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HIS BUNDLE AND BUNDLE BRANCH
PACING ADJUSTMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/573,683, filed Oct. 17, 2017, the
benefit of U.S. Provisional Application No. 62/581,486, filed
Nov. 3, 2017, and the benefit of U.S. Provisional Application
No. 62/617,059, filed Jan. 12, 2018, which are incorporated
herein in their entireties.

[0002] The present disclosure relates generally to pacing
of cardiac tissue, and more particularly, to pacing using the
conduction system of the heart, such as the His bundle.
[0003] Implantable medical devices (IMDs), such as car-
diac pacemakers or implantable cardioverter defibrillators,
deliver therapeutic stimulation to patients’ hearts thereby
improving the lives of millions of patients living with heart
conditions. Conventional pacing techniques involve pacing
one or more of the four chambers of patient’s heart 12—left
atrium (LA) 33, right atrium (RA) 26, left ventricle (LV) 32
and right ventricle (RV) 28, all of which are shown in FIG.
1. One common conventional therapeutic pacing technique
that treats a slow heart rate, referred to as Bradycardia,
involves delivering an electrical pulse to a patient’s right
ventricular tissue. In response to the electrical pulse, both
the right and left ventricles contract. However, the heart beat
process may be significantly delayed because the pulse
travels from the right ventricle through the left ventricle. The
electrical pulse passes through the muscle cells that are
referred to as myocytes. Myocyte-to-myocyte conduction
may be very slow. Delayed electrical pulses can cause the
left ventricle to be unable to maintain synchrony with the
right ventricle.

[0004] Over time, the left ventricle can become signifi-
cantly inefficient at pumping blood to the body. In some
patients, heart failure can develop such that the heart is too
weak to pump blood to the body. Heart failure may be a
devastating diagnosis since, for example, fifty percent of the
heart failure patients have a life expectancy of five years. To
avoid the potential development of heart failure, some
physicians have considered alternative pacing methods that
involve the cardiac conduction system. The cardiac conduc-
tion system, like a “super highway,” may be described as
quickly conducting electrical pulses whereas pacing cardiac
muscle tissue may slowly conduct electrical pulses, like
“traveling on a dirt road.”

[0005] The cardiac conduction system includes sinoatrial
node (SA node) 1, atrial internodal tracts 2, 4, 5 (i.e., anterior
internodal 2, middle internodal 4, and posterior internodal
5), atrioventricular node (AV node) 3, His bundle 13 (also
known as atrioventricular bundle or bundle of His), and right
and left bundle branches 84, 8b. F1G. 1 also shows the arch
of aorta 6 and Bachman’s bundle 7. The SA node, located at
the junction of the superior vena cava and right atrium, is
considered to be the natural pacemaker of the heart since it
continuously and repeatedly emits electrical impulses. The
electrical impulse spreads through the muscles of right
atrium 26 to left atrium 33 to cause synchronous contraction
of the atria. Electrical impulses are also carried through
atrial internodal tracts to atrioventricular (AV) node 3—the
sole connection between the atria and the ventricles. Con-
duction through the AV nodal tissue takes longer than
through the atrial tissue, resulting in a delay between atrial
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contraction and the start of ventricular contraction. The AV
delay, which is the delay between atrial contraction and
ventricular contractor, allows the atria to empty blood into
the ventricles. Then, the valves between the atria and ven-
tricles close before causing ventricular contraction via
branches of the bundle of His. His bundle 13 is located in the
membranous atrioventricular septum near the annulus of the
tricuspid valve. His bundle 13 splits into right and left
bundle branches 8a, 86 and are formed of specialized fibers
called “Purkinje fibers” 9. Purkinje fibers 9 may be
described as rapidly conducting an action potential down the
ventricular septum (VS), spreading the depolarization wave-
front quickly through the remaining ventricular myocar-
dium, and producing a coordinated contraction of the ven-
tricular muscle mass.

[0006] While His bundle pacing is increasingly used as an
alternative to traditional pacing techniques, His bundle
pacing has not been widely adopted for a variety of reasons.
For example, His pacing electrodes should be positioned
within a precise target location (e.g., within about 1 milli-
meter) of the His bundle, which may be difficult. Further,
some physicians insert the pacing electrode in a manner that
damages the His bundle thereby causing complete block or
bundle branch block timing of delivery of pacing pulses not
being optimal. Additionally, some physicians place the His
lead in a proximal His bundle position that requires a much
higher pacing output to be delivered by the pacemaker to
effectively pace the His bundle. It is desirable to develop
new methods and systems of His bundle pacing that over-
come some of the disadvantages associated with His bundle
pacing alone or in combination with other pacing therapies.

SUMMARY

[0007] The techniques of this disclosure generally relate to
pacing the special cardiac conductive system, e.g., the
His-Purkinje system, including His bundle and bundle
branches. A conduction block can either exist due to disease
progression, such as AV block or infra-Hisian block, or
appear during the lead implantation procedure that causes
bundle injury or otherwise affects bundle conduction. In
such cases, conventional His bundle pacing may not work
properly. For example, activation can propagate via one
bundle branch but not the other one. Thus, this disclosure
provides bundle branch pacing by bypassing the block
region and algorithms that allow better pacing timing and
output to provide a better ventricular synchronization than
conventional His bundle pacing. For example, if a pacing
lead is placed near the left bundle branch and a low pacing
output only excites the left bundle branch but not the right
bundle branch, an algorithm of the present disclosure will
adjust pacing timing to synchronize the activation generated
by pacing with intrinsic activation via the right bundle
branch, which may result in a normal ventricular synchro-
nization. In another example, if the lead placement damages
or otherwise affects the right bundle branch and can only
stimulate the left bundle branch, which may lead to an
electrocardiogram (ECQG) representing a right bundle branch
block, or a sign of ventricular dyssynchrony, then a new lead
of the present disclosure may be used to stimulate both left
and right bundle branches at the same time to achieve
synchronized right and left ventricular activation.

[0008] In one aspect, the present disclosure provides a
method of using a pacemaker for His-bundle or bundle-
branch pacing of a patient’s heart. The method includes
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sensing heart activity using a set of electrodes associated
with the pacemaker. The method also includes using a
processor in the pacemaker to determine whether one of a
QRS parameter and an activation interval acquired from the
sensed heart activity is greater than a first threshold. The
method also includes, in response to determining whether
the QRS parameter or activation interval is greater than the
first threshold, using the processor to determine whether
bundle pacing should be delivered earlier or later. Further,
the method includes, in response to determining whether
bundle pacing should be delivered earlier or later, using the
processor to adjust a time interval for bundle pacing.

[0009] In another aspect, the present disclosure provides a
method of using an implantable medical device having a
processor and an electrical pulse generator. The method
includes using the processor to control the electrical pulse
generator to adjust delivery of bundle pacing. The processor
is configured to measure a QRS parameter and determine
whether the QRS parameter is larger than a threshold. The
processor is further configured to, in response to determin-
ing that the QRS parameter is greater than or equal to the
threshold, adjust a bundle-pacing to ventricular-activation
interval or a bundle pacing output level. The processor is
further configured to deliver bundle pacing using the
adjusted bundle-pacing to ventricular-activation interval or
using the adjusted bundle pacing output level.

[0010] In another aspect, the present disclosure provides
an implantable medical device for His-bundle or bundle-
branch pacing of a patient’s heart. The device includes a
sensing circuit configured to sense an atrial event (As) and
a ventricular event (Vs). The device also includes an elec-
trical pulse generator configured to generate and deliver
electrical His-bundle or bundle-branch stimulation pulses
(Vp). The device also includes a processor coupled to the
sensing circuit and the electrical pulse generator and con-
figured to control the electrical pulse generator to deliver
said Vp on expiration of a defined AV interval or Vp-Vs
interval following a said As or Vs. The processor is further
configured to determine whether Vp timing should be
adjusted. The processor is also configured to, in response to
determining that the Vp timing should be adjusted, deter-
mine whether Vp should be delivered earlier or later. The
processor is also configured to, in response to determining
whether the Vp should be delivered earlier or later, decrease
an AV delay if the Vp should be delivered earlier or increase
the AV delay in response to determining Vp should be
delivered later. Further, the processor is configured to gen-
erate a set of AV delays that are stored in memory based on
iterating through decreases or increases in the AV delay. The
processor is further configured to select an optimal AV delay
from the set of AV delays stored in memory. The processor
is also configured to use the optimal AV delay when deliv-
ering His-bundle or bundle-branch pacing.

[0011] In another aspect, the present disclosure provides
an implantable medical device for His-bundle or bundle-
branch pacing of a patient’s heart. The device includes a
sensing circuit configured to sense an atrial event (As) and
a ventricular event (Vs). The device also includes an elec-
trical pulse generator configured to generate and deliver
electrical His-bundle or bundle-branch stimulation pulses
(Vp). The device further includes a processor coupled to the
sensing circuit and the electrical pulse generator and con-
figured to control the electrical pulse generator to deliver
said Vp on expiration of a defined AV interval or Vp-Vs

Apr. 18,2019

interval following a said As or Vs. The processor is further
configured to determine whether RV activation occurs eat-
lier than LV activation. The processor is also configured to,
in response to determining RV activation occurs earlier than
LV activation, adjust Vp timing to deliver His-bundle or
bundle-branch pacing based on an LV activation time.
[0012] In another aspect, the present disclosure provides
an implantable medical device for His-bundle or bundle-
branch pacing of a patient’s heart. The device includes a
sensing circuit configured to sense an atrial event (As) and
a ventricular event (Vs). The device also includes an elec-
trical pulse generator configured to generate and deliver
electrical His-bundle or bundle-branch stimulation pulses
(Vp). The device also includes a processor coupled to the
sensing circuit and the electrical pulse generator and con-
figured to control the electrical pulse generator to deliver
said Vp on expiration of a defined AV interval or Vp-Vs
interval following a said As or Vs. The processor is further
configured to determine whether RV activation occurs ear-
lier than LV activation. The processor is also configured to,
in response to determining that RV activation does not occur
earlier than LV activation, determine whether RV activation
occurs later than LV activation. The processor is also con-
figured to, in response to determining RV activation occurs
later than LV activation, adjust Vp timing to deliver His-
bundle or bundle-branch pacing based on an RV activation
time.

