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EXTRA-CARDIOVASCULAR PACING USING HIGH-VOLTAGE THERAPY
CIRCUITRY OF AN IMPLANTABLE CARDIOVERTER DEFIBRILLATOR

TECHNICAL FIELD
The disclosure relates generally to an extra-cardiovascular taplantable cardioverter
defibrillator (ICD) system, device and method for delivering cardiac pacing pulses using

high-voltage therapy circuit and extra~-cardiovascular ¢lectrodes.

BACKGROUND

Medical devices, such as cardiac pacemakers and 1CDs, provide therapeutic
clectnical stimulation to a heart of a patient via electrodes carried by one or more medical
electrical leads and/or electrodes on a housing of the medical device. The electrical
stimaulation may nclude signals such as pacing pulses or cardioversion or defibrillation
shocks. In some cases, a medical device may sense cardiac electrical signals attendant to
the intrinsic or pacing-evoked depolarizations of the heart and control delivery of
stimulation signals to the heart based on sensed cardiac elecirical signals. Upon detection
of an abnormal rhythm, such as bradycardia, tachycardia or fibrillation, an appropnate
clectnical stimulation signal or signals may be delivered to restore or maintain a more
normal rhythm of the heart. For example, an ICD may deliver pacing pulses to the heart
ot the patient upon detecting bradycardia or tachveardia or deliver cardioversion or

defibriliation shocks to the heart upon detecting tachycardia or fibrillation.

SUMMARY

In general, the disclosure is directed to technigues for delivering cardiac pacing
pulses to a patient’s heart by a cardiac defibrillation system, such as an exira-
cardiovascular ICD system. An ICD operating according to the techniques disclosed
herein delivers cardiac pacing pulses using high-voltage therapy circuitry typically
configured for dehvering high-voltage cardioversion/defibriliation shocks. The ICD
delivers the high-voltage pacing therapy via extra-cardiovascular electrodes, such as one
or more extra-cardiovascular electrodes carried by a medical electrical lead extending
from the ICD and/or the housing of the ICD.

-1~
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In one example, the disclosure provides an extra-cardiovascular implantable
cardioverter defibrillator (ICD) including a ugh voltage therapy module and a control
module coupled to the high voltage therapy module. The high voltage therapy module

mcludes a high voltage capacitor, a high voltage charging circuit configured to charge the

(v ]

high voltage capacitor, switching circuitry configured to couple the high voltage capacitor
across a pacing load that includes extra~-cardiovascular electrodes, and a varnable shunt
resistance in parallel with the pacing load. The control module is configured to apply an
electrical current 1o enable the switching circuitry; set the vanable shunt resistance to a
value that keeps the switching circuitry enabled during delivery one or more pacing pulses
10 tothe pacing load; and control the high voltage therapy module to gencrate and deliver the
one or more exira-cardiovascular pacing pulses via the extra-cardiovascular electrodes.

In ancther example, the disclosure provides an extra-cardiovascular implantable
cardioverter defibrillator (ICD) including a high voltage therapyv module and a control
module coupled to the lugh voltage therapy module. The high voltage therapy module

15 includes a high voltage capacitor; a high voltage charging circuit configured to charge the
high voltage capacitor; switching circuitry configured to couple the high voltage capacitor
across a pacing load that includes extra-cardiovascular electrodes; and a shunt resistance
m parallel with the pacing load. The value of the shunt resistance 1s selected to keep the
switching circuitry enabled during delivery of one or more pacing pulses to the pacing

20 load over desired range of pacing amplitudes and pacing load tmpedances. The control

module 18 configured to apply an electrical current to enable the switching circuitry and
control the high voliage therapy module to generate and deliver the one or more extra-
cardiovascular pacing pulses via the extra-cardiovascular electrodes.

In another example, the disclosure provides an extra-cardiovascular implantable

o]
(¥,

cardioverter defibniliator (ICD) mcluding a lugh voltage therapy module and a control
module coupled to the high voltage therapy module. The high voltage therapy module
includes a high voltage capacitor; a high voltage charging circuit configured to charge the
high voltage capacitor; switching circuitry configured to couple the high voltage capacitor
across a pacing load that includes extra-cardiovascalar electrodes; and a shunt resistance
30 i parallel with the pacing load. The control module is configared to apply an electrical
current to enable the switching circuitry; select a pacing pulse voltage amplitude to have a

e



WO 2017/096181 PCT/US2016/064646

(v ]

10

20

o]
(¥,

30

minimum pacing pulse voltage amplitude to keep the switching circuitry enabled dunng
delivery of one or more pacing pulses to the pacing load; and control the high voltage
therapy module to generate and deliver the one or more extra-cardiovascular pacing pulses
via the extra-cardiovascular electrodes.

In ancther example, the disclosure provides a method performed by an exira-
cardiovascular implantable cardioverter defibnllator (1CD) having a high voltage therapy
module. The method mclades applving, by a control module of the ICD, an clectrical
current to enable switching circuitry configured to couple a high voltage capacitor of the
therapy module across a pacing load that mcludes extra-cardiovascular electrodes; setting,
by the control module of the ICD, a vanable shunt resistance of the therapy module, the
variable shunt resistance being n parallel with the pacing load, to a value that keeps the
switching circuitry enabled during delivery of one or more pacing pulses to the pacing
load; controlling the high voltage therapy module to charge a high voltage capacitor of the
therapy module; and configuring the switching circuitry 1o discharge the high voitage
capacitor across the pacing load to deliver the one or more pacing pulses via the extra-
cardiovascular clecirodes.

This summary is intended to provide an overview of the subject matter described in
this disclosure. It is not intended to provide an exclusive or exhaustive explanation of the
apparatus and methods described in detail within the accompanying drawings and
deseription below. Further details of one or more examples are set forth in the

accompanving drawings and the description below.

BRIEF DESCRIPTION OF THE DRAWINGS

FiGs. 1A and 1B are conceptual diagrams of an extra~-cardiovascular ICD svstem
according to one example.

FiGs. 2A-2C are conceptual diagrams of a patient implanted with the extra-
cardiovascular ICD system of FIG. 1A in a different implant configuration.

Fi(. 3 is a conceptual diagram of a distal portion of an extra-~cardiovascular lead
having an electrode configuration according to another example.

F1G. 4 is a conceptual diagram of a distal portion of an extra-cardiovascular lead
having a lead body shape according to ancther exampie.

-
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Fi(z. 5 15 a schematic diagram of the ICD of the system of FiGs. 1A-2C according
1o one example.

FIG. 6 15 a depiction of one example of a high voltage pacing pulse that may be
generated and delivered by the high voltage (HV) therapy module of the ICD of FlIs.
1A-2C to pace a patient's heart using extra-cardiovascular electrodes.

FIG. 7 15 a flow chart of one method for selecting a pacing output configuration for
use in delivering exira~cardiovascular cardiac pacing pulses by the ICD of FiGs, 1A-2C,

FI(z. 8 15 schematic diagram of a HV therapy module coupled to a processor and
HY therapy control module of the 1CD of FiGs. 1A-2C according to one example.

FI1G. 9 15 a flow chart of one method that may be performed by the ICD of FIGs.

1A-2C for enabling a high~voltage, pacing output configuration.

DETAILED DESCRIPTION

In general, this disclosure describes techniques for delivering cardiac pacing pulses
using high-voltage therapy circuitry and implanted, extra~-cardiovascular electrodes. As
used herein, the term “extra-cardiovascular™ refers to a position outside the blocd vessels,
heart, and pericardiwm surrounding the heart of a paticnt. lmplantable clectrodes carried
by extra~cardiovascular leads may be positioned extra-thoracically (outside the ribcage
and stermum} or intra-thoracically (beneath the ribcage or sternum) but gencrally not in
ntimate contact with myocardial tissue. The technigues disclosed herein provide a
method for avtomatically configuring an ICD pacmg output configuration using extra-
cardiovascular clectrodes.

FIGs. 1A and 1B are conceptual diagrams of an extra-cardiovascular ICD system
10 according to onc example. FIG. 1A is a front view of 1CD systern 10 implanted within
patient 12, FIG. 1B i3 a side view of a portion of ICD system 10 implanted within patient
12, ICD system 10 mclades an ICD 14 connected to an extra-cardiovascular electrical
stimulation and sensing lead 16, FiGs 1A and 1B are described in the context of an ICD
system 10 capable of providing defibrllation and/or cardioversion shocks and cardiac
pacing puises.

ICD 14 includes a housing 15 that forms a hermetic seal that protects imternal
components of ICD 14, The housing 15 of ICD 14 may be formed of a conductive

A
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material, such as titanium or titanium alloy. The housing 15 may function as a housing
clectrode (sometimes referred to as a “can” clecirode}. In examples described herein,
housing 5 mav be used as an active can electrode for use i dehivering
cardioversion/defibrillation (CV/DF} shocks or other high voltage pulses delivered using a
high voltage therapy module. In other examples, housing 15 may be available for use in
delivering unipolar, cardiac pacing pulses in conjunction with lead-based clectrodes. In
other instances, the housing 13 of ICD 14 may include a plurality of electrodes on an outer
portion of the housing. The cuter portion{s) of the housing 15 functioning as an
electrode(s) may be coated with a material, such as titamium nitride.

1T 14 includes a connector assembly 17 {also referred to as a connector block or
header) that includes electrical feedthroughs crossing housing 13 to provide electrical
connections between conductors extending within an elongated lead body 18 of lead 16
and clectronic components included within the housing 15 of ICD 14, As will be
described m further detail heremn, housing 15 may house one or more processors,
memories, transceivers, sensors, electrical sensing circuitry, therapy delivery circuitry,
power sources and other appropriate components.

Elongated lead body 18 includes a proximal end 27 that includes a lead connector
(not shown) configured to be connected to ICD connector assembly 17 and a distal portion
25 that includes one or more ¢lectrodes. In the example itHustrated in FIGs. 1A and 1B,
the distal portion 235 of lead 16 includes defibrillation clectrodes 24 A and 248, collectively
24, and sense electrodes 28A, 288, and 30. In some cases, defibrillation clectrodes 24A
and 248 may together form a defibnllation electrode 1n that they are configured to be
activated concurrently. Alernatively, defibrillation electrodes 24A and 24B may form
separate defibrillation electrodes in which case cach of the clectrodes 24 A and 248 may
be activated mdependently. In some instances, defibnilation electrodes 24 A and 248 are
coupled to electrically 1sclated conductors, and ICD 14 may mclade switching
mechanisms to allow electrodes 24A and 24B to be utilized as a single defibrillation
electrode {(e.g., activated concurrently to form a common cathode or anode) or as separate
defibrillation electrodes, {e.g., activated individually, one as a cathode and ong as an anode
or activated one at a time, ong as an anode or cathode and the other remaining inactive

with housing 15 as an active electrode).
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Electrodes 24A and 24B (and in some example housing 15} may be referred to as
detibrillation electrodes in some instances because they may be utilized, individually or
collectively, for dehvering high voltage stimulation therapy (¢.g., cardioversion or
defibrillation shocks). Electrodes 24A and 24B may be elongated coil electrodes and
generally have a relatively high surface arca for delivering high voltage electrical
stimulation pulses compared to low voltage signals associated with sense electrodes 28A,
28B, and 30. However, electrodes 24A and 24B and housing 15 may also be utilized to
provide pacing functionality, sensing functionality or both pacing and sensing
functionality in addition to or instead of high voltage stimulation therapy. In this sense,
the use of the term “defibrillation clectrode™ herein should not be considered as himiting
the electrodes 24 A and 24B to use m only high voltage cardioversion/defibnillation
therapy applications. As described herein. electrodes 24A and/or 24B may be used in a
pacing electrode vector for delivering extra-cardiovascular pacing pulses using a high-
voltage therapy circuitry of ICD 14,

Electrodes 284, 28B and 30 are relatively smaller surface area electrodes for
sensing cardiac electrical signals. Electrodes 28A, 28B and 30 are referred to as sense
clectrodes because they are generally configured for use in low voltage applications, e.g.,
used as cither a cathode or anode for sensing of cardiac electrical signals. In some
instances, ¢lectrodes 28A, 288, and 30 may provide pacing functionality in addition to or
mstead of providing sensing functionality.

In the example Hustrated in F1Gs. 1A and 1B, clectrodes 28A and 28B are located
between defibrillation electrodes 24A and 24B and electrode 30 s Jocated distal to
defibrillation electrode segment 24A. Electrodes 28A and 28B are iliustrated as ring
clectrodes, and clectrode 30 is illustrated as a hemispherical tip electrode in the example of
FIGs. 1A and 1B. However, clectrodes 28A, 28B, and 30 may comprise any of a number
of different types of electrodes, includimg ring electrodes, short coil electrodes, paddie
electrodes, hemispherical electrodes, directional electrodes, segmented electrodes, or the
like, and may be positioned at any position along the distal portion 25 of lead 16. Further,
electrodes 28A, Z8B, and 30 may be of stnmilar type, shape, size and material or may differ

from each other.



WO 2017/096181 PCT/US2016/064646

Lead 16 extends subcutancously or submuscularly over the ribeage 32 medially

-1
I
i

from the connector assembly 27 of ICD 14 toward a center of the torso of patient 12, e.g.,
toward xiphoid process 20 of patient 12, At a Jocation near xiphoid process 20, lead 16

bends or turns and extends supertor subcutancously or submuscularly over the ribcage

(v ]

and/or sternam, substantially parallel to sternum 22, Although lustrated in Fi(Gs. 1A and
1B as bemg offset laterally from and extending substantially parallcl to sternum 22, lead
16 may be implanted at other locations, such as over stermum 22, offset to the right or left
of sternum 22, angled laterally from stemum 22 toward the left or the nght, or the hike.
Alternatively, lead 16 may be placed along other subcutancous or submuscudar paths. The
10 path of lead 16 may depend on the location of ICD 14 or other factors.

Electnical conductors (not ilustrated) extend through one or more lumens of the
clongated lead body 18 of lead 16 from the lead connector at the proximal lead end 27 to
electrodes 24A, 24B, 28A, 28B, and 30 located along the distal portion 25 of the lead body
18. Lead body 18 may be tubular or cylindrnical in shape. In other examples, the distal

15 portion 25 (or all of) the elongated lead body 18 may have a flat, ribbon or paddie shape.
The lead body 18 of lead 16 may be formed from a non-conductive material, inchuding
stlicone, polyurethane, fluoropolymers, mixtures thereof, and other appropriate maternials,
and shaped to form one or more humens within which the one or more conductors extend.
However, the techniques disclosed herein are not limited to such constructions or to any

20 particular lead body design.

The elongated clectrical conductors contained within the lead body 18 are cach
electrically coupled with respective defibnillation electrodes 24A and 24B and sense
electrodes 28A, 288, and 30. The respective conductors electrically couple the electrodes

244, 248, 28A, 28B and 30 to circuitry, such as a therapy module and/or a sensing

o]
(¥,

module, of ICD 14 via connections n the connector assembly 17, mcluding associated
electrical feedthroughs crossing housing 15, The clectrical conductors transmit therapy
from a therapy module within ICD 14 to one or more of defibullation electrodes 24A and
24B and/or electrodes 28A, 288, and 30 and transmit sensed electrical signals from one or
more of defibrillation elecirodes 24A and 248 and/or senge electrodes 28A, 288, and 30 1o

30 the sensing module within ICD 14.
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Fi(zs. 1A and 1B are illustrative m nature and should not be considered limiting of
the practice of the technigques disclosed herein. In other examples, lead 16 mav include
less than three sense electrodes or more than sense electrodes and/or a single defibnilation
clectrode or more than two electrically isolated or electrically coupled defibrillation
electrodes or electrode segments. The sense ¢lectrodes 28A, 288, and 30 may be located
clsewhere along the length of lead 16, ¢ g, distal to defibriilation clectrode 24 A, proximal
to defibnllation electrode 248, and/or between electrodes 24A and 24B. For example,
lead 16 may include a single sense electrode 28 between defibnllation electrodes 24A and
24B and no seuse clectrode distal to defibnilation electrode 24 A or proxamal to
defibriliation electrode 248,

In other examples, lead 16 may include only a single sense electrode 28 between
defibrillation electrodes 24 A and 24B and include another discrete electrode(s) distal to
defibriliation clectrode 24 A and/or proximal to defibrillation clectrode segment 248,
Various example configurations of extra~cardiovascular leads and electrodes and
dimensions that may be implemented in conjunction with the extra-cardiovascular pacing
techniques disclosed herein are described 1n commonly-assigned U8, Pat. Publication No.
2015/0306375 (Marshall, et al.) and U.S. Pat. Publication No. 2015/0306410 (Marshall, et
al}.

In still other examples, ICD system 10 of FIG. 1A and 1B may include a second
extra-cardiovascular electrical stimulation and sensing lead suntlar to lead 16. The second
lcad may, for example, extend laterally to the posterior of patient 12 and include one or
more clectrodes that form an electrode vector with one or more of electrodes 24A, 248,
28A, 28B, and/or 30 of lead 16 for providing pacing in accordance with the techniques
disclosed herein.

In some mstances, electrodes 24A, 24B, 28A, 288, and/or 30 of lead 16 may be
shaped, oriented, designed or otherwise configured to reduce extra-cardiac stimulation.
For example, electrodes 24A, 248, 28A, 288, and/or 30 of lcad 16 may be shaped,
oricnted, designed, partially insulated or otherwise configured to focus, direct or point
electrodes 24 A, 248, 28A, 288, and/or 30 toward heart 26. In this manner, electrical
stimulation pulses delivered via lead 16 are directed toward heart 26 and not outward
toward skeletal muscle. For example, clectrodes 24A, 248, 28A, 288, and/or 30 of lead

&
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16 may be partially coated or masked with a polymer (e.g., polyurethane) or another
coating material {e.g., tantalum pentoxide) on one side or in different regions so as to
direct the electrical energy toward heart 26 and not outward toward skeletal muscle. Tn the

case of a ring electrode, for example, the ring electrode may be partially coated with the

(v ]

polymer or sther material to form a half-ring electrode, quarter-ring electrode, or other
partial-ring clectrode. When ICD 14 dehivers pacing pulscs via clectrodes 24A, 248, 28A,
28B, and/or 30, recruitment of surrounding skeletal muscle by the pacing pulses, which
can cause discomfort to the patient, may be reduced by shaping, orienting, or partially
insulating electrodes 24 to focus or direct electrical energy toward heart 26
10 1T 14 may obtain electrical signals corresponding to clectrical activity of heart 26
via a combination of sensing vectors that include combinations of electrodes 28A, 288,
and 3¢ and the housing 15 of ICD 14, For example. 1CD 14 may obtain cardiac electncal
signals sensed using a sensing vector between combinations of electrodes 284, 28B, and
30 with one another or obtain cardiac electrical signals using a sensing vector between any
15 one or more of electrodes 28A, 288, and 30 and the conductive housing 15 of ICD 14, In
some instances, ICD 14 may even obtain cardiac electrical signals using a sensing vector
that includes one or both defibrillation electrodes 24A or 248 such as between cach other
or in combination with one or more of electrodes 28A, 288, and 30, and/or the housing 15,
ICD 14 analyzes the cardiac electrical signals received from one or more of the
20 sensing vectors 1o monitor for abnormal rhythms, such as bradycardia, ventricular
tachycardia {(VT) or ventricular fibnllation (VF). ICD 14 may analyze the heart rate
and/or morphology of the cardiac electrical signals to monitor for tachyarthythmia in
accordance with any of a number of tachyardhvthmia detection technmigues. One example

technigue for detecting tachvarrhythmia is described in U.S. Patent No. 7,761,150

o]
(¥,

{Ghanem, st al.}.

ICD 14 generates and delivers electrical stimulation therapy in response to
detecting a tachyvarrhythoua {e.g., VT or VF). ICD 14 may deliver one or more
cardioversion or defibrillation shocks via one or both of defibrillation elecirodes 24A and
24B and/or housing 15. ICD 14 may deliver the cardioversion or defibrillation shocks
30 using electrodes 24A and 24B individually or together as a cathode (or anode) and with
the housing 13 as an anode {or cathode).

-G
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ICD 14 also generate and deliver electrical stimudation pulses other than
cardioversion or defibrillation shocks, including bradycardia pacing pulses, anti-
tachycardia pacing (ATP) pulses, pacing pulses during asystole due to atrioventricular
conduction block or post-shock, burst dehivery for VE induction, and/or entrainment
pacing pulses before a T-shock for VF induction. ICD 14 mayv deliver any or all of these
pacing therapies using a therapy vector formed from electrodes 24A, 248, and/or the
housing 15. In one example, ICD 14 may deliver the pacing pulses using a pacing vector
in which electrode 24 A serves as an cathode (or anode) and elecirode 24B serves as the
ancde {(or cathode). 1CD 14 may alternatively deliver the pacing pulses using clectrodes
244 and 248 mdividually or together as a cathode {or anode} and with the housing 13 as
an anode {or cathode). In some instances, {CD may also utilize one or more of 28A, 28B
and/or 30 as part of the pacing vector.

ICD 14 1s shown implanted subcutancously on the lefi side of patient 12 along the
ribcage 32. ICD 14 may, in some instances, be implanted between the left posterior
axillary line and the left anterior axillary line of patient 12, ICD 14 may, however, be
implanted at other subcutangous or submuscular locations in patient 12, For example, ICD
14 may be implanted m a subcutancous pocket in the pectoral region. In this case, lead 16
may extend subcutancousty or submuscularly from ICD 14 toward the manubnium of
sterpum 22 and bend or tum and extend mferior from the manubrium to the desired
location subcutancously or submuscularly. in yet another example, 1CD 14 mav be placed
abdominally. Lead 16 may be implanted n other extra~cardiovascular focations as well,
For instance, as described with respeet to F1Gs. 2A-2C, the distal portion 25 of lead 16
may be implanted undemeath the sternom/ribcage in the substemal space.

An external device 40 1s shown in telemetric communication with ICD 14 by a
communication link 42, External device 40 may include a processor, display, user
mierface, telemetry unit and other components for communicating with ICD 14 for
transmuitting and receiving data via communication link 42. Communication link 42 may
be established between ICD 14 and external device 40 using a radio frequency (RF) link
such as BLUETOOTH®, Wi-Fi, or Medical Implant Commumication Service (MICS) or

other RF or communication frequency bandwidth.

-10-
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External device 40 may be embodied as a programmer used in a hospital, chinic or
physician’s office to retrieve data from ICD 14 and to program operating parameters and
algornithms 1n ICD 14 for controiling ICD functions. External device 40 may be used to
program cardiac vhythm detection parameters and therapy control parameters used by ICD
14, Control parameters used to generaie and deliver cardiac electrical stimulation pulses
according to technigques disclosed herein may be progranuned wnto ICD 14 using external
device 40.

Dhata stored or acquired by ICD 14, including physiological signals or associated
data dertved therefrom, resulis of device diagnostics, and histories of detected rhythm
episodes and delivered therapies, may be retrieved from ICD 14 by external dovice 40
following an interrogation command. For example, pacing capture threshold tests may be
initiated by a user imteracting with external device 40. A user may sbserve cardiac
clectrical signals retrieved from ICD 14 on a display of external device 40 for confirming
cardiac capture by pacing pulses debivered by ICD 14 during a capture threshold test.
External device 40 may alternatively be embodied as a home monitor or hand held device.

FiGs. 2A-2C are concepinal diagrams of patient 12 implanted with ICD system 10
in a different implant configuration than the arrangement shown in FiGs, 1A-1B. FIG. 2A
18 a front view of patient 12 implanted with ICD system 10, FIG. 2B 15 a side view of
patient 12 implanted with ¥CD gystem 10, FIG 2C is a transverse view of patient 12
uvaplanted with 1CD systern 10, In this arrangement, lcad 16 of system 10 is implanted at
least partially undemeath sternum 22 of patient 12, Lead 16 exiends subcutancously or
submuscularly from ICD 14 toward xiphoid process 20 and at a location near xiphoid
process 20 bends or turns and extends superiorly within anterior mediastimum 3610 3
substernal position.

Anterior mediastinum 36 may be viewed as being bounded laterally by pleurac 39,
posteriorly by penicardium 38, and anteriorly by sternum 22, In some instances, the
anterior wall of anterior mediastinum 36 may also be formed by the transversus thoracis
muscle and one or more costal cartilages. Anterior mediastinum 36 includes a quantity of
loose connective tissue (such as arcolar tissue}, adipose tissue, some lymph vessels, lvmph
glands, substernal musculature, small side branches of the intemal thoracic artery or vein,
and the thymus gland. In one example, the distal portion 25 of lead 16 extends along the
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posterior side of sternum 22 substantially within the loose connective tissue and/or
substernal musculature of anterior mediastinum 36.

A lead mmplanted such that the distal portion 25 1s substantially within anterior
mediastinam 36 may be referred to as a “substernal lead.” In the example Hustrated in
FiGs. 2A-2C, lead 16 is located substantially centered under sternum 22, In other
mstances, however, lead 16 may be implanted such that it is offset laterally from the center
of sternum 22. In some mstances, lead 16 may extend laterally such that distal portion 25
of lead 16 15 underneath/below the nbeage 32 in addition to or instead of sternum 22, In
other examples, the distal portion 25 of lead 16 may be implanted in other extra-
cardiovascular, intra-thoracic locations, including the pleural cavity or around the
perimeter of and adjacent to but typically not within the penicardium 38 of heart 26. Other
wmplant locations and lead and electrode arrangements that may be used in conjunction
with the cardiac pacing techniques described herein are generally disclosed in the above-
mcorporated references. Although example extra~-cardiovascular locations are described
above with respect to FIGs. 1A, 1B and 2A-2C, the pacing techniques of this disclosure
may be utilized in other implementations tn which pacing amplitudes and/or widths
associated with conventional intra-cardiac pacing pulses are insufficient to capture the
patient’s heart, including within the pericardial space.

FiG. 3 is a conceptual diagram tlustrating a distal portion 25° of another example
ot implantable clectrical lead 16 having an altemative electrode arrangement. In this
example, distal portion 25 includes two sense electrodes 28 A and 28B and two
defibrillation electrodes 24A and 24B and respective conductors {not shown) to provide
the electrical stimulation and sensing functionality as described above in conjunction with
FiGs. 1A, 1B and FiGs. 2A-2C. In this example, however, electrode 288 is proximal to
proximal defibrillation electrode 24B, and clectrode 28A 1s distal to proximal
defibrillation clectrode 24B such that electrodes 28A and 288 are separated by
defibriliation electrode 24B. In a further example, in addition to electrodes 28A and 28B.
lcad 16 may include a third pace/sense clectrode located distal to defibrillation electrode
24A.

The spacing and location of sense electrodes 28A and 28B may be selected to
provide pacing vectors that enable efficient pacing of heart 26. The lengths and spacing of
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electrodes 24A, 24B, 28A and 28B may correspond to any of the examples provided in the
above-incorporated references. For example, the distal portion 25 of lead 16 from the
distal end to the proximal side of the most proximal electrode {e.g., elecirode 28B in the

-~

example of FIG. 3} may be less than or equal to 15 cm and may be less than or equal to 13

(v ]

cm and or even less than or equal to 10 cm. The spacing and location of sens¢ ¢lectrodes

28A and 28B may be sclected to provide sensing vectors that enable efficient monitoring

of the clectrical activity of the heart 26. 1i is conternplated that one or more sense
electrodes may be distal to distal defibrillation electrode 24 A, one or more sense
electrodes may be between defibrillation electrodes 24A and 24B, and/or one or more

10 sense clectrodes may be proximal to proximal defibriliation clectrode 24B. Having
multiple sense ¢lectrodes at different locations along lead body 18 enables selection from
among a variety of inter-electrode spacings, which allows a sensing clectrade vectors (e g,
pair or combinations) 1o be selected having an ier-clectrode spacing that resulis in the
greatest pacing efficiency.

15 FIG. 4 13 a conceptual diagram dlustrating a distal portion 257 of ancther example
of extra-cardiovascular lead 16 having an ¢lectrode arrangement similar to that of FIG. 3
but with a non-linear or curving distal portion 257" of lead body 18°. Lead body 18" may
be pre-formed to have a normally curving, bending, serpentine, undulating, or zig-zagging
shape along distal portion 2577, In this example, defibrillation electrodes 24 A7 and 2487

20 are carried along pre-formed curving portions of the lead body 18°. Sense clecirode 28A°

is carned between defibrillation electrodes 24A7 and 24B°. Sense electrode 28R 15

carried proximal to the proximal defibrillation electrode 248

I one example, icad body 18° may be formed having a normally corving distal

portion 257 that includes two “C” shaped curves, which together may resemble the Groek

N
n

letter epsilon, “g.” Defibrillation electrodes 24A° and 2487 are cach carried by the two
respective {-shaped portions of the fead body distal portion 237 and extend or curve in
the same direction. In the example shown, sense electrode 28A° 13 proximal to the C-
shaped portion carrving electrode 24A°, and sense electrode 288 is proximal to the C-
shaped portion carrving clectrode 2487, Sense clectrodes 24A° and 2487 are

30 approximately aligned with a central axis 31 of the normally straight or linear, proxamal
portion of lead body 18 such that mid-points of defibrillation electrodes 24A° and 2487
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are laterally offset from clectrodes 28A° and 28B°. Defibrillation electrodes 24A7 and
248’ are located along respective C-shaped portions of the lead body distal portion 257
that extend laterally in the same direction away from central axis 31 and electrodes 2847
and 28B°. Other examples of extra-cardiovascular leads including one or more
defibriliation electrodes and one or more pacing and sensing electrodes carried by carving
serpentine, undulating or zig-zagging distal portion of the lead body that may be
implemented with the pacing techmgues described herein are generally disclosed
pending U.S. Pat. Publication No. 2016/0158567 (Marshall, et al.}.

FIG. 5 is a schematic diagram of ICD 14 according to one example. The electronic
circutiry enclosed within housing 15 (shown schematically as a can electrode i FIG. 5)
includes software, firmware and hardware that cooperatively monitor one or more cardiac
electrical signals, determine when a pacing therapy is necessary, and deliver prescnbed
pacing therapies as needed. The software, firmware and hardware are also configured to
determing when a CV/DF shock 1s necessary, and deliver preseribed CV/DF shock
therapies. ICD 14 1s coupled to an extra-cardiovascular lead, such as lead 16 carrying
extra~cardiovascular electrodes 24 A, 248, 28A, 288 and 30, for delivering pacing
therapics, CV/DY shock therapies and sensing cardiac clectrical signals.

ICH 14 includes a control module 80, memory 82, therapy delivery module 84,
electrical sensing module 86, and telemetry module 88, ICD 14 may include an
vapedance measurement module 90 for debivering a drive signal across a therapy delivery
electrode vector and measuring a resulting voltage for determining an electrical wmpedance
of the clectrode vector,

A power source 98 provides power to the circuitry of HCD 14, including cach of the
modules 80, 82, 84, 86, 83, 90 as neceded. Power source 98 may include one or more
energy storage devices, such as one or more rechargeable or non-rechargeable batteries.
The connections between power source 98 and each of the other modules 80, 82, 84, 86
and 88 are to be understood from the general block diagram of FIG. 5, but are not shown
for the sake of clarity. For example, power source 98 1s coupled to low voltage (LV) and
high voliage (HV} charging circuits included in therapy delivery modale 84 for charging
LV and BY capacitors, respectively, or other energy storage devices included in therapy
delivery module 84 for producing clectrical stimulation pulses.
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The functional blocks shown in FI1G. 5 represent functionality incladed w0 ICD 14
and may include anv discrete and/or intograted electronic circuit components that
implement analog and/or digital circuits capable of producimg the fimetions attnibuted to

ICD 14 herein. A used herein, the term "module” refers to an application specific

(v ]

integrated circuit {ASIC), an electronic circuit, a processor {shared, dedicated, or group)

and memory that execute one or more software or firmware programs, a combinational

logic circuit, state machine, or other suitable components that provide the described
functionality. The particalar form of software, hardware and/or firmware emploved to
implement the functionality disclosed herein will be determined primarily by the particular

10 svstem architecture employed in the device and by the particular detection and therapy
delivery methodologies emploved by the ICD 14, Providing software, hardware, and/or
firmware to accomplish the described functionality in the context of any modern ICD
system, given the disclosure herein, is within the abilitics of one of skill in the art.

Memory 82 may include any volatile, non-volatile, magnetic, or electrical non-

15 transitory computer readable storage media, such as a random access memory (RAM),
read-only memory (ROM), non-volatile RAM (NVRAM), clectrically-crasable
programmable ROM (HEPROM}, flash memory, or any other memory device.
Furthermore, memory 82 may include non-transitory computer readable media storing
instructions that, when executed by one or more processing circuits, cause control module

20 80 or other ICD modules to perform various functions atiributed to ICD 14 or those ICD

modules. The non-transitory computer-readable media storing the instructions may

mclade any of the media listed above.
The functions attributed to the modules herein may be embodied as one or more

processors, hardware, firmware, software, or any combination thereof. Depiction of

o]
(¥,

ditferent features as modules is miended to lighhight different functional aspects and does
not necessarily imply that such modules must be realized by separate hardware or software
components. Rather, functionality associated with one or more modules may be
performed by separate hardware, firmware or software components, or integrated within
common hardware, firmware or software components. For example, cardiac pacing

30 operations may be performed by therapy delivery module 84 under the control of control
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module 80 and may mchude operations implemented in a processor executing instructions
stored in memory 2.

Control module 80 communicates with therapy delivery module 84 and clectrical
sensing module 86 for sensing cardiac electrical activity, detecting cardiac rhythms, and
controfling delivery of cardiac ¢lectrical stimulation therapics in response to sensed
cardiac signals. Therapy delivery module 84 and clectrical sensing module 86 may be
electrically coupled to some or all ot elecirodes 24A, 248, 28A, 288, and 30 camed by
lead 16 (shown in FIG. 1A and 1B) and the housing 15, which may function as a common
or ground clectrode or as an active can clectrode for delivenng electrical stimudation
therapy and/or sensing electrical signals.

Electnical sensing module 86 may be selectively coupled to clectrodes 28A, 28B,
30 and houstng 15 in order to monttor clectrical activity of the patient’s heart. Electrical
sensing module 86 may additionallv be selectively coupled to clectrodes 24A and/or 24B.
Sensing module 86 1s enabled to selectively monitor one or more sensing vectors selected
from the available electrodes 24A, 248, 28A, 288, 30 and housing 15. For example,
sensing module 86 may include switching circuitry for selecting which of electrodes 24A,
248, 28A, 288, 30 and housing 15 are coupled to sense amplificrs or other cardiac event
detection circuitry included in sensing module 86, Switching circuitry may include a
switch array, switch matrix, muldtiplexer, or any other type of switching device suitable to
sclectively couple sense amplifiers to selected electrodes. The cardiac event detection
cirenitry within electrical sensing module 86 may include one or more sense amplifiers,
filters, rectifiers, threshold detectors, comparators, analog-to-digital converters (ADCs), or
other analog or digital components.

In some examples, electrical sensing module 86 includes multiple scusing channels
for acquining cardiac clectrical signals from multiple sensing vectors selected from
clectrodes 24A, 24B, 28A, 28B, 30 and housing 15. Each sensing channel may be
configured to arplify, filter and rectify the cardiac elecirical signal received from selected
electrodes coupled to the respective sensing channel to improve the signal quality for
sensing cardiac events, e.g., P-waves and/or R-waves. Each sensing channel includes
cardiac event detection circuitry for sensing cardiac events from the received cardiac
clectrical signal developed across the sclected sensing electrode vector(s). For example,
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cach sensing channel in sensing module 86 may inclede an input or pre-filter and amplifier
for receiving a cardiac clectrical signal from a respective sensing vector, an analog-to-
digital converter, a post-amplifier and filter, a rectifier to produce a digitized, rectified and

amplified cardiac clectrical signal that is passed to a cardiac event detector included in

(v ]

sensing module 86 and/or to control module 0. The cardiac event detector may nclude a
sense amplificr, comparator or other circuitry for comparing the rectified cardiac electrical
signal to a cardiac event sensing threshold, such as an R-wave sensing threshold, which
may be an auto-adjusting threshold. Sensing module 84 may produce a sensed cardiac
event signal in response to a sensing threshold crossing. The sensed cardiac events, e.g.,
10 R-waves, are used for detecting cardiac thyvthms and determining a need for therapy by
control module 80. In some examples, cardiac ¢lectrical signals such as sensed R-waves
are used to detect capture of a pacing pulse delbivered by ICD 14
Therapy delivery module 84 includes
includes high-voltage (HV) circuitry capable of dehivering energy large enough to
15 cardiovert/defibrillate a patient’s heart. The HV circuitry of therapy delivery module 84
includes one or more high voltage capacitors. When a shockable rhythm is detected by
ICD 14, the HY capacitor(s) is{are) charged by a BV charging circuit to a voltage level
according to a programmed shock energy. The HV charging civcuit may nclude a
transformer and be a processor-controlled charging circuit that is controlled by control
20 module 80, Control module 80 applics a signal to trigger discharze of the HY capacitor(s)
upon detecting a feedback signal from therapy delivery module 84 that the HV capacitors
have reached the voltage requured to deliver the programmed shock energy. In this way,
control module 80 controls operation of the high voltage circuitry of therapy debivery

module 84 to deliver CV/DF shocks, e.g., using defibriliation electrodes 24A, 248 and/or

o]
(¥,

housing 15,

Therapy delivery module 84 may be used to deliver cardiac pacing pulses when
pacing puises in addition to the high-voltage CV/DF shocks. o this case, the HV
capacitor{s} is(arc) charged to a much lower voltage than that used for delivening shock
therapies. For example, the HV capacitor may be charged to 40 V or less, 30 V or lgss, or
30 20V or less for producing extra-cardiovascular pacing pulses. In most instances, the HY
circuitry is generally designed for delivery of the high-voltage CV/DF shocks which are
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typically associated with voltages that are much higher than the 40 V, 30V, or 20V. For
example, the voltages associated with CV/DF shocks may be at least ten times greater than
those voltages. The HY circuttry of therapy delivery module 84 may only be capabie of
producing reduced level voltages to a certaim mininnum level. The muinimuam level may be
10V in one example. In other examples the minimum vohtage level mav be 15V oreven
20V depending on the design.

Compared to low-voltage pacing circuit outputs, therapy delivery module 84 may
generate and deliver pacing pulses having a longer pulse width using the HV circuitry
while still maintaining a pulse voltage amplitude that is greater than the pacing capture
threshold when discharging the HV capacitor(s). The longer pulse width 1s attainable due
o a higher capacitance {and consequently higher RC time constant) of the HV
capacitor{s}. The therapy delivery module 84 may be capable of producing a pulse voltage
arplitude of at least the minimum voltage level attainable by the HV circuitry (c.g., 10V
or more, 15 V or more, 20 V or more). The therapy delivery module 84 may also produce
mono- or multi-phasic pulses having a relatively longer pacing pulse width, ¢.g., 10 ms or
more, because of the higher capacitance of high voltage capacitors included in HY
circuttry. A typical HVY pacing pulse width may be 10 ms; however an example range of
available pulse widths may be 2 ms to 20 ms. Although capable of producing nuuch higher
voltage outputs, therapy delivery module 84 may cap the maximum voltage amplitude for
delivering pacing pulses to avoid providing pulses that would be above a tolerable pain
threshold of a patient. An example of a maximum voltage amplitude that may be used for
delivering high voltage pacing pulses may be 40 V. However, the maximum voltage
amplitade may be programmable and patient dependent. When a relatively higher pacing
pulse voltage amplitude is tolerable by the patient, ¢.g., more than 10V, a relatively
shorter pacing pulse width, e.g., 2 to 5 ms, may be used during the high-voltage pacing
output configuration. However, a longer pacing pulse width may be used as needed, e g,
a 10V, 20 ms pacing pulse.

For the sake of companson, the HV capacitor(s) of the therapy delivery module 84
may be charged to an effective voltage greater than 100 V for delivering a
cardioversion/defibrillation shock. For example, two or three HY capacitors may be
provided in series having an effective capacitance of 148 microfarads in therapy delivery
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module 84, These series capacitors may be charged to develop 750 to 800 V for the series
combination in order to deliver shocks having a pulse energy of 5 Joules or more, and
more typically 20 Joules or more. In [CDs implanted in extravascular locations, these

pulse encrgies may be greater than 30 Joules and, in some instances, up to 80 Joules. The

(v ]

pacing pulses delivered by the therapy delivery module 84 will have a pulse energy in the
nulliJoule range or at least tenths of millijoules. For instance, a pacing pulse generated by
therapy delivery module 84 having a 10 ¥V amplitude and 20 ms pulse width may be m the
range of 2 to 5 milliJoules when the pacing electrode vector impedance is in the range of
400 to 1000 ohms. In contrast, pacing pulses delivered using endocardial electrodes or
10 epicardial electrodes may be on the order of microloules, ¢.g., 2 microloules to 5
microjoules for a typical endocardial pacing pulse that is 2V in amplitude, 0.5 ms in pulse
width and applied across a pacing ¢lectrode vector impedance of 400 to 1000 chms.
As will be described below, control module 80 may enable a pacing using the high
voltage circuitry of therapy delivery module 84 by applving at least a munimum clectncal
15 current required to enable switching circuitry inchuded in HV circuitry for coupling the
HYV capacitor{(s) to a pacing electrode vector. BV circuitry included 1n therapy delivery
module 84 is described in further detail in conjunction with FIG. 8.
In some mstances, control module 80 may control impedance measurement module
90 1o determine the impedance of a pacing electrode vector. Impedance measurement
20 module 90 may be electrically coupled to some or all of the available clectrodes 24 A, 248,
28A, 28K, 30 and housing 15 for performing impedance measurements of one or more
candidate pacing electrode vectors. Control module 80 may control mmpedance
measurement module 90 to perform impedance measurements by passing a signal to

impedance measurement module 90 to initiate an impedance measurement of a pacing

o]
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clectrode vector. Impedance measurement module 90 1s configured to apply a dnive or
excitation current across a pacing electrode vector and determine the resulting voltage.
The voltage signal may be used directly ag the impedance measurement or impedance may
be determined from the applied current and the measured voltage. The impedance
measurement may be passed to control module 80,

30 As described 1n conjunction with FIG. 9 below, control module 80 may use the
impedance measurcment o set a variable shunt resistance mcluded in HY circuitry of
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therapy delivery module 84 when a pacing configuration ts selected for delivenng extra-
cardiovascular pacing pulses to heart 26. The variable shunt resistance may be paralicl to
the pacing load and set to be equal to or jess than the pacing load impedance to maintain
clectrical current through HY switching cireuitry throughout the duration of a pacing pulse
delivered by the therapy delivery module 34 thereby promoting an appropriate voltage
signal across the pacing load for capturing the patient’s heart 26.

In some mstances, therapy deliver module 84 may also mclude a low voltage
pacing circuttry for delivering low voltage pacing pulses using an extra-cardiovascular
pacing electrode vector selected from electrodes 24A, 248, 28A, 288, 30 and 15, LV
therapy module 85 mayv be configured to deliver pacing pulses at maximum voltage levels
below those available off the HV circutiry, ¢.g., less than 15V in one example, less than
10V in another example, or legs than 8 V in a further example. In other examples, the
voltage levels of the LV circuitry and the HY circuttry may overlap some. One or more
capacitors included m the LV therapy module are charged to a voltage according to a
programmed pacing pulse amphitude by a LV charging circuit, which may inchude a state
machine. At an appropriate time, the LV therapy module couples the capacitor(sjto a
pacing electrode vector to deliver a pacing pulse to the heart 26. Control parameters
utilized by control module 80 for detecting cardiac thythms and delivenng clectrical
stimulation therapies {pacing pulses and CV/DF shocks) and tachvarrhythmia induction
pulses may be programmed into memory 82 via telemetry module 88, Telemetry module
88 mcludes a transceiver and antenna for communicating with external device 40 (shown
in FIG. 1A) using RF communication as described above. Under the control of control
module 80, telemetry module 88 may recetve downlink telemetry from and send uplink
telemetry to extemnal device 40, In some cases, telemetry module 88 may be used to
transmit and receive communication signals to/from another medical device implanted in
patient 12.

FiG. 6 15 a depiction of one example of a high voltage pacing pulse 70 that may be
generated and delivered by therapy delivery module 84 of ICD 14 o0 pace heart 26 using
extra-cardiovascular electrodes when the HV circuitry is configured by control modale 89
to a high-voltage pacing output configuration. Therapy delivery module 84 may produce
high voltage pacing pulse 70 having a programmed pacing pulse amplitude 72 that is close
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to or greater than the maxamum voltage amplitude that low voltage pacing circuits produce
but is much less than the voltage amplitude of CV/DF shock pulses required to cardiovent
or defibnilate the heart 26. As described above, the HV circuitry of therapy debivery

module 84 may only be capable of producing voltages at a certain minimum level. The
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mammum level may be 10V in one example. In such a case, high voliage pacing pulse
araplitude 72 may be greater than or equal to 10 V and up to a voltage that is tolerable to
the patient, e.g., 20-40 V, ¢.g., greater than or equal to 10 V and up to 40 V, inclusive, or
may be from 10 V to 30 V in other examples. In other examples the minimam voltage
level may be higher or lower that 10V, 15V or even 20V depending on the design. In
10 anocther example, high voltage pacing pulse amphitude is greater than 8 V, up to and
meluding 40 V. The high voltage pacing pulse 70 may have a pulse energy that is less
than a defibrillation threshold of the heart 26. In the example shown, pacing pulse 70 has
a pulse voltage amplitude of 10 V and a pulse width 74 of 20 ms. In another example,
pacing pulse 70 has a pulse voltage amplitude equal to or between 10 and 20 V and a pulse
15 width of 10 ms.
The pulse width 74 may depend on the pacing pulse amplitude 72 such that the
total pacing pulse enecrgy delivered by pulse 70 having amplitude 72 and width 74
successfully captures and paces heart 26, but may be less than a defibrnillation threshold.
In some examples, the pulse width 74 may be from 1 ms up to and inchuding 10 ms, but
20 may be shorter than or longer than this example range (¢.g.. up to 20 ms}. The pulse width
74 may be set according to a pulse width threshold determined for the programmed pacing
pulse amplitude 72. For example, 1f the pulse amplitude is set to a maximum setting
tolerable to a patient {e.g.. 20 V in on example), the minimum pulse width that

successfully captures the heart may be determined during a pacing capture threshold test.
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Pacing pulse width 74 may be set at a safety pacing margin longer than the capture
threshold pulse width. Alternatively, pulse width 74 may be set first and pulse amphitude
72 may be set to an amplitude that is a safety margin above the capture threshold pulse
amplitude found during a pacing capture throshold test using the selected pulse width 74
when therapy delivery module 84 is enabled to deliver pacing pulses in a high-voltage

30 pacing output configuration.
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As shown, pacing pulse 70 is a biphasic pacing pulse having a first, positive-going
portion 70z and a second, negative going portion 70b. A biphasic pacing pulse 70 may be
produced by therapy delivery module 84 through the control of switching circuitry

mcluded in therapy delivery module 84, Switching circuitry of therapy delivery modude
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84 may controlled to reverse the polarity of the delivered pulse during capacitor

discharging to produce the biphasic pulse. The polarity may be reversed at a given voltage

threshold i some examples. The HV capacitor charged to the pulse voltage amplitude 72

continues to be discharged for the remaining portion 70b of pacing pulse width 74, As can

be observed in FIG. 6, the ending voltage amplitude of the positive-going portion 70a is

10 the starting voltage amplitude of the negative-going portion 70b because the same
capacitor(s} continue to be discharged after switching circuitry reverses the polanty of the
pacing pulse 70. In other examples, high voltage pacing pulse 70 may be delivered as a
monophasic, other multi-phasie, or other shaped pulse through the control of the switching
ciremtry.

15 Fi(z. 7 15 a flow chart 100 of one method for selecting a pacing cutput
configuration for use in delivering extra~cardiovascular cardiac pacing pulses by ICD 14,
F1G. 6Control module 80 cnables a high~-voltage pacing contfiguration of therapy delivery
module 84 at block 120, As described below with reference to FIG. 10, enabling the high-
voltage pacing configuration by control module 80 may include setting a variable shunt

20 resistance for delivering at least a minimum clectrical current to switches included n the

HV switching circuitry of therapy delivery module 84 to maintain desired switches in an

active or closed state during a pacing pulse.

A capture threshold test may be performed at block 122 to determing appropriate

high~voltage pacing control parameters. The capture threshold test may be performed by
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controthing therapy delivery module 84 to debiver one or more pacing pulses and
determining whether capture occurred, automatically by control module 80 or manually by
a user as described previously herein.

The BY therapy module 83 may be configured to deliver pacing pulses in the
range of 10 V {0 40 V| inclusive, in one example. The capture threshold test may be
30 initiated by delivering a test pacing pulse having a pulse amplitude at or near the minimum
pacing pulse amplitude available from therapy delivery module 84, ¢.g., 10 V n this
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example. The test pulse may also be delivered at a relatively narrow or mintmuam
available pacing pulse width. In one example, the starting test pulse delivered during the
capture threshold test at block 122 15 a 10 V pulse having a 2 ms pulse width. It capture is
achieved, the pacing control parameters for the high-voltage pacing cutput configuration
are set at block 124.

If the starting test pulsc does not capture the heart, control module 80 may control
the therapy delivery module 84 to deliver test pacing pulses at higher voltage amphitudes
and/or pulse widths. In one example, the threshold test for the high-voltage pacing
configuration includes delivering pacing pulses having a muntmouny or default pulse width
(c.g., 2 ms) at a starting pulse amplitude, which may be a minimum voltage amplitude the
therapy delivery module 84 is capable of dehivening (e.g., 10V in this example}. The
control module 80 may then increase the voltage until a pulse amplitude capture threshold
is identified up to a maximum of 40 V for the 2 ms pacing pulses. In ancther example, the
threshold test for the high-voltage pacing configuration includes delivering pacing pulses
having a minimum or default pulse width (e.g., 2 ms) at a starting pulse amplitude, which
may be a minimum volfage amphitude the therapy debivery module 84 1s capable of
delivering {e.g., 10 V in this example). The control module 80 may then increase the
pulse width until a maximum pulse width is reached (e.g., 20 ms) or capture threshold is
identified. If no capture is detected for the maximum pulse width at the lowest pulse
araplitude, then the control module 80 may increase the pulse amplitude a step and repeat
the mncrease i pulse width and amplitude until capture 1s achieved.

The pacing control parameters set at block 124 may include some sort of safety
margin to the parameters of the pulse that captured heart 26. For example, control module
may set the pacing control parameters at block 124 to generate a pulse amplitude of 10V
and a pulse width of 10 ms when the 10 V. 2 ms pulse successfully captures heart 26. The
leading edge voltage amplitude of the pacing pulse may cause pain or discomfort to the
patient due to extra-cardiac capture of excitable tissue such as skeletal muscle. As such,
the HV pacing control parameters may include a pacing pulse amplitude set to the
minimum pulse amplitude that captures the patient’s heart at a relatively short test pulse
width, ¢.g., 2 ms, and a pacing pulse width that is set at to a relatively large safety margin
greater than the test pulse width. The safety margin may be a fixed mterval, c.g., 6108, 8
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ms, 10 ms or other predetermined miterval, greater than the test pulse width. Alternatively,
the safety margin may be defined as a multiple of the test pulse width such as two times,
three times, four times, five times, or other predetermined multiple. A maximum pulse
width limit may be defined in some examples. In one example, the capture threshold test
is performed at a pulse width of 2 ms, and a safety margin of & ms is added to the 2 ms test
pulse width to sct the high-voltage pacing pulse width at 10 ms. The leading edge voltage
of the HY pacing pulses may not be increased above the capture threshold amplitude
during pacing, but the large pulse width safety margin used in this case provides a high
likehihood of successfully capturing the heart. Alternatively, an amplitude safety margin
may be added 1o the pulse amplitude capture threshold to set the pacing pulse amplitude at
block 124 in addition to setting the pacing pulse width to 10 ms, which may be a
maximum available pacing pulse width for the high-voltage pacing output configuration.
In other ecxamplces, longer pacing pulse widths may be available, but, for a given pacing
pulse ampiitude, the delivered energy of a pacing pulse that 1s longer than 10 ms may not
increase significantly due to the decay rate of the pacing pulse. In vet another example,
the pacing amplitudes and pulse widths that resulted 1n capture are set with no safety
margms.

At block 126, control module 80 may enable top-off charging of a high voltage
holding capacitor inchided in therapy delivery module 84 when the high-voltage pacing
output configuration is selected based on the capture threshold testing. When pacing
pulses are delivered in the high-voltage pacing configuration, the high voltage holding
capacitor of HV therapy module 83 may be charged in anticipation of a required pacing
therapy. Prior to a first pacing pulse, the charge on a high voltage holding capacitor, e.g.,
capacitor 210 of FIG. 8, may be topped off to the programmed pacing pulse voltage
amplitude. For example, top-off charging may be enabled up 1o one second prior 1o
delivering a pacing pulse, or upon anticipating a need for delivering a pacing pulse, which
may be the first pacing pulse of a series of pulses dehivered for captare threshold testing,
A'TP, post-shock pacing, bradvcardia pacing or tachvarrhythoua induction. As such,
therapy delivery module 84 may be enabled by control module 80 to perform capacitor
charge top-off charging at times that a shock therapy mayv not be needed and i response to
selecting the high voltage pacing configuration. fn this way, delivery of the pacing pulse
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energy from the therapy delivery module 84 is readily available upon scheduling a pacing
pulse.

After enabling the high-voliage pacing configuration and corresponding pacing
control parameters (at blocks 106 and 108 or at blocks 114 and 116 or at blocks 120 and
124}, 1CD 14 delivers pacing pulses as needed according to programmed pacing therapies
or tachvarrhythouia induction protocols at block 130, Bradycardia pacing pulses, ATP
pulses, asystole pacing pulses post-shock or dunng atnioventricular conduction block,
entrainment pulses prior to T-shock delivery for tachyvarthythmia mduction, burst pulses
for tachyarrhythmia induction, or other pacing therapies or tachyarrhythmia induction
sequences may be delivered according to programmed pacing condrof parareters,
meluding timing intervals such as ventricular lower rate intervals, atrio-ventricular pacing
intervals, ATP inter-pulse intorvals.

It is contemplated that in some examples, the pacing parameters set at block 124
may mclude enabling and/or disabling one or more pacing therapies. For example, 1t the
high-voltage pacing configaration is enabled with a relatively high pacing amplitude that
is tolerable for short intervals of time but intolerable by the patient for relatively longer
periods of time, ATP therapy mav be enabled which is of relatively short duration.
Asystole pacing post-shock or during atrioventricular conduction block, which can be life-
saving, may also {or alternatively) be enabled. Bradyeardia pacing, which can be
delivered over extonded periods of time, may be disabled. As such, setiing pacing
parameters at block 124 by control module 80 may include enabling ATP therapy and/or
asystole pacing and disabling bradvcardia pacing. Asystole pacing may be provided when
an R-wave is not sensed for an asystole back op pacing interval, e.g., 1.5 10 2 seconds. Un
the other hand, if pacing amplitudes of the pulses are configured to a level that is tolerable
for the patient, bradyvcardia pacing and/or other pacing therapies that may extend over
relatively long periods of ime {e.g., minutes or hours} may be enabled at block 124, in
addition to ATP and asystole pacing or other short duration or life-saving pacing therapigs
if the patient is highly tolerant of the extra-cardiovascular pacing pulses delivered.

It is recognized that in some patients reliable capture of heart 26 may still not be
achieved even using the HY pacimg configuration. Even if capture is achieved, a relatively
high pacing capture threshold may exceed a tolerable level of pain caused by extra-cardiac
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capture of surrounding skeletal muscle. In this case, the HV pacing configuration may be
disabled such that extra-cardiovascular pacing therapies are not delivered by ICD 14, In
some cases, re-posttioning of lead 16 and/or selection of a different pacing electrode

vector may enable capture at a comfortable pacing output level.

(v ]

FiG. 8 is schematic diagram 200 of HY circuitry 83 of therapy delivery module 84
coupled to a processor and HV therapy control module 230, HY circuitry 83 includes a
HYV charging circuit 240 and a HV charge storage and output module 202, Processor and
HYV therapy control module 230 may be mcluded in control modude 80 for controlimg HY
charging circuit 240 and HY charge storage and output module 202, HV charge storage
10 and output module 202 mchudes a HY capacitor 210 coupled to switching circuitry 204 via
a pulse width control swiich 206 for couphng the HV capacitor 210 to elecirodes 24a, 24b
and/or housing 15 to deliver a desired HVY electrical stimnulation pulse to the patient’s heart
26. HV capacitor 210 is shown as a single capacitor, but it is recognized that a bank of
two or more capacitors or other energy storage devices may be used to store encrgy for

15 producing clectrical signals dehivered to heart 26. In one example, HV capacitor 2101s a
serigs of three capacitors having an effective capacitance of 148 microfarads.

Switching circunitry 204 may be in the form of an H-bridge including switches
212a-212¢ and 214a-214¢ that arc controlled by signals from processor and HY control
module 230. Switches 212a-212¢ and 214a-214¢c may be implemented as silicon-

20 controlled rectifiers (8CRs), insulated-gate bipolar transistors (IGBTs), metal—oxide—
semiconductor ficld-etfect transistors (MOSFETs), and/or other switching circuit
COMpPONEnts.

When control module 80 determines that delivery of an ¢lectrical stimulation pulse

from HV circuttry 83 is needed, switching circuttry 204 is controlled by signals from

o]
(¥,

processor and HY therapy control module 230 to electrically couple HV capacttor 21010 a
therapy delivery vector to discharge capacitor 210 across the vector selected from
electrodes 24a, 24b and/or housing 15, The selected electrodes 24a, 24b and/or housing
15 are coupled to HY capacitor 210 by opening (1.¢., turning off or disabling} and closing
(1.e., turning on or enabling) the appropnate switches of switching cirantry 204 to pass a

30 desired electrical signal to the therapy debivery electrode vector. The electrical signal may
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be a monophasic, biphasic or other shaped CV/BF shock signal for terminating a
ventricular tachvarrhyvthinia when VT or VF is detected.

For example, when a bi-phasic CV/DF shock 1s needed, one of switches 212a,
212b and 212¢ may be closed simultancously with one of switches 214a, 214b and 214¢
without closing both of the “a,” *b™ or “¢” switches across a given electrode 24a, 24b or
housing 13, respectively, at the same time. To deliver a biphasic pulse using electrode 24a
and housing 15, for instance, switch 212a and 214c¢ may be closed to deliver a first phase
of the biphasic pulse. Switches 212a and 214¢ are opened after the first phase, and
switches 212¢ and 214a arg closed to dehiver the second phase of the biphasic pulse.
Switches 217b and 214b remain open or disabled in this example with electrode 24b not
selected or used in the therapy delivery vector. In other examples, electrode 248 may be
included instead of electrode 24A or simultanccusly activated with electrode 24A by
closing swiich 212b during the first phase and closing switch 214b in the second phase of
the illustrative biphasic pulse.

When control module 80 enables the high-voltage pacing configuration, capacitor
210 is charged to a programmed pacing pulse amplitude by HY charging circuit under the
control of processor and HY therapy control module 230, Switches 212a-212¢ and 214a-
214¢ are controlled to be open or closed by processor and HVY therapy control module 230
at the appropnate times for delivering a monophagic, biphasic or other desired pacing
pulsc by discharging capacitor 210 across the pacing load presented by heart 26 and a
selected pacing clectrode vector. The capacitor 210 1s coupled across the selected pacing
electrode vector for the programmed pacing palse width.

In the example shown, the high-voltage pacing output configuration may be
cnabled using clectrodes 24a and 24b carned by lead 16. Housing 15 may be unused by
holding switches 212¢ and 214¢ open. Depending on the implant location of ICD 14 and
lead 16 and the resulting electrical stimulation delivery vector between the housing 15 and
one or both of electrodes 24a and 24b, greater recrutment of skeletal muscle may ocour
when housing 15 is included in the pacing electrode vector. A larger volume of skeletal
muscle tissue may lie along a vector extending between the distal portion 25 of lead 16
and housing 15 than along a vector extending between the two electrodes 24a and 24b
along lead distal portion 25. In the example configurations of FIGs. 1A-2C, for example,
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a pacing pulse may be delivered between the electrodes 24a and 24b to limit skeletal
muscle recruitment compared to a pacing clectrode vector that includes housing 15, In
other electrode configurations and implant locations, the electrodes used to deliver extra-
cardiovascular pacing palses by HV circuitry 83 may be selected to provide a delivery
vector that minimizes the volume of skeletal muscle ncluded in the pacing ¢lectrode
vector while directing sufficient energy to the heart 26 for capturing and pacing the heart.

A biphasic pacing pulse, such as pulse 70 of FIG. 6, may be delivered between
electrodes 24a and 24b by producing a positive-going portion by closing switch 212a and
switch 214b for a first portion 70a of pulse width 74 1o discharge HY capacitor 210 across
clectrodes 24a and 24b through heart 26. The switches 212a and 214b are opened, and
switches 212b and 2 14a are closed to dehver the negative-going phase, portion 70b, of the
biphasic pacing pulse 70. AH switches of switching circurtry 204 are opened upon
expiration of the pulse width 74, ¢.g., based on a time out of a pulse width timer mcluded
in processor and HY therapy control module 230,

Between pacing pulses, as long as VT or VF are not being detected, the HY
capacitor 210 is charged to the programimed pacing pulse amplitude. HV charging circuit
240 receives a voltage regulated signal from power source 98 (FIG. 5}, HV charging
circuit 240 mcludes a transformer 2472 to step up the battery voltage of power source 98
order to achigve charging of capacitor 210 to a voliage that is much greater than the
battery voltage. Charging of capacitor 210 by HV charging circuit 240 is performed under
the control of processor and HV therapy control 230, which receives feedback signals
from HV charge storage and output module 202 to determine when capacitor 210 is
charged to a programmed voltage. A charge completion signal s passed to HVY charging
cirenit 240 to terminate charging by processor and HV therapy control module 230, One
example of a high voltage charging circuit and its operation 1s generally disclosed in U5
Pat. No. 8,195,291 (Norton, et al.).

While not shown m the example of FIG. 8, in other examples electrodes 284, 288
and 30 may be selectively coupled to HVY circuitry 83 via additional switches included in
switching circuitry 204 so that HVY pacing pulses may be delivered using a pacing

electrode vector that includes electrodes 28A, 28B and/or 30.
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HYV charge storage and output modide 202 is shown to include a shunt resistance
250 10 parallel to the pacing load shown schematically as heart 26 when clectrodes 24A
and 248 are selecied as the anode and cathode (or cathode and anode, respectively) of the
pacing electrode vector. It is recognized that a shunt resistance may be provided in
paraliel to the pacing load for any selected pacing electrode vector, for example shunt
resistance 252 1s shown schematicallv if the pacing electrode vector includes electrode
24B and housing 15. Likewise a shunt resistance may be provided in parallel to the pacing
load when the pacing electrode vector includes elecirode 24A and housing 15,

Switches 212a-212¢ and switches 214a-214¢ may require a miramum current flow
1o hold them closed (i.e., ON or enabled) for passing current as capacitor 210 is
discharged. This mimimum current may be on the order of approximately 10 milliamps.
Depending on the pacing load impedance and other conditions, the electrical current
passing through enabled switches of switches 212a-212¢ and 214a-214¢ may fall below
the mimmum current required to keep the swiiches closed as capacitor 210 1s discharged
across a selected pacing vector. If the current passing through a respective switch falls
below the nunimum current required to keep the switch closed, the switch may open (or
become disabled) causing premature truncation of the pacing pulse, which could result in
loss of capture. As such, a minimum pacing pulse voltage amplitude may be set for the
high-voltage pacing configuration in order to reduce the likelihood of the electrical current
produced during capacitor discharge falling below the nunimuwm current required to
maintain a stable state of enabled switches of switching circuitry 204 dunng a
programmed pacing pulse width.

The shuont resistance 250 or 252 may be a variable resistance that is set to match a
pacing clectrode vector impedance so that the load across heart 26 using a sclected pacing
clectrode vector matches the shunt resistance. In this way, current through the switching
circuitry 204 may be maintained at or above a minimum current required to maintain a
stable state of enabled switches of switching circuity 204 during the pacing pulse. fthe
shunt resistance 250 1s higher than the pacing clectrode vector impedance across heart 26,
the electrical current applied to selected switches of switching circuitry 204 may fall

below the munimum required to maintain the enabled state of the selected switches.
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If the shunt resistance 250 or 252 18 lower than the pacing electrode vector
impedance, current produced by discharging capacitor 210 may be shunted away from the
pacing load, ¢.g., the pacing electrode vector between electrodes 24a and 24b and heart 26,

resulting in less energy delivered to heart 26, which may result in loss of capture.

(v ]

Accordingly, processor and HY therapy control module 230 may be configured to retrieve
a pacing clectrode vector impedance measurement from impedance measurement module
90 and set the shunt resistance 250 {or 252) to match the pacing electrode vector
impedance.
In other examples, a minimum voltage charge of capacitor 210 may be set to
10 provide the minimum current required to maintain an enabled state of sclected switches of
switching circuitry 204, but pacing energy may be intentionally shunted away from the
pacing foad mncluding heart 26 in order to reduce the delivered pacing pulse energy. Hthe
pacing amplitude capture threshold s below the minumum voltage amplitude required to
maintain the minimum current to keep switches 212a-212¢ and 214a-214¢ on when they
15 are enabled by processor and HY therapy control module 230, the energy delivered across
the pacing electrode vector may be reduced by setting the variable shunt resistance 250 {or
252} to a value that is less than the pacing electrode vector impedance. This current
shunting may reduce skeletal muscle recruitment caused by the extra-cardiovascular
pacing pulse while still providing effective captare of heart 26.
20 Since the range of pacing load impedances and pacing voltage amplitudes may
vary between patients and at different times within a patient, a variable shunt resistance
may be provided to enable selection of the appropriate resistance for shunting the required
current through the switching circwitry. It is conternplated, however, that in some

cxamples a fixed resistance shunt may be provided. For example, the resistance needed to
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shunt current {o the switching circunt when the pacing load wpedance 18 high may stll
shunt some current to the switching circuitry when the pacing load impedance s relatively
lower. An optimal value for a fixed resistance shunt may be determined based on
erapirical data, ¢.g., tvpical pacing load impedances and pacing pulse voltage amplitudes
used chinically.

30 FIG. 9 is a flow chart 400 of ong method that may be performed by ICD 14 as part
of enabling a high-voltage, pacing output configuration at block 120 of FIG. 7. At block
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402, processor and HV therapy control module 230 may control the HV circuitry 83 to
apply electrical current to switching circuitry 204, Current is applied to selected ones of
switches 212a-212¢ and 214a-214¢ 10 order enable or activate the selected switches to

select a desired pacing electrode vector. A minimum electrical current s required in order

(v ]

to maintain an enabled switch of switching circuitry 204 in the ON or closed state. if the
current is too low, the switch mayv open.

At block 404, processor and HV therapy control module 230 may receive a
feedback signal from switching circuitry 204 indicating that the selected switches are ON
or enabled. If the selected switches of switching circuitry 204 are not enabled by the
10 current applied at block 402, the applied clectrical current may be increased at block 403,

The feedback signal may be a sampled clectnical current signal or a sampled impedance
signal in switching circuitry 204.
Once the desired switches are enabled, an tapedance measurement may be made at
block 406 by mpedance measurement module 90 under the control of processor and HV
15 therapy control module 230, In some examples, the variable shunt resistance 250 is
adjusted to match the measured pacing clectrode vector impedance at block 410, By
setting the vanable shunt resistance 250 to match the pacing load resistance, the enabled
switches of switching circuitry 204 will remain enabled by the required minimum current
when capacitor 219 is discharging across the pacing load. In another example, the
20 electrical current on an output line to the pacing load from HY charge storage and output
module 202 is sampled. Ifthe sampled electrical current 1s zero, the shunt resistance 250
is decreased.
In other examples, the control module 80 may control high voltage therapy module

&3 to perform a pacing amplitude threshold test at block 408, If the minimum charge
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voltage of capacitor 210 requuired to maintain a minimum electrical current applied to
enable switches of switching circintry 204 18 greater than the pacing amplitude capture
threshold, the varniable shunt resistance 250 may be adjusied to a resistance that is less than
the pacing load impedance. A shunt resistance that 1s lower than the pacing load
reststance will shunt current away from the pacing load and thereby reduce encrgy

30 delivered across the pacing electrode vector to the patient’s heart. For example, a
minimum 10 V charge of capacitor 210 may be required 1o order to apply and maintain the
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minimum electrical current needed to keep sclocted switches of switching circuitry 204
enabled. During a threshold test, if a pacing pulse having the mintmum 10 V amplitude
and a relatively short pulse width, ¢.g., 2 ms, captures the patient’s heart 26, the pulse
amplitude capture threshold may be less than 10 V and even more likely less than 10V
when a longer pulse width isused, e g., 10 ms. A lower energy pacing pulse may be tested
by decreasing the vanable shunt resistance so that some pacing energy is shunied across
shunt resistor 250 rather than across the pacing electrode vector. I capture still occurs, the
pacing capture threshold s less than the minimum voltage charge of capacitor 210 that is
requuired to produce the nuntmum current for enabling the switches 212a-212¢ and 2 14a-
214c of circuitry 204,

If this 1s the case, the variable shunt resistance 230 may be adjusted at block 410 to
a resistance that 1s less than the pacing electrode vector impedance to reduce the encrgy
delivered to heart 26 {and surrounding skeletal muscle) when capacitor 210 1s charged to
the mimmum voltage and discharged across the pacing load. Ifthe pulse amplitude
capture threshold 1s equal to or greater than the minimum charge voltage of capacitor 210,
the variable shunt resistance may be set to match the pacing electrode vector impedance.
As such, the variable shunt resistance 250 provided in parallel to the pacing electrode
vector mav be adjusted by processor and HV control module 230 based on the pacing
electrode vector impedance (¢.g., matching the pacing electrode vector impedance}. In
other examples, the varnable shunt resistance 250 is set based on pacing electrode vector
impedance and the pulse amphitude capture threshold. When the pulse amplitude capture
threshold s equal to or greater than the minimam charge of capacitor 210 required to
maintain a mintmum required current to switches of switching circuitry 204, the variable
shunt resistance 250 may be st to match the pacing electrode vector impedance. When
the pulse amplitude capture threshold is less than the minimum requived charge of
capacttor 210, the variable shunt resistance 250 may be set to a value that is less than the
pacing electrode vector impedance.

In some examples, some or all of the process shown by thow chart 400 including
measoring impedance at block 406 and adjasting the variable shunt resistance based on the
pacing electrode vector impedance at block 410 is performed for every pacing pulse
delivered by ICD 14 when the high-voltage, pacing output configuration is enabled. In
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this way, the variable shunt resistance mav be adjusted on a pulse-by-pulse basis to match
(or in some cases be less than) the pacing load resistance for every pacing pulse and
thereby minimize the likelihood of anvy of the switches of switching circuitry 204 being

madvertently disabled due to low current flow, which could result in a non-delivered or

(v ]

prematurely truncated pacing pulse and loss of capture.

Thus, a method and apparatus for delivering cardiac pacing pulses using an extra-
cardiovascular ICD system have been presented in the foregoing description with
reference to specific embodiments. In other examples, various methods described herein
may inciude steps performed in a different order or combination than the iHlustrative
10 cxamples shown and described herein. It is appreciated that various modifications to the
reterenced embodiments may be made without departimg from the scope of the disclosure

and the following claims.
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CLAIMS
I. An extra~-cardiovascular implantable cardiac device comprising:
a high voltage therapy module inchuding:
a high voltage capacitor;
a high voltage charging circuit that includes a transformer configured to
charge the bigh voltage capacitor;
switching circuitry configured o couple the high voltage capaciior across a
pacing load that inclades extra-cardiovascular electrodes; and
a variable shunt resistance in parallel with the pacing load; and
a control module coupled to the high voliage therapy module and configured to:
apply an clectrical current to enable the switching circuitry;
set the vanable shunt resistance to a value that keeps the switching circuitry
enabled during delivery one or more pacing pulses to the pacing load; and
control the high voltage therapy module to generate and deliver the one or

more extra~cardiovascular pacing pulses via the extra-cardiovascular elecirodes.

2. The cardiac device of claim 1, further comprising an impedance measurement
module, wherein the control module 15 configured to:

control the impedance measurement module to measure an impedance of the
pacing load that includes the extra-cardiovascular electrodes; and

set the variable shunt resistance to a value selected based on the measured

impedance.

3. The cardiac device of claim 2, wherein the control module is configured to sct the

variable shunt resistance equal to the impedance.

4. The cardiac device of any one of claims 2 or 3, wherein the control module is
further configured to:
control the high voltage therapy module to perform a test to determine a pacing

amplitude capture threshoid;
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determine if the pacing amplitude capture threshold is less than a miumum voltage
charge of the high voltage capacitor required to produce the clectrical current to enable the
switching circuitry; and

set the variable shant resistance to be less than the impedance in response to the

pacing amplitude capture threshold being less than the mintmurm voltage charge.

5 The cardiac device of any one of claims 2-4, wherein the control module is
configured to control the mmpedance measurement module to measure an impedance of the
pacing load that includes the extra~-cardiovascular electrodes and set the variable shunt

resistance 1o a value selected based on the measured impedance on a pulse-by-pulse basis.

6. The cardiac device of any one of claims 15, wherein the control module is further
configured to enable a first pacing therapy comprising extra-cardiovascular pacing pulses
delivered using the high voltage therapy module and disable a second pacing therapy
comprising extra-cardiovascular pacing pulses from being delivered using the high voltage
therapy module, wherein the first pacing therapy comprises at ieast one of anti-tachycardia

pacing {(A'TP) therapy and/or asystole pacing therapy and the second pacing therapy

comprises bradvcardia pacing therapy.

7. The cardiac device of any one of claims 1-6, wherein the control module 1s further
configured to enable top-off charging ot the high voltage capacitor in response to applying

the electrical current to enable the switching circuitry.

8. The cardiac device of any one of claims 1-7, wherein the control module is
configured to control the high voltage therapy module to charge the high voltage capacitor
to a first voltage to deliver the one or more pacing pulses and to charge the high voltage
capacitor to a second voltage to deliver a defibrillation shock via the extra-cardiovascular

electrodes, the second voltage being larger than the first voltage.

9. The cardiac device of claum 8, further comprising:
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a housing enclosing the high voltage therapy module and the control module; and
an extra~-cardiovascular lead couplable to the cardiac device and carrving at leasta
first extra~-cardiovascular electrode and a second extra-cardiovascular electrode of the
plurality of implantable extra-cardiovascular electrodes;
wherein the control module controls the high voltage therapy module to:
deliver the one or more pacing pulscs via a first extra~cardiovascular
electrode vector comprsing the first extra-cardiovascular electrode carried by the
extra-cardiovascular lead and the second extra~-cardiovascular electrode carried by
the extra~-cardiovascular lead; and
deliver the defibrillation shock via a second extra~cardiovascular clectrode
vector meluding the housing and at least one of the first extra~cardiovascular
clectrode or the second extra~cardiovascular electrode carried by the extra-

cardiovascular lead.

16, 'The cardiac device of any one of claims 1--8, further comprising an extra-
cardiovascular lead couplable to the cardiac device and carrying at least a pair of the exira-
cardiovascular clectrodes, wherein the control module is configured to control the
switching circuitry to deliver the pacing pulses across the pair of extra~-cardiovascular

electrodes when the extra-cardiovascular lead 1s coupled to the cardiac device.
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