wo 2013/184787 A1 [N NI NP0 00000 OO0

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2013/184787 Al

12 December 2013 (12.12.2013) WIPO | PCT
(51) International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
AG6IN 1/05 (2006.01) AG6IN 1/37(2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
. .. ) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,
PCT/US2013/044293 KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(22) International Filing Date: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
5 June 2013 (05.06.2013) OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
- ) SD, SE, 8@, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
(25) Filing Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every
(30) Priority Data: kind of regional protection available): ARIPO (BW, GH,
61/655,851 5 June 2012 (05.06.2012) Us GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(71) Applicant: NANOSTIM, INC. [US/US]; 776 Palomar TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Avenue, Sunnyvale, CA 94085 (US). EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
(72) Tnventors: OSTROFF, Alan; 776 Palomar Avenue, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
; TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ, GW,
Sunnyvale, CA 94085 (US). JACOBSON, Peter, M.; 776 KM. ML, MR, NE, SN, TD, TG)
Palomar Avenue, Sunnyvale, CA 94085 (US). > S )
(74) Agents: THOMAS, Justin ct al ; Shay Glenn LLP, 2755 T ublished:
Campus Drive, Suite 210, San Mateo, CA 94403 (US). with international search report (Art. 21(3))
(81) Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,

(54) Title: LEADLESS PACEMAKER WITH MULTIPLE ELECTRODES

100

\

106

104

102

(57) Abstract: A leadless pacemaker for pacing a heart of a
human is provided, which can include any number of fea-
tures. In some embodiments, the pacemaker can include a
hermetic housing, a first electrode configured to fix the pace-
maker to the heart, a second electrode exterior to the hermetic
housing, a pulse generator disposed in the hermetic housing
and configured to generate electrical pulses, the pulse gener-
ator being electrically connectable to the first and second
electrodes, and a controller disposed in the hermetic housing
and operatively connected to the pulse generator and a
switching circuit to control the delivery of the electrical
pulses between the first electrode or the second electrode and
the metallic housing to stimulate the heart. In some embodi-
ments, the pacemaker can include three electrodes, and can
pace the heart with a first pair of electrodes and sense the
heart with a second pair of electrodes.
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LEADLESS PACEMAKER WITH MULTIPLE ELECTRODES

CROSS REFERENCE TO RELATED APPLICATIONS

[0001]  This application claims the benefit of U.S. Provisional Patent Application No.
61/655,851, filed June 5, 2012, titled “Leadless Pacemaker with Multiple Electrodes”, the

contents of which are incorporated by reference herein.

INCORPORATION BY REFERENCE
[0002]  All publications and patent applications mentioned in this specification are herein
incorporated by reference to the same extent as if each individual publication or patent

application was specifically and individually indicated to be incorporated by reference.

BACKGROUND
[0003] Cardiac pacing electrically stimulates the heart when the heart’s natural pacemaker
and/or conduction system fails to provide synchronized atrial and ventricular contractions at
appropriate rates and intervals for a patient’s needs. Such bradycardia pacing provides relief
from symptoms and even life support for hundreds of thousands of patients. Cardiac pacing may
also give electrical overdrive stimulation intended to suppress or convert tachyarrhythmias, again
supplying relief from symptoms and preventing or terminating arrhythmias that could lead to
sudden cardiac death.
[0004] Pacemakers require at least two electrodes to deliver electrical therapy to the heart

and to sense the intracardiac electrogram. Traditionally, pacemaker systems are comprised of an

- implantable pulse generator and lead system. The pulse generators are implanted under the skin

and connected to a lead system that is implanted inside the heart with at least one electrode
touching the endocardium. The lead system can also be implanted on the epicardial surface of
the heart.

[0005] Pacemaker lead systems are typically built using a unipolar design, with an electrode
at the tip of the lead wire, or bipolar design, with an additional electrode ring often 10 mm
proximal to the tip electrode. Additionally, the implanted pulse generator can is often used as a
pace/sense electrode. In a conventional pacemaker system, pacing occurs either between the
electrode tip and ring, or between the tip and can. Likewise, sensing occurs either between the
electrode tip and ring or between the tip and the can.