[0013] In another aspect, the present disclosure provides a
method of using a pacemaker for His-bundle or bundle-
branch pacing of a patient’s heart. The method includes
sensing electrical activity of the patient’s heart including an
atrial event (As) and a ventricular event (Vs). The method
also includes detecting dyssynchrony based on the sensed
electrical activity of the patient’s heart during the patient’s
intrinsic rhythm or during pacing. The method further
includes adjusting delivery of His-bundle or bundle-branch
stimulation pulses (Vp) based on the dyssynchrony detected.
[0014] In another aspect, the present disclosure provides,
a method of using a pacemaker for His-bundle or bundle-
branch pacing of a patient’s heart. The method includes
sensing electrical activity of the patient’s heart including an
atrial event (As) and a ventricular event (Vs). The method
also includes detecting a right bundle branch block (RBBB)
pattern or left bundle branch block (LBBB) pattern in the
sensed electrical activity of the patient’s heart during the
patient’s intrinsic rhythm or during pacing. The method
further includes adjusting the delivery of His-bundle or
bundle-branch stimulation pulses (Vp) based on the detected
bundle-branch-block pattern.

[0015] In another aspect, the present disclosure provides
an implantable medical device for bundle-branch pacing of
a patient’s heart. The device includes a plurality of elec-
trodes. The plurality of electrodes includes a left bundle
branch (LBB) cathode electrode positionable, when
implanted, on a left side of the septum of the patient’s heart
proximate to the LBB. The plurality of electrodes also
includes a right bundle branch (RBB) cathode electrode
positionable, when implanted, implantable on a right side of
the septum of the patient’s heart proximate to the RBB. The
device includes an electrical pulse generating circuit coupled
to the plurality of electrodes to generate and deliver elec-
trical bundle-branch stimulation pulses (Vp). The device
also includes a processor coupled to the electrical pulse
generating circuit. The processor is configured to control the
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electrical pulse generating circuit to deliver synchronized
left and right bundle-branch Vp using the plurality of
electrodes based on one or both of an atrial event (As) and
a ventricular event (Vs).

[0016] In another aspect, the present disclosure provides a
method of using a pacemaker for bundle-branch pacing of a
patient’s heart. The method includes sensing electrical activ-
ity of the patient’s heart including an atrial event (As) and
a ventricular event (Vs). The method also includes deliver-
ing synchronized left and right bundle-branch stimulation
pulses (Vp) using left and right bundle-branch cathode
electrodes based on one or both of As and Vs. The left
bundle branch (LBB) cathode electrode is implantable on a
left side of the septum of the patient’s heart proximate to the
LBB of the patient’s heart. The right bundle branch (RBB)
cathode electrode is implantable on a right side of the
septum of the patient’s heart proximate to the RBB.
[0017] In another aspect, the present disclosure provides a
method of positioning a bundle pacing electrode in a
patient’s heart. The method includes monitoring electrical
activity of the patient’s heart using one or both of an external
electrode and a bundle pacing electrode on a bundle pacing
lead or leadless device. The method also includes rotating or
advancing the bundle pacing lead or leadless device toward
the His bundle or bundle branch of the patient’s heart while
intermittently applying pacing with the bundle pacing elec-
trode. The method also includes determining whether an
RBBB pattern is present based on the monitored electrical
activity. Further, the method includes determining whether
the patient’s heart has a right bundle branch block (RBBB).
The method also includes, in response to determining that an
RBBB pattern is present during applied pacing and that the
patient’s heart does not have a RBBB, fixing the bundle
pacing lead or leadless device for left bundle branch pacing.
[0018] In another aspect, the present disclosure provides a
leadless pacing device (LPD) for His-bundle or bundle-
branch pacing in a patient’s heart. The LPD includes an
intracardiac housing and a plurality of electrodes. The
plurality of electrodes includes a bundle pacing electrode
leadlessly connected to the housing and implantable proxi-
mate to or in the His bundle or bundle branch of the patient’s
heart. The LPD also includes a sensing circuit operably
coupled to the plurality of electrodes and configured to sense
one or both of an atrial event (As) and a ventricular event
(Vs) using at least one of the plurality of electrodes. Further,
the LPD includes an electrical pulse generator coupled to the
bundle pacing electrode, the electrical pulse generator con-
figured to generate and deliver electrical His-bundle or
bundle-branch stimulation pulses (Vp) based on one or both
of As and Vs to the patient’s heart using the bundle pacing
electrode.

[0019] In another aspect, the present disclosure provides a
leadless pacing device (LPD) for His-bundle or bundle-
branch pacing in a patient’s heart. The LPD includes an
intracardiac housing. The LPD also includes a communica-
tion interface disposed in the housing configured to receive
signals from a subcutaneously implanted device (SD). The
LPD further includes a controller disposed in the housing
operatively coupled to at least one electrode configured to
deliver His-bundle or bundle-branch pacing pulses to the
patient’s heart in response to the received signals.

[0020] In another aspect, the present disclosure provides a
method of His-bundle or bundle-branch pacing. The method
includes using a subcutaneously implanted device (SD) to
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sense far-field electrical signals. The method also includes
determining a QRS parameter or activation based on the
far-field electrical signals. The method also includes com-
municating a timing to a leadless pacing device (LPD) to
deliver His-bundle or bundle-branch pacing using an atrial-
activation to bundle-pacing interval.

BRIEF DESCRIPTION

[0021] FIG. 1 is a schematic diagram of a heart of patient
(prior art).
[0022] FIG. 2A is a conceptual diagram illustrating an

example therapy system (e.g., triple-chamber implantable
medical device) that is configured to provide therapy to a
heart of patient through a His-bundle or bundle-branch
pacing lead and lead placed either in the right ventricle or the
right atrium using an implantable medical device (IMD).
[0023] FIG. 2B is a schematic diagram illustrating an
example His-bundle or bundle-branch pacing lead posi-
tioned in bundle of the His in a cross-sectional view of the
heart.

[0024] FIG. 3A is a conceptual diagram illustrating an
example therapy system (e.g., dual-chamber implantable
medical device) that is configured to provide therapy to a
heart of patient suffering from atrial fibrillation through a
His-bundle or bundle-branch pacing lead and lead placed in
the left ventricle using an IMD.

[0025] FIG. 3B is a schematic diagram illustrating an
example of a His-bundle or bundle-branch pacing lead
positioned in bundle of the His in a cross-sectional view of
the heart using an IMD.

[0026] FIG. 4 is a conceptual diagram illustrating an
example of a therapy system (e.g., dual chamber implantable
medical device) that is configured to provide therapy to a
heart of patient through a His-bundle or bundle-branch
pacing lead and lead placed in the left ventricle using an
IMD.

[0027] FIG. 5 is a functional block diagram illustrating an
example of a configuration of an implantable medical device
of FIG. 2A, 3A-4, or 15-18B.

[0028] FIG. 6 is a functional block diagram illustrating an
example of a configuration of a programmer used during the
procedure of implanting a medical device in a patient or
interrogating the implantable device during a follow-up visit
at a hospital.

[0029] FIG. 7 is a functional block diagram illustration an
example configuration of a system including a network for
use with, for example, the IMD of FIG. 5.

[0030] FIG. 8A depicts the His bundle and left and right
bundle branches in which intrinsic rhythm (also referred to
as native rhythm) is acquired from a set of electrodes
without His bundle pacing being delivered.

[0031] FIG. 8B depicts proximal His bundle pacing being
delivered proximal to the block.

[0032] FIG. 8C depicts distal His bundle pacing being
delivered distal to the block.

[0033] FIG. 8D depicts low output bundle pacing being
delivered to the left bundle branch to correct left bundle
branch block (LBBB) and/or right bundle branch block
(RBBB).

[0034] FIG. 9A graphically depicts unipolar ECG signals
of intrinsic conduction (native rhythm) acquired from a set
of electrodes disposed over cardiac tissue including the His
bundle.
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[0035] FIG. 9B graphically depicts unipolar ECG signals,
acquired from a set of electrodes, in response to proximal
His bundle pacing being delivered at a low pacing output.
[0036] FIG. 9C graphically depicts unipolar ECG signals,
acquired from a set of electrodes, in response to proximal
His bundle pacing being delivered with a high or increased
pacing output compared to the pacing output delivered in
FIG. 9B.

[0037] FIG. 10A graphically depicts unipolar ECG signals
of intrinsic conduction (native rhythm) acquired from a set
of electrodes disposed over cardiac tissue including the His
bundle.

[0038] FIG. 10B graphically depicts unipolar ECG sig-
nals, acquired from a set of electrodes, in response to distal
His bundle pacing being delivered at low pacing output.
[0039] FIG. 11 A graphically depicts unipolar ECG signals
of intrinsic conduction (native rhythm) acquired from a set
of electrodes disposed over cardiac tissue including the His
bundle.

[0040] FIG. 11B graphically depicts unipolar ECG sig-
nals, acquired from a set of electrodes, responsive to bundle
pacing being delivered to the left bundle branch using an
atrioventricular delay of 40 milliseconds (ms).

[0041] FIG. 11C graphically depicts unipolar ECG signals
acquired from a set of electrodes responsive to bundle
pacing being delivered to the left bundle branch using an
atrioventricular delay of 100 ms.

[0042] FIG. 12 is a flow diagram of an illustrative process
of determining an optimal atrioventricular (AV) delay for
delivering bundle pacing with an implantable medical
device.

[0043] FIG. 13 is a flow diagram of another illustrative
process of determining an optimal AV delay for delivering
bundle pacing with an implantable medical device.

[0044] FIG. 14 is a flow diagram of an illustrative process
of determining an optimal interventricular (VV) delay for
delivering bundle pacing with an implantable medical
device.

[0045] FIG. 15 is a conceptual drawing illustrating an
example system that includes a subcutaneous implantable
cardioverter defibrillator (SICD) implanted exterior to the
rib cage of a patient and a leadless pacing device (LPD)
implanted within a cardiac chamber of the patient.

[0046] FIG. 16 is a conceptual drawing illustrating the
example LPD of FIG. 15.

[0047] FIG.17Ais a front view of a patient implanted with
an implantable cardiac system that includes a subcutaneous
device and a leadless pacing device.

[0048] FIG. 17B is a side view of a patient with the
implantable cardiac system shown in FIG. 17A.

[0049] FIG. 18A is a cross-sectional view of a patient’s
heart implanted with an implantable medical electrical lead
to deliver bundle branch pacing.

[0050] FIG. 18B is a close-up view of the lead in the
patient’s heart of FIG. 18A.

[0051] FIGS. 19A-D graphically depict -electrogram
(EGM) signals (at the top) and unipolar ECG signals (at the
bottom) representing conduction using various intrinsic or
pacing configurations.

[0052] FIG. 19E depicts a portion of the patient’s heart
having a left bundle branch block (LBBB) with intrinsic
conduction (native rhythm).
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[0053] FIG. 19F depicts a portion of the patient’s heart in
which pacing is applied distal to the block with an AV delay
of 40 ms.

[0054] FIG. 19G depicts a portion of the patient’s heart in
which pacing is applied distal to the block with an AV delay
of 90 ms.

[0055] FIG. 19H depicts a portion of the patient’s heart in
which pacing is applied distal to the block with an AV delay
of 160 ms.

[0056] FIG. 20 graphically depicts unipolar ECG signals,
acquired from a set of electrodes, in response to various
intrinsic or pacing configurations for a patient with an LBBB
and resulting QRS duration.

[0057] FIG. 21 graphically depicts unipolar ECG signals,
acquired from a set of electrodes, in response to various
intrinsic or pacing configurations for a patient with an
RBBB and resulting QRS durations.

[0058] FIG. 22A schematically depicts a lead configured
to deliver bundle branch pacing through a helical tip elec-
trode (i.e., cathode) and a ring electrode (i.e.. cathode) while
the anode is remotely positioned on the housing of the
implantable medical device (i.e., pacemaker, ICD).

[0059] FIG. 22B schematically depicts a lead configured
to deliver bundle branch pacing with a shield, proximal to
the helical tip electrode, to prevent the helical tip from being
“over screwed” into tissue.

[0060] FIG. 23 is a flow diagram showing one illustrative
method for implanting an IMD for His bundle or bundle
branch pacing.

[0061] FIG. 24 schematically depicts an implantable
medical device (IMD) including a first and second pacing
electrodes (i.e., cathodes) near a distal end portion of the
IMD and a ring electrode (i.e., anode) located at a proximal
end portion of the IMD.

[0062] FIGS. 25-27 are end views of a distal end of
various IMDs, such as the IMD of FIG. 24.

[0063] FIGS. 28A-B depict a cross-sectional view of a
lead connection to an implantable medical device that shows
alead connector before and after placement in the connector.
[0064] FIG. 29 is a flow diagram for a method of His
bundle pacing adjustment post-implantation.

[0065] FIG. 30 is a flow diagram for a method of His
bundle pacing adjustment post-implantation.

[0066] FIG. 31 is a flow diagram for a method of bundle
branch pacing adjustment post-implantation.

DETAILED DESCRIPTION

[0067] FIGS. 2A-B are conceptual diagrams illustrating
one example therapy system 10 that may be used to provide
therapy to heart 12 of patient 14. Patient 14 ordinarily, but
not necessarily, will be a human. Therapy system 10
includes IMD 16, which is coupled to leads 18, 20, 23 and
programmer 24. IMD 16 may be, for example, an implant-
able pacemaker, cardioverter, and/or defibrillator that pro-
vides electrical signals to heart 12 via electrodes coupled to
one or more of leads 18, 20, 23. Further non-limiting
examples of IMD 16 include: a pacemaker with a medical
lead, an implantable cardioverter-defibrillator (ICD), an
intracardiac device, a leadless pacing device (LPD), a sub-
cutaneous ICD (S-ICD), and a subcutaneous medical device
(e.g., nerve stimulator, inserted monitoring device, etc.).

[0068] Leads 18, 20, 23 extend into heart 12 of patient 14
to sense electrical activity of heart 12 and/or deliver elec-
trical stimulation to heart 12. In the example shown in FIG.
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2A, right ventricular (RV) lead 18 extends through one or
more veins (not shown), the superior vena cava (not shown),
and right atrium (RA) 26, and into right ventricle 28. Left
ventricular (LV) coronary sinus lead 20 extends through one
or more veins, the vena cava, right atrium 26, and into the
coronary sinus 30 to a region adjacent to the free wall of left
ventricle 32 of heart 12. Bundle pacing lead 23 (e.g,
His-bundle or bundle-branch pacing lead) extends through
one or more veins and the vena cava, and into the right
atrium 26 of heart 12 to pace the His bundle or one or both
bundle branches. In some embodiments, bundle pacing lead
23 may be positioned within about 1 millimeter of the His
bundle or one or both bundle branches.

[0069] As used herein, the term “bundle pacing” refers to
His bundle pacing, bundle branch pacing, or both His bundle
pacing and bundle branch pacing. Bundle branch pacing
refers to pacing one or both of the left and right bundle
branches of the patient’s heart 12.

[0070] As used herein, the term “activation” refers to a
sensed or paced event. For example, an atrial activation may
refer to an atrial sense or event (As) or an atrial pace or
artifact of atrial pacing (Ap). Similarly, a ventricular acti-
vation may refer to a ventricular sense or event (Vs) or a
ventricular pace or artifact of ventricular pacing (Vp), which
may be described as ventricular stimulation pulses. In some
embodiments, activation interval can be detected from As or
Ap to Vs or Vp, as well as Vp to Vs. In particular, activation
intervals may include a pacing (Ap or Vp) to ventricular
interval (LV or RV sense) or an atrial-sensing (As) to
ventricular-sensing interval (LV or RV sense).

[0071] One example of bundle pacing lead 23 (e.g., a His
lead) can be the SELECTSURE™ 3830. A description of the
SELECTSURE™ 3830 is found in the Medtronic model
SELECTSURE™ 3830 manual (2013), incorporated herein
by reference in its entirety. The SELECTSURE™ 3830
includes two or more conductors with or without lumens.

[0072] An elongated conductor of the lead may extend
through a hermetic feedthrough assembly (not shown), and
within an insulative tubular member of the lead, and may
electrically couple an electrical pulse generator (contained
within housing) to the helical tip of bundle pacing lead 23.
The conductor may be formed by one or more electrically
conductive wires, for example, MP35N alloy known to those
skilled in the art, in a coiled or cabled configuration, and the
insulative tubular member may be any suitable medical
grade polymer, for example, polyurethane, silicone rubber,
or a blend thereof. According to an illustrative embodiment,
the flexible lead body extends a pre-specified length (e.g.,
about 10 centimeters (cm) to about 20 cm, or about 15 to 20
cm) from a proximal end of housing to the other end. The
lead body is less than about 7 French (FR) but typically in
the range of about 3 to 4 FR in size. In one or more
embodiments, about 2 to about 3 FR size lead body is
employed.

[0073] His bundle pacing can be performed by other leads.
Another illustrative lead, including two or more pacing
electrodes, can be used to deliver multisite pacing pulses to
the bundle of His or one or both bundle branches. Multisite
pacing can be delivered simultaneously or sequentially, as
described and shown by U.S. Patent Publication No. 2016/
0339248, filed on Apr. 21, 2016, entitled EFFICIENT
DELIVERY OF MULTI-SITE PACING, the disclosure of
which is incorporated by reference in its entirety.
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[0074] Multi-site or multipoint pacing may be delivered
by simultaneous or sequential stimulation of two or more
electrodes located in the same chamber (e.g., LV). Simul-
taneous pacing is defined as pacing from two or more
electrodes where the timing delay between electrodes is less
than about 50, 30, 10, or even 5 ms. In some embodiments,
the timing delay between electrodes is greater than 1 ms. In
one or more embodiments, the timing delay between elec-
trodes is about 5 ms.

[0075] Since the electrodes in multi-site or multi-point
stimulation are in close proximity to each other, it may be
important to detect and verify effective capture of individual
electrodes during delivery of such therapy. Delivering mul-
tisite pacing pulses may include delivering pacing pulses to
a first tissue site and a second tissue site through first and
second pacing electrodes, respectively, all of which may
occur within the same cardiac cycle.

[0076] In particular, a lead configured to perform multi-
site pacing, which is different than L'V coronary sinus lead
20, can be placed in the ventricular septum with the first
(distal) electrode on the left side of the ventricular septum
for left bundle branch pacing and with the second electrode
(proximal) on the right side of the septum for pacing the
right bundle branch. An interelectrode distance may be
defined as the distance between the first and second elec-
trodes, or the distance that the electrodes are apart. In some
embodiments, the interelectrode distance is at least about 3,
4,5,6,7, or 8 millimeters (mm). In some embodiments, the
interelectrode distance is at most about 15, 14, 13, 12, 11, or
10 mm. For example, the interelectrode distance may be in
a range from about 6 to 12 mm apart. Once the pacing is
delivered, both the left bundle branch and the right bundle
branch may be stimulated such that both ventricles are
naturally or near-naturally synchronized. In contrast, in
traditional CRT, the ventricles may be described as not
naturally synchronized.

[0077] A single lead, including two (or more) pacing
electrodes (e.g., cathodes) may deliver cathode pacing out-
puts at two separate locations (e.g., left and right bundle
branches), so both bundle branches can be excited at the
same time.

[0078] His bundle pacing, though a leading candidate for
physiological pacing, may be hard to implant, may have a
relatively high pacing threshold, and may have an unstable
long-term pacing threshold in patients with conduction
disease. Bundle branch pacing may bypass the pathological
region and may have a low and stable pacing threshold. In
some embodiments, only one bundle branch may be paced
by using pacing leads. One aspect of this disclosure provides
pacing of both bundle branches at the same time (e.g., dual
bundle branch pacing), which may mimic intrinsic activa-
tion propagation via the His bundle-Purkinje conduction
system, e.g., paced activation propagates via both bundle
branches to both ventricles for synchronized contraction.
Traditional His bundle pacing, on the other hand, typically
paces the His bundle proximal to the bundle branches. In
some embodiments, IMD 16 may include one, two, or more
electrodes located in one or more bundle branches config-
ured for bundle branch pacing. In some embodiments, IMD
16 may be an intracardiac pacemaker or leadless pacing
device (LPD), such as LPD 616 (FIGS. 15-16).

[0079] As used herein, “leadless™ refers to a device being
free of a lead extending out of patient’s heart 12. In other
words, a leadless device may have a lead that does not
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extend from outside of the patient’s heart to inside of the
patient’s heart. Some leadless devices may be introduced
through a vein, but once implanted, the devices are free of,
or may not include, any transvenous lead and may be
configured to provide cardiac therapy without using any
transvenous lead. In one or more embodiments, an LPD for
bundle pacing does not use a lead to operably connect to an
electrode disposed proximate to the septum when a housing
of the device is positioned in the atrium. A leadless electrode
may be leadlessly coupled to the housing of the medical
device without using a lead between the electrode and the
housing.

[0080] IMD 16 may sense electrical signals attendant to
the depolarization and repolarization of heart 12 via elec-
trodes (not shown in FIGS. 2A-B) coupled to at least one of
leads 18, 20, 23. In some examples, IMD 16 provides pacing
pulses to heart 12 based on the electrical signals sensed
within heart 12. The configurations of electrodes used by
IMD 16 for sensing and pacing may be unipolar or bipolar.
IMD 16 may also provide defibrillation therapy and/or
cardioversion therapy via electrodes located on at least one
of leads 18, 20, 23. IMD 16 may detect arrhythmia of heart
12, such as fibrillation of ventricles 28 and 32, and deliver
defibrillation therapy to heart 12 in the form of electrical
pulses. In some examples, IMD 16 may be programmed to
deliver a progression of therapies, e.g., pulses with increas-
ing energy levels, until a fibrillation of heart 12 is stopped.
IMD 16 may detect fibrillation employing one or more
fibrillation detection techniques known in the art.

[0081] Insome examples, programmer 24 (FIG. 1) may be
a handheld computing device or a computer workstation or
amobile phone. Programmer 24 may include a user interface
that receives input from a user. The user interface may
include, for example, a keypad and a display, which may for
example, be a cathode ray tube (CRT) display, a liquid
crystal display (LCD) or light emitting diode (LED) display.
The keypad may take the form of an alphanumeric keypad
or a reduced set of keys associated with particular functions.
Programmer 24 can additionally or alternatively include a
peripheral pointing device, such as a mouse, via which a user
may interact with the user interface. In some embodiments,
a display of programmer 24 may include a touch screen
display, and a user may interact with programmer 24 via the
display. For example, methods 300-500 shown in FIGS.
12-14 may be used to optimize pacing parameters. Through
the graphical user interface on programmer 24, a user may
select one or more optimized parameters. For example,
methods 300-500 can optimize the AV delay and/or VV
delay. The computer instructions can present the best AV
delay to be used for a patient or a user may be presented with
a set of optimal AV delays and the user can select one of the
optimal AV delays.

[0082] In addition, the user may select which pacing
criterion to use when determining whether pacing timing
needs to be adjusted. As described further herein with
respect to FIG. 12, block 304 in method 300 uses QRS
duration to determine whether pacing timing needs to be
adjusted. QRS complex involves a set of waves that occur in
quick succession and is referred to as the QRS complex. In
some embodiments, the QRS complex is detected using
far-field electrical signals. For example, the far-field elec-
trical signals may be sensed in a far-field electrogram
(EGM) monitored by IMD 16 and a corresponding lead or
a separate device, such as a subcutaneously implanted
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device. QRS duration is the time from which the Q wave is
detected until the S wave ends. While QRS duration can be
employed in any of the methods described herein, other
criteria may also be used including R-wave timing, pacing-
RV or -LV sensing, and/or VV delay. Any one of these
criteria may be selected by, for example, processor 80 or by
a user through a GUI on programmer 24.

[0083] As used herein, the term “far-field” electrical signal
refers to the result of measuring cardiac activity using a
sensor, or electrode, positioned outside of an area of interest.
For example, an ECG signal measured from an electrode
positioned outside of the patient’s heart is one example of a
far-field electrical signal of the patient’s heart. As another
example, a far-field electrical signal representing electrical
activity of a chamber of the patient’s heart may be measured
from a sensor, or electrode, positioned in an adjacent cham-
ber.

[0084] As used herein, the term “near-field” electrical
signal refers to the result of measuring cardiac activity using
a sensor, or electrode, positioned near an area of interest. For
example, an EGM signal measured from an electrode posi-
tioned on the left side of the patient’s ventricular septum is
one example of a near-field electrical signal of the patient’s
LV.

[0085] R-wave timing is the time in which QRS is
detected. Typically, R-wave timing includes using the maxi-
mal first derivative of an R-wave upstroke (or the time of the
maximal R-wave value). R-wave timing is also used in the
device marker channel to indicate the time of the R-wave or
the time of ventricular activation.

[0086] Pacing-RV sensing or pacing-LV sensing (e.g.,
pacing-to-RV sensing or pacing-to-LV sensing) is the time
interval from the pacing (or pacing artifact) to the time of RV
or LV sensing. For example, if pacing-RV sensing is much
longer than pacing-LV sensing, this may indicate that the LV
activation is occurring much earlier than RV activation (so
pacing-RV sensing is longer), then RV pacing may be
delivered in synchronization with bundle pacing, so RV and
LV activation can occur approximately at the same time.
[0087] A user, such as a physician, technician, or other
clinician, may interact with programmer 24 to communicate
with IMD 16. For example, the user may interact with
programmer 24 to retrieve physiological or diagnostic infor-
mation from IMD 16. One illustrative IMD 16 is described
in the Medtronic AMPLIA MRI™ CRT-D SURESCAN™
DTMB2D1 manual, which is incorporated by reference in
its entirety. A user may also interact with programmer 24 to
program IMD 16, e.g., select values for operational param-
eters of the IMD.

[0088] For example, the user may use programmer 24 to
retrieve information from IMD 16 regarding the rhythm of
heart 12, trends therein over time, or tachyarrhythmia
(tachy) episodes. As another example, the user may use
programmer 24 to retrieve information from IMD 16 regard-
ing other sensed physiological parameters of patient 14,
such as intracardiac or intravascular pressure, activity, pos-
ture, respiration, or thoracic impedance. As another
example, the user may use programmer 24 to retrieve
information from IMD 16 regarding the performance or
integrity of IMD 16 or other components of system 10, such
as leads 18, 20, 23, or a power source of IMD 16.

[0089] The user may use programmer 24 to program a
therapy progression, select electrodes used to deliver defi-
brillation shocks, select waveforms for the defibrillation
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shock, or select or configure a fibrillation detection algo-
rithm for IMD 16. The user may also use programmer 24 to
program aspects of other therapies provided by IMD 186,
such as cardioversion or pacing therapies (e.g., bundle
pacing therapy, cardiac resynchronization therapy, anti-
tachy therapy, etc.). In some examples, the user may activate
certain features of IMD 16 by entering a single command via
programmer 24, such as depression of a single key or
combination of keys of a keypad or a single point-and-select
action with a pointing device.

[0090] IMD 16 and programmer 24 may communicate via
wireless communication using any techniques known in the
art. Examples of communication techniques may include,
for example, low frequency or radiofrequency (RF) telem-
etry, but other techniques are also contemplated. In some
examples, programmer 24 may include a programming head
that may be placed proximate to the patient’s body near the
IMD 16 implant site in order to improve the quality or
security of communication between IMD 16 and program-
mer 24.

[0091] FIG. 3A is a conceptual diagram illustrating IMD
16 and leads 18, 20, 23 of therapy system 10 in greater
detail. The triple chamber IMD 16 may be used for cardiac
rhythm therapy and defibrillation or cardioversion therapy
(CRT-D). Leads 18, 20, 23 may be electrically coupled to a
stimulation generator, a sensing module, or other modules of
IMD 16 via connector block 34. In some examples, proximal
ends of leads 18, 20, 23 may include electrical contacts that
electrically couple to respective electrical contacts within
connector block 34. In addition, in some examples, leads 18,
20, 23 may be mechanically coupled to connector block 34
with the aid of set screws, connection pins, or another
suitable mechanical coupling mechanism.

[0092] Each of the leads 18, 20, 23 includes an elongated,
insulative lead body, which may carry any number of
concentric coiled conductors separated from one another by
tubular, insulative sheaths. In the illustrated example, an
optional pressure sensor 38 and bipolar electrodes 40 and 42
are located proximate to a distal end of lead 18. In addition,
bipolar electrodes 44 and 46 are located proximate to a distal
end of lead 20 and bipolar electrodes 48 and 50 are located
proximate to a distal end of lead 23. In FIG. 3A, pressure
sensor 38 is disposed in right ventricle 28. Pressure sensor
38 may respond to an absolute pressure inside right ventricle
28, and may be, for example, a capacitive or piezoelectric
absolute pressure sensor. In other examples, pressure sensor
38 may be positioned within other regions of heart 12 and
may monitor pressure within one or more of the other
regions of heart 12, or pressure sensor 38 may be positioned
elsewhere within or proximate to the cardiovascular system
of patient 14 to monitor cardiovascular pressure associated
with mechanical contraction of the heart. Optionally, a
pressure sensor in the pulmonary artery can be used that is
in communication with IMD 16.

[0093] Electrodes 40, 44 and 48 may take the form of ring
electrodes, and electrodes 42, 46 and 50 may take the form
of extendable and/or fixed helix tip electrodes mounted
within insulative electrode heads 52, 54 and 56, respectively.
Each of electrodes 40, 42, 44, 46, 48 and 50 may be
electrically coupled to a respective one of the coiled con-
ductors within the lead body of its associated lead 18, 20, 23,
and thereby coupled to respective ones of the electrical
contacts on the proximal end of leads 18, 20 23.
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[0094] Electrodes 40, 42, 44, 46, 48 and 50 may sense
electrical signals attendant to the depolarization and repo-
larization of heart 12. The electrical signals are conducted to
IMD 16 via the respective leads 18, 20, 23. In some
examples, IMD 16 also delivers pacing pulses via electrodes
40, 42, 44, 46, 48, 50 to cause depolarization of cardiac
tissue of heart 12. In some examples, as illustrated in FIGS.
3A-B, IMD 16 includes one or more housing electrodes,
such as housing electrode 58, which may be formed inte-
grally with an outer surface of hermetically-sealed housing
60 of IMD 16 or otherwise coupled to housing 60. In some
examples, housing electrode 58 may be defined by an
uninsulated portion of an outward facing portion of housing
60 of IMD 16. Electrode 50 may be used for pacing and/or
sensing of the His bundle or bundle branch tissue. Other
divisions between insulated and uninsulated portions of
housing 60 may be employed to define two or more housing
electrodes. In some examples, housing electrode 58 includes
substantially all of housing 60. Any of the electrodes 40, 42,
44, 46, 48 and 50 may be used for unipolar sensing or pacing
in combination with housing electrode 58 or for bipolar
sensing with two electrodes in the same pacing lead. In one
or more embodiments, housing 60 may enclose a stimulation
generator (see FIG. 5) that generates cardiac pacing pulses
and defibrillation or cardioversion shocks, as well as a
sensing module for monitoring the patient’s heart rhythm.

[0095] Leads 18, 20, 23 may also include elongated elec-
trodes 62, 64, 66, respectively, which may take the form of
a coil. IMD 16 may deliver defibrillation shocks to heart 12
via any combination of elongated electrodes 62, 64, 66, and
housing electrode 58. Electrodes 58, 62, 64, 66 may also be
used to deliver cardioversion pulses to heart 12. Electrodes
62, 64, 66 may be fabricated from any suitable electrically
conductive material, such as, but not limited to, platinum,
platinum alloy or other materials known to be usable in
implantable defibrillation electrodes.

[0096] Pressure sensor 38 may be coupled to one or more
coiled conductors within lead 18. In FIG. 3A, pressure
sensor 38 is located more distally on lead 18 than elongated
electrode 62. In other examples, pressure sensor 38 may be
positioned more proximally than elongated electrode 62,
rather than distal to electrode 62. Further, pressure sensor 38
may be coupled to another one of the leads 20, 23 in other
examples, or to a lead other than leads 18, 20, 23 carrying
stimulation and sense electrodes. In addition, in some
examples, pressure sensor 38 may be self-contained device
that is implanted within heart 12, such as within the septum
separating right ventricle 28 from left ventricle 32, or the
septum separating right atrium 26 from left atrium 33. In
such an example, pressure sensor 38 may wirelessly com-
municate with IMD 16.

[0097] FIG. 3B shows IMD 16 coupled to leads 18, 20, 22,
23. Right atrial (RA) lead 22 may extend through one or
more veins and the vena cava, and into the right atrium 26
of heart 12. RA lead 22 may be connected to triple chamber
IMD 16, e.g., using a Y-adaptor. IMD 16 may be used for
cardiac rhythm therapy and defibrillation or cardioversion
therapy (CRT-D). RA lead 22 may include electrodes that are
the same or similar to the electrodes of lead 18, 20, 23, such
as ring electrodes 40, 44 and 48, extendable helix tip
electrodes 42, 46 and 50, and/or elongated electrodes 62, 64,
66, in the form of a coil.

[0098] The configuration of therapy system 10 illustrated
in FIGS. 2A-4 are merely examples. In other examples, a
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therapy system may include epicardial leads and/or patch
electrodes instead of or in addition to the transvenous leads
18, 20, 22 and/or bundle pacing lead 23 illustrated in FIGS.
2A-4 or other configurations shown or described herein or
incorporated by reference. Further, IMD 16 need not be
implanted within patient 14. In examples in which IMD 16
is not implanted in patient 14, IMD 16 may deliver defi-
brillation shocks and other therapies to heart 12 via percu-
taneous leads that extend through the skin of patient 14 to a
variety of positions within or outside of heart 12.

[0099] In other examples of therapy systems that provide
electrical stimulation therapy to heart 12, such therapy
systems may include any suitable number of leads coupled
to IMD 16, and each of the leads may extend to any location
within or proximate to heart 12. For example, other
examples of therapy systems may include three transvenous
leads located as illustrated in FIGS. 2A-4, and an additional
lead located within or proximate to left atrium 33 (FIG. 1).
As another example, other examples of therapy systems may
include a single lead that extends from IMD 16 into right
atrium 26 or right ventricle 28, or two leads that extend into
a respective one of right ventricle 28 and right atrium 26. An
example of this type of therapy system is shown in FIGS.
3A-3B. If four leads are required for therapy delivery, an
IS-1 connector may be used in conjunction with Y-adaptor
25 extending from the RA port of the connector. The
Y-adaptor allows two separate leads—e.g., right atrial lead
and the bundle pacing bundle lead—to extend from the two
separate legs of the “Y shape” while the single leg is inserted
into connector block 34 on IMD 16.

[0100] FIG. 4 is a conceptual diagram illustrating another
example of therapy system 70. Therapy system 70 shown in
FIG. 4 may be useful for providing defibrillation and pacing
pulses to heart 12. Therapy system 70 is similar to therapy
system 10 of FIGS. 2A-B or 3A-B, but includes two leads
18, 23, rather than three leads. Therapy system 70 may
utilize an IMD 16 configured to deliver, or perform, dual
chamber pacing. Leads 18, 23 are implanted within right
ventricle 28 and right atrium 26 to pace the His bundle or
one or both bundle branches, respectively.

[0101] Bundle pacing lead 23 may be in the form of a helix
(also referred to as a helical electrode) may be positioned
proximate to, near, adjacent to, or in the His bundle or
bundle branch tissue. Bundle pacing lead 23 is configured as
a bipolar lead or as a quadripolar lead that may be used with
a pacemaker device, a CRT-P device or a CRT-ICD.

[0102] As illustrated in FIGS. 2A-4, lead configurations
and connections of IMD 16 may vary in any suitable
manner. In particular, lead configurations and connections of
IMD 16 may be based on the presence of atrial fibrillation
(AF) and/or the bundle branch block. If there is no AF
present in the patient, bundle pacing lead 23, located in the
bundle of His or one or both bundle branches (e.g., bundle
of His or bundle branch region) may be connected to IMD
16 ventricular connection port and atrial lead 22 in the right
atrial (RA) may be connected to the atrial connection port of
the connector module. If there is persistent/chronic AF,
bundle pacing lead 23 may be connected to the device atrial
connection port and RV lead 18 in the right ventricle (RV)
may be connected to the ventricular connection port. In an
ICD, RV lead 18 may be connected to connector block 34 at
RV connection port, and bundle pacing lead 23 may be
connected to the atrial port connector block.
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[0103] In a CRT-ICD, RV lead 18 positioned in the RV
may be connected to device RV connection port. If there is
no atrial fibrillation (AF), atrial lead 22 positioned in the
right atrium may be connected to the atrial connection port,
and bundle pacing lead 23 may be connected to the [V
connection port. If there is persistent/chronic AF, bundle
pacing lead 23 may be connected to the device atrial
connection port, RV lead 18 may be connected to the RV
connection port, and LV lead 20 in LV cardiac vein may be
connected to the LV connection port.

[0104] In a CRT-P device, if there is no AF, atrial lead 22
in the right atrium may be connected to the atrial connection
port, bundle pacing lead 23 may be connected to the device
RV connection port, and LV lead 20 in the LV cardiac vein
may be connected to the LV connection port. If there is
persistent/chronic AF, bundle pacing lead 23 may be con-
nected to the atrial connection port, RV lead 18 may be
connected to the RV connection port, and LV lead 20 may be
connected to the LV connection port.

[0105] In some embodiments, a right atrial port may
receive RA lead 22, a left ventricular port may receive LV
lead 20, and bundle pacing lead 23 is configured to be
coupled to the right atrial port or ventricular port.

[0106] In some embodiments, when the patient is experi-
encing atrial fibrillation, bundle pacing lead 23 may be
inserted through the device right atrial port, RV lead 18 may
be inserted through the device right ventricular port, and LV
lead 20 may be inserted through the device left ventricular
port.

[0107] In some embodiments, when a patient is not expe-
riencing atrial fibrillation, bundle pacing lead 23 may be
inserted through either the right or left ventricular port of the
device, and RV or LV lead 18, 20 may be inserted through
the other of the right or left ventricular port of the device.
[0108] In some embodiments, the right atrial port may
receive a Y-adaptor. The Y-adaptor may receive connections
to the tip and ring electrodes of bundle pacing lead 23.
[0109] In some embodiments, RV lead 18 is inserted
through right ventricular port of IMD 16 and LV lead 20 is
inserted through the left ventricular port of IMD 16.
[0110] FIG. 5 is a functional block diagram of one
example configuration of IMD 16, which includes processor
80, memory 82, stimulation generator 84 (e.g., electrical
pulse generator or signal generating circuit), sensing module
86 (e.g., sensing circuit), telemetry module 88, and power
source 90. One or more components of IMD 16, such as
processor 80, may be contained within a housing of IMD 16
(e.g., within a housing of a pacemaker). Telemetry module
88, sensing module 86, or both telemetry module 88 and
sensing module 86 may be included in a communication
interface. Memory 82 includes computer-readable instruc-
tions that, when executed by processor 80, cause IMD 16
and processor 80 to perform various functions attributed to
IMD 16 and processor 80 herein. Memory 82 may include
any volatile, non-volatile, magnetic, optical, or electrical
media, such as a random-access memory (RAM), read-only
memory (ROM), non-volatile RAM (NVRAM), electri-
cally-erasable programmable ROM (EEPROM), flash
memory, or any other digital media.

[0111] Processor 80 may include any one or more of a
microprocessor, a controller, a digital signal processor
(DSP), an application specific integrated circuit (ASIC), a
field-programmable gate array (FPGA), or equivalent dis-
crete or integrated logic circuitry. In some examples, pro-
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cessor 80 may include multiple components, such as any
combination of one or more microprocessors, one or more
controllers, one or more DSPs, one or more ASICs, or one
or more FPGAs, as well as other discrete or integrated logic
circuitry. The functions attributed to processor 80 herein
may be embodied as software, firmware, hardware or any
combination thereof. Processor 80 controls stimulation gen-
erator 84 to deliver stimulation therapy to heart 12 according
to a selected one or more of therapy programs (e.g., opti-
mization of the atrial-His bundle or bundle branch-ventricle
delay, VV delay etc.), which may be stored in memory 82.
Specifically, processor 80 may control stimulation generator
84 to deliver electrical pulses with amplitudes, pulse widths,
frequency, or electrode polarities specified by the selected
one or more therapy programs.

[0112] Insome embodiments, RA lead 22 may be operably
coupled to electrode 61, which may be used to monitor or
pace the RA. Stimulation generator 84 may be electrically
coupled to electrodes 40, 42, 44, 46, 48, 50, 58, 61, 62, 64,
and 66, e.g., via conductors of respective lead 18, 20, 22, 23
or, in the case of housing electrode 58, via an electrical
conductor disposed within housing 60 of IMD 16. Stimula-
tion generator 84 may be configured to generate and deliver
electrical stimulation therapy to heart 12. For example,
stimulation generator 84 may deliver defibrillation shocks to
heart 12 via at least two of electrodes 58, 62, 64, 66.
Stimulation generator 84 may deliver pacing pulses via ring
electrodes 40, 44, 48 coupled to leads 18, 20, 23, respec-
tively, and/or helical electrodes 42, 46, and 50 of leads 18,
20, or 23, respectively. Bundle pacing can be delivered
through lead 23 that is connected to an atrial, RV, or LV
connection port of connector block 34. In some embodi-
ments, His bundle or bundle branch therapy can be delivered
through leads 18 or 23. In some examples, stimulation
generator 84 delivers pacing, cardioversion, or defibrillation
stimulation in the form of electrical pulses. In other
examples, stimulation generator 84 may deliver one or more
of these types of stimulation in the form of other signals,
such as sine waves, square waves, or other substantially
continuous time signals.

[0113] Stimulation generator 84 may include a switch
module and processor 80 may use the switch module to
select. e.g., via a data/address bus, which of the available
electrodes are used to deliver defibrillation shocks or pacing
pulses. The switch module may include a switch array,
switch matrix, multiplexer, or any other type of switching
device suitable to selectively couple stimulation energy to
selected electrodes.

[0114] Sensing module 86 monitors signals from at least
one of electrodes 40, 42, 44, 46, 48, 50, 58, 61, 62, 64 or 66
in order to monitor electrical activity of heart 12, e.g., via
electrical signals, such as electrocardiogram (ECG) signals
and/or electrograms (EGMs). Sensing module 86 may also
include a switch module to select which of the available
electrodes are used to sense the heart activity. In some
examples, processor 80 may select the electrodes that func-
tion as sense electrodes via the switch module within
sensing module 86, e.g.. by providing signals via a data/
address bus. In some examples, sensing module 86 includes
one or more sensing channels, each of which may include an
amplifier. In response to the signals from processor 80, the
switch module may couple the outputs from the selected
electrodes to one of the sensing channels.
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[0115] In some examples, one channel of sensing module
86 may include an R-wave amplifier that receives signals
from electrodes 40, 42, which are used for pacing and
sensing in right ventricle 28 of heart 12. Another channel
may include another R-wave amplifier that receives signals
from electrodes 44, 46, which are used for pacing and
sensing proximate to left ventricle 32 of heart 12. In some
examples, the R-wave amplifiers may take the form of an
automatic gain-controlled amplifier that provides an adjust-
able sensing threshold as a function of the measured R-wave
amplitude of the heart rhythm.

[0116] In addition, in some examples, one channel of
sensing module 86 may include a P-wave amplifier that
receives signals from electrodes 48, 50, which are used for
pacing and sensing in right atrium 26 of heart 12. In some
examples, the P-wave amplifier may take the form of an
automatic gain-controlled amplifier that provides an adjust-
able sensing threshold as a function of the measured P-wave
amplitude of the heart rhythm. Examples of R-wave and
P-wave amplifiers are described in U.S. Pat. No. 5,117,824
to Keimel et al., which issued on Jun. 2, 1992 and is entitled,
“APPARATUS FOR MONITORING ELECTRICAL
PHYSIOLOGIC SIGNALS,” and is incorporated herein by
reference in its entirety. Other amplifiers may also be used.
Furthermore, in some examples, one or more of the sensing
channels of sensing module 86 may be selectively coupled
to housing electrode 58, or elongated electrodes 62, 64, or
66, with or instead of one or more of electrodes 40, 42, 44,
46, 48 or 50, e.g., for unipolar sensing of R-waves or
P-waves in any of chambers 26, 28, or 32 of heart 12.

[0117] In some examples, sensing module 86 includes a
channel that includes an amplifier with a relatively wider
pass band than the R-wave or P-wave amplifiers or a
high-resolution amplifier with relatively narrow-pass band
for His bundle or bundle branch potential recording. Signals
from the selected sensing electrodes that are selected for
coupling to this wide-band amplifier may be provided to a
multiplexer, and thereafter converted to multi-bit digital
signals by an analog-to-digital converter for storage in
memory 82 as an electrogram (EGM). In some examples,
the storage of such EGMs in memory 82 may be under the
control of a direct memory access circuit. Processor 80 may
employ digital signal analysis techniques to characterize the
digitized signals stored in memory 82 to detect and classify
the patient’s heart rhythm from the electrical signals. Pro-
cessor 80 may detect and classify the heart rhythm of patient
14 by employing any of the numerous signal processing
methodologies known in the art.

[0118] If IMD 16 is configured to generate and deliver
pacing pulses to heart 12, processor 80 may include pacer
timing and control module, which may be embodied as
hardware, firmware, software, or any combination thereof.
The pacer timing and control module may include a dedi-
cated hardware circuit, such as an ASIC, separate from other
processor 80 components, such as a microprocessor, or a
software module executed by a component of processor 80,
which may be a microprocessor or ASIC. The pacer timing
and control module may include programmable counters
which control the basic time intervals associated with DDD,
VVI, DVI, VDD, AAL DDI, DDDR, VVIR, DVIR, VDDR,
AAIR, DDIR and other modes of single and dual chamber
pacing. In the aforementioned pacing modes, “D” may
indicate dual chamber, V> may indicate a ventricle, “I”” may
indicate inhibited pacing (e.g., no pacing), and “A” may
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indicate an atrium. The first letter in the pacing mode may
indicate the chamber that is paced, the second letter may
indicate the chamber in which an electrical signal is sensed,
and the third letter may indicate the chamber in which the
response to sensing is provided.

[0119] Intervals defined by the pacer timing and control
module may include atrial and ventricular pacing escape
intervals, refractory periods during which sensed P-waves
and R-waves are ineffective to restart timing of the escape
intervals, and the pulse widths of the pacing pulses. As
another example, the pace timing and control module may
define a blanking period and provide signals from sensing
module 86 to blank one or more channels, e.g., amplifiers,
for a period during and after delivery of electrical stimula-
tion to heart 12. The durations of these intervals may be
determined by processor 80 in response to stored data in
memory 82. The pacer timing and control module may also
determine the amplitude of the cardiac pacing pulses.
[0120] During pacing, escape interval counters within the
pacer timing/control module may be reset upon sensing of
R-waves and P-waves. Stimulation generator 84 may
include pacer output circuits that are coupled, e.g., selec-
tively by a switching module, to any combination of elec-
trodes 40, 42, 44, 46, 48, 50, 58, 61, 62, or 66 appropriate
for delivery of a bipolar or unipolar pacing pulse to one of
the chambers of heart 12. Processor 80 may reset the escape
interval counters upon the generation of pacing pulses by
stimulation generator 84, and thereby control the basic
timing of cardiac pacing functions, including anti-tachyar-
rhythmia pacing.

[0121] The value of the count present in the escape
interval counters when reset by sensed R-waves and
P-waves may be used by processor 80 to measure the
durations of R-R intervals, P-P intervals, P-R intervals and
R-Pintervals, which are measurements that may be stored in
memory 82. Processor 80 may use the count in the interval
counters to detect a tachyarrhythmia event, such as ventricu-
lar fibrillation event or ventricular tachycardia event. Upon
detecting a threshold number of tachyarrhythmia events,
processor 80 may identify the presence of a tachyarrhythmia
episode, such as a ventricular fibrillation episode, a ven-
tricular tachycardia episode, or a non-sustained tachycardia
(NST) episode. Measurements in His-bundle- or bundle-
branch-potential to R-wave interval, measurements in atrial
to His-bundle- or bundle-branch-potential interval, and
EGM morphology and duration can be used for (1) timing
the delivery of His bundle or bundle branch pacing (e.g.,
bundle pacing), (2) determining the efficacy of His bundle or
bundle branch pacing, and/or (3) determining the status of
activation propagation such as the presence of left or right
bundle branch block.

[0122] In some examples, processor 80 may operate as an
interrupt driven device, and is responsive to interrupts from
pacer timing and control module, where the interrupts may
correspond to the occurrences of sensed P-waves and
R-waves and the generation of cardiac pacing pulses. Any
necessary mathematical calculations to be performed by
processor 80 and any updating of the values or intervals
controlled by the pacer timing and control module of pro-
cessor 80 may take place following such interrupts. A
portion of memory 82 may be configured as a plurality of
recirculating buffers, capable of holding series of measured
intervals, which may be analyzed by processor 80 in
response to the occurrence of a pace or sense interrupt to
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determine whether the patient’s heart 12 is presently exhib-
iting atrial or ventricular tachyarrhythmia.

[0123] Insome examples, an arrhythmia detection method
may include any suitable tachyarrhythmia detection algo-
rithms. In one example, processor 80 may utilize all or a
subset of the rule-based detection methods described in U.S.
Pat. No. 5,545,186 to Olson et al., entitled, “PRIORITIZED
RULE BASED METHOD AND APPARATUS FOR DIAG-
NOSIS AND GREATMENT OF ARRHYTHMIAS,” which
issued on Aug. 13, 1996, or in U.S. Pat. No. 5,755,736 to
Gillberg et al., entitled, “PRIORITIZED RULE BASED
METHOD AND APPARATUS FOR DIAGNOSIS AND
TREATMENT OF ARRHYTHMIAS,” which issued on
May 26, 1998, which are incorporated herein by reference in
their entireties. However, other arrhythmia detection meth-
odologies may also be employed by processor 80 in other
examples.

[0124] In the examples described herein, processor 80
may identify the presence of an atrial or ventricular tach-
yarrhythmia episode by detecting a series of tachyarrhyth-
mia events (e.g., R-R or P-P intervals having a duration less
than or equal to a threshold) of an average rate indicative of
tachyarrhythmia or an unbroken series of short R-R or P-P
intervals. The thresholds for determining the R-R or P-P
interval that indicate a tachyarrhythmia event may be stored
within memory 82 of IMD 16. In addition, the number of
tachyarrhythmia events that are detected to confirm the
presence of a tachyarrhythmia episode may be stored as a
number of intervals to detect (NID) threshold value in
memory 82. In some examples, processor 80 may also
identify the presence of the tachyarrhythmia episode by
detecting a variable coupling interval between the R-waves
of the heart signal. For example, if the interval between
successive tachyarrhythmia events varies by a particular
percentage or the differences between the coupling intervals
are higher than a given threshold over a predetermined
number of successive cycles, processor 80 may determine
that the tachyarrhythmia is present.

[0125] If processor 80 detects an atrial or ventricular
tachyarrhythmia based on signals from sensing module 86,
and an anti-tachyarrhythmia pacing regimen is desired,
timing intervals for controlling the generation of anti-tach-
yarrhythmia pacing therapies by stimulation generator 84
may be loaded by processor 80 into the pacer timing and
control module to control the operation of the escape inter-
val counters therein and to define refractory periods during
which detection of R-waves and P-waves is ineffective to
restart the escape interval counters.

[0126] If IMD 16 is configured to generate and deliver
defibrillation shocks to heart 12, stimulation generator 84
may include a high voltage charge circuit and a high-voltage
output circuit. In the event that generation of a cardioversion
or defibrillation shock is required, processor 80 may employ
the escape interval counter to control timing of such car-
dioversion and defibrillation shocks, as well as associated
refractory periods. In response to the detection of atrial or
ventricular fibrillation or tachyarrhythmia requiring a car-
dioversion pulse, processor 80 may activate a cardioversion/
defibrillation control module, which may, like pacer timing
and control module, be a hardware component of processor
80 and/or a firmware or software module executed by one or
more hardware components of processor 80. The cardiover-
sion/defibrillation control module may initiate charging of
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the high voltage capacitors of the high voltage charge circuit
of stimulation generator 84 under control of a high voltage
charging control line.

[0127] Processor 80 may monitor the voltage on the high
voltage capacitor, e.g., via a voltage charging and potential
(VCAP) line. In response to the voltage on the high voltage
capacitor reaching a predetermined value set by processor
80, processor 80 may generate a logic signal that terminates
charging. Thereafter, timing of the delivery of the defibril-
lation or cardioversion pulse by stimulation generator 84 is
controlled by the cardioversion/defibrillation control module
of processor 80. Following delivery of the fibrillation or
tachycardia therapy, processor 80 may return stimulation
generator 84 to a cardiac pacing function and await the next
successive interrupt due to pacing or the occurrence of a
sensed atrial or ventricular depolarization.

[0128] Stimulation generator 84 may deliver cardiover-
sion or defibrillation shocks with the aid of an output circuit
that determines whether a monophasic or biphasic pulse is
delivered, whether housing electrode 58 serves as cathode or
anode, and which electrodes are involved in delivery of the
cardioversion or defibrillation shocks. Such functionality
may be provided by one or more switches or a switching
module of stimulation generator 84. Stimulation generator
84 is configured to generate electrical stimulation (e.g.,
pulses) to the His bundle.

[0129] Telemetry module 88 includes any suitable hard-
ware, firmware, software or any combination thereof for
communicating with another device, such as programmer 24
(FIG. 2A). Under the control of processor 80, telemetry
module 88 may receive downlink telemetry from and send
uplink telemetry to programmer 24 with the aid of an
antenna, which may be internal and/or external. Processor
80 may provide the data to be uplinked to programmer 24
and the control signals for the telemetry circuit within
telemetry module 88, e.g., via an address/data bus. In some
examples, telemetry module 88 may provide received data
to processor 80 via a multiplexer.

[0130] Insome examples, processor 80 may transmit atrial
and ventricular heart signals (e.g., electrocardiogram sig-
nals) produced by atrial and ventricular sense amplifier
circuits within sensing module 86 to programmer 24. Pro-
grammer 24 may interrogate IMD 16 to receive the heart
signals. Processor 80 may store heart signals within memory
82 and may retrieve stored heart signals from memory 82.
Processor 80 may also generate and store marker codes
indicative of different cardiac episodes detected by sensing
module 86 and may transmit the marker codes to program-
mer 24. An example pacemaker with marker-channel capa-
bility is described in U.S. Pat. No. 4,374,382 to Markowitz,
entitled, “MARKER CHANNEL TELEMETRY SYSTEM
FOR A MEDICAL DEVICE,” which issued on Feb. 15,
1983 and is incorporated herein by reference in its entirety.
[0131] The various components of IMD 16 are coupled to
power source 90, which may include a rechargeable or
non-rechargeable battery. A non-rechargeable battery may
be selected to last for several years, while a rechargeable
battery may be inductively charged from an external device,
e.g., on a daily or weekly basis.

[0132] FIG. 6 is block diagram of illustrative programmer
24. As shown in FIG. 5, programmer 24 includes processor
100, memory 102, user interface 104, telemetry module 106
(e.g., communication interface), and power source 108.
Programmer 24 may be a dedicated hardware device with
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dedicated software for programming of IMD 16. Alterna-
tively, programmer 24 may be an off-the-shelf computing
device running an application that enables programmer 24 to
program IMD 16.

[0133] Programmer 24 may be used to select therapy
programs (e.g., sets of stimulation parameters), generate
new therapy programs, modify therapy programs through
individual or global adjustments, and/or transmit the new
programs to a medical device, such as IMD 16 (FIGS.
2A-B). A clinician may interact with programmer 24 via user
interface 104, which may include display to present graphi-
cal user interface to a user, and a keypad or another
mechanism for receiving input from a user.

[0134] Processor 100 can take the form one or more
microprocessors, DSPs, ASICs, FPGAs, programmable
logic circuitry, or the like, and the functions attributed to
processor 100 herein may be embodied as hardware, firm-
ware, software or any combination thereof. Memory 102
may store instructions that cause processor 100 to provide
the functionality ascribed to programmer 24 herein, and
information used by processor 100 to provide the function-
ality ascribed to programmer 24 herein. Memory 102 may
include any fixed or removable magnetic, optical, or elec-
trical media, such as RAM, ROM, CD-ROM, hard or floppy
magnetic disks, EEPROM, or the like. Memory 102 may
also include a removable memory portion that may be used
to provide memory updates or increases in memory capaci-
ties. A removable memory portion may also allow patient
data to be easily transferred to another computing device, or
to be removed before programmer 24 is used to program
therapy for another patient. Memory 102 may also store
information that controls therapy delivery by IMD 16, such
as stimulation parameter values.

[0135] Programmer 24 may communicate wirelessly with
IMD 16, such as using RF communication or proximal
inductive interaction. This wireless communication may be
possible through telemetry module 106, which may be
coupled to an internal antenna or an external antenna. An
external antenna that is coupled to programmer 24 may
correspond to the programming head that may be placed
over heart 12, as described above with reference to FIGS.
2A-B. Telemetry module 106 may be similar to telemetry
module 88 of IMD 16 (FIG. 5).

[0136] Telemetry module 106 may also be configured to
communicate with another computing device via wireless
communication techniques, or direct communication
through a wired connection. Examples of local wireless
communication techniques that may be employed to facili-
tate communication between programmer 24 and another
computing device include RF communication according to
the IEEE 802.11 or BLUETOOTH™ specification sets,
infrared communication, e.g., according to the IrDA stan-
dard, or other standard or proprietary telemetry protocols. In
this manner, other external devices may be capable of
communicating with programmer 24.

[0137] Power source 108 delivers operating power to the
components of programmer 24. Power source 108 may
include a battery and a power generation circuit to produce
the operating power. In some embodiments, the battery may
be rechargeable to allow extended operation. Recharging
may be accomplished by electrically coupling power source
108 to a cradle or plug that is connected to an alternating
current (AC) outlet. In addition, or alternatively, recharging
may be accomplished through proximal inductive interac-



US 2019/0111270 Al

tion between an external charger and an inductive charging
coil within programmer 24. In other embodiments, tradi-
tional batteries (e.g., nickel cadmium or lithium ion batter-
ies) may be used. In addition, programmer 24 may be
directly coupled to an alternating current outlet to power
programmer 24. Power source 108 may include circuitry to
monitor power remaining within a battery. In this manner,
user interface 104 may provide a current battery level
indicator or low battery level indicator when the battery
needs to be replaced or recharged. In some cases, power
source 108 may be capable of estimating the remaining time
of operation using the current battery.

[0138] Referring again to FIG. 5, processor 80 of IMD 16
may detect a tachyarrhythmia episode, such as a ventricular
fibrillation, ventricular tachycardia, fast ventricular tachyar-
rhythmia episode, or an NST episode, based on electrocar-
diographic activity of heart 12 monitored via sensing mod-
ule 86. For example, sensing module 86, with the aid of at
least some of the electrodes 40, 42, 44, 46, 48, 50, 58, 61,
62, 64, and 66 (shown in FIGS. 2A-B and 3A-B), may
generate one or more electrical signals, such as electrocar-
diogram (ECG) or electrogram (EGM) signals, that indicate
the electrocardiographic activity. Alternatively, sensing
module 86 may be coupled to sense electrodes that are
separate from the stimulation electrodes that deliver electri-
cal stimulation to heart 12 (shown in FIGS. 2-4) and may be
coupled to one or more different leads than leads 18, 20, 22
(shown in FIGS. 2-3). The ECG or EGM signal may be
indicative of the depolarization of heart 12.

[0139] For example, as previously described, in some
examples, processor 80 may identify the presence of a
tachyarrhythmia episode by detecting a threshold number of
tachyarrhythmia events (e.g., R-R or P-P intervals having a
duration less than or equal to a threshold). In some
examples, processor 80 may also identify the presence of the
tachyarrhythmia episode by detecting a variable coupling
interval between the R-waves of the heart signal.

[0140] The distal end of the lead 18 or lead 23 may be
configured to be positioned near or in the His bundle or one
or both bundle branches and the IMD 16 may be configured
to deliver pacing to stimulate the His bundle or one or both
bundle branches during bundle pacing, via electrodes 40, 42,
for example.

[0141] FIG. 7 is a block diagram of illustrative system 190
that includes external device 132, such as a server, and one
or more computing devices 194A-194N that are coupled to
IMD 16 (see FIG. 5) and programmer 24 (see FIG. 6) via
network 196, according to one embodiment. In this embodi-
ment, IMD 16 uses telemetry module 88 to communicate
with programmer 24 via a first wireless connection, and to
communicate with access point 198 via a second wireless
connection. In the example of FIG. 7, access point 198,
programmer 24, external device 192, and computing devices
194A-194N are interconnected, and able to communicate
with each other, through network 196. In some cases, one or
more of access point 198, programmer 24, external device
192, and computing devices 194A-194N may be coupled to
network 196 through one or more wireless connections.
IMD 16, programmer 24, external device 192, and comput-
ing devices 194A-194N may each include one or more
processors, such as one or more microprocessors, DSPs,
ASICs, FPGAs, programmable logic circuitry, or the like,
that may perform various functions and operations, such as
those described herein.
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[0142] Access point 198 may include a device that con-
nects to network 196 via any of a variety of connections,
such as telephone dial-up, digital subscriber line (DSL), or
cable modem connections. In other examples, access point
198 may be coupled to network 196 through different forms
of connections, including wired or wireless connections. In
some examples, access point 198 may communicate with
programmer 24 and/or IMD 16. Access point 198 may be
co-located with patient 14 (e.g., within the same room or
within the same site as patient 14) or may be remotely
located from patient 14. For example, access point 198 may
be a home monitor that is located in the patient’s home or is
portable for carrying with patient 14.

[0143] During operation, IMD 16 may collect, measure,
and store various forms of diagnostic data. In certain cases,
IMD 16 may directly analyze collected diagnostic data and
generate any corresponding reports or alerts. In some cases,
however, IMD 16 may send diagnostic data to programmer
24, access point 198, and/or external device 192, either
wirelessly or via access point 198 and network 196, for
remote processing and analysis.

[0144] Insome cases, IMD 16 and/or programmer 24 may
combine all the diagnostic data into a single displayable lead
integrity report, which may be displayed on programmer 24.
The lead integrity report contains diagnostic information
concerning one or more electrode leads that are coupled to
IMD 16. such as leads 18, 20, 22 or 23. A clinician or other
trained professional may review and/or annotate the lead
integrity report, and possibly identify any lead-related con-
ditions.

[0145] In another example, IMD 16 may provide external
device 192 with collected diagnostic data via access point
198 and network 196. External device 192 includes one or
more processors 200. In some cases, external device 192
may request such data, and in some cases, IMD 16 may
automatically or periodically provide such data to external
device 192. Upon receipt of the diagnostic data via input/
output device 202, external device 192 is capable of ana-
lyzing the data and generating reports or alerts upon deter-
mination that there may be a possible condition with one or
more of leads 18, 20, 22, 23. For example, one or more of
leads 18, 20, 22, 23 may experience a condition related to a
lead fracture or an insulation breach.

[0146] In one embodiment, external device 192 may com-
bine the diagnostic data into a lead integrity report. One or
more of computing devices 194A-194N may access the
report through network 196 and display the report to users
of computing devices 194A-194N. In some cases, external
device 192 may automatically send the report via input/
output device 202 to one or more of computing devices
194A-194N as an alert, such as an audio or visual alert. In
some cases, external device 192 may send the report to
another device, such as programmer 24, either automatically
or upon request. In some cases, external device 192 may
display the report to a user via input/output device 202.
[0147] In one embodiment, external device 192 may
include a secure storage site for diagnostic information that
has been collected from IMD 16 and/or programmer 24. In
this embodiment, network 196 may include an Internet
network, and trained professionals, such as clinicians, may
use computing devices 194A-194N to securely access stored
diagnostic data on external device 192. For example, the
trained professionals may need to enter usernames and
passwords to access the stored information on external
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device 192. In one embodiment, external device 192 may be
a CARELINK™ server provided by Medtