some examples.

{0049 External device 21 may also allow the user to define how IPD 16 and/or ICD 9
senses electrical signals {¢.g., ECGs), detects arthythnuas such as tachvarthythmias,
delivers therapy, and communicates with other devices of system 8. For example, external
device 21 may be used to change tachyarrhythmia detection parameters. In another
example, external device 21 mayv be used to manage therapy paramcters that define
therapies such as ATP therapv. Moreover, external device 21 may be used to alter
communication protocols between IPD 16 and ICD 9. For example, external device 21
may mstruct IPD 16 and/or ICD 9 to switch between one-way and two-way
communication and/or change which of IPD 16 and/or ICD 9 are tasked with 1mitial
detection of arrhythmias.

10056] External device 21 may communicate with IPD 16 and/or ICD 9 via wireless
communication using any techmigques known in the art. Examplcs of conununication
technigues may mclude, for example, proprictary and non-proprietary radiofrequency (RF)
telemetry, but other techniques are also contemplated. In some examples, external device
21 may include a programming head that may be placed proximate to patient 14’s body
near the [PD 16 and/or [CD 9 implant site 1n order to improve the quality or security of
communication between IPD 16 and/or ICD 9 and external device 21.

10051} In some examples, IPD 16 and ICD 9 may engage in communication to facilitate
the appropriate detection of arrhythmias and/or delivery of anti-tachvcardia therapy. Anti-
tachycardia therapy may mclude anti-tachycardia pacing (ATP). The communication may
melude one-way communication in which one device ts configured to transmit
communication messages and the other device 1s configured to receive those messages.
The communication may instead include two-way communication in which cach device is

configured to transmit and receive communication messages. Although the examples
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below describe detection of tachyarrhythmias and the delivery of ATP, IPD 16 and ICD 9
may be configured to communicate with cach other and provide altemative electrical
stimulation therapies. Two-way communication and coordination of the dehivery of
patient therapies between IPD 16 and ICD 9 1s described in commonly-assigned United
States Patent Number 8,744,572 to Greenhut et al |, titled, “SYSTEMS AND METHODS
FOR LEADLESS PACING AND SHOCK THERAPY,” and issued June 3, 2014,

0682} The leads and svstems described herem may be used at least partially within the
substernal space, ¢.g., within anterior mediastinurm of patient, to provide a medical device
system. An implanter (e.g., physician} may implant the distal portion of the lead
intrathoracically using any of a mumber of implant tools, ¢ g., tunneling rod, sheath, or
other tool that can traverse the diagrammatic attachments and form a tunnel in the
substernal location. For example, the implanter may create an incision near the center of
the torso of the patient, ¢.g., and introduce the vaplant tool into the substernal location via
the incision. The mmplant tool 1s advanced from the incision superior along the posterior of
the sternum in the substemal location. The distal end of lead 10 is mtroduced into tunnel
via implant tool {¢.g., via a sheath). As the distal end of lcad 10 is advanced through the
substernal tunnel, the distal end of lead 10 15 relatively siraight. The preformed or shaped
undulating portion is flexible enough to be straightened out while routing the lead 10
through a sheath or other lumen or channel of the implant tool. Once the distal end of lead
10 1s 1n place, the implant tool is withdrawn toward the incision and removed trom the
body of the patient while leaving lead 10 1 place along the substernal path. As the
tmaplant tool is withdrawn, the distal end of lead 10 takes on its pre-formed undulating
configuration. Thus, as the implant tool is withdrawn, the undulating configuration pushes
electrodes 32a and 32b toward the Ieft side of sternum compared to electrode segments
28a and 28b. As mentioned above, the maplanter may align the electrodes 32a and 32b
along the anterior median line (or midstemal line) or the left steral lines (or ieft lateral
stemal ling).

[0033] Although system 8 1s illustrated as including both extracardiovascular ICD system
6 and IPD 16, in some examples, a system may include extracardiovascular ICD system 6
without IPD 16, In such examples, ICD system 6 may perform the methods described
hercin without the use of IPD 6. In some examples, system 8 may mclude

extracardiovascular ICD system 6 and IPD 16 and extracardiovascular ICD system 6 may,
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at some times, perform the methods described herein in coordination with IPD 16 and, at
other imes, perform the methods described herein without the use of IPD 16

{8054 FIG. 2 15 a conceptual drawing illustrating an example configuration of IPD 16 of
the medical device system of FIGS. 1A-1C. Agshown in FIG 2, IPD 16 includes case 50,
cap 38, clectrode 60, clectrode 52, fixation mechanisms 62, tlange 54, and opening 56.
Together, case 50 and cap 58 may be considered the housing of IPD 16, In this manner,
case 30 and cap 58 may enclose and protect the various clectrical components within IPD
16. Case 50 may euclose substantially all of the electrical components, and cap 38 may
scal case 50 and create the hermetically scaled housing of IPD 16. Although IPD 16 15
generally described as including one or more electrodes, IPD 16 may typically include at
least two electrodes {e.g., electrodes 52 and 60} to deliver an electrical signal {¢.g., therapy
such as ATP) and/or provide at least one sensing vector.

10035} Electrodes 52 and 60 are carried on the housing created by case 30 and cap 58. In
this manner, electrodes 52 and 60 may be considered leadless electrodes. In the example of
FIG 2, electrode 60 1s disposed on the exterior surface of cap 58. Electrode 60 may be a
circular electrode positioned to contact cardiac tissue upon implantation. Electrode 52
may be a ring or cylindnical electrode disposed on the exterior surface of case 50. Both
case 50 and cap 58 may be electrically msulating. Electrode 60 may be used as a cathode
and clectrode 52 may be used as an anode, or vice versa, for delivering pacing stinmulation
therapy such as ATP. However, clectrodes 52 and 60 may be used 1 anv stimulation
configuration. In addition, electrodes 52 and 60 may be used to detect intnnsic electncal
signals from cardiac muscle. In other examples, IPD 16 may mclude three or more
electrodes, where cach clectrode may deliver therapy and/or detect udrinsic signals. ATP
delivered by IPD 16, as compared with altemnative devices, may be considered to be
“painless” to patient 14 or even undetectable by patient 14 since the electrical stimulation
occurs very close to or at cardiac muscle and at relatively low energy levels.

{0056} Fixation mechanisms 62 may attach {PD 16 to cardiac tissue. Fixation mechanisms
62 may be active fixation tines, screws, clamps, adhesive members, or any other types of
attaching a device to tissuc. As shown in the example of FIG 2, fixation mechanisms 62
may be constructed of a memory material that retains a preformed shape. During

uvaplantation, fixation mechanismos 62 may be flexed forward to pierce tissue and aliowed
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to flex back towards case 50. In this manner, fixation mechanisms 62 may be embedded
within the target tissue.

0057} Flange 54 may be provided on one end of case 50 to enable tethering or extraction
of IPD 16, For example, a suture or other device may be inserted arcund flange 54 and/or
through opening 56 and attached to tissuc. In this manner, flange 54 may provide a
secondary attachment structure to tether or retain IPD 16 within heart 18 if fixation
mechanisms 62 fail. Flange 54 and/or opening 56 may also be used to extract IPD 16 once
the IPD needs to be explanted (or removed) from patient 14 if such action is deemed
NECessary.

{3058} The technigues described herein are generally described with regard 1o a leadless
pacing device such as IPD 16. IPD 16 may be an example of an anti-tachyeardia pacing
device (ATPD}. However, altemative implantable medical devices may be used to
pertorm the same or similar functions as IPD 16, c.g., delivering ATP to heart 26 and, in
some examples, communicate with ICD 9. In some examples, IPD 16 may include one or
more relatively short leads configured to place one or more respective additional
electrodes at another Jocation within the same chamber of the heart or a different chamber
of the heart. In this manner, the housing of the ATPD may not carry all of the electrodes
used to deliver ATP or perform other functions. In other examples, cach clectrode of IPD
16 may be camied by one or more keads {e.g., the housing of IPD 16 may not carry any of
the electrodes). fo some examples, system 8 may exclude IPD 16 or [PD 16 may not be
able to deliver pacing {(¢.g. due o expiration or power source or malfunction) and ICD 9
may instead deliver pacing to heart 26, In other examples, both IPD 16 and ICD 6 may
deliver pacing.

{80591 In another example, the ATPD may be configured to be implanted external to heart
26, ¢.g., near or attached to the epicardium of heart 26. An ¢lecirode carried by the housing
of the ATPD may be placed in contact with the epicardivm and/or one or more electrodes
of leads coupled to the ATPD may be placed in contact with the epicardium at locations
sufficient to provide therapy such as ATP (e.g., on external surfaces of the left and/or night
ventricles). In any example, subcutancous ICD 9 may communicate with one or more
leadless or leaded devices implanted internal or exiernal to heart 26,

0060} FiG. 3 is a schematic diagram of another example implantable medical device

system 100 in conjunction with a patient 114, As illustrated 1n FIG. 3, a medical device
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systera 100 for sensing cardiac ¢vents (¢.g. P-waves and R-waves) and detecting
tachvarrhvthnua episodes may include PCD 110, ventricular lead 120, atrial lead 121, and
msertable cardiac monitor (FCM) 300. In one example, PCD 110 mav be embodied as an
implantable cardioverter-defibrillator (ICD) capable of delivering pacing, cardioversion
and defibrillation therapy to the heart 116 of a patient 114, Ventricular lead 120 and atrial
lead 121 are electrically coupled to PCD 110 and extend into the patient's heart 116 viaa
vein. Ventricolar lead 20 includes clectrodes 122 and 124 shown positioned on the lead i
the patient's right ventricle (RV) for sensing ventricular EGM signals and pacing in the
RY. Atrial lead 121 includes electrodes 126 and 128 positioned on the lead in the patient's
right atrium (RA} for sensing atrial EGM signals and pacing in the RA.

0661} Ventricular lead 120 additionally carries high voltage coil electrodes 142 and 144
used to deliver cardioversion and defibrillation shock pulses. Both the ventricular fead
120 and the atrial leadl 21 may be used to acquire intracardiac EGM signals from the
patient 114 and to deliver therapy in response to the acquired data. PCD 110 1s shown asa
dual chamber ICD, but in some examples, system 100 may be embodied as a mult-
chamber system including a coronary sinus lead extending mto the right atrivm, through
the coronary sinus and info a cardiac vein o position electrodes along the left ventricle
(LV} for sensing LV EGM signals and delivering pacing pulses to the LV,

0662} lmplantabie medical device circuitry configured for performing the functions of
PCD 110 described herein and associated battery or batteries are housed within a scaled
housing 112, Housing 112 may be conductive 50 as to serve as an electrode for use as an
indifferent electrode during pacing or sensing or as an active electrode during
defibriliation. As such, bousing 112 is also referred to hercin as "housing electrode” 12.
[8063] ICM 300 may be a device for sensing extracardiac ECG signals. ICM 300 mav be
implanted within patient 14 and may communicate with PCD 110 and/or external device
21, 1CM 300 may include a plurality of electrodes for sensing ECG signals. 1CM 300 will
be described 1o further detail below with reference to FIG. 4.

[0064] EGM signal data acquired by PCD 110 can be transnutted to an external device 21,
External device 21 may be embodied as a programmer, ¢.g. used in a climic or hospital to
communicate with PCD 110 via wircless telemetry. External device 21 may be coupled to
a remote patient monitoring system, such as Carelink KTM., available from Medtronie,

Inc., Minneapolis, Minn. External device 21 is used to program commands or operating
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parameters into PCD 110 for controliing IMD function and to interrogate PCD 110 to
retricve data, including device operational data as well as physiological data accumulated
n IMD memory. Examples of commumication techmigues used by PCD 110 and external
device 21 include low frequency or radiofrequency (RF) telemetry, which may be an RF
Iink established via Bluctooth, WiFi, or MICS.

[0065] External device 21 may be configured to comnmuunicate with one or both of PCD
110 and ICM 300, In examples where extemal device 21 only communicates with one of
PCD 116 and ICM 300, the non-communicative device may receive instructions from or
transnut data to the device in conumunication with extomal device 21, In some examples,
external device 21 comprises a handheld computing device, computer workstation, or
networked computing device. External device 21 may mclade a user interface that
recetves mput from a user. In other examples, the user may also interact with external
device 21 remotely via a networked computing device. The user may interact with
external device 21 to communicate with PCD 110 and/or ICM 300, For example, the user
may mteract with external device 21 to send an interrogation request and retreve therapy
delivery data, update therapy parameters that define therapy, manage communication
between PCD 110 and/or ICM 300, or perform any other activities with respect to PCD
110 and/or ICM 300, Although the user is a physician, technician, surgeon,
electrophysiologist, or other healthcare professional, the user may be patient 14 1n some
examples.

0066} External device 21 may also allow the user to define how PCD 110 and/or ICM
300 senses electrical signals (e.g., ECGs), detects arrhythmias such as tachyarrhythmias,
delivers therapy, and communicates with other devices of system 100. For example,
external device 21 may be used to change tachyarrhythmia detection parameters. In
another example, external device 21 may be used to manage therapy parameters that
define therapies such as ATP therapy. Morcover, extemal device 21 may be used to alter
communication protocols between PCD 110 and ICM 300.

[0667] External device 21 may communicate with PCD 110 and/or ICM 300 via wireless
communication using any technigues koown in the art. Examples of communication
techniques are described above with reference to FIG. 1A, In some examples, extenal

device 21 may include a programming head that may be placed proximate to patient 14’s
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body near the PCD 110 and/or ICM 300 implant site 1o order to improve the quality or
security of conununication between PCD 110 and/or ICM 300 and external device 21,
[0068] In some examples, PCD 110 and ICM 300 may engage m communication to
facilitate the appropriate detection of arrhythmias and/or delivery of anti-tachyarrhythmia
therapy. Aunti-arthvthmia therapy may include anti-tachyveardia pacing (ATP). The
communication may include one-way communication i which one device 1s configured to
transmit communication messages and the other device 1s configured to receive those
messages. The communication may nstead inclide two-way communication in which
cach device is configured to transmit and receive communication messages. Although the
examples below describe detection of tachvarrhythmias and the delivery of ATP, PCD 110
and ICM 300 may be configured to commumicate with each other and provide altemative
electrical stimulation therapigs.

[0069] In some cxamples, system 100 may exclude ICM 300 and PCD 110 may deliver
ATP therapy, sense evoked responses, and/or modify the ATP therapy based on the sensed
evoked responses independently and/or in coordination with external device 21, In such
an example, PCD 100 may use a plurality of pacing vectors to deliver ATP therapy to
different locations n the heart without the need of TCM 300,

[0070] FIG. 4 1s a conceptual drawing itlustrating an example configuration of the
insertable cardiac monitor ({CM) 300 of implantable medical device system 100 of FIG. 3.
In the example shown in FIG. 4, ICM 300 may be cmbodied as a monitoring device
having housing 302, proximal clectrode 304 and distal electrode 306. Housing 302 may
further comprise first major surface 308, sccond major surface 310, proximal end 312, and
distal end 314. Housing 302 encloses electronic circuitry and a power source {(shown in
FIG. 9) located nside the ICM 300 and protects the circuitry contained therein from body
fluds. Electrical feedthroughs provide electrical connection of electrodes 304 and 306.
10071} In the example shown in FIG. 4, ICM 300 is defined by a length /., a width W and
thickness or depth D and 1s i the form of an elongated rectangular prism wheremn the
lfength 7. is much larger than the width W, which in twrn 1s larger than the depth 2. In one
example, the geometry of the ICM 300 — in particular a width W greater than the depth D -
is selected to allow ICM 300 to be inserted under the skin of the patient using a minimally
invasive procedure and to remain in the desired orientation during insertion. For example,

the device shown in FIG. 4 includes radial asvmmetries (notably, the rectangular shape)
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along the longrtudinal axis that maintaing the device in the proper ortentation following
msertion. For example, 1 one example the spacing between proximal clectrode 304 and
distal electrode 306 may range from 30 millimeters {mm) to 55mm, 35mm to 53mm, and
from 40mm to S5mm and may be any range or individual spacing from 25mm to 60mm.
In addition, ICM 300 may have a length L that ranges from 30mm to about 70mm. In
other examples, the length 7 may range from 40mm to 60mm, 45mm to 60mm and may be
any length or range of lengths between about 30mum and about 70mm. In addition, the
width # of major surface 308 may range from 3mm to 10mm and mav be any single or
range of widths between 3mm and 10oum. The thickness of depth D of ICM 300 may
range from Zmom to 9mm. In other examples, the depth D of ICM 300 may range from
2mm to Smm and may be any single or range of depths from 2mm to Smm. In addition,
FCM 300 according to an example of the present disclosure is has a geometry and size
designed for case of implant and patient comfort. Examples of ICM 300 described m this
disclosure mav have a volume of three cubic centimeters {em) or less, 1.5 cubic cm or less
or any volume between thiee and 1.5 cubic centimeters.

{0072} In the example shown in FIG. 4, once inserted within the patient, the first major
surface 308 taces outward, toward the skin of the patient while the second major surface
310 1s located opposite the first major surface 308, In addition, in the example shown in
F1G. 4, proximal end 312 and distal end 314 are rounded to redace discomfort and
irritation to surrounding tissue once inserted under the skin of the patient. {CM 300,
meluding mstrument and method for inserting ICM 300 13 desenibed, for example, in U.S.
Patent Publication No. 2014/0276928.

{0073} Proximal clectrode 304 and distal clectrode 306 are used to sense cardiac signals,
e.g. ECG signals, mtra-thoracically or extra-thoracically, which may be sub-musculardy or
subcutancouasly. ECQG signals may be stored in a memory of the ICM 300, and ECG data
may be transmitted via integrated antenna 322 to another medical device, which may be
another implantable device or an external device, such as PCD 110 or extomal device 21.
In some example, electrodes 304 and 306 may additionally or altermatively be used for
sensing any bio-potential signal of interest, which may be, for example, an EGM, EEG,
EMG, or a nerve signal, from any implanted location.

{0074} In the example shown in FIG. 4, proximal electrode 304 15 in close proximity to the

proximal end 312 and distal electrode 306 s in close proximity to distal end 314, In this

19



WO 2017/189484 PCT/US2017/029251

example, distal electrode 306 i3 not imited to a flattened, ocutward facing surface, but may
extend from first major surface 308 around rounded edges 316 and/or end surface 318 and
onto the second major surface 310 so that the electrode 306 has a three~-dimensional
curved configuration. In the example shown in FIG. 4, proximal electrode 304 15 located
on first major surface 308 and is substantially flat, outward facing. However, n other
examples proximal clectrode 304 may utilize the three dimensional curved configuration
of distal electrode 306, providing a three dimensional proxumal electrode (not shown in
this example). Sinulardy, in other examples distal electrode 306 may utilize a substantially
flat, outward facing clectrode located on first major surface 308 similar to that shown with
respect to proximal electrode 304, The vanous electrode configurations allow for
configurations in which proximal electrode 304 and distal electrode 306 are located on
both first major surface 308 and second major surface 310, In other configurations, such
as that shown in FIG. 4, only one of proximal clectrode 304 and distal clectrode 306 is
located on both major surfaces 308 and 310, and in still other configurations both proximal
electrode 304 and distal electrode 306 are located on one of the first major surface 308 or
the second major surface 310 (¢, proximal clecirode 304 located on first major surface
308 while distal electrode 306 15 located on second major surface 310). In another
example, ICM 300 may mchide electrodes on both major surface 308 and 310 at or near
the proximal and distal ends of the device, such that a total of four electrodes are included
on JCM 300. Electrodes 304 and 306 may be formed of a plurality of different types of
biocompatible conductive matenial, ¢.g. stainless stecl, titanium, platinum, indium, or
allovs thereof, and may utilize one or more coatings such as titanium niinde or fractal
titanium nitride.

[0075] In the example shown in FIG. 4, proximal end 312 includes a header assembly 320
that includes one or more of proximal electrode 304, mtegrated antenna 322, anti-
migration projections 324, and/or suture hole 326. Integrated antenna 322 is located on
the same major surface (i.¢., first major surface 308) as proximal electrode 304 and 15 also
meluded as part of header assembly 320. Integrated antenna 322 allows ICM 300 to
transmit and/or receive data. In other examples, integrated antenna 322 may be formed on
the opposite major surface as proximal electrode 304, or may be mcorporated within the
housing 322 of ICM 300. In the example shown in FIG. 4, anti-migration projections 324

are focated adjacent to mtegrated antenna 322 and protrude away from first major surface
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3038 to prevent longitudinal movement of the device. In the example shown in FIG. 4,
anti-migration projections 324 includes a plurality {¢.g ., ninc} small bumps or protrusions
extending awayv from first major surface 308. As discussed above, in other examples anti-
migration projections 324 may be located on the opposite major surface as proximal
clectrode 304 and/or ttegrated antenna 322, In addition, in the example shown in FIG. 4
header assembly 320 includes suture hole 326, which provides another means of securing
ICM 300 to the patient to prevent movement following msert. In the example shown,
suture hole 326 ig located adjacent to proxamal electrode 304, In one example, header
assembly 320 is a molded header assembly made from a polymeric or plastic material,
which may be integrated or separable from the main portion of ICM 300

0676} According to the tochnigues of this disclosure, one or more devices may deliver
ATP therapy, sense evoked response(s) of the heart to the delivered ATP therapy,
determine latency metric(s) of the evoked response(s), and modify the ATP therapy based
on the latency metric(s). The modification may be to a current pulse train of the ATP
therapy and/or a subsequent pulse train of the ATP therapy. The latency metric(s} may be
local, meaning the latency metric(s) may be based on evoked response(s) sensed at or near
a location where the ATP therapy has been delivered, and/or the latency metric(s) may be
global, meaning the latency metric{s) may be based on evoked response(s} sensed further
away from the location where the ATP therapy has been delivered or through analysis of a
global activation time indicator such as the duration from stimulation delivery to the end
of the QRS portion of the evoked response. Any of IPD 16, ICD 9, and PCD 110 may be
a device that delivers and modifies ATP therapy based on a determined latency metric, If
IPD 16 delivers the ATP therapy, ICD 9 may sense evoked response(s) at a difterent
location to be used to determine a global latency metnie.  If PCD 110 delivers the ATP
therapy, FCM 300 may sense evoked response(s) at a different location to be used to
determing a global latency metric. Example configurations of these devices, including
how thev function to perform these tasks, are discussed in further detai below.

{0077} FI1G. 5 is a functional block diagram illustrating an example configuration of [PD
16 of FIGS, 1A-1C and 2. In the dlustrated example, IPD 16 mcludes processing circuitry
264, memory 226, therapy delivery circuitry 270, sensing circuitry 272, communication
circuitry 268, and power source 274, The clectronic components may receive power from

a power source 274, which may be a rechargeable or non-rechargeable battery. In other
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examples, IPD 16 may include more or fower electronic componenis. The descnbed
circuitry may be implemented together on a common hardware component or separately as
discrete but interoperable hardware or software components. Bepiction of different
features as circutry 1s intended to highlight different functional aspects and does not
necessarly imply that such circuitry must be realized by separate hardware or sofiware
components. Rather, functionality associated with one or more circuitry may be performed
by separate hardware or software components, or integrated within common or separate
hardware or software components.

[0078] Memory 226 includes computer-readable mnstructions that, when executed by
processing circultry 264, cause IPD 16 and processing circuitrv 264 to perform various
functions attriboted to IPD 16 and processing circaitry 264 herein (¢.g., delivering anti-
tachycardia pacing, sensing an ¢voked response, and/or modifving the ATP therapy).
Memory 226 may mclude any volatile, non-volatile, maguetic, optical, or electrical media,
such ag a random access memory (RAM), read-only memory (ROM), non-volatile RAM
(NVRAM}, clectrically-erasable programmable ROM (EEPROM), flash memory, or any
other digital or analog media.

0079} Proccssing circuitry 264 may include any one or more of a microprocessor, a
controller, a digital signal processor {BSP), an apphication specific integrated circut
{ASIC), a field-programmable gate array (FPGA), or ¢quivalent discrete or analog logic
circutiry. In some examples, processing circuitry 264 may mchude multiple components,
such as any combination of one or more microprocessors, one or more controllers, one or
more DSPs, one or more ASICs, or one or more FPGAs, as well as other discrete or
integrated logic circuitry. The functions attributed to processing circuitry 264 herein may
be embodied as software, firmware, hardware or any combination thereof.

{0688} Therapy delivery circuitry 270 s electrically coupled to electrodes 52 and 60
carried on the housing of IPD 16. Therapy delivery cireuitry 270 may inclade one or more
pulse gencrators, capacitors, and/or other components capable of gencrating and/or storing
energy to deliver as pacing therapy. In the illustrated example, therapy delivery circuitry
270 15 configured to generate and deliver electrical stimulation therapy to heart 26. For
example, therapy delivery circuitry 270 may deliver the electrical stimulation therapy to a
portion of cardiac muscle within heart 26 via clectrodes 52 and 60. In some cxamples,

therapy delivery circuitry 270 may deliver pacing stimulation, e.g., ATP therapy, in the
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form of voltage or current electrical pulses. In other examples, therapy delivery circuitry
270 may deliver stimulation in the form of other signals, such as sine waves, square
waves, or other substantially continuous time signals.

{0081} Processing circuitry 264 controls therapy delivery circuitry 270 to deliver cardiac
pacing therapy to heart 26 according to parameters, which may be stored m memory 226.
For example, processing circuitry 264 may control therapy delivery circuitry 270 to
deliver pacing pulses with the amplitudes, pulse widths, frequency, or electrode polarities
specified by the therapy parameters, including intervals that define under what conditions
and when pacing pulses should be delivered. In this manner, therapy delivery circuitry
270 may deliver pacing pulses (e.g., ATP pulses) to heart 26 via electrodes 52 and 60.
Although TPD 16 may only inchude two electrodes, e g, electrodes 32 and 60, IPD 16 may
utilize three or more electrodes in other examples. IPD 16 may use any combination of
clectrodes to deliver therapy and/or detect electrical signals from paticnt 14

[0082] Processing circuttry 264 may control therapy delivery cireuitry 270 to deliver
pacing pulses for ATP therapy according to ATP parameters 276 stored in memory 266,
A'TP therapy paramcters 276 may include pulse mtervals, pulse width, current and/or
voltage amplitudes, and durations for cach pacing mode. For example, the pulse mterval
may be based on a fraction of the detected ventricular tachycardia (VT cycle length and
be between approxamately 150 malliseconds and 500 malliseconds {e.g., between
approximately 2.0 hertz and 7.0 hertz), and the pulse width may be between approximately
0.5 mithseconds and 2.0 milliseconds. The amplitude of cach pacing pulse may be
between approximately 2.0 volts and 10.0 volts. In some examples, the pulse amplitude
may be approximately 6.0 V and the pulse width may be approximately 1.5 nulliseconds;
another example may include pulse amplitudes of approximately 5.0 V and pulse widths
of approxamately 1.0 milliseconds. Each train of pulses during ATP may last for a deration
of between approximately 0.5 seconds to approximately 15 seconds or be defined as a
specific number of pulses. Each pulse, or burst of pulses, may include a ramp up in
amplitude or in pulse rate. In addition, trains of pulses in successive ATP periods may be
delivered at increasing pulse rate in an attempt to capture the heart and terminate the
tachycardia. Example ATP parameters and other criteria involving the delivery of ATP
arc described 1 U.S. Patent No. 6,892,094 to Ousdigian et al, entitled, “COMBINED
ANTI-TACHYCARDIA PACING (ATP) AND HIGH VOLTAGE THERAPY FOR
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TREATING VENTRICULAR ARRHYTHMIAS,” and issued on May 10, 2005 and U S,
Patent No. 8,706,221 to Belk et al., entitled, “METHOD AND DEVICE FOR
DELIVERYING ANTI-TACHYCARDIA PACING THERAPY,” and issued on April 22,
2014,

{0083} Processing circuitry 264 controls therapy delivery circuitry 270 to generate and
deliver pacing pulses with any of a mumber of shapes, amplitudes, pulse widths, or other
characteristic to capture the heart. For example, the pacing pulses may be monophasic,
biphasic, or multi-phasic {¢.g., more than two phases). The pacing thresholds of the heart
when delivering pacing pulses may depend upon a nuaber of factors, including location,
type, size, orientation, and/or spacing of IPD 16 and/or electrodes 52 and/or 60, physical
abnormalities of the heart (¢.g., pencardial adhesions or myocardial infarctions}, or other
factor(s}.

{0084} In examples in which IPD 16 includes more than two electrodes, therapy delivery
circuitry 270 may include a switch and processing circuitry 264 may use the switch to
select, e.g., via a data/address bus, which of the available electrodes are used to deliver
pacing pulses. The switch may include a switch array, switch matrix, multiplexer, or any
other type of switching device suitable to selectively couple stimulation energy to selected
electrodes.

{0085} Sensing circuitry 2772 is electrically connected to and monitors signals from some
or all of electrodes 52 and 60 in order to monitor clectrical activity of heart 26, tapedance,
or other electrical phenomenon. Sensing may be done to determine heart rates or heart rate
variability, or to detect arrhythmias (2.g., tachyarrhythmias or bradycardia) or other
electrical signals. Sensing circuitry 272 may also include a switch to select which of the
available electrodes (or electrode polanity) are used to sense the heart activity, depending
upon which electrode combination, or electrode vector, is used in the corrent sensing
configuration. In examples with several electrodes, processing circuitry 264 may s¢lect the
clectrodes that function as sense clectrodes, 1.¢., select the sensing configuration, via the
switch circuitry within sensing cirenitry 272, Sensing circuitry 272 may include one or
more detection channels, each of which may be coupled to a selected electrode
configuration for detection of cardiac signals via that electrode configuration. Some
detection channels may be configured to detect cardiac events, such as P- or R-waves, and

provide indications of the occurrences of such events to processing circuitry 264, ¢.g.| as

24



WO 2017/189484 PCT/US2017/029251

described m U.S. Patent No. 5,117,824 to Keimel et al ., which ssued on June 2, 1992 and
is entitled, "TAPPARATUS FOR MONITORING ELECTRICAL PHYSIOLOGIC
SIGNALS”. Processing circuttry 264 may control the functionality of sensing circuitry
272 by providing signals via a data/address bus.

{0086} The components of sensing circuitry 272 may be analog components, digital
components or a combination thercof. Sensing circuttry 272 may, for example, include
one or more sense amplifiers, filters, rectifiers, threshold detectors, analog-to-digital
converters {ADCs) or the like. Sensing circuitry 272 may convert the sensed signals to
digital form and provide the digital signals to processing circuitry 264 for processing or
analysis. For example, sensing circuitry 272 may amphifv signals from the sensimg
electrodes and convert the amplified signals to mudti-bit digital signals by an ADC.
Sensing circuitry 272 may also compare processed signals to a threshold to detect the
existence of atrial or ventricular depolarizations {¢.g., P- or R~waves) and indicate the
existence of the atrial depolanzation {(¢.g., P-waves) or ventricular depolanzations {e.g., R-
waves) to processing circuitry 264,

0087} Scnsing circuitry 272 and/or processing circuitry 264 may also mclude cireutiry for
measuring the capture threshold for the delivery of pacing pulses via electrodes 52 and 60.
The capture threshold may mdicate the voltage and pulse width necessary to induce
depolanzation of the surrounding cardiac muscle. For example, processing circuitry 264
may periodically control therapy delivery circuitry 270 to modify the amplitude of pacing
pulses delivered to patient 12, and sensing circuitry 272 and/or processing circuitry 264
may detect whether the surrounding cardiac tissue depolarized in response to the pacing
pulses, i.¢., detected whether there was an evoked response 1o the pacing puise.
Processing circuitry 264 may determine the capture threshold based on the amplitude
where loss of capture occurred. Processing circuitry 264 may also determine one or more
latency metrics based on detecting the evoked response to ATP therapy pulses, as
described in greater detail below.

[0088] Processing circuitry 264 may process the signals from sensing circuitry 272 to
monttor electrical activity of the heart of the patient. Processing circuitry 264 may store
signals obtained by sensing circuitry 2272 as well as any generated EGM waveforms,
marker channel data or other data derived based on the sensed signals in memory 266,

Processing circoitry 264 may analyze the EGM waveforms and/or marker chanrel data to
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detect cardiac events {¢.g., tachyveardia). In response to detecting the cardiac ¢vent,
processing circuitry 264 may control therapy delivery circuitry 270 to deliver the desired
therapy to treat the cardiac event, ¢.g., ATP therapy.

{0689 In examples in which IPD 16 includes more than two electrodes, therapy delivery
cireuttry 270 may include a switch and processing circuitry 264 may use the switch to
select, ¢.g., via a data/address bus, which of the available electrodes are used to deliver
pacing pulsecs. The switch may mclude a switch array, switch matrix, multipleser, or any
other type of switching device suitable to selectively couple stimulation energy to selected
clectrodes. Processing circuitry 264 may select the clectrodes to function as signal
electrodes, or the signal vector, via the switch circuitry within therapy delivery circuitry
270. In some instances, the same switch circuitry may be used by both therapy delivery
circnitry 270 and sensing circuitry 272, In other instances, cach of sensing circuitry 272
and therapy delivery circuitry 270 may have separate switch circuitry.

[00%8] Processing circuitry 264 may include a timing and control circuitry, which may be
embodied as hardware, firmware, software, or any combination thereof The timing and
control circuitry may comprise a dedicated hardware circuit, such as an ASIC, separate
from other processing circuiiry 264 components, such as a nucroprocessor, or a software
module executed by a component of processing circuitry 264, which may be a
microprocessor or ASIC, The timing and control circuitry may implement programmable
counters. If 1PD 16 is configured to gencrate and deliver pacing pulses to heart 26, such
counters may control the basic time mtervals associated with DDD, VVI, DVI, VDD,
AAL DDI, DDDR, VVIR, DVIR, VDDR, AAIR, DDIR and other modes of pacing.
Example 1PDs that may deliver pacing using such modes are described in U.S. Patent No.
8,923,963 to Bonner et al,, entitled, “LEADLESS PACEMAKER SYSTEM,” and 1ssued
on December 30, 2014, orin US. Patent Application No. 13/665.601 to Bomer et al.,
entitfed, “LEADLESS PACEMAKER SYSTEM,” and filed on October 31, 2012,

10051} Intervals defined by the timing and condrol circuitry within processing circuitry
264 may mchude atnial and ventricular pacing escape itervals, refractory penods during
which sensed P-waves and R-waves are imeffective to restart timing of the escape
intervals, and the pulse widths of the pacing pulses. As another example, the timing and
control circuitry may withhold sensing from onc or more channels of sensing circunitry 272

for a time interval during and after delivery of electrical stimulation to heart 26. The
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durations of these intervals may be determined by processing circuiiry 264 i response {0
stored data in memory 226. The timing and control circuitry of processing circuitry 264
may also determine the amplitude of the cardiac pacing pulses.

[0692] Interval counters implemented by the timing and control circuitry of processing
circuitry 264 may be reset upon sensing of R-waves and P-waves with detection channels
of sensing circuitry 272, In examples in which [PD 16 provides pacing, therapy delivery
circuitry 270 may melude pacer output circuits that are coupled to electrodes 52 and 60,
for example, appropriate for delivery of a bipolar or anipolar pacing pulse to one of the
chambers of heart 26. In such examples, processing circuitry 264 may reset the interval
counters upon the generation of pacing pulses by therapy delivery eircuitry 270, and
thereby control the basic timing of cardiac pacing functions, including ATP or post-shock
pacing.

{0093} The value of the count present in the interval counters when reset by sensed R-
waves and P-waves may be used by processing circuttry 264 to measure the durations of
R-Runtervals, P-P mtervals, P-R intervals and R-P intervals, which are measurements that
may be stored in memory 266. Processing circuitry 264 may use the count in the wmnterval
counters to detect a tachyarrhythmia event, such as atrial fibnillation (AF), atrial
tachycardia {AT), VF, or VT These intervals may also be used to detect the overall heart
rate, ventricular contraction rate, and heart rate variability. A portion of memory 266 may
be configured as a plurality of recirculating buffers, capable of holding serics of measured
intervals, which may be analvzed by processing circuitry 264 m response to the
occurrence of a pace or sense nternupt to determing whether the patient's beart 26 15
prescutly exhibiting atrial or ventricular tachyarrhythmia.

{8094} In some examples, an arrhythmia detection method may include any suitable
tachyarrhythmia detection algorithms. In one example, processing circuitry 264 may
utilize all or a subset of the rule-based detection methods described in U.S. Patent No.
5,545,186 10 Olson et al., entitled, “PRIORITIZED RULE BASED METHOD AND
APPARATUS FOR DIAGNGOSIS AND TREATMENT OF ARRHYTHMIAS,” which
issued on August 13, 1996, or in U.S. Patent No. 5,755,736 to Gillberg et al | entitled,
“PRIORITIZED RULE BASED METHOD AND APPARATUS FOR DIAGNOSIS AND
TREATMENT OF ARRHYTHMIAS,” which issued on May 26, 1998, U.S. Patent No.

5,545,186 to Olson et al. However, other arrhythmia detection methodologies, such as
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those methodologies that utilize timing and morphology of the electrocardiogram, may
also he emploved by processing circuitry 264 in other cxamples.

[0095] In some examples, processing circuitry 264 may deternune that tachvarthythmia
has occurred by identification of shortened R-R (or B-P) interval lengths. Generally,
processing circuitry 264 detects tachycardia when the interval length falls below 220
milliscconds and fibnillation when the interval length falls below 180 mulhiseconds. In
other examples, processing circuitry 264 may detect ventricular tachyveardia when the
interval length falls between 330 mulliseconds and ventricelar fibriflation when the mterval
length falls below 240 milliseconds. These interval lengths are merely examples, and a
user may define the mterval lengths as desired, which may then be stored within memory
266. This interval length may need to be detected for a certain number of consecutive
cycles, for a certain percentage of cyeles within a ninning window, or a ruoning average
for a certain mumber of cardiac cvcles, as examples. In other examples, additional
physiological parameters may be used to detect an arrhythma. For example, processing
circuitry 264 may analyze one or more morphology measurements, impedanees, or any
other physiclogical measurements to determine that patient 14 is experiencing a
tachyarthythmia.

[0096] In the cvent that an ATP regimen is desired, iming intervals for controlling the
generation of ATP therapies by therapy deliver circuitry 270 may be loaded by processing
circutiry 264 mto the timing and controf circuitry based on ATP parameters 276 to control
the operation of the cscape mterval counters therein and to define refractory periods during
which detection of R-waves and P-waves 1s ineffective to restart the escape interval
counters for the ATP. An ATP regimen may he desired 1f processing circuitry 264 detects
an atrial or ventricular tachyarrhyvthmia based on signals from sensing circuitry 272, and/or
receives a command from another device or system, sach as ICD 9, as examples.

10097} In addition to detecting and identifying specific types of cardiac thythms, sensing
cireuitry 272 may also sample the detected mitrinsic signals to generate an electrogram or
other time-based mdication of cardiac events. Processing circuitry 264 may also be able to
coordinate the delivery of pacing pulses from different IPDs implanted in different
chambers of heart 26, such as an IPD implanted ip atrium and/or an IPD implanted in left
ventricle. For example, processing circuitry 264 may identify delivered pulses from other

IPDs via sensing circuitry 272 and update pulse timing to accomplish a selected pacing
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regimen. This detection may be on a pulse-to-pulse or beat-to-beat basis, or on a less
frequent basis to make shight modifications to pulse rate over time. In other examples,
IPDs may communicate with each other via communication circuitry 268 and/or
instructions over a carrier wave {such as a stimugdation waveform). In this manner, ATP
pacing mav be coordinated from multiple 1PDs.

[0058] IPD 16 may deliver ATP therapy using electrodes 52 and 60 and therapy delivery
circuitry 270 and may sense a local evoked response using the electrodes 52 and 60 and
sensing circuitry 272 to sense at a location that is at or near the location of the delivery of
the ATP therapy. Another device, such as ICD 9 may sense a global evoked response to
the ATP pacimg delivered by IPD 16 by sensing at a location that 1s a substantial distance
from the location of the delivery of the ATP therapy. In other examples, the same device,
using different electrode vectors, may be used to sense both local and global evoked
responses to delivered ATP therapy delivered by the device. The evoked responses may
be detected via the hardware of sensing circuitry 272 similar to R-wave, ¢.g., using a sense
arplifier to detect amplitude above a threshold shortly after delivery of a pacing pulse,
and/or may be by detected by processing circuttry 264 deternuning a spike by signal
processing a digitized version of ECG signals trom clectrodes 532 and 60.

[009%] Memory 266 may be configured to store a vanety of operational parameters,
therapy parameters, inchuding ATP therapy parameters 276, sensed and detected data, and
any other information related to the therapy and treatment of patient 14. In the example of
FIG. 3, memory 266 may store sensed ECGs, detected arthythmias, communications from
ICD 9, and therapy parameters that define ATP therapy {ATP therapy parameters 276} In
other examples, memory 266 may act as a temporary buffer for storing data until it can be
uploaded to ICD 9, another implanted device, or external device 21,

{0186} Communication circuitry 268 includes any suitable hardware, firmware, software
or any combination thercof for communicating with ancther device, such as external
device 21 (FIGS. 1A-1C and 7}, ICD 9 (FIGS. 1A-1C and 6 ), a clinician programmer, a
patient monitoring device, or the hike. For example, communication circuitry 284 may
melude appropriate modulation, demodulation, frequency conversion, filtering, and
amplifier components for transmission and reception of data. Under the control of
processing circultry 264, communication circuitry 268 may receive downlink telemetry

from and send uplink telemetry to external device 21 with the aid of an anterma, which
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may be internal and/or external. Processing circuitry 264 may provide the data to be
uplinked to extemnal device 21 and the control signals for the telemetry circuit within
communication circuitry 268, ¢.g., via an address/data bus. In some examples,
communication circuitry 268 may provide received data to processing circuitry 264 viaa
mulftiplexer.

[0101] In some examples, IPD 16 may signal external device 21 to further comnmunicate
with and pass the alert through a network such as the Medtronic CareLink® Network
developed by Medtronic, Inc., of Minngapolis, MN, or some other network linking patient
14 to a chinician. IPD 16 may spontancously transmit information to the network or in
response to an interrogation request from a user.

3182} Power source 274 may be any type of device that is configured to hold a charge to
operate the circuitry of IPD 16, Power source 274 may be provided as a rechargeable or
non-rechargeable battery. fn other exaraple, power source 274 may incorporate an cnergy
scavenging svstem that stores electrical energy from movement of IPD 16 within patient
4

0163} The vanous circuitry of IPD 16 may include any one or more processors,
controllers, digital signal processors (DSPs}, application specific mtegrated circuits
{ASICs}, field programmable gate arrays (FPGAs), or equivalent discrete or integrated
circuitry, including analog circuitry, digital circuitry, or logic circuitry.

{0104} According to the techmigues of this disclosure, IPD 16 may deliver ATP therapy
via therapy delivery ciremitry 270, sense evoked response(s) of the heart to the debivered
A'TP therapy via sensing circuitry 272, determine latency metric(s) of the evoked
response(s) via processing circuitry 264, and modify the ATP therapy based on the latency
metric(s) via processing circuitry 264, The modification may be {o a current pulse train of
the ATP therapy and/or a subsequent pulse train of the ATP therapy. Processing cireuitry
264 may modify the ATP therapyv by modifving ATP parameters 276 stored in memory
266. The latency metric{s) may be local (based on evoked response(s) sensed at orneara
location where the ATP therapy has been delivered) and/or the latency metnic(s) may be
global (based on evoked response(s) sensed further away from the location where the ATP
therapy has been delivered). IPD 16 may work i coordination with {CD 9. For example,
IPD 16 mav deliver ATP therapy and sense evoked response(s) at one or more locations

and ICD 9 mav deliver ATP therapy and sense evoked response(s) at one or more different
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locations.  In some examples, IPD 16 may deliver ATP therapy and sense evoked
response(s) at the same or similar location to determine local latency metric(s) and ICD 9
may sense evoked response(s) to the therapy delivered by IPD 16 to determine global
latency metrics. Communication circuitry 268 may allow IPD 16 to communicate with
ICD 9 to provide for such coordination. In some examples, ICD 9 may determine latency
metric{s) and communicate them to IPD 16, In some examples, ICD 9 may communicate
sensed evoked response(s) and communicate them to IPD 16, processing circuitry 264
may determine latency metric{s) based on the evoked response(s} information received
from ICD 9.

[3165] FIG. 615 a functional block diagram illustrating an example configuration of ICD 9
of the implantable medical device system of FIGS. 1A-1C. In the illustrated example,
D 9 includes processing circuitry 280, sensing circuitry 286, therapy delivery circuitry
288, communication circuitry 284, and memory 282, The clectronic components may
receive power from a power source 290, which may be a rechargeable or non-rechargeable
battery. In other examples, ICD 9 may include more or foewer ¢lectronic components. The
described circuitry may be implemented together on a common hardware component or
separately as discrete but interoperable hardware or software components. Depiction of
different features as circwtry is intended to highlight different functional aspects and does
not necessarily imply that such circuitry must be realized by separate hardware or software
components. Rather, functionality associated with one or more circuitry mayv be performed
by separate hardware or software components, or integrated within common or separate
hardware or software components. FIG. 6 will be described in the context of ICD 9 being
coupled to lead 10 for exemplary purposes only. However, ICD 9 may be coupled to other
leads, and thus other electrodes.

[0186] Memory 282 includes computer-readable instructions that, when executed by
processing circuitry 282, cause 1CD 9 and processing circuitry 230 to perform vanous
functions attributed to [CD 9 and processing circuitry 280 heren {e.g , delivering anti-
tachycardia pacing, sensing an evoked response, and/or modifving the ATP therapy).
Memory 282 may include any volatile, non-volatile, magnetic, optical, or electrical media,
such as a random access memory (RAM), read-only memory {ROM), non-volatile RAM
(NVEAM), electrically-crasable programmable ROM (EEPROM), flash menorv, or any

other digital or analog media.
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10187} Sensing circuitry 286 15 electrically coupled to some or all of electrode 28 (or
scparately to segments 28a and/or 28b) and 32a and 32b via the conductors of lead 10
(shown in FIGS. 1A-1C) and one or more electrical feedthroughs, or to the housmg
electrode via conductors internal to the housing of ICD 9. Sensing circuitry 286 i
configured to obtain signals sensed via one or more combinations of electrode 28 (or
separately to segments 28a and/or 28b), 32a, 32b and the housing electrode of ICD 9 and
process the obtained signals.

10108} The components of sensing circuitry 286 may be analog components, digital
components or a combination thercof. Sensing circuitry 286 may, for example, include
one or more sense amphifiers, filters, rectifiers, threshold detectors, analog-to-digital
converters {ADCs) or the like. Sensing circuttry 286 may convert the sensed signals to
digital form and provide the digital signals to processing circuitry 280 for processing or
analysis. For example, sensing circuitry 286 may amplify signals from the sensing
clectrodes and convert the amphified signals to multi-but digital signals by an ADC.
Sensing circuitry 286 may also compare processed signals to a threshold to detect the
existence of atrial or ventricular depolarizations (¢.g., P- or R-waves) and indicate the
existence of the atnal depolarization {¢.g., P~waves) or ventricular depolanizations {e.g., R~
waves) to processing circuitry 280,

13109} Processing circuitry 280 may include any one or more of a microprocessor, a
controller, a digital signal processor (DSP), an application specific utegrated circuit
{(ASIC), a ficld-programmable gate arrav (FPGA), or equivalent discrete or analog logic
circuitry. In some examples, processing circuitry 280 may mclude multiple components,
such as any combination of one or more microprocessors, one or more controllers, one or
more D5Ps, one or more ASICs, or one or more FPGAs, as well as other discrete or
integrated logte circuitry. The functions attributed to processing circuitry 280 herein may
be embodied as sofiware, firmware, hardware or any combination thereof,

10116} Processing circuttry 280 may process the signals from sensing circuitry 286 to
monitor electrical activity of the heart of the patient. Processing circuitry 280 may store
signals obtained by sensing circuitry 286 as well as any generated EGM waveforms,
marker channel data or other data derived based on the sensed signals 1n memory 282
Processing circuitry 280 may analvze the EGM waveforms and/or marker channel data to

detect cardiac events (e.g., tachycardia}. In response to detecting the cardiac event,
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processing circuitry 230 may control therapy delivery circuitry 280 to deliver the desired
therapy to treat the cardiac event, e.g., ATP therapy.

{0111} Therapy delivery circuitry 288 is configured to generate and deliver electrical
stimulation therapy to the heart. Therapy debivery circuitry 288 may include one or more
pulse gencrators, capacitors, and/or other components capable of generating and/or storing
energy to deliver as pacing therapy, defibnllation therapy, cardioversion therapy, cardiac
resynchronization therapy, other therapy or a combination of therapies. In some mstances,
therapy delivery circuitry 288 may include a first set of componenis configured to provide
pacing therapy and a second set of components configured to provide defibullation
therapy. In other instances, therapy delivery circuitry 288 may utilize the same set of
components to provide both pacing and defibnillation therapy. In still other instances,
therapy delivery circuitry 288 may share some of the defibrillation and pacing therapy
components while using other components solely for defibrillation or pacing. In some
examples, therapy delivery circuttry 288 may deliver pacing stimulation, ¢.g., ATP therapy,
in the form of voltage or current electrical pulses. In other examples, therapy delivery
circuitry 288 may deliver stimulation in the form of other signals, such as sine waves,
square waves, or other substantially continuous time signals.

{3112} Processing circuitry 280 may control therapy delivery circuitry 288 to deliver the
generated therapy to the heart via one or more combinations of electrode 28 {or separately
1o segments 28a and/or 28b), 32a, and 32b of lead 10 and the housing electrode of ICD §
according to one or more therapy programs, which may be stored in memory 282, In
instances in which processing circuitry 280 is coupled to a different lead, other electrodes
may be utilized. Processing circuitry 280 controls therapy delivery circuitry 288 to
generate electrical stimulation therapy with the amphitudes, pulse widths, timing,
frequencies, electrode combinations or electrode configurations specified by stored
therapy programs.

{0113} Processing circuttry 264 controls therapy delivery circuitry 288 to deliver cardiac
pacing therapy to heart 26 according to parameters, which may be stored i memory 282,
For example, processing circuitry 280 may control therapy delivery circuitry 288 to
deliver pacing pulses with the amplitudes, pulse widths, frequency, or electrode polarities
specified by the therapy parameters, including intervals that define under what conditions

and when pacing pulses should be delivered.
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{0114} Processing circuttry 280 may control therapy delivery circuitry 288 to deliver ATP
therapy based on ATP parameters 276 stored in memory 282 and may modify the ATP
therapy by modifyving ATP parameters 276 in memory 282. ATP therapy parameters 276
may include pulse intervals, pulse width, carrent and/or voltage amplitudes, and durations
for cach pacing mode. For example, the pulsc interval may be based on a fraction of the
detected ventricular tachveardia (V1) cyele length and be between approximately 150
milliseconds and 500 milliseconds {c.g., between approximately 2.0 hertz and 7.0 hertz),
and the pulse width may be between approximately 0.5 milliseconds and 2.0 nulliscconds.
The amplitude of each pacing pulse may be between approximately 2.0 volts and 10.0
volts. In some examples, the pulse amplitude may be approximately 6.0 V and the pulse
width may be approximately 1.5 milliseconds; another example may include pulse
amplitades of approximately 5.0 V and pulse widths of approximately 1.0 mulliseconds.
Each train of pulses during ATP may last for a duration of between approximately 0.3
seconds to approximatelv 15 seconds or be defined as a specific number of pulses. Each
pulse, or burst of pulses, may nclude a ramp up m amplitude or in pulse rate. In addition,
trains of pulses in successive ATP periods may be delivered at increasing pulse rate in an
attempt to capture the heart and terminate the tachycardia.

{0115} Therapy delivery circuitry 288 may include switch circuitry to select which of the
available electrodes are used to deliver the therapy. The switch circurtry may inchide a
switch array, switch matrix, multiplexer, or any other type of switching device suitable to
selectivelv couple electrodes 1o therapy delivery circuitry 288, Processing circuitry 280
may select the electrodes to function as signal electrodes, or the signal vector, via the
switch circuttry within therapy delivery circuitry 28, In instances in which defibrillation
segrents 28a and 28b are each coupled to separate conductors, processing circuitry 280
may be configured to selectively couples therapy delivery circuitry 288 to cither one of
segments 28a and 28b mdividually or couple o both of the segments 28a and 28b
concurrently. In some instances, the same switch circuitry may be used by both therapy
delivery circuitry 288 and sensing circuitry 286. In other instances, cach of sensing
circuitry 286 and therapy delivery circuitry 288 may have separate switch circuitry.
10116} In one example, therapy delivery circuitry 288 may deliver pacing via an electrode
vector that includes one or both defibrillation electrode segments 28a and 28b. The

electrode vector used for pacing may be segment 28a as an anode {or cathode) and one of

3
£



WO 2017/189484 PCT/US2017/029251

electrodes 28b, 32a, 32b, or the bousing of ICD 9 ag the cathode {or anode} or segment
28b as an anode {or cathode) and one of electrodes 28b, 32a, 32b, or the housing of ICD 9
as the cathode (or anode). In some examples, electrode 52 and/or electrode 60 of IPD 16
may be used as an anode or cathode and ICP 9 may commumicate with 16 via
communication circutiry 284 and/or extemal device may conumunicate with ICD 9 and
IPD 16 to coordinate the use of electrodes of both ICD 9 and IPD 16,

(0117} Processing cirawntry 280 controls therapy delivery circuitry 288 {0 generate and
deliver pacing pulses with any of a number of shapes, amphitudes, pulse widths, or other
characteristic to capture the heart. For example, the pacing pulses may be monophasic,
biphasic, or multi-phasic {¢.g., more than two phases). The pacing threshoids of the heart
when delivering pacing pulses from the substernal space, e.g., from clectrodes 32a, 32b
and/or electrode segments 28a and/or 28b substantially within anterior mediastinum 36,
may depend upon a number of factors, including location, type, size, orientation, and/or
spacing of clectrodes 32a and 32b and/or electrode segments 28a and 28b, location of [CD
9 relative to electrodes 32a and 32b and/or electrode segments 2%a and 28b, physical
abnormalitics of the heart (¢.g., pericardial adhesions or myocardial mfarctions), or other
factor(s}.

{0118} Processing circuitry 280 may include a timing and control circuitry, which may be
embodied as hardware, firmware, software, or any combination thereof The timing and
control circuitry may comprise a dedicated hardware circutt, such as an ASIC, separate
from other processing circuitry 280 components, such as a microprocessor, or a software
module executed by a component of processing circurtry 280, which may be a
nucroprocessor or ASIC. The timing and countrol circuitry may implement programimable
counters. IfICD 9 1s configured to generate and deliver pacing pulses to heart 26, such
counters may control the basic time intervals associated with DDD, VVI, DVI, VDD,
AAL DD DDDR, VVIR, DVIR, VBDR, AAIR, DDIR and other modes of pacing,
10119} Intervals defined by the tuming and condrol circuitry within processing circuitry
280 may mchude atnial and ventricular pacing escape imtervals, refractory penods during
which sensed P-waves and R-waves are meffective to restart timing of the escape
intervals, and the pulse widths of the pacing pulses. As another example, the timing and
control circuitry may withhold sensing from onc or more channels of sensing circuitry 285

for a time interval during and after delivery of electrical stimulation to heart 26. The
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durations of these intervals may be determined by processing circuiiry 264 i response {0
stored data in memory 282. The timing and control circuitry of processing circuitry 264
may also determine the amplitude of the cardiac pacing pulses.

{01208} Interval counters implemented by the timing and control circuitry of processing
circutiry 280 may be reset upon sensing of R-waves and P-waves with detection channels
of sensing circuitry 286, In examples mn which ICD 9 provides pacing, therapy delivery
circuitry 288 may melude pacer output circuits that are coupled to electrodes, for example,
appropnate for delivery of a bipolar or unipolar pacing pulse to one of the chambers of
heart 26. in such examples, processing circuitry 280 may resct the interval counters upon
the generation of pacing pulses by therapy delivery circuiiry 288, and thereby control the
basic timing of cardiac pacing functions, including ATP or post-shock pacing.

13121} The value of the count present in the interval counters when reset by senged R-
waves and P-waves may be used by processing circuitry 280 to measure the durations of
R-R mtervals, P-P intervals, P-R intervals and R-P intervals, which are measurements that
may be stored in memory 282, Processing circuitry 280 may use the count in the interval
counters to detect a tachyarrhythmia event, such as atrial fibrillation (AF), atrial
tachycardia {AT), VF, or VT, These intervals may also be used to detect the overall heart
rate, ventricular contraction rate, and heart rate variability. A portion of memory 282 may
be configured as a plurality of recirculating buffers, capable of holding scries of measured
mtervals, which may be analvzed by processing circuitry 280 i response to the
occurrence of a pace or sense interrupt to determine whether the patient’s heart 26 1s
presently exhibiting atrial or ventricelar tachyarrhvthmia,

{0122} In some examples, an arthythmia detection method may include any suitable
tachyarrhythmuia detection algorithms. In some examples, processing circuitry 280 may
determing that tachvarthythmia has occurred by identification of shortened R-R {or P-P)
mterval lengths. Generally, processing circuitry 280 detects tachycardia when the wterval
iength falls below 220 milliseconds and fibrillation when the interval length falls below
180 milliseconds. In other examples, processing circuitry 280 may detect ventricular
tachyeardia when the interval length falls between 330 milliseconds and ventricular
fibrillation when the interval length falls below 240 milliseconds. These interval lengths
are merely examples, and a user may define the mierval lengths as desired, which may

then be stored within memory 282, This interval length may need to be detected fora
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certain number of consecutive cycles, for a cortain percentage of cveles within a nunning
window, or a running average for a certain number of cardiac cycles, as examples. In
other examples, additional physiclogical parameters may be used to detect an archythmia.
For example, processing circuitry 280 may analvze one or more morphology
measurements, impedances, or any other physiclogical measurements to determing that
patient 14 is experiencing a tachyvarrhythmia.

(0123} In the event that an ATP regimen is desired, timing intervals for controlhing the
generation of ATP therapics by therapy deliver circuitry 288 may be loaded by processing
circuitry 280 mito the tuming and control circuitry based on ATP parameters 276 to control
the operation of the escape interval counters therein and to define refractory penods during
which detection of R-waves and P-waves is ineffective to restart the escape mterval
counters for the ATP. An ATP regimen may be desived if processing circuitry 280 detects
an atrial or veuntricular tachyarrhythmia based on signals from sensing circuitry 286, and/or
receives a command from another device or system, such as [PD 16, as examples.

10124} Memory 282 may be configured to store a variety of operational parameters,
therapy parameters, including ATP therapy parameters 276, sensed and detected data, and
any other information related to the therapy and treatment of patient 14, In the example of
FIG 6, memory 282 may store sensed ECGs, detected arrhythmias, communications from
IPD 16, and therapy parameters that define ATP therapy (ATP therapy parameters 2763 In
other exaroples, memory 282 may act as a temporary buffer for storing data until it can be
uploaded to IPD 16, ancther implanted device, or external device 21,

10125] Communication circuitry 284 mchudes any switable hardware, firmware, software
or any combination thereof for communicating with another device, such as external
device 21 (FIGS. 1A-1C and 7), IPD 16 (FIGS. 1A-1C and FIG 2}, a chinician
programwner, a paticnt monttoring device, or the like. For example, communication
circuitry 284 may mclode appropriate modulation, demodulation, frequency conversion,
filiering, and amplifier components for transoussion and reception of data with the aid of
antenna 292, Antenna 292 may be located within connector block of ICD 9 or within the
housing of ICD 9. Under the control of processing circuitry 280, communication circuitry
284 may receive downlink telemetry from and send uplink {elemetry to external device 21
with the aid of antenna 292, which may be mternal and/or external. Processing circuitry

280 may provide the data to be uplinked to external device 21 and the control signals for
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the telemetry circut withio communication circuitry 284, ¢.g.. via an address/data bus. In
some examples, communication circuitry 284 may provide received data to processing
ciremtry 280 via a multiplexer.

[0126] In some examples, ICD 9 may signal external device 21 to further communicate
with and pass the alert through a network such as the Medtronic Carelink® Network
developed by Medtronic, Inc., of Minneapolis, MN, or some other network linking patient
14 to a climcian. ICD 9 may spontancously transmit information to the network or in
response €0 an interrogation request from a user.

{0127} Power source 290 may be anv type of device that is configured to hold a charge to
operate the circuitry of ICD 9. Power source 290 may be provided as a rechargeable or
non-rechargeable battery. In other example, power source 290 may incorporate an energy
scavenging system that stores electrical energy from movement of ICD 9 within patient
14.

{0128} The varous circuitry of ICD 9 may include any one or more processors,
controflers, digital signal processors {DSPs), application specific mtegrated circuits
{ASICs), ficld programmable gate arrays (FPGAs), or cquivalent discrete or integrated
ciremtry, meluding analog circuitry, digital circuitry, or logic circuitry.

[0128] According to the techmigues of this disclosure, ICD 9 may deliver ATP therapy via
therapy delivery circuitry 288, sense evoked response(s) of the heart to the delivered AT
therapy via sensing circuitry 286, determine latency metric{s) of the evoked response(s)
via processing circuttry 280, and modify the ATP therapy based on the latency metrie(s)
via processing circuitry 280. The evoked response{s) mav be detected as described above
with reference to Fi(s. 5. The modification may be to a current pulse train of the ATP
therapy and/or a subsequent pulse train of the ATP therapy. Processing circuttry 280 may
modify the ATP therapy by modifying ATP parameters 276 stored i memory 282. The
latency metric{s) may be local {based on evoked response(s) sensed at or near a location
where the ATP therapy has been delivered} and/or the latency metric(s) may be global
(based on evoked response(s) sensed further away from the location where the ATP
therapy has been delivered}. 1CD 9 may work in coordimation with IPD 16, For example,
ICD 9 may deliver ATP therapy and sense evoked response(s} at onc or more locations
and IPD 16 may deliver ATP therapy and sense evoked response(s) at one or more

different locations.  In some examples, ICD 9 may deliver ATP therapy and sense evoked
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response(s} at the same or simifar location to determine local latency metric{s) and IPD 16
may sense evoked response(s) to the therapy delivered by ICD 9 1o determine global
latency metrics. Communication circuitry 284 may allow ICD 9 to communicate with IPD
16 to provide for such coordination. In some examples, IPD 16 may deternune latency
metric(s) and communicate them to ICD 9. In some examples, IPD 16 may communicate
sensed evoked response(s) to ICD 9 and processing circuitry 228 of ICD 9 may deternune
latency metric{s) based on the evoked response(s} information received from IPD 16,
{0138} In some examples, ICD 9 may perform the methods described herein without
coordination with IPD 16, For example, a system may include extracardiovascular ICD
system 6 but not IPD 16 and ICD system 6 may perform the methods descnibed herein
alone. In some, examples, system 8 may include extracardiovascular ICD system 6 and
IPD 16 and extracardisvascular ICD system 6 may, at some times, perform the methods
described herein in coordination with IPD 16 and, at other times, perform the methods
deseribed herein without the use of IPD 16, In examples in which ICD 9 may perform the
methods described herein withowt coordination with IPD 16, ICD ¢ may deliver ATP
therapy via therapy delivery circuitry 288, sense evoked response(s) of the heart to the
delivered ATP therapy via sensing circuitry 286, determine latency metrie(s) ot the evoked
response{s) via processing circuitry 280, and modify the ATP therapy based on the latency
metric(s) via processing circuitry 280, In such examples, processing circuitry 280 may be
configured to determine the at least one latency metric by at least determining at least one
morphological metric of an evoked response. For examples, processing circuitry 280 may
be configured to determine the at least one latency metric by determining the time from
stimulation delivery to the end of the QRS portion of the evoked response.

{3131 FIG. 7 15 a functional block diagram itlustrating an example configuration of
external device 21 of FIGS. 1A-1C and FIG. 3. External device 21 may include
processing circuitry 400, memory 402, communication circuiiry 408, user interface 4906,
and power source 404. Processing circuitry 400 controls user interface 406 and
communication circuitry 408, and stores and retrieves information and mstructions to and
from memory 402, External device 21 may be configured for use as a clinician
programmer of a patient programmer. Processing circutiry 400 may comprise any
combmation of one or more processors inchuding one or more microprocessors, DSPs,

ASICs, FPGA s, or other equivalent integrated or discrete logic circuitry. Accordingly,
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processing circuitry 400 may wnclude anv suitable structure, whether in hardware,
software, firmware, or any combination thercof, to perform the functions ascribed herein
o processing circuitry 400,

[3132] A user, such as a chnician or patient 14, may interact with external devige 2
through user interface 406, User interface 406 may include a display, such as a LCD or
LED display or other type of screen, to present information related the ATP therapy,
meluding ATP therapy parameters 276 store in any of memory 266 or memory 282, In
addition, user interface 406 may mchude an input mechanism to receive input from the
user. The input mechanisms may inchide, for example, buttons. a keypad {(e.g., an
alphanumeric kevpad), a peripheral pomnting device or another input mechanism that
allows the user to navigate thoagh user interfaces presented by processing circuitry 400 of
external device 21 and provide mput.

{0133} If external device 21 includes buttons and a keypad, the butions may be dedicated
to performing a certain function, 1.¢., a power button, or the buttons and the kevpad may
be soft kevs that change 1n function depending upon the section of the user interface
currently viewed by the user. Alternatively, a screen of external device 21 may be a touch
screen that allows the user to provide input divectly to the user mterface shown on the
display. The user may vse a stylus or a finger {0 provide mput o the display. In other
examples, user interface 406 also includes andio circuitry for providing audible
mstructions or sounds to patient 14 and/or receiving voice commands from patient 14,
which may be useful if patient 14 has limited motor functions. Patient 14, a climcian or
another user may also mteract with external device 21 to manually select therapy
programs, generate new therapy programs, modify therapy programs through individual or
global adjustments, and transmit the new programs to PCD 110, IPD 16, and/or ICD 9.
[0134] In some examples, at least some of the control of therapy debivery by PCD 110,
ICD 9, and/or IPD 16 may be implemented by processing circuitry 4060 of external device
21. For example, in some examples, processing circuitry 400 may controd debivery of ATP
therapy by PCD 110, ICD 9, and/or IPD 16 by communicating with by PCD 110, ICD 9,
and/or IPD 16 and may recetve data regarding sensed signals and by communicating with
by PCD 110, ICM 300, ICD 9, and/or IPD 16 to control therapy delivery circuitry of any
ot by PCD 110, ICD 9, and/or IPD 16, In some cxamples, memory 402 may store ATP
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therapy parameters 276, may use the parameters to control therapy delivery circuitry of by
PCD 110, ICD 9, and/or IPD 16, and/or may modify ATP therapy parameters 276,

[0135] Memory 402 may clude instructions for operating user interface 406 and
communication circuitry 408, and for managing power source 404. Memory 402 may also
store any therapy data retrieved from PCD 110 during the course of therapy. The clinician
may uvse this therapy data to determine the progression of the patient condition n order to
predict future treatment. Memory 402 may inclade any volatile or nonvolatile memory,
such as RAM, ROM, EEPROM or flash memory. Memory 402 may also include a
removable memory portion that may be used to provide memory updates or increases in
memory capacities. A removabie memory may also allow sensitive patient data to be
removed before external device 21 1s used by a different patient. In some examples,
memory 402 may store ATP therapy parameters 276.

{0136} Wuecless telemetry in external device 21 may be accomplished by RF
communication or proximal inductive interaction of external device 21 with PCD 110,
ICM 300, ICE 9, and/or IPD 16, This wireless communication is possible through the use
of communication circuitry 408, which may communicate with a proprictary protocol or
industry-standard protocol such as using the Bluetooth specification set. Accordingly,
commumnication circuitry 408 may be similar to the communication circuitry contained
within by PCD 110, ICD 9, and/or IPD 16, In alternative examples, extemal device 21
may be capable of infrared communication or dircct conumunication through a wired
connection. In this manner, other external devices may be capable of communicating with
external device 21 without needing to establish a secure wirgless connection.

{0137} Power source 404 may deliver operating power to the components of external
device 21. Power source 404 may include a battery and a power generation circuit fo
produce the operating power. In some examples, the battery may be rechargeable to allow
extended operation. Recharging may be accomplished by electrically coupling power
source 308 1o a cradle or plug that 15 connected to an alternating current (AC) outlet. In
addition, recharging may be accomplished through proximal inductive interaction between
an external charger and an inductive charging coil within external device 21, In other
examples, fraditional batteries {¢.g., nickel cadmium or lithium ion batteries) may be used.
In addition, external device 21 may be directly coupled to an alternating current outlet to

operate. Power source 404 may mchide circuitry to monitor power remaining within a
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battery. In this manner, user interface 406 may provide a current battery level indicator or
low battery level indicator when the battery needs to be replaced or recharged. In some
cases, power source 404 may be capable of estimating the remaining timme of operation
using the corrent battery.

{0138} According to the technigues of this disclosure, external device 21 may be used to
facilitate delivery and modification of ATP therapy with one or more of the devices
described m this disclosure. For example, external device 21 may help to coordinate
communication between devices and/or may be used to allow a user to observe and/or
mfluence the ATP therapy defivery and modification.

{3139 FIG. 8 15 a functional block diagram itlustrating an example configuration of
pacemaker/cardioverter/detibntiator (PCDY) 110 of the implantable medical device system
of FI(z. 3. Ag sHlustrated in FIG. 8, 1o one example, PCD 110 includes sensing circuitry
422, therapy delivery circuitry 420, processing circutiry 416 and associated memaory 418,
communication circuitry 424, and power source 426, The clectronic components may
receive power from power source 426, which may be a rechargeable or non-rechargeable
battery. In other examples, PCD 110 may include more or fewer electronic components.
The described circuitry may be implemented together on a common hardware component
or separately as discrete but interoperable hardware or software components. Depiction of
different features as circurtry is intended to highlight different functional aspects and does
not necessarily tmply that such circuitry must be realized by separate hardware or software
components. Rather, functionality associated with one or more circuitry may be performed
by separate hardware or software components, or integrated within commaon or separate
hardware or software components,

{3146 Sensing circuitry 422 recetves cardiac electnical signals from electrodes 112, 122,
124, 126, 128, 142 and 144 carried by the ventricular lead 120 and atrial lead 121, along
with housing electrode 112 associated with the housing 112, for sensing cardiac events
attendant to the depolarization of myocardial tissue, ¢.g. P-waves and R-waves. Sensing
circuitry 422 may imclude a switch circuitry for selectively coupling electrodes 122, 124,
126, 128, 142, 144, and housing clectrode 112 to sensing circuitry 422 in order to monitor
electrical activity ofheart 116, The switch circuitry may include a switch array, switch
matrix, multipiexer, or any other type of switching device suitable to selectivelv couple

one or more of the clectrodes to sensing circuitry 422, In some examples, processing
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circuitry 416 sclects the electrodes to function as sense ¢lectrodes, or the sensing vector,
via the switch circuitry within sensing circuitry 422,

[0141] Sensing ciramtry 422 may include multiple sensing channels, each of which may
be selectively coupled to respective combinations of electrodes 122, 124, 126, 128, 142,
144 and housing 1172 to detect electrical activity of a particular chamber of heart 116, ¢.g.
an atnal sensimg channel and a ventricular sensing channel. Fach sensing channel may
comprise a sense amplifier that outputs an indication to processing circoitry 416 in
response 0 seusing of a cardiac depolarization, in the respective chamber of heart 116, In
this manner, processing circuitry 416 may receive sense cvent signals corresponding to the
occurrence of sensed R-waves and P-waves in the respective chambers of heart 116.
Sensing circuitry 422 may further imclude digital signal processing circuitry for providing
processing circuitry 416 with digitized EGM signals, which may be used for cardiac
rhythim discrimination.

0142} The components of sensing cirawitry 422 may be analog components, digital
compaonents or a combination thereof, Sensing circwtry 422 may, for example, include
one or more sense amplificrs, filters, rectifiers, threshold detectors, analog-to-digital
converters {ADCs) or the like. Sensing circuttry 422 may convert the sensed signals to
digital form and provide the digital signals to processing circuitry 416 for processing or
analysis. For example, sensing circuitry 422 may amplify signals from the sensing
clectrodes and convert the amplificd signals to multi-bit digital signals by an ADC.
Sensing civcuitry 422 may also compare processed signals to a threshold to detect the
existence of atrial or ventricular depolanizations {e.g., P- or R-waves) and ndicate the
existence of the atrnial depolarization {(¢.g., P~waves) or ventricular depolanzations {e.z., R-
waves) to processing circuitry 416,

0143} Sensing circuitry 422 and/or processing circuitry 416 may also include circuitry for
measuring the capture threshold for the delivery of pacing pulses via electrodes 122, 124,
126, 128, 142, 144, and 112. The capture threshold may indicate the voltage and pulse
width necessary to induce depolarization of the surrounding cardiac muscle. For example,
processing circuitry 416 may periodically control therapy delivery circuitry 420 to modify
the amplitude of pacing pulses delivered to a patient, and sensing circuitry 422 and/or
processing circuttry 416 may detect whether the surrounding cardiac tissue depolarized

response to the pacing pulses, 1.e, detected whether there was an evoked response to the
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pacing pulse. Processing circuitry 416 may determine the capture threshold based on the
arplitude where loss of capture occurred. Processing circuitry 416 may also determine
one or more latency metrics based on detecting the evoked response to ATP therapy
pulses, as described in greater detail below. In addition to detecting and identifving
specific types of cardiac rhvthms, sensing circuttry 422 may also sample the detected
mirinsic signals to generate an electrogram or other time-based indication of cardiac
events.

10144} Processing circuitry 416 may process the signals from sensing circuitry 422 to
monttor elecirical activity of the heart of the patient. Processing circuitry 416 may store
signals obtained by sensing circuitry 422 as well as any generated EGM waveformas,
marker channel data or other data derived based on the sensed signals m memory 418.
Processing circuitry 416 may analyze the EGM waveforms and/or marker channel data to
detect cardiac events (¢.g., tachvcardia). In response to detecting the cardiac event,
processing cireuitry 416 may control therapy delivery circuitry 420 to deliver the desired
therapy to treat the cardiac event, e.g.. ATP therapy.

{0145} In examples in which PCD 110 includes more than two electrodes, therapy
delivery circuitry 420 may mclude a switch and processing circuitry 416 may use the
switch to select, e.g., via a data/address bus, which of the available electrodes are used to
deliver pacing pulses. The switch may include a switch array, switch matrix, multiplexer,
or any other tvpe of switching device suitable to sclectively couple stimulation encrgy to
selected electrodes. Processing circuitry 416 may select the electrodes to function as
signal electrodes, or the signal vector, via the switch cirauitry within therapy delivery
circuitry 420, In some nstances, the same switch circuitry may be used by both therapy
delivery cirenitry 420 and sensing circuitry 422, In other mstances, each of sensing
cireaitry 422 and therapy delivery circuitry 420 may have separate switch cireuitry.
10146} Memory 418 may include computer-readable instructions that, when executed by
processing cirenitry 416, cause PCD 110 to perform vartous functions attributed
throughout this disclosure to PCD 110 and processing circuitry 416, The computer-
readable mstructions may be encoded within memory 418, Memory 418 may comprise
computer-readable storage media including any volatile, non-volatife, magnetic, optical, or

electrical media, such as a random access memory (RAM), read-only memory (ROM),
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non-volatile RAM (NVRAM), electrically-erasable programmable ROM (EEPROM),
flash memory, or any other digital media.

{3147} Processing circuitry 416 may mclude anv one or more of a microprocessor, a
controller, a digital signal processor {BSP), an apphication specific integrated circut
(ASIC), a ficld-programmable gate arrav (FPGA), or equivalent discrete or integrated
logic circuitry or state machine. In some examples, processing circuiiry 416 may mnclude
multiple components, sach as any combination of one or MOTC MICTOPIOCESSOLS, 0N OF
more controllers, one or more DSPs, one or more ASICs, or one or more FPGAs, as well
as other discrete or integrated logic circuitry or state machines. The functions attributed to
processing circuitry 416 herein may be embodied as software, firmware, hardware or any
combination thereof.

3148} Therapy delivery circuitry 420 is electrically coupled to electrodes 122, 124, 126,
128, 142, 144, and 112, In the iHustrated example, therapy delivery circuitry 420 1s
configured to generate and deliver electrical stimulation therapy to a heart of a patient.
For example, therapy delivery circuitry 420 may deliver the clectrical stimulation therapy
to a portion of cardiac muscle within the heart via any combination of electrodes 122, 124,
126, 128, 142, 144, and 112, In some examples, therapy delivery cirenitry 420 may
deliver pacing stimolation, ¢.g., ATP therapy, in the form of voltage or current clectrical
pulses. In other examples, therapy delivery circuitry 420 may deliver stimulation in the
form of other signals, such as sine waves, square waves, or other substantially continuous
time signals.

[0149] Although PCD 110 is generally described as delivening pacing pulses, PCD 110
may deliver cardioversion or defibrillation pulses in other examples. Therapy dehivery
circuitry 420 may include one or more pulse generators, capacitors, and/or other
components capable of generating and/or stonng energy to deliver as pacing therapy,
defibrillation therapy, cardioversion therapy, cardiac resynchronization therapy, other
therapy or a combination of therapics. In some instances, therapy delivery circuitry 420
may include a first set of components configured to provide pacing therapy and a second
set of components configured to provide defibnillation therapy. In other instances, therapy
delivery circuitry 420 may utilize the same set of components to provide both pacing and

defibrillation therapy. fn suill other instances, therapy delivery circuitry 420 may share
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some of the defibnllation and pacing therapy components while using other components
solely for defibrillation or pacing.

[03156] Proccasing circuitry 416 may control therapy delivery cireuitry 420 to deliver
electrical stimulation therapy, ¢.g., anti-tachyvarrhythmia therapy, post-shock pacing, etc
1o heart 116 according to therapy parameters, which may be stored in memory 418,
Therapy delivery circuitry 420 is electrically coupled to electrodes 122, 124, 126, 125,
142, 144 and housing electrode 112 {all of which arc shown in FIGS. 3 and 8). Therapy
delivery circuitry 420 is configured to generate and deliver elecirical stimulation therapy
to heart 116 via selected combinations of electrodes 122, 124, 126, 128, 142, 144, and
housing electrode 112,

{3151} Processing circuitry 416 may control therapy delivery cirawntry 420 to deliver
pacing pulses for ATP therapy according to ATP parameters 276 stored in memory 418,
AFP therapy parameters 276 may include pulse intervals, pulse width, current and/or
voltage amplitudes, and durations for each pacing mode. For example, the pulse interval
may be based on a fraction of the detected ventricular tachyeardia (V') cycle length and
be between approximately 150 milliseconds and 500 milliseconds {e.g., between
approximately 2.0 hertz and 7.0 hertz), and the pulse width may be between approximately
(0.5 milliseconds and 2.0 milliseconds. The amplitude of each pacing pulse mayv be
between approximately 2.0 volts and 10.0 volts. In some oxamples, the pulse amplitude
may be approximately 6.0 ¥V and the pulse width may be approximately 1.5 milliscconds;
another example may include pulse amplitudes of approximately 5.0 V and pulse widths
of approximately 1.0 milliscconds. Each train of pulses during ATP may last for a duration
ot between approximately 0.3 seconds to approximately 135 seconds or be defined as a
specific number of pulses. Each pulse, or burst of pulses, may mclude a ramp up in
amplitade or in pulse rate. In addition, trains of pulses in successive ATP periods may be
delivered at increasing pulse rate in an attempt to capture the heart and terminate the
tachycardia.

{0152} Processing cirautry 416 controls therapy delivery circuitry 420 to generate and
deliver pacing pulses with any of a number of shapes, amphitudes, pulse widths, or other
characteristic to capture the heart. For exarnple. the pacing pulses may be monocphasic,
biphasic, or nwulti-phasic {¢.g., more than two phases). The pacing thresholds of the heart

when delivering pacing pulses may depend upon a namber of factors, including location,
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tvpe, size, origntation, and/or spacing of PCD 110 and/or ¢lectrodes 122, 124, 126, 128,
142, 144, and 122, physical abnormalitics of the heart (¢.g., pericardial adhesions or
myocardial nfarctions}, or other factor(s).

{31583} In examples in which PCD 110 includes more than two electrodes, therapy
delivery circuitry 420 may include a switch and processing circuitry 416 may use the
switch to select, ¢.g., via a data/address bus, which of the available electrodes are used to
deliver pacing pulses. The switch may include a switch array, switch matrix, musdtiplexer,
or any other type of switching device suttable to selectively couple stimulation energy o
selected electrodes.

[3154] Memory 418 stores ATP therapy parameters 276, mcluding mtervals, counters, or
other data used by processing circuitry 416 to control the delivery of pacing pulses by
therapy delivery circutry 420, Such data may include mtervals and counters used by
processing cirenitry 416 to control the delivery of pacing pulses to heart 116, The
intervals and/or counters are, i some examples, used by processing cirenitry 416 (o
control the timing of delivery of pacing pulses relative to an intrinsic or paced event in
another chamber. ATP therapy parameters 276 may also include intervals for controliing
cardiac sensing functions such as blanking mtervals and refractory sensing intervals and
counters for counting sensed events for detecting cardiac thythm episodes. Events sensed
by sense amplifiers included n sensing circuitry 422 are identified in part based on their
occurrence owtside a blanking interval and inside or outside of a refractorv sensing
interval. Events that occur within predetermined interval ranges are counted for detecting
cardiac thvthms. According to examples described herein, sensing circuitry 422, memory
418, and processing circuitry 416 are configured to use timers and counters for measuring
sensed event intervals and determuning event patterns for use in detecting possible
ventricular lead dislodgement.

13155] Memory 418 may be further configured to store sensed and detected data, and any
other information related to the therapy and treatment of a patient. In the example of FIG.
&, memory 418 may store sensed ECGs, detected arrhythmias, communications from PCD
100, In other examples, memory 418 may act as a temporary buffer for storing data until
it can be uploaded o another implanted device, or external device 21.

[0156] Communication circuitry 424 is used to communicate with external device 21

and/or ICM 300 for transmitting data accunulated by PCB 110 and for recetving



WO 2017/189484 PCT/US2017/029251

interrogation and programming commands to and/or from external device 21 and/or ICM
300, Comnmunication circuitry 268 includes any suitable hardware, firmware, software or
any combination thereof for communicating with another device, such as external device
2V (FIGS, 1A-1C and 7}, ICM 300 (FIGS. 3 and 9 ), a clinictan programmer, a patient
monitoring device, or the like. For example, comamunication circuitry 424 may mehade
appropriate modulation, demodulation, frequency conversion, filtering, and amphifier
components for transmmission and reception of data. Under the control of processing
circuitry 416, communication circuitry 424 may receive dowanlink telemetry from and send
uplink telemetry to external device 21 with the aid of an antenna, which may be internal
and/or external. Processing cireuitry 416 may provide the data to be uphinked to external
device 21 and the control signals for the elemetry circuit within commumication circuitry
424, ¢z, via an address/data bus. In some examples, communication circuitry 424 may
provide received data to processing circuitry 416 via a multiplexer.

[0157] In some examples, PCD 110 may signal external device 21 to further communicate
with and pass the alert through a network such ag the Medtronic CareLink® Network
developed by Medtronic, Inc., of Minneapolis, MN, or some other network linking a
patient to a climcian. PCD 110 may spontaneously transmit information to the network or
in response to an interrogation request from a user.

13158} Power source 426 may be any type of device that is configured to hold a charge to
operate the circuitry of PCD 110, Power source 426 may be provided as a rechargeable or
non-rechargeable batiery. In other example, power source 426 may incorporate an energy
scavenging system that stores electrical energy from movement of PCD 110 within patient
P14,

[3159] The various circuitry of PCD 10 may include any one or more processors,
controllers, digital signal processors (DSPs), application specific integrated circuits
{ASICs), field programmable gate arrays (FPGAs), or equivalent discrete or integrated
circutiry, including analog circuitry, digital circuitry, or logic circuitry.

{0168} According to the technigues of this disclosure, PCD 100 may deliver ATP therapy
via therapy delivery circuitry 420, sense evoked response(s} of the heart to the delivered
A'TP therapy via sensing circuitry 422, determine latency metric(s) of the evoked
response(s) via processing circuitry 416, and modify the ATP therapy based on the latency

metric{s) via processing circuitry 416, The evoked response(s} may be detected as
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described above with reference to FIG. 5. The modification may be to a current pulse
train of the ATP therapy and/or a subsequent pulse train of the ATP therapy. Processing
ciremtry 416 may modify the ATP therapy by modifving ATP parameters 276 stored in
memory 418, The latency metric(s) may be local (based on evoked response(s) sensed at
or near a location where the ATP therapy has been delivered) and/or the latency metric(s)
may be global (based on evoked response(s) sensed further away from the location where
the ATP therapy has been delivered). PCD 110 may work in coordination with 1CM 300,
For example, PCD 110 may dehiver ATP therapy and sense evoked response(s} at one or
more locations and ICM300 may sense evoked response(s) at one or more different
locations. In some examples, PCD 110 may deliver ATP therapy and sense evoked
response(s) at the same or siniilar location to determine local latency metric(s) and ICM
360 may sense evoked response(s) to the therapy delivered by PCD 110 to determine
global latency metrics. Commumnication circuiiry 424 may allow PCD 110 to
communicate with ICM 300 to provide for such coordination. In some examples, ICM
300 may determine latency metric(s) and communicate thern to PCB 110, In some
examples, ICM 300 may communicate sensed evoked response(s) to PCD 100 and
processing circuitry 416 of PCD 110 may determine latency metrie{s) based on the evoked
responae(s) information received from ICM 300

10161} FIG. 9 s a functional block diagram illustrating an example configuration of I{CM
300 of FIGS. 1A-1C and FIG. 4. In the illustrated example, ICM 300 includes processing
circuitry 1000, memory 1002, sensing circuitry 1006, commumication circuitry 1008
connected to antenna 322, and power scurce 1010, The electronic components may
receive power from a power source 1010, which may be a rechargeable or non-
rechargeable battery. In other examples, ICM 300 may include more or fewer electronic
components. The descnibed circuitry may be implemented together on a common
hardware component or separately as discrete but interoperable hardware or software
components. Depiction of different features as circuitry is intended to highlight different
functional aspects and does not necessarly mply that such circuitry must be realized by
separate hardware or software components. Rather, functionality associated with one or
more circuitry may be performed by separate hardware or software components, or

utegrated within common or scparate bardware or software components.
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10162} Memory 1002 includes computer-readable instructions that, when executed by
processing circuitry 1000, cause HCM 300 and processing circuitry 1000 to perform
vartous functions attributed to ICM 300 and processing circuitry 1000 heren (¢.g., sensing
an evoked response and/o deternuining a latency metric based on the evoked response).
Memory 1002 may include any volatile, non-volatile, magnetic, optical, or electrical
media, such as a random access memory (RAM), read-only memory (ROM), non-volatile
RAM (NVRAM), electrically-erasable programmable ROM (EEPROM), flash memory, or
any other digital or analog media.

0163} Processing circuitry 1002 may include any one or more of a microprocessor, a
controller, a digital signal processor (DSP), an application specitic integrated circurt
{ASIC), a field-programmable gate array (FPGA), or equivalent discrete or analog logic
circnitry. In some examples, processing circuitry 100 may include multiple components,
such as any combination of onc or more Microprocessors, one or more controllers, one or
more DSPs, one or more ASICs, or one or more FPGAs, as well as other discerete or
integrated logic circuitry. The functions aftributed to processing circuitry 1000 herein may
be embodied as software, firmware, hardware or any combination thereof,

03164} Proccasing circuitry 1000 controls sensing circuitry 1006 to sense evoked
responses of the heart via electrodes 304 and 306, Although ICM 300 may only include
two electrodes, e.g., electrodes 304 and 306, ICM 300 may utilize three or more electrodes
0 other examples. ICM 300 may use any combination of electrodes to detect clectrical
signals from patient 114, Sensing circuitry 1006 15 electrically coupled to electrodes 304
and 306 carried on housing 302 of ICM 300. Processing circuitry 1600 may also
determine one or more latency metrics based on detecting the evoked response to ATP
therapy pulses, as described n greater detail below

[03165] Sensing cirauitry 1006 1s clectrically connected to and monitors signals from one
or more of electrodes 304 and 306 in order to momitor electrical activity of a heast,
impedance, or other elecirical phenomenon. Sensing may be done to deternuine heart rates
or heart rate variabiiity, or to detect arrhythmias {e.g., tachvarrhythmias or bradvcardia} or
other electrical signals. Sensing circuitry 1004 may also include a switch to select which
of the available electrodes {or electrode polarity) are used to sense the heart activity,
depending upon which clectrode combination, or electrode vector, is used m the current

sensing configuration. In examples with several electrodes, processing circuitry 1000 may
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select the electrodes that function as sensce electrodes, 1.¢., select the sensing configuration,
via the switch circuitry within sensing circuitry 1004, Sensing circuttry 1004 may include
one or more detection channels, each of which may be coupled 1o a selected electrode
configuration for detection of cardiac signals via that electrode configuration. Some
detection channels may be configured to detect cardiac events, such as P- or R-waves, and
provide indications of the occurrences of such events to processing circuitry 1000, e.g., as
described in U.5. Patent No. 5,117,824 o Kemmel et al., which issued on June 2, 1992 and
is entitled, "APPARATUS FOR MONITORING ELECTRICAL PHYSIOLOGIC
SIGNALS”. Processing circuitry 1000 may control the functionality of sensing circuttry
1006 by providing signals via a data/address bus.

[0166] The components of sensing circuitry 1006 may be analog components, digital
components or a combination thereof. Sensing circoitry 1006 may, for example, inchude
one or more sense amplifiers, filters, rectifiers, threshold detectors, analog-to-digital
converters {ADCs) or the bike. Sensing circuitry 1006 may convert the sensed signals to
digital form and provide the digital signals to processing circuitry 1060 for processing or
analysis. For example, sensing circuitry 1006 may amplity signals from the sensing
electrodes and convert the amplified signals to multi-bit digital signals by an ADC.
Sensing circuitry 1006 may also compare processed signals to a threshold to detect the
existence of atrial or veatricular depolarizations {¢.g., P- or R-waves} and indicate the
existence of the atnal depolarization {¢.g., P-waves) or ventricular depolarnizations {c.g., R-
waves) to processing circuitry 1000

0167} Processing circuitry 1000 may implement programmable counters and may
withhold sensing from one or more channels of sensing circuitry 1006 for a time interval
during and after delivery of electrical stimulation to heart 116, The durations of these
mtervals may be determined by processing circuitry 1000 in response to stored data in
memory 1002,

{0168} Interval counters implemented by processing circuitry 1000 may be reset upon
sensing of R-waves and P-waves with detection channels of sensing cirenitry 1006, The
value of the count present in the interval counters when reset by sensed R-waves and P-
waves may be used by processing circuitry 1000 to measure the durations of R-R intervals,
P-P intervals, P-R intervals and R-P intervals, which arc measurements that may be stored

i memory 1602, Processing circoitry 1000 may use the count in the interval counters to
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detect a tachvarrhvthmia event, such as atrial fibnllation (AF), atrial tachycardia (AT},
VF, or VT. These intervals may also be used to detect the overall heast rate, ventricular
contraction rate, and heart rate variability. A portion of memory 1002 may be configured
as a plurality of recirculating buffers, capable of holding series of measured intervals,
which may be analyzed by processing circuttry 1000 in response to the occurrence of a
sense mierrapt to determine whether the patient's heart 116 1s presently exhibiting atrial or
ventricular tachvarrhythmia.

10169} In some examples, an arrhythmia detection method may include any suitable
tachvarrhvthmia detection algorithms. In one example, processing circuitry 1000 may
utilize all or a subset of the rule-based detection methods described in US. Patent No.
3,545,186 to (ison et al, entitled, “PRIORITIZED RULE BASED METHOD AND
APPARATUS FOR DIAGNOSIS AND TREATMENT OF ARRHYTHMIAS,” which
issucd on August 13, 1996, orin U.S. Patent No. 5,755,736 to Gillberg et al., entitled.
“PRIORITIZED RULE BASED METHOD AND APPARATUS FOR DIAGNGSIS AND
TREATMENT OF ARRHYTHMIAS,” which issued on May 26, 199%. U.S. Patent No.
5,545,186 to Olson ¢t al. However, other arrhythmia detection methodologies, such as
those methodologies that utilize timing and morphology of the electrocardiogram, may
also be emploved by processing circuitry 1000 1n other examples.

{3176} In some cxamples. processing circuitry 1000 may determine that tachyarrhythmia
has occurred by identification of shortened R-R (or P-P) interval lengths. Generally,
processing circuitry 1000 detects tachyeardia when the mierval length falls below 220
milliseconds and fibrillation when the interval length falls below 180 milliseconds. In
other examples, processing circuitry 1000 may detect ventricular tachycardia when the
mterval length falls between 330 milliseconds and ventncular fibnillation when the nterval
length falls below 240 milliseconds. These mmterval lengths are merely examples, and a
user may define the interval lengths as desired, which mayv then be stored within memory
1602, This interval length may need to be detected for a certain number of consecutive
cyeles, for a certain percentage of cycles within a runnmg window, or a running average
for a certain mumber of cardiac cycles, as examples. In other examples, additional
physiological parameters may be used to detect an archythmia. For example, processing

circuitry 1000 may analyze one or more morphology measurements, impedances, or any
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other physiclogical measurements to determine that patient 114 1s expeniencing a
tachvarrhythmia.

{0171} In addition to detecting and identifymg specific types of cardiac rhythms, sensing
circaitry 1004 may also sample the detected intrinsic signals to gencrate an electrogram or
other time-~based indication of cardiac events. Processing circuitry 1000 may also be able
to coordinate the delivery of pacing pulses trom another device, such as PCD 110, For
example, processing circuttry 1000 may identify delivered pulses from PCD 110 via
sensing circuitry 1006 and update pulse timing to accomplish a selected pacing regimen.
This detection may be on a pulse-to-pulse or beat-to-beat basis, or on a less frequent basis
to make shight modifications to pulse rate over time. In other examples, IPDs may
communicate with each other via communication circaitry 1008 and/or instructions over a
carrier wave {such as a stimulation waveform). In this manner, ATP pacing may be
coordinated by multiple devices.

{0172} Memory 1002 may be configured to store a vaniety of sensed and detected data and
any other information related to the therapy and treatment of patient 114, In the example
of FIG 9, memory 1002 may store sensed ECGs and/or detected arrhythmias,
communications from PCD 110, In other examples, memory 1002 may act as a temporary
buffer for storing data until it can be uploaded to PCD 110, another implanted device, or
external device 21.

10173} Communication circuitry 1008 includes any suttable hardware, firmware, software
or any combination thereof for communicating with another device, such as external
device 21, PCD 110 (FIGS. 1A-1(}). ), a clinician progranmunes, a patient monitoring
device, or the like. For example, comnunication circuitry 1008 may include appropuate
modulation, demodulation, frequency conversion, filtering, and amplifier components for
transmission and reception of data. Under the control of processing circuttry 1000,
communication circutiry 1008 may receive downlink telemetry from and send uplink
telemetry to extemal device 21 with the aid of antenna 322, which may be intemal and/or
external. Processing circuitry 100 may provide the data to be uplinked to external device
21 and the control signals for the telemetry circuit within communication circuitry 1008,
e.g., via an address/data bus. In some examples, communication circuitry 1008 may

provide received data to processing circuttry 1000 via a multiplexer.
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10174} In some examples, ICM 300 may signal external device 21 to further communicate
with and pass the alert through a network such as the Medtronic CareLink® Network
developed by Medtronic, Inc., of Minneapolis, MN, or some other network linking patient
114 to a chinician. 1CM 300 may spontaneously transmit information to the network or
response to an interrogation request from a user.

{0175} Power source 1010 may be any type of device that is configured to hold a charge to
operate the circoitry of ICM 300. Power source 1010 may be provided as a rechargeable or
non-rechargeable baitery. In other example, power source 1010 may incorporate an
energy scavenging systera that stores clectrical energy from movement of ICM 200 within
patient 114

{3176} The various circuitry of IPD 16 may inchide any one or more processors,
controllers, digital signal processors (DSPs), application specific integrated circuits
(ASICs), field programmable gate arrays (FPGAs), or equivalent discrete or integrated
circuitry, including analog circuitry, digital circuitry, or logic civcuitry.

10177} According to the techniques of this disclosure, PCD 110 may deliver ATP therapy
and sense evoked response(s} at one or more locations and ICM 300 may sense evoked
response(s) at one or more different locations via sensing circuitry 1006, The evoked
responac(s) may be detected as described above with reference to FIG. 5. In some
examples, PCD 110 may deliver ATP therapy and sense evoked response(s) at the same or
similar location to deternuine local atency metnc(s) and HCM 300 may sense evoked
response(s) to the therapy delivered by PCD 110 to determine global latency metrics.
Communication circuitry 1008 may allow ICM 3060 to communicate with PCD 110 w0
provide tor such coordination. In some examples, ICM 300 may determine latency
metric(s) via processing circuitry 1000 and communicate them to PCD 110 via
communication circuitry 1008, In some examples, ICM 300 may communicate sensed
evoked response(s) to PCD 100 and processing circuitry 416 of PCD 110 may determine
latency metric{s) based on the evoked response(s) information received from 1CM 300,
{0178} FIG. 10 15 a tming diagram iBustrating delivery of a plurality of pulses delivered
as ATP therapy. Times 430A-4301 may be times associated with delivery of pacing
pulses at different portions of the ATP therapy. Time 430A may indicate a time at which
the ATP therapy is initiated and a first pulse of a train of ATP pulses of the ATP therapy s

delivered. Time 430B may indicate a ime at which a second pulse of the ATP therapy 1s
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delivered. Any suitable time interval may separate time 430A and time 430B. Inthe
dhustrated example, the time separating tune 430A and time 430B is noted as Tsi. A
plurality of phases of the ATP therapy may involve delivery of one or more pulses. Duning
phase 432, a plurality of pulses may be delivered at times 430A, 4308, 430C, 430D, 430F,
and 430G, During phase 432, cach subsequently delivered pulse may be separated by
substantially the same time inferval of Ts1. Durmg phase 434, a single pulse may be
delivered at time 430H, which may be separated from time 430G by the time interval of
Ts2, which may be different than Ts1. For example, Ts2 may be less than Tsi. During
phase 436, a single pulse may be delivered at time 430U, which may be separated from
time 430H by the time interval of Tes, which may be different than Tsi and/or Tsz. For
example, Ts;may be less than Ts: and Tez, ATP therapy may be delivered m such a
fashion, with decreasing time intervals between pulses, to advance the heart to refractory.
However, decreasing the time interval between pulses can also lead to loss of capture and
may result in delivery of wasteful pulses, as well as waste of time. The systems and
methods described herein may be used to modify ATP therapy appropriately before loss of
capture occurs 1o prevent loss of capture, prevent delivery of unnecessary pulses, and save
time. ATP therapy pulses may be delivered by any device or combination of devices, such
as the devices m the systems described above.

10179 FIG. 11A ilhustrates electrocardiograms of stimulation pulses and sensed pulses
and a corresponding timing diagram, which illustrate a plurality of delivered pacing pulses
and a plurality of sensed evoked responses. FIG. 11B 1s a timing diagram corresponding
to a portion of the electrocardiogram of FIG. 11A. Pacing pulses 440a-440¢ may be
stumulation pulses delivered to the heart by therapy delivery circuitry of any of the devices
described herein as part of ATP therapy including one or more pulse trains each including
a phurality of pacing pulses, such as pacing pulses 440a-440¢. ATP parameters 276 may
be vsed to define debivery of pacing pulses 440 and may be stored in a memory such as the
memory of any of the devices described above. Evoked responscs 422a-422¢ may
represent depolarizations resulting from pacing pulses 440a, 440b, 440c¢, 440d, and 444e.
Pacing pulses 440a-440¢ may be delivered using any electrodes and therapy delivery
circuitry of any suitable device, including the devices described above. Evoked responses
422a, 422b, 442¢, 4424, and 422¢ may be sensed using any clectrodes and any sensing

circuitry of any suitable device, inchuding the devices described above. Pacing pulses 440
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may be delivered with shorter and shorter intervals between pacing pulses 440 to lead to
refractory of heart 26. However, this may result in loss of capture.

{3186} The technigues described herein may aliow for modification of ATP therapy, ez,
by modification of ATP therapy parameters, 276 to prevent loss of capture, unnecessary
pacing pulses, and/or longer time to tachvarrhythmia termination. For example,
processing circuitry, such as the processing circuitry of any of the devices described
above, may detect at least one evoked response to at least one of a plurality of pacing
pulses, such as 440a, 440b, 440c, 440d, and 444¢. The evoked response{s) may be
detected as described above with reference to FIG. 5. The processing circuitry may
determine at least one latency metrc for at least one of the plurality of pacing pulses, such
as pacing pulses 440a, 440b, 440¢, 440d, and 444e, of at least one of the one or more pulse
trains based on the evoked responses. The processing circuitry may modify the ATP
therapy based on the at least one latency metric. For example, the processing circuitry
may modify the ATP therapy based on the at least one latency metric to prevent loss of
capture. This process may be performed by the various devices described above with
reference to FIGS. 5-9.

{3181} For example, processing circuiiry may determine the at least one latency metric by
at least determining an interval between a pacing pulse 440 and an evoked response 442,
For example, as shown i FIG. 11B, the processing circuitry may determine an interval L1
between pacing pulse 4404 and evoked respounse 4424 and may determine an interval L2
between pacing pulse 440¢ and evoked response 44Z¢. Tn some examples, the processing
circuitry may compare ong or both of the mtervals to a threshold and modify the ATP
therapy if the interval exceeds the threshold. For example, the processing circuitry may
compare the interval L.2 to a threshold such as L1, orto a threshold such as L1 + an
additional amount, and may modify the ATP therapy is the interval exceeds the threshold.
For example, in the illastrated example, the mnterval 1.2 may be substantially longer than
L1, indicating an increase in latency. Such an increase in lateney may be indicative that
loss of capture may occur if ATP therapy 1s not modified and processing civcuitry may
modify the ATP therapy accordingly. In other examples, interval L2 may be compared to
another threshold such as an average interval between previous pacing pulses 440a-440d
and respective evoked responses 442a-442d or the average plus an additional amount.

Any suitable threshold may be used for comparison according to particular needs.
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10182} In some examples, the processing circuitry is further configured to detormine the at
least one latency metric by at least determining at least one morphological metric of an
evoked response. For example, processing circuttry may determine latency metrics for
one or more of evoked responses 442a-442¢ based on the morphology associated with the
respective evoked response on an clectrocardiogram illustrated in FIG. 11A. In sone
examples, the processing circuitry may nterpret that the morphology associated with
evoked response 442¢ indicates an increase in latency and may modify the ATP therapy
accordingly.

{0183} In addition to being delaved after delivery of the pacing pulse, an evoked response
that evidences increased latency may exhibit one or more characteristics morphological
featares, or changes in morphology, relative to non-delayed evoked responses. In some
examples, processing circuitry mayv compare the morphology associated with evoked
response 44Z¢ with a morphological template of morphological tfeatures associated with
the presence or absence of increased latency to wdentify the increase in latency. The
morphological template may be determined based on one or more morphological features,
for example the maximum slew rate of the terminal portion of the evoked response or the
post-stimulus time to peak amphitude, of one or more previous evoked responses, such as
evoked responses 44234424,

13184} FIG. 12 15 a flow diagram of an example process for modifying ATP therapy based
on a determined latency metric. Therapy delivery circuitry, such as the therapy delivery
circuitry of one or more of the devices described above, may deliver anti-tachvcardia
pacing {ATP) therapy to heart 26 of a patient 14 (302} The ATP therapy may mclude one
or mare pulse trains and cach of the one or more pulse trains may mnclude a plurality of
pacing pulses. Sensing circuitry, such as the sensing circuitry of one or more of the
devices described above, may sense an evoked response of heart 26 to the pacing pulses
(504}

{0185} During the delivery of the ATP therapy, processing circuitry, such as the processing
circuitry of one or more of the devices descnibed above, may, for at least one of the
plurality of pacing pulscs of at least one of the one or more pulse trains, determine at least
ong latency metric of an evoked response of heart 26 to the pacing pulse (506). In some
examples, the latency metric may be an wnterval, as described m further detail below with

reference to FIG. 13, In some examples, the processing cireuitry may additionally or
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alternatively determine the at least one latency metric by at [east one morphological metric
of the evoked response. For cxample, the processing circuitry may determing the latency
metric based on a morphology of one or more portions of an electrocardiogram, as
described above with reference to FIG. 11A. The morphological metric may, for example,
be indicative of an increase in latency.

[0186] In some examples, the processing circuitry may determine the at least one latency
metric by determining, for at least one of the plurality of pacing pulses of at least ong of
the one or more pulse trains, a plurality of latency metnes of an evoked response of the
heart to the pacing pulse.

{3187} For example, the processing circuifry may determine the at least one latency metric
of the evoked response of the heart to the respective ones of the plurality of pacing pulses
by determining an average value for a plurality of latency metrics corresponding to the
plurality of the plurality of pacing pulses.

[0188] As another exampies, the processing circuiiry may determine a plurality of latency
metrics, including two or more of a local latency metric based on an interval, a local
latency metric based on a morphological characteristic, a global latency metric based on
an interval, and/or a global latency metnic based on a morphological charactenistic,

[03189] The processing circuitry may modify the ATP therapy based on the at least one
latency metric (308}, In some examples, the processing circnitry may modify the ATP
therapy by modifving the ATP therapy based on a single of latency metric deternuned for
a single delivered pulse, ¢.g., a comparison of an evoked response to a pacing pulse to a
predetermined threshold that may be set, for example, by a clinician. In some oxamples,
the processing circnitry may modify the ATP therapv by modifyving the ATP therapy based
on a plurality of latency metrics. For example, the processing circuitry may compare an
average value for a plurality of latency metrics to a threshold and may modify the ATPif
the average value exceeds the threshold. in some examples, the processing circuitry may
modify the ATP therapy based on comparing multiple averages, ¢.g. comparing a short-
term average 1o a long-term average.

(0198} In some examples, the processing circuitry may store, in a memory, such as the
memory of any of the devices discussed above, ATP parameters that define the one or
more pulsc trains of the ATP therapy. The ATP therapy parameters may melude cyele

lengths of the plurality of pacing pulses of the pulse trains, a mumber of pulses of the pulse
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trains, and/or a pacing vector for delivery of the pulse trains. In some examples, the ATP
therapy parameters specity that the one or more pulse trains each include one or more
phases, with cach of the phases including one or more pacing pulses, and successive
phases having decreasing cvele lengths between pulses.

{0191} The processing circuitry may modify the ATP therapy by modifving such
parameters for one or both of the current pulse tram or a subsequent pulse train. In some
examples, the processing circuitry may modify the phuality of the ATP parameters by
increasing a cycle length of at least one pulse of the at least one, i.c. the current, pulse
train, increasing or otherwise moditving a cyele length of at least one pulsc of a
subsequent pulse tramn, adding a pulse to the current pulse train, and/or modifving a pacing
vector for delivery of a subsequent pulse train. In some examples, the ATP therapy
parameters may define a first phase including a first subset of the plurality of pacing
pulses having a first cycle length, and a seccond phase including a second subsct of the
plurality of pacing puises having a second cvcle length less than the first cycle length. In
some examples, the processing circuitry may modify the at least one pulse train by
modifving the ATP parameters that define the at least one pulse train by adding one or
more pacing pulses having the first cycle length to the first phase, adding one or more
pacing pulses having the second cycle length to the second phase, and/or adding an
intermediate phase of one or more pulses between the first phase and the second phase, a
cycle length of the one or more pacing pulses of the intermediate phase being between the
first cvele length and the second cvcle length.

10192} In some examples, the ATP therapy parameters define a plurality of phases for the
at least one pulse, cach of the phases mclude a respective one or more pacing pulses
having a common cycle length, and the coromon cycle lengths for the plurality of phases
decrease from phase to phase. The processing circuitry may modify the at least one pulse
train by advancing to a next onc of the phases based on the at least one latency metric.
10153} In some cxamples, the processing circuitry may advance to the next ong of the
phases by advancing to the next one of the phases in response to the latency metric being
less than a threshold and/or a difference between the latency metric and a previous latency
metric of a previous pulse of the at least one pulse train being less than a threshold.

{0194} FiG. 13 15 a flow diagram of an example process for modifving ATP therapy based

on a determined latency metric including an interval between a pacing pulse and an
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evoked response. As descnbed above with reference to FIG 12, therapy debivery circuitry
may deliver ATP therapy to heart 26 of a patient 14 (502) and sensing circuitry may sense
an evoked response of heart 26 to the pacing pulses of the ATP therapy (504).

{03185} The processing circuitry may determine the at least one latency metric by at least
determining an micrval between the pacing pulse and the evoked response {606), as
deseribed, for example, with reference to FIGS. 11A and 11B. The processing circuitry
may compare the interval to a threshold to determine whether the interval exceeds the
threshoid (608). if the interval exceeds the threshold, the processing circuitry may modify
the ATP therapy (610). If the interval does not exceed the threshold, the processing
ciremitry may continue to deliver ATP therapy (502).

{3196} In some examples, local and/or global latency metrics may be determined. Local
latency metrics may be determined based on ovoked responses sensed at or near a location
of the delivery of the ATP therapy, ¢.g., using the same device and/or electrode vectors o
delivery ATP therapy and sense the evoked response. Global latency meinics may be
determined based on evoked responses seased at a location at a substantial distance from
the location of the delivery of the ATP therapv, e.g., using a different device and/or
different electrode vectors using the same device to delivery ATP therapy and sense the
evoked response. Local and global latency metrics may have different characteristics
because arcas of the heart further from the delivery of the of the ATP therapy may react
differently to the ATP therapy than the area local to the ATP therapy delivery. In some
examples, large-scale conduction delay may result in different local and global latency
metrics because the heart may conduct the pacing pulse{(s) locally but may not conduct the
pacing pulse(s) as well across longer distances of the heart. This may indicate that
modification to the ATP therapy may be needed to capture a sufficient area of the heart
tissue to provide satisfactory therapy.

10197} FIG. 14 15 a flow diagram of an example process for modifying ATP therapy based
on a determined latency metric mchuding modifying a pulse train with an mcereased cycle
length and an intermediate pulse. Processing circuitry may store, m a memory, ATP
parameters that define at feast one polse train and a subsequent pulse train of ATP therapy
(702). Therapy delivery circuitry may deliver the at least one pulse train (704).
Processing circuitry may determine whether the delivered pulse train is a termination or

last pulse train (706}, for example, based on stored ATP parameters. If it 15, the process
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may ond. 1fitis not, the processing circuitry may determine whether there bas been an
merease in latency (708). For example, the processing circuiiry may determine ong or
more latency metries, as described above with reference to FIGS. 11 and 12, to determine
whether there has been an increase in latency. If the processing circuitry determines that
there has not been an increase in latency, the processing circuitry may deliver the next
pulse train (712).

[0198] If the processing circuitry determines that there has been an increase in latency, the
processing circuitry may modify at least one of the ATP parameters that defines the
subsequent pulse tramn (710} prior to the therapy delivery circuttry delivering the
subsequent pulse tram (712).

{3199} In some examples, the ATP parameters that define the subsequent pulse train may
include a cycle length of ong or more of the plurality of pacing pulses of the subsequent
pulse train and the processing circuitry is may modify the ATP parameter that defines the
subsequent pulse train by increasing the cvcle length. In some examples, the processing
circuitry may inerease the cycle length from a first value that is less than a corresponding
cycle length of one or more pacing pulses of the at least one pulse tram to a second value
that is greater than the corresponding cyvcle length of the one or more pacing pulses of the
at least one pulse train,

10266} In some examples, the ATP parameters that defing the at least one pulse train and
the subsequent pulse train comprise at least one ATP parameter that specifics a pacing
vector for delivery of the at least one pulse train and the subsequent pulse train. For
example, the ATP parameters may specify the pacing vector by specifving a combination
ot clectrodes of the one or more devices deseribed above for delivery of the at least one
pulse train and the subsequent pulse train. The processing circuttry may modify the at
least one of the ATP parameters that define the subsequent pulse train by specifving a
different pacing vector for delivery of the subsequent pulse train. For example, the
processing circuitry may specify a different combination of ¢lectrodes of the one or more
devices described above for delivery of the subsequent pulse train.

(0281} After delivery of the subsequent pulse train (712), the processing circuitry may
again determine whether the delivered pulse train is a termination or last pulse train (706}
and the process may continue until the processing circuitry determines that the most

recently delivered pulse train is a termination or last pulse train (706).
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10202 FIG. 15 13 a flow diagram of an example process for modifying ATP therapy based
on a determined latency metric by adding an additional puises or an intcrmediate phase to
a pulse train. Processing circuitry may store, in a memory, ATP parameters that define at
least one pulse train and a subsequent pulse train of ATP therapy (7023, The ATP
parameters that define the subsequent pulse train may include ATP parameters that define
a first phase comprising a first subset of the plurality of pacing pulses having a first cvele
length, and a second phase comprising a second subset of the plurality of pacing pulses
having a second cycle length less than the first cycle kength.

0263} Therapy delivery circuttry may deliver the first phase pulse(s) (804). Processing
ciremitry may determine whether latency has been mininuzed (806), for example, based on
determined latency metrics for pulses in the first phase. If the processing circuitry
determings that latency has not been minimized, the processing circuitry may modify at
{cast one of the ATP parameters that define the subsequent pulse train by adding one or
more pacing pulses having the first cyvcle length to the first phase, adding one or more
pacing pulses having the second cvcle length to the second phase, and/or adding an
utermediate phase comprising one or more puises between the first phase and the second
phase, a cycle length of the one or more pacing pulses of the itermediate phase being
between the first cvele length and the second cvcle length (B08). The therapy delivery
circuitry may then deliver the next phase pulse{s) (812) and the processing circuitry may
again determine whether latency has been minimized (806}, This series of steps may
continue until the processing circuitry determines that latency is minmmzed.

[0204] If the processing circuitry determines that latency has been minimized, the
processing circuitry may determine whether the pulse train is complete (810}, ifthe
processing circuitry determines that the pulse tram 1s complete, the process may end. I
the processing circoitry does not determine that the pulse train is complete, the therapy
delivery circuitry may debiver the next phase pulse{s) 812 and the processing circuitry
may determine whether latency is nunimized (806) and, 1f so, whether the pulse train is
complete. This process may continue until latency is minimized and the pulse train is
complete.

[0205] FIG. 16 13 a flow diagram of an example process for modifying ATP therapy based
on a determined latency metric by selecting a location for delivery of a pulse train based

on determined fatency metrics. The process may include determining a latency metric for

62



WO 2017/189484 PCT/US2017/029251

a first pulse train delivered at a first location, determining a latency metric for a second
pulse train delivered at a second location, and selecting the first or second location for
delivery of a third pulse train based on the latency metrics.

[0206] In some examples, the therapy debivery circuitry may deliver the ATP therapy by
delivering a first pulse train of the one or more pulse trains fo a first location of the heart
{(902) and delivering a second pulse train of the one or more pulse trains to a second
location of the heart (804}, In some examples, the processing circuitry may determing the
at least one latency metric by determining at least a first latency metric for the first pulse
train (906) and second fatency metric for the second pulse train (908). In some examples,
the processing circuitry may modify the ATP therapy by selecting one of the fivst location
or the second location for delivery of a third pulse train of the one or more pulse traing
based on the first latency metric and the second latency metrie (910}, For example, the
processing circuitry may choose which of the two locations result in the best therapy
performance based on the latency metrics for the two locations. Any combination of
therapy circuitry and/or processing circuttry of the devices described above mav be used
for any of the steps described above. For example, different therapy delivery circuitry of
different devices may be used to delivery the tirst and second pulse trains to different
locations.

{6207} In some cxamples. the processing circuitry may further determine fatency metrics
based on pulses delivered at different locations and/or cvoked responses sensed at
ditferent locations of the heart.

10208} In some examples, the therapy delivery circwmitry may deliver the ATP therapy by
delivering the at lcast one pacing pulse to a first location of the heart. For example, the
therapy delivery arcuitry may be in any of the devices of discussed above and may deliver
the at least one pacing pulse via any of the electrodes discussed above. The processing
circuitry, which may be the processing circuitey of any of the devices above, may
determine the at least one latency metric of the evoked response of the heart to the pacing
pulse by at least determining a local latency metric based on sensing the evoked response
at one of the first location or a second location of the heart and/or determining a large
scale latency metric based on sensing the evoked response at a third location, wherein the
third location is located further from the first location than the second location. By

determining a local latency metric based on the evoked response sensed at or close to the
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location of the delivery of ATP therapy and the large scale latency metric based on the
evoked response sensed further from the location of the delivery of ATP therapy, the
processing circuitry and/or a user may compare how the ATP therapy is affecting different
portions of the heart, whether close to or further from the delivery of the ATP therapy.
10209} The processing circuitry may determine the local latency metric and/or the large
scale latency metric i any suitable manner. In some examples, the processing circuitry
may determine the local lateney metrie by determining an interval between the pacing
pulse and the cvoked response at the one of the first location or a second location and/or
determining at [cast one morphological metric of the cvoked response at the one of the
first location or a second location. In some examples, the processing circuitry may
determine the large scale latency metric by determining an interval between the pacing
pulse and the evoked response at the third location and/or determining at least one
morphological metric of the evoked response at third location.

{0218} In some examples, the processing circuitry may determine the at least one latency
metric by determining, for at least one of the plurality of pacing pulses of at least one of
the onc or more pulse trains, a plurality of latency metres of an evoked response of the
heart to the pacing pulse. In some examples, the plurality of latency metrics may mnclude
the interval between the pacing pulse and the evoked response at the one of the first
location or a second location and/or the at least one morphological metric of the evoked
response at the one of the first location or a second location. In some examples, the
processing circuitry is further may determine the large scale latency metric by the nterval
between the pacing pulse and the evoked response at the third location and/or the least one
morphological metric of the evoked response at third location. {n some examples, the
processing circuitry may modify the ATP therapy by modifving the ATP therapy based on
the plurality of latency metrics.

10211} In some examples, the processing circuitry may modify the ATP therapy by
delivering a subsequent pulse train of the one or more pulse trains at a fourth location of
the heart that 15 different than the first location. For example, the processing circuitry
may determine that the local latency and/or large scale latency ndicate poor performance
of therapy delivery at the first location such that the processing circuitry my modify the
therapy to deliver a subsequent pulse train at a different location, which may result in

better performance than delivery at the first location.
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10212} Any suitable modifications may be made to the processes described herein and any
suitable device, processing circutiry, therapy delivery circuitry, and/or electrodes may be
used for performing the steps of the methods described herein. The steps the methods may
be performed by any suitable number of devices. For example, a processing circuitry of
one device may perform some of the steps while a therapy delivery circuitry and/or
sensing circuitry of another device may perform other steps of the method, while
communication circuitry may allow for communication needed for the processing circuitry
to receive information from other devices. This coordination may be performed in any
suitable manuer according to particular necds.

{021 3] The disclosure contemplates computer-readable storage media comprising
instructions to cause a processor to perform any of the fimetions and techmiques described
herein. The computer-readable storage media may take the example form of any volatile,
non-volatile, magnetic, optical, or ¢lectrical media, such as a RAM, ROM, NVRAM,
EEPROM, or flash memory. The computer-readable storage media may be referred to as
non-transitory. A programmer, such as patient programimer or clinician programimer, or
other computing device may also contain a more portable removable memory type to
enable casy data transter or offline data analvss.

0214} The technigues described in this disclosure, including those atiributed to ICD 9,
IPD 16, PCD 110, external device 21, and varicus constituent components, may be
implemented, at least in part, in hardware, software, firmware or any combination thereof,
For example, various aspects of the technigques may be implemented within one or more
processors, including one or more microprocessors, DSPs, ASICs, FPGAs, or any other
equivalent integrated or discrete logic circuitry, as well as any combinations of such
components, embodied 1n programmers, such as physician or patient programmers,
stimulators, remote servers, or other devices. The term “processor” or “processing
circnitry” may gencrally refer to any of the foregoing logic circuitry, alone or in
combination with other logic circuitry, or any other equivalent circuttry.

{0215} Such hardware, software, firmware may be implemented within the same device or
within separate devices to support the various operations and functions described in this
disclosure. For example, any of the techniques or processes described herein may be
performed within one device or at least partially distributed amongst two or more devices,

such as between ICD 9, IPD 16, PCD 118, and/or extermal device 21, In addition, any of
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the described units, circuitry or components may be implemented together or s¢parately as
discrete but interoperable logic devices. Depiction of different foatures as circuitry is
ntended to highlight different functional aspects and does not necessarily imply that such
circuitry must be realized by separate hardware or software components. Rather,
functionality associated with one or more circuitry may be performed by separate
hardware or software components, or integrated within common or separate hardware or
software components.

10216} The technigues described in this disclosure may also be embodied or encoded in an

article of manufacture including a non~transitory computer-readable storage medium
encoded with instructions. Instructions embedded or encoded v an article of manufacture
mclading a non-transitory computer-readable storage medivm encoded, may cause one or
more programmable processors, or other processors, to implement one or more of the
technigues described herein, such as when instructions included or encoded in the non-
transitory computer-readable storage medium are executed by the one or more processors.
Example non-transitory computer-readable storage media may include random aceess
memory (RAM), read only memory (ROM), progranumable read only memory (PROM),
erasable programmable read only memory (EPROM), clectromcally erasable
programmable read only memory (EEPROM), flash memory, a hard disk, a compact disc
ROM (CD-ROM), a floppy disk, a cassette, magnetic media, optical media, or any other
computer readable storage devices or tangible computer readable media.

[0217} As used heren, the term "circuitry™ refers to an apphication specific integrated
circuit (ASIC), an electronie circuit, a processor {shared, dedicated, or group) and memory
that execute one or more software or firmware programs, a combinational logic circuit, or
other suttable components that provide the described functionality.

{0218} In some examples, a computer-readable storage medium comprises non-transitory
medium. The term “non-transitory” may indicate that the storage medium is not embodied
0 a carrier wave or a propagated signal. In certain examples, a non-transitory storage
medium may store data that can, over time, change {¢.g., in RAM or cache).

0219} Vanous examples have been described for delivering cardiac stimulation therapies
as well as coordinating the operation of various devices within a patient.  Any
combmation of the described operations or functions is contemplated. These and other

examples are within the scope of the following clamms.
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What is claimed is:

I An mmplantable medical device comprising:

therapy delivery cireuitry configured to debiver anti-tachycardia pacing (ATP)
therapy to a heart of a patient, the ATP therapy including one or more pulse trains, cach of
the one or more pulse trains including a plurality of pacing pulses; and

processing circuitry configured to:

for at least one of the plurality of pacing pulses of at keast one of the one or
more pulse trains, determine at least one latency metric of an evoked response of
the heart to the pacing pulse; and

modify the ATP therapy based on the at least one latency metric.

2. The tmplantable medical device of claim 1, wherein the processing circuilry is
further configured to:

determine the at least one latency metric by at least determining an interval
between the pacing pulse and the evoked response;

compare the interval to a threshold; and

modify the ATP therapy if the mterval exceeds the threshold.

3. The implantable medical device of any one of claims 1 or 2, wherein the
processing circuitry 1s further configured to determune the at least one Iatency metric by at

least determuning at least one morphological metric of the evoked response.

4. The implantable medical device of any one of claims 1-3, wherem the processing
circuitry is further configured to:

store, 1 a3 memory, ATP parameters that defing the at least one pulse trainand a
subsequent pulse train of the ATP therapy, and

modify at least one of the ATP parameters that defines the subscquent pulse train

prior to delivery of the subsequent pulse train.
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5. The implantable medical device of claim 4,
wherein the ATP parameters that define the subsequent pulse train include a cycle
length of one or more of the plurality of pacing pulses of the subsequent pulse train, and
wherein the processing circuitry is further configured to modify the at least one of
the ATP parameter that detines the subsequent pulse train by mcreasing the cvele length
from a first value that 1s less than a correspondmg cycle length of one or more pacing
pulses of the at least one pulse train to a second value that 1s greater than the

corresponding cvcle length of the one or more pacing pulses of the at least one pulse train.

6. The implantable medical device of any one of claims 4 or §,
wherein the ATP parameters that define the subsequent pulse train comprise ATP
parameters that define a first phase comprising a first subset of the plarality of pacing
pulses having a first cycle length, and a sccond phase comprising a sccond subset of the
plurality of pacing pulscs having a second cvcle length less than the first cycle length,
wherein the processing circuitry is further configured to modify the at least one of
the ATP parameters that define the subsequent pulse traim by at least one of;
adding one or more pacing pulses having the first cyele length to the first
phase,
adding one or more pacing pulses having the second cyvele length to the
second phase, or
adding an mtermediate phase comprising one or more pulses between the
first phase and the second phase, a cycle length of the one or more pacing pulses of
the mtermediate phase being between the first cvcle length and the second cycle

length.
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The implantable medical device of any one of claims 4-6,
wherein the ATP parameters that define the at least one pulse train and the
subsequent pulse train comprise at least one ATP parameter that specifies a pacing vector
for delivery of the at least one pulse train and the subsequent pulse tram, and

wherein the processing cirawtry 1s further contigured to modify the at least one of
the ATP parameters that defing the subsequent pulse train by specifving a different pacing

vector for delivery of the subsequent pulse train.

8. The implantable medical device of any one of claims 1-7, wherein the processing
cirenitry 13 further configured to:

store, in a memory, ATP parameters that define the at least one pulse train that
includes the at least one pacing pulse, and

modify the ATP therapy by modifving at least one of the ATP parameters that

defines the at least one pulse train.

9. The implantable medical device of claim §,

wherein the ATP parameters define at least one of (1) the at least one pulse train
include a cycle length of at least one of the plurality of pacing pulses of the at least one
pulse train, (2) a first phase comprising a first subset of the plurality of pacing pulses
having a first cvcle length, and a second phase comprising a second subset of the plurality
of pacing pulses having a second cycle length less than the first cycle length or (3) a
plurality of phases for the at least one pulse train, cach of the phases comprising a
respective one of more pacing pulses having a common cycle length, the common cycle

lengths for the plorality of phases decrease from phase to phase, and
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wherein the processing circuitry is further configured to modify at least one of the

ATP parameters that defines the at least one pulse tramn by at least one of (1) the

modifving the cvele length of the at least one of the plurality of pacing pulses of the at

o

least one pulse train prior to debivery of the at least one pacing pulse, (2} adding ong or

more pacing pulses having the first cycle length to the first phase, (3) adding one or more

pacing pulses having the second cvcle length to the second phase, (4) adding an

miermediate phase comprising one or more pulses between the first phase and the second

phase, a cvcle length of the one or more pacing pulses of the wtermediate phase being

between the first cvele length and the second cvele length, or (5) advancing to a next one

of the phases based on the at least one latency metric,

16.

The implantable medical device of any one of claims 1-9,

wherein the therapy delivery circuttry is further configured to deliver the ATP

therapy by delivering the at least one pacing pulse to a first location of the heart;

wherein the processing circuitry is further configured {o determine the at least one

latency meetric of the evoked response ot the heart to the pacing pulse by at least one of’

I

determining a local latency metric based on sensing the evoked response at
one of the first location or a second location of the heart, or

determining a large scale latency metric based on sensing the evoked
response at a third location, wherein the third location is located further from the

first location than the second location.

The implantable medical device of claim 10, wherein the processing circuitry is

further configured to:

determine the local latency metric by at least ong of

determining an interval between the pacing pulse and the evoked response
at the one of the first location or a second location, and

determining at least one morphological metric of the evoked response at the
one of the first location or a second location, and
determine the large scale latency metric by at least ong of

detcrmining an interval between the pacing pulse and the evoked response

at the third location, and
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detcrmining at least one morphological metnic of the evoked response at

third location.

12, The implantable medical device of claim 11,
wherein the processing circuitry is further configured to determine the at least one
latency metric by determining, for at least one of the plurality of pacing pulses of at least
one of the one or more pulse trains, a plurality of latency metncs of an evoked response of
the heast to the pacing pulse,
wherein the plurality of latency metrics comprise at least onc off
the interval between the pacing pulse and the evoked response at the one of
the first location or a scoond location, and
the at least one morphological metric of the evoked response at the one of
the first location or a second location, and
wherein the processing circuitry is further configured to:
determine the large scale latency metric by at least one of
the interval between the pacing pulse and the evoked response at the
third location, and
the least one morphological metric of the evoked response at third
focation,
and
modify the ATP therapy by modifving the ATP therapy based on the

plurality of latency metrics.

I3, The implantable medical device of any one of claims 10-12, wherein the
processing circuitry is further configured to modify the ATP therapy by delivering a
subsequent pulse train of the one or more pulse trains at a fourth location of the heart that

15 different than the first location.
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14, The implantable medical device of any one of claims 113,
wherein the therapy delivery circuitry is further configured to deliver the ATP
therapy by:
delivering a first pulse train of the one or more pulse trains to a first
focation of the heart, and
delivering a second pulse tramn of the one or more pulse trams to a second
location of the heart,
wherein the processing circutry is further configured to:
detcrmine the at least one latency metric by determining at least a first
latency metric for the first pulse train and second latency metric for the second
pulse train, and
modify the ATP therapy by selecting one of the first location or the second
location for delivery of a third pulse train of the one or more pulse trains based on

the first latency metric and the second latency metric,

15, 'The implantable medical device of any one of claims 1-14, further comprsing:

a housing that houses the therapy delivery circuitry and the processing circuitry,
wherein the housing is configured for subcutancous implantation within the patient;

one or more fcads coupled to the housing, wherein the one or more leads are
configured for extravascular implantation within the patient; and

a plurality of clectrodes coupled to the one or more leads, wherein the plurality of
electrodes includes at least a first electrode configured to deliver a high vohage shock and
a sccond clectrode;

wherein the therapy delivery circuitry 1s coupled to at least the second electrode,

and s configured to deliver the ATP therapy via at least the second electrode.

72



WO 2017/189484 PCT/US2017/029251

1118

EXTERNAL
DEVICE
21




WO 2017/189484 PCT/US2017/029251

218




WO 2017/189484 PCT/US2017/029251

3/18




000000000000

418




WO 2017/189484 PCT/US2017/029251

5/18

ﬁfffffﬂﬂ

EXTERNAL
DEVICE
21




WO 2017/189484 PCT/US2017/029251

/18




WO 2017/189484

7118

PCT/US2017/029251

4 ™
8
THERAPY DELIVERY
SENSING CIRCUITRY TRy
272
me 210
PROCESSING COMMUNICATION
CIRCUITRY  faw-  CIRCUITRY
POWER 264 268
SOURCE
274
MEMORY
266
ATP
PARAMETERS
276
. .




WO 2017/189484 PCT/US2017/029251

8718
ICD
8
SENSING CIRCUITRY THERAPY DELIVERY POWER SOURCE
CIRCUITRY
286 290
——n g§§x _—
T A T
292
v MEMORY
982
COMMUNICATION PROCESSING —
CIRCUITRY  |l——d  CIRCUITRY | | ATP PARAMETERS
284 280 276




WO 2017/189484

9/18

PCT/US2017/029251

EXTERNAL DEVICE
21 \\\
USER INTERFACE
406
COMMUNICATION PROCESSING
CIRCUITRY T CIRCUITRY
08 0
MEMORY
402
POWER SOURCE
04




WO 2017/189484 PCT/US2017/029251

10/18
110\ 12< 12< 125\% 12\3 142 144
% & ® ® \§> \éa
112
4 \\\ "
i
THERAPY DELIVERY
SENSING CIRCUITRY
422 CER%;?&TRY
COMMUNICATION PROCESSING
CIRCUITRY i CIRCUITRY
124 416
MEMORY
418
ATP
PARAMETERS

218

POWER

SOURCE

428




WO 2017/189484

300 \
302 \\

11/18

POWER
SOURCE
1010

304 : 306;

PCT/US2017/029251

1006

SENSING CIRCUITRY

322

PROCESSING
CIRCUITRY
1000

BB

COMMURICATION
CIRCUITRY
1008

:

MEMORY
1002




PCT/US2017/029251

WO 2017/189484

12/18

10ty HOEy  O0cp 408k 40ey 206 docy
m w-E5 [ w,m,\LA...ii LA!!.. b8y LAT!! Sy L;@iﬁ |livﬁl| !muv‘
h'd
@mv yey ey



WO 2017/189484 PCT/US2017/029251

13/18

Stimulation
Pulses

Sensed Pulses

340d
340e L2

R BE

342d 342¢




WO 2017/189484 PCT/US2017/029251

14/18
502
DELIVER ATP THERAPY
S04
SENSE EVOKED RESPONSE |/

l

DETERMINE LATENCY METRIC OF EVOKED RESPONSE _)’06

l

MODIFY ATP THERAPY

508




WO 2017/189484 PCT/US2017/029251

15/18
502
DELIVER ATP THERAPY <
504
SENSE EVOKED RESPONSE |/

:

DETERMINE INTERVAL BETWEEN PACING PULSE AND | 606
EVOKED RESPONSE |/

INTERVAL EXCEEDS NO

THRESHOLD?

MODIFY ATP THERAPY jﬁg




WO 2017/189484 PCT/US2017/029251

16/18
702
STORE ATP THERAPY PARAMETERS W,
DELIVER FIRST PULSE TRAIN EM

TERMINATION OR LAST
PULSE TRAIN?

12
[

DELIVER NEXT

INCREASE IN LATENCY?
PULSE TRAIN CREAS ¢

| MODIFY NEXT PULSE TRAIN WITH INCREASED CYCLE W
LENGTH AND INTERMEDIATE PULSE




WO 2017/189484 PCT/US2017/029251

17/18

702
STORE ATP THERAPY PARAMETERS | J

:

DELIVER FIRST PHASE PULSE(S)

804

808

P

ADD PULSE(S)
OR
INTERMEDIATE

PHASE

LATENCY MINIMIZED?

PULSE TRAIN COMPLETE?

812
DELIVER NEXT PHASE PULSE(S) |/




WO 2017/189484 PCT/US2017/029251

18/18

802
DELIVER FIRST PULSE TRAIN AT FIRST LOCATION
904
DELIVER SECOND PULSE TRAIN AT SECOND LOCATION | )

l

DETERMINE FIRST LATENCY METRIC FOR FIRST PULSE 606
TRAIN

l

DETERMINE SECOND LATENCY METRIC FOR SECOND ﬁﬁg
PULSE TRAIN

’

SELECT FIRST OR SECOND LOCATION FOR BELIWERY OF | 910
THIRD PULSE TRAIN BASED ON FIRST AND SECOND |/
LATENCY METRICS




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2017/029251

A. CLASSIFICATION OF SUBJECT MATTER

INV. A61N1/375 A6IN1/39
ADD.

A6IN1/362

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

A61IN

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2015/297905 Al (GREENHUT SAUL E [US] ET 1-15
AL) 22 October 2015 (2015-10-22)

cited in the application
Y paragraphs [0007], [0045],
[0052], [0075], [0077],

paragraphs [0095] - [0127]

22 April 2008 (2008-04-22)
the whole document

[0046] ,
[0100] - [0139]

Y US 2015/305641 Al (STADLER ROBERT W [US]
ET AL) 29 October 2015 (2015-10-29)

3,11,12

3,11,12

X US 7 363 081 Bl (KROLL MARK W [US] ET AL) 1

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

4 July 2017

Date of mailing of the international search report

12/07/2017

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Schoffmann

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2017/029251
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2015297905 Al 22-10-2015 CN 105102060 A 25-11-2015
EP 2950881 Al 09-12-2015
us 8744572 Bl 03-06-2014
US 2014214104 Al 31-07-2014
US 2015297905 Al 22-10-2015
US 2017043174 Al 16-02-2017
WO 2014120769 Al 07-08-2014
US 2015305641 Al 29-10-2015 CN 106456014 A 22-02-2017
EP 3133989 Al 01-03-2017
JP 2017513680 A 01-06-2017
US 2015305641 Al 29-10-2015
WO 2015164168 Al 29-10-2015
US 7363081 Bl 22-04-2008 NONE

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - claims
	Page 70 - claims
	Page 71 - claims
	Page 72 - claims
	Page 73 - claims
	Page 74 - claims
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - wo-search-report
	Page 94 - wo-search-report