[0006]  For evoked potential sensing applications where the evoked response is used as part

of an autocapture algorithm, some devices sense the evoked response between the ring and the
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can when pacing between the tip and the can or when pacing between the tip and the ring. The

configurations for pacing and sensing are individually programmable in modern pacemakers.

SUMMARY OF THE DISCLOSURE
[0007] A leadless pacemaker for pacing a heart of a human is provided, comprising a
metallic hermetic housing, a first electrode comprising a fixation device exterior to the hermetic
housing and configured to affix the pacemaker to the heart, a second electrode exterior to the
hermetic housing and supported by an insulating headcr on or near the hermetic housing, a pulse
generator disposed in the hermetic housing and configured to generate electrical pulses, the pulse
generator being electrically connectable to the first and second electrodes through two
feedthroughs passing through the hermetic housing, and a controller disposed in the hermetic
housing and operatively connected to the pulse generator and a switching circuit to control the
delivery of the electrical pulses between the first electrode or the second electrode and the
metallic housing to stimulate the heart.
[0008] In some embodiments, the fixation device is a helical screw.
[0009] In another embodiment, the second electrode has a surface area of less than 10 mm?.
[00010] In some embodiments, the controller is further configured to control the switching
circuit to sense electrical activity from the heart between the first electrode and the metallic
housing. |
[00011] In one embodiment, the controller is further configured to control the switching
circuit to sense electrical activity from the heart between the second electrode and the metallic
housing.
[00012] In another embodiment, the controller is further configured to control the switching
circuit to sense electrical activity from the heart between the first and second electrodes.
[00013] Insome embodimenfs, the controller is further configured to control the switching
circuit to sense evoked response between the first electrode and the metallic housing.
[00014] In one embodiment, the controller is further configured to control the switching
circuit to sense evoked response between the second electrode and the metallic housing.
[00015] In another embodiment, the controller is further configured to control the switching
circuit to sense evoked response between the first and second electrodes.
[00016] In some embodiments, the first electrode is coated with IROX or TiN.
[00017] In an additional embodiment, the insulated header is at least 2mm thick.
[00018] Another leadless pacemaker configured to pace a heart of a human is provided,
comprising a hermetic housing adapted to be affixed to the heart, a first electrode exterior to the

hermetic housing, a second electrode exterior to the hermetic housing, a pulse generator disposed
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in the hermetic housing and configured to generate electrical pulses, the pulse generator being

electrically connectable to the first and second electrodes, and a controller disposed in the
hermetic housing and operatively connected to the pulse generator and a switching circuit to
control the first electrode as a stimulation electrode and not a sensing electrode and to drive the
second electrode as a sensing electrode and not a stimulation electrode.

[00019] In one embodiment, the first electrode comprises a header electrode supported by an
insulating header on or near the hermetic housing and the second electrode comprises a fixation
device adapted to affix the hermetic housing to the heart.

[00020] In another embodiment, the first electrode comprises a fixation device adapted to
affix the hermetic housing to the heart and the second electrode comprises a header electrode
supported by an insulating header on or near the hermetic housing.

[00021] In some embodiments, the first electrode is configured to pace the heart.

[00022] In another embodiment, the second electrode is configured for evoked response
sensing of the heart. ,
[00023] In some embodiments, the hermetic housing comprises a return electrode configured
to both pace the heart and sense the heart.

[00024] A leadless pacemaker is provided, comprising a hermetic housing comprising a first
electrode, a fixation device comprising a second electrode, the fixation device being exterior to
the hermetic housing and configured to affix the pacemaker to the heart, a third electrode exterior
to the hermetic housing and supported by an insulating header on or near the hermetic housing, a
pulse generator disposed in the hermetic housing and configured to generate electrical pulses, the

pulse generator being electrically connectable to the first, second, and third electrodes, and a

‘controller disposed in the hermetic housing and operatively connected to the pulse generator and

a switching circuit to use a first pair of electrodes chosen from the first, second, and third
electrodes for pacing of the heart, and to use a second pair of electrodes chosen from the first,
second, and third electrodes for evoked response sensing of the heart.

[00025] In some embodiments, the first and second electrodes are used for pacing, and the
first and third electrodes are used for sensing.

[00026] In other embodiments, the first and second electrodes are used for pacing, and the
second and third electrodes are used for sensing.

[00027] In additional embodiments, the first and third electrodes are used for pacing, and the
first and second electrodes are used for sensing.

[00028] In one embodiment, the first and third electrodes are used for pacing, and the second

and third electrodes are used for sensing.
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[00029] A method of treating a heart is provided, comprising affixing a leadless pacemaker to

an interior wall of a heart, pacing the heart with a first electrode and a second electrode of the
leadless pacemaker, and sensing the heart with a second electrode and a third electrode of the
leadless pacemaker.

[00030] In some embodiments, the first electrode comprises a fixation device, the second
electrode comprises a header electrode supported by an insulating header on or near a hermetic

housing of the leadless pacemaker, and the third electrode comprises the hermetic housing.

BRIEF DESCRIPTION OF THE DRAWINGS
[00031] The novel features of the invention are set forth with particularity in the claims that
follow. A better understanding of the features and advantages of the present invention will be
obtained by reference to the following detailed description that sets forth illustrative
embodiments, in which the principles of the invention are utilized, and the accompanying
drawings of which:
[00032] Fig. 1A is a pictorial diagram showing an embodiment of a cardiac pacing system that
includes a leadless cardiac pacemaker;
[00033] Fig. 1B is a schematic block diagram showing interconnection of operating elements
of an embodiment of an illustrative leadless cardiac pacemaker;
[00034] Fig. 2A is a pictorial diagram showing a leadless pacemaker having three electrodes
with an inner fixation electrode and an outer electrode;
[00035] Fig. 2B is a pictorial diagram showing a leadless pacemaker showing a leadless
pacemaker with an outer fixation electrode and an inner electrode;
[00036] Fig. 3 is a schematic showing an exemplary pacing output circuit for a pacemaker
having two electrodes;
[00037] Fig. 4 is a schematic showing an exemplary sensing circuit for a pacemaker having
two electrodes;
[00038] Fig. 5 is an exemplary sensing circuit for a pacemaker having three electrodes; and
[00039] Fig. 6 is an exemplary output circuit for a pacemaker that can direct pacing to two

different electrodes, with respect to a third electrode.

DETAILED DESCRIPTION
[00040] In a leadless pacemaker, a minimum of two electrodes is required, although the
details how to achieve high efficiency pacing and sensing electrodes have been overlooked. One

of the electrodes is typically referred to as the stimulation electrode and must be close to
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myocardium. The other electrode, referred to as the return electrode, need not be in direct

contact with the myocardium.

[00041] To improve the pacing efficiency in a leadless pacemaker and reduce packaging
difficulty, the pacemaker’s hermetic enclosure may be used as the return electrode. The
electrical connection between the stimulation electrode and the internal circuitry (e.g., pulse
generator or sensing circuit) must pass through the hermetic enclosure using a hermetic
feedthrough. Reducing the number of feedthrough connections can be important in the design of
a pacemaker to reduce cost and size, and increase reliability.

[00042] With a single pin feedthrough, the stimulation electrode can be integrated onto the
fixation element of the leadless pacemaker. For example, a helical screw can provide
mechanical support in addition to acting as the stimulation electrode. As an alternative, a
stimulation electrode other than the helical attachment element can be connected to the internal
pulse generation circuitry through the single pin feedthrough.

[00043] For sensing, a large micro surface area is important to reduce the source impedance
seen by the pacemaker’s input amplifier. This is typically accomplished by coating the electrode
used for sensing by IROX or TiN.

[00044] In a leadless pacemaker with a single pin feedthrough, the sense amplifier can
connect between the stimulation electrode and the return electrode. With a single pin
configuration, the distance between the stimulation electrode and the can for optimal sensing can
be at least 2 mm in the atrium and ventricle. Less than 2 mm spacing results in poor sensing
performance. The minimum 2 mm spacing can be accomplished using an insulated header
between the stimulation electrode and the return electrode, or additional insulation can be added
to the hermetic enclosure to increase the distance between the stimulation electrode and the
return electrode. Materials such as parylene, silicone or ePTFE for example could be used as an
insulator surrounding the hermetic enclosure. Typically an electrode distance of 10 mm is
desirable between the stimulation electrode and the return electrode.

[00045] However, in a leadless pacemaker with at least two feedthrough pins, the sensing
configuration can be selected among one of three possible pairs of electrodes: stimulation
electrode #1 to housing, stimulation electrode #2 to housing, or stimulation electrode #1 to
stimulation electrode #2. The advantage is that at least one electrode will not be used for pacing
and therefore acts as an indifferent electrode. This indifferent electrode provides the ability to
sense the evoked response more easily because the electrode/tissue interface has not been
disturbed by stimulation pulse required for pacing.

[00046] Fig. 1A shows two leadless cardiac pacemakers 102 and 106 attached to the cardiac
wall 104 of the heart 100.
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[00047] Fig. 1B shows a schematic diagram of the pacemakers of Fig. 1A. In one

embodiment, the leadless cardiac pacemaker 102 (or 106) can comprise a metallic hermetic
housing 110 and multiple electrodes 108 and 109 coupled to the housing 110, i.e. within, on, or
near the housing 110. The metallic hermetic housing 110 can be configured as a return
electrode, as discussed further below. A switch 133 can be used to selectively connect the signal
sensing circuitry to housing 110 or electrode 108 for this purpose. Hermetic feedthroughs 130,
131 permit the electrodes 108 and 109 to electrically connect with components inside the
housing 110.

[00048] A pulse generator 116 can be located inside the housing 110 and electrically coupled
to the electrode 109 and the hermetic housing 110. The pulse generator 116 can be configured
for sourcing energy internal to the housing 110 and generating and delivering electrical pulses to
the electrode 109 and the hermetic housing 110. This delivery of energy can cause cardiac
contractions to pace the heart. In some embodiments, the pulse generator 116 also conveys
information or communication signals to one or more devices 106 (see Fig. 1A) external to the
pacemaker 102, such as another pacemaker or an external programmer.

[00049] A processor 112 can also be hermetically contained within the housing 110 and can
be communicatively coupled to the electrodes 108 and the hermetic housing 110. The processor
112 can sense electrical activity from the muscle of the cardiac chamber through the electrodes
108 and/or the hermetic housing 110. The processor 112 can further control electrical pulse
delivery at least partly based on the sensed activity.

[00050] The housing 110 can also contain circuits 132 for sensing cardiac activity from the
electrodes 108 and 109 or alternatively from electrodes 108 and housing 110. In some
embodiments, circuits 134 for receiving information from at least one other device via the same
electrodes as those used to sense cardiac activity. In some embodiments, the pacemaker 102
further contains circuits for monitoring device health, for example a battery current monitor 136
and a battery voltage monitor 138. The processor 112 is configured to control these operations
in a predetermined manner. In the case wherein the housing acts as a return electrode, the circuits
would also be electrically coupled to the housing via switch 133. The circuits 132, 134 can be
configured to amplify signals received from the electrode 108 and to detect cardiac contractions,
and further can receive information from an external device or devices, such as pacemaker 106.
In other embodiments, an additional amplifier could be added to the circuit so that, e.g.,
frequency response and gain can be optimized for sending evoked potential.

[00051] The housing 110 further contains a primary battery 114 to provide power for pacing,
sensing, and/or communication. The primary battery 114 can have positive terminal 140 and

negative terminal 142.
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[00052] In some embodiments, current from the positive terminal 140 of primary battery 114

flows through a shunt 144 to a regulator circuit 146 to create a positive voltage supply 143
suitable for powering the remaining circuitry of the pacemaker 102. The shunt 144 enables the
battery current monitor 136 to provide the processor 112 with an indication of battery current
drain and indirectly of device health.

[00053]  Figs. 2A and 2B show leadless pacemakers with bipolar electrode designs using the
hermetic housing as a return electrode for sensing (including evoked response sensing) and
pacing. That is, the leadless pacemaker can include two electrodes in addition to the use of the
hermetic housing as the return electrode (for a total of three electrodes). The first electrode can
be used for pacing and not for sensing, the second electrode can be used for sensing and not for
pacing, and the third electrode (i.e., the housing) can be used as the return electrode for pacing
and sensing. Other combinations of electrodes are possible, of course, for the purposes of pacing
and sensing.

[00054] As shown in Fig. 2A, a leadless pacemaker 200 includes a metallic hermetic housing
210, an insulating header 232 having four header electrodes 222 (of which three are visible in
Fig. 2A), and a helical fixation device 226. The metallic hermetic housing 210 can be composed
of titanium (such as grade 1 titanium), stainless steel, or another biocompatible metallic alloy.
[00055] The fixation device 226 can be configured to provide mechanical support for the
pacemaker 200, i.e., to affix the pacemaker 200 to the heart. The fixation device 226 can be
further configured to act as either a stimulation electrode or a sensing electrode and therefore be
in electrical contact with the pulse delivery system and controller located inside the hermetic
housing 210. The fixation device 226 can pass through the housing 210 using a dual pin
feedthrough (not shown). Although the fixation device 226 is shown in a helical screw
configuration, other configurations are possible, such as a harpoon configuration. The fixation
device 226 can be comprised of a low polarization material such as TiN or IROX, e.g., can be
coated with the low polarization material. Using IROX or TiN can advantageously provide a
large micro surface area to reduce source impedance seen by the pacemaker’s amplifier,
particularly for the electrode used for sensing.

[00056] The header electrodes 222 can be electrically coupled and can be configured to act
together either as a stimulation electrode or a sensing electrode and are therefore in electrical
contact with the pulse delivery system and controller located inside the hermetic housing 210.
Although the header electrodes 222 are shown as multiple separate (but electrically coupled)
electrodes, it could also be a single annular electrode, a hemispherical “bump” electrode or any

other electrode configuration. The header electrodes 222 can be comprised of, or coated with, a
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low polarization material such as TiN or IROX. In some embodiments, the header electrodes

222 can have an area of less than 10mm?>.

[00057] Referring still to Fig. 2A, the header electrodes 222 can act as a stimulation electrode
or a sensing electrode while the fixation device 226 can act as the opposite (e.g., the fixation
device can act as the sensing electrode if the header electrodes act as the stimulation electrode,
and vice versa). Thus, for example, the header electrode 222 can act as a stimulation electrode
and not as a sensing electrode while the fixation device 226 can act as a sensing electrode and
not a stimulation electrode. The hermetic housing 210 can act as a return electrode for both
pacing and stimulation. In some embodiments, the hermetic housing 210 can have a surface area
of greater than ten times the surface area of the header electrodes 222 or the fixation device 226.
Having a surface area of greater than ten times the surface area of the stimulation electrode
advantageously increases the pacing efficiency. While the stimulation electrode, i.e., the fixation
device 226 or alternatively the header electrodes 222, should be in contact with the myocardium
for proper stimulation, the return electrode, i.e., the housing metallic housing, need not be
contact with the myocardium. In other embodiments, the header electrode can be used as a
stimulation electrode and as a sensing electrode, while the fixation electrode can be used for
evoked potential sensing.

[00058] Fig. 2B shows an alternative embodiment in which the leadless pacemaker 250 has a
metallic hermetic housing 260, an insulating header 282, a central electrode 272, and a helical
fixation device 276. As before, the metallic hermetic housing 260 can be composed of titanium
(such as grade 1 titanium), stainless steel, or another biocompatible metallic alloy.

[00059] As in the other embodiment, the fixation device 276 is configured to provide
mechanical support for the pacemaker 250, i.e., to fix the pacemaker 250 to the heart. The
fixation device 276 is further configured to act as either a stimulation electrode or a sensing
electrode and is therefore in electrical contact with the pulse delivery system and controller
located inside the hermetic housing 260. The fixation device 276 passes through the housing
260 using a dual pin feedthrough (not shown). Although the fixation device 276 is shown in a
helical screw configuration, other configurations are possible, such as a harpoon configuration.
The fixation device 276 can be comprised of a low polarization material such as TiN or JROX,
e.g., can be coated with the low polarization material. Using IROX or TiN can advantageously
provide a large micro surface area to reduce source impedance seen by the pacemaker’s
amplifier, particularly for the electrode used for sensing.

[00060] The central electrode 272 can be configured to act either as a stimulation electrode or
a sensing electrode and is therefore in electrical contact with the pulse delivery system and

controller located inside the hermetic housing 260. The central electrode 272 can be comprised
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of, or coated with, a low polarization material such as TiN or IROX and can have an area of less

than 10mm?,

[00061] Referring still to Fig. 2B, the central electrode 272 can act as a stimulation electrode
or a sensing electrode while the fixation device 276 can act as the opposite. Thus, for example,
the header electrode 272 can act as a stimulation electrode and not as a sensing electrode while
the fixation device 276 can act as a sensing electrode and not a stimulation electrode. The
hermetic housing 260 can act as a return electrode for both pacing and stimulation. The hermetic
housing 260 can have a surface area of greater than ten times the surface area of the central
electrode 272 or the fixation device 276.

[00062] In some embodiments, there is a space of at least 2mm, such as approximately 10mm,
between the sensing electrode, i.e., the fixation element or the header electrode, and the metallic
housing serving as the return electrode. Having a space of 2mm or more, such as approximately
10mm, ensures better sensing performance as a result of the speed of the propagating
depolarization gradient. The space can be accomplished using an insulated header between the
stimulation and the return electrode or adding additional insulation to the hermetic housing to
increase the distance between the sensing electrode and the return electrode. Materials such as
parylene, silicone, or ePTFE can be used as the insulator.

[00063] An exemplary pacing output circuit is shown in Fig. 3. In the circuit of Fig. 3, the
pacing voltage connects to the return and stimulation electrodes through a coupling capacitor Cc
when the PACE switch is asserted. In one embodiment, the PACE switch is asserted for 0.4 ms
every pacing cycle. Following pacing, the OCD switch is closed. In one embodiment, the OCD
switch is.closed for approximately 20 ms to discharge the coupling capacitor Cc and provide
charge balancing.

[00064] An exemplary sensory input circuit is shown in Fig. 4. In the circuit of Fig. 4, a sense
amplifier connects between the sensing electrode and the return electrode. There are many other
ways to implement a sense amplifier, as known to those skilled in the art. The circuit of Fig. 4
simply shows that there are at least two connections that can be connected to any combination of
two electrodes. The circuit for normal cardiac sensing and the circuit for evoked potential
sensing may use the same circuit, but that is not a requirement. There may be a separate
amplifier for each purpose that is fined tuned in terms of gain and bandwidth for optimal sensing
for each purpose.

[00065] An exemplary output circuit for a pacemaker having separate stimulation and sensing
electrodes, as described with respect to Figs. 2A and 2B, is shown in Fig. 5. As shown in Fig. 5,
an electrical multiplexer can allow the sensing pair to be determined by the pacemaker’s

controller.
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[00066] Although the embodiments above suggest that the hermetic housing 110 is the return

electrode for both pacing and sensing, it need not be. Indeed, in some embodiments, the header
electrode or the fixation device can act as a return electrode. Further, the sensing and/or pacing
can occur between any combination of electrode pairs. For example, pacing could be performed
between the fixation device and the header electrode, between the header electrode and the
hermetic housing, and between the hermetic housing and the fixation device. A different pair
can then be used for sensing.

[00067] Further, in some embodiments, pairs of electrodes can be used for' normal sensing
separate from those for evoked response sensing. For example, the pacemaker could include a
second multiplexor and high-pass filter capacitor. By including a second multiplexer and high-
pass filter capacitor, the sensing amplifier could be configured to sense any electrode pair for
normal sénsing and independently select any electrode pair for evoked response sensing.

[00068] Further, referring to Fig. 6, in some embodiments, the fixation device and the header
can each be configured as stimulation electrodes with the housing serving as the return electrode.
In this embodiment, the pacemaker can be configured to electrically switch between either
stimulation electrode if one were to suddenly lose the ability to stimulate the heart, i.e. suffer
from exit block. As shown in Fig. 6, the pacing output circuit can direct pacing to either
stimulation electrode depending on whether SW1 or SW2 is asserted.

[00069] Advantageously, using both the fixation device 226 and the housing 210 of Fig. 2A as
electrodes reduces the size and weight of the pacemaker. Further, having a separate stimulation
electrode and pacing electrode advantageously allows the evoked response to be sensed more
easily because the electrode and/or tissue interface has not been disturbed by the stimulation
pulses required for pacing. Having a limited number of feedthroughs in a pacemaker, such as
two feedthroughs as described herein, also advantageously reduces cost and size, and increases
reliability.

[00070] Modifications to the invention will be apparent to those skilled in the art. For
example, in some embodiments, a steroid can be included on or near the stimulation electrodes to
reduce fibrosis and improve pacing thresholds.

[00071] As for additional details pertinent to the present invention, materials and
manufacturing techniques may be employed as within the level of those with skill in the relevant
art. The same may hold true with respect to method-based aspects of the invention in terms of
additional acts commonly or logically employed. Also, it is contemplated that any optional
feature of the inventive variations described may be set forth and claimed independently, or in
combination with any one or more of the features descriﬁed herein. Likewise, reference to a

singular item, includes the possibility that there are plural of the same items present. More
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specifically, as used herein and in the appended claims, the singular forms "a," "and," "said," and

"the" include plural referents unless the context clearly dictates otherwise. It is further noted that
the claims may be drafted to exclude any optional element. As such, this statement is intended to
serve as antecedent basis for use of such exclusive terminology as "solely," "only" and the like in
connection with the recitation of claim elements, or use of a "negative" limitation. Unless
defined otherwise herein, all technical and scientific terms used herein have the same meaning as
commonly understood by one of ordinary skill in the art to which this invention belongs. The
breadth of the present invention is not to be limited by the subject specification, but rather only

by the plain meaning of the claim terms employed.
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CLAIMS

What is claimed is:

1. A leadless pacemaker for pacing a heart of a human comprising:

a metallic hermetic housing;

a first electrode comprising a fixation device exterior to the hermetic housing and
configured to affix the pacemaker to the heart;

a second electrode exterior to the hermetic housing and supported by an insulating header

on or near the hermetic housing;

a pulse generator disposed in the hermetic housing and configured to generate electrical
pulses, the pulse generator being electrically connectable to the first and second electrodes
through two feedthroughs passing through the hermetic housing; and

a controller disposed in the hermetic housing and operatively connected to the pulse
generator and a switching circuit to control the delivery of the electrical pulses between the first

electrode or the second electrode and the metallic housing to stimulate the heart.

2. The leadless pacemaker of claim 1 wherein the fixation device is a helical screw.

3. The leadless pacemaker of claim 1 wherein the second electrode has a surface area of less
than 10 mm>.

4. The leadless pacemaker of claim 1 wherein the controller is further configured to control

the switching circuit to sense electrical activity from the heart between the first electrode and the

metallic housing.

5. The leadless pacemaker of claim 1 wherein the controller is further configured to control
the switching circuit to sense electrical activity from the heart between the second electrode and

the metallic housing.
6. The leadless pacemaker of claim 1 wherein the controller is further configured to control

the switching circuit to sense electrical activity from the heart between the first and second

electrodes.
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7. The leadless pacemaker of claim 1 wherein the controller is further configured to control

the switching circuit to sense evoked response between the first electrode and the metallic

housing.

8. The leadless pacemaker of claim 1 wherein the controller is further configured to control
the switching circuit to sense evoked response between the second electrode and the metallic

housing.

9. The leadless pacemaker of claim 1 wherein the controller is further configured to control

the switching circuit to sense evoked response between the first and second electrodes.

10.  The leadless pacemaker of claim 1 wherein the first electrode is coated with IROX or

TiN.
11.  The leadless pacemaker of claim 1 wherein the insulated header is at least 2mm thick.

12. A leadless pacemaker configured to pace a heart of a human, comprising:

a hermetic housing adapted to be affixed to the heart;

a first electrode exterior to the hermetic housing;

a second electrode exterior to the hermetic housing;

a pulse generator disposed in the hermetic housing and configured to generate electrical
pulses, the pulse generator being electrically connectable to the first and second electrodes; and

a controller disposed in the hermetic housing and oﬁeratively connected to the pulse
generator and a switching circuit to control the first electrode as a stimulation electrode and not a
sensing electrode and to drive the second electrode as a sensing electrode and not a stimulation

electrode.

13.  The leadless pacemaker of claim 12 wherein the first electrode comprises a header
electrode supported by an insulating header on or near the hermetic housing and the second

electrode comprises a fixation device adapted to affix the hermetic housing to the heart.
14.  The leadless pacemaker of claim 12 wherein the first electrode comprises a fixation

device adapted to affix the hermetic housing to the heart and the second electrode comprises a

header electrode supported by an insulating header on or near the hermetic housing.
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15.  The leadless pacemaker of claim 12 wherein the first electrode is configured to pace the

heart.

16.  The leadless pacemaker of claim 15 wherein the second electrode is configured for

evoked response sensing of the heart.

17.  The leadless pacemaker of claim 16 wherein the hermetic housing comprises a return

electrode configured to both pace the heart and sense the heart.

18. A leadless pacemaker, comprising:

a hermetic housing comprising a first electrode;

a fixation device comprising a second electrode, the fixation device being exterior to the
hermetic housing and configured to affix the pacemaker to the heart;

a third electrode exterior to the hermetic housing and supported by an insulating header
on or near the hermetic housing;

a pulse generator disposed in the hermetic housing and configured to generate electrical
pulses, the pulse generator being electrically connectable to the first, second, and third
electrodes; and

a controller disposed in the hermetic housing and operatively connected to the pulse
generator and a switching circuit to use a first pair of electrodes chosen from the first, second,
and third electrodes for pacing of the heart, and to use a second pair of electrodes chosen from

the first, second, and third electrodes for evoked response sensing of the heart.

19.  The leadless pacemaker of claim 18 wherein the first and second electrodes are used for

pacing, and the first and third electrodes are used for sensing.

20.  The leadless pacemaker of claim 18 wherein the first and second electrodes are used for

pacing, and the second and third electrodes are used for sensing.

21.  The leadless pacemaker of claim 18 wherein the first and third electrodes are used for

pacing, and the first and second electrodes are used for sensing.

22.  The leadless pacemaker of claim 18 wherein the first and third electrodes are used for

pacing, and the second and third electrodes are used for sensing.
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23. A method of treating a heart, comprising:

affixing a leadless pacemaker t6 an interior wall of a heart;
pacing the heart with a first electrode and a second electrode of the leadless pacemaker;
and

sensing the heart with a second electrode and a third electrode of the leadless pacemaker.

24. The method of claim 23 wherein the first electrode comprises a fixation device, the
second electrode comprises a header electrode supported by an insulating header on or near a
hermetic housing of the leadless pacemaker, and the third electrode comprises the hermetic

housing.
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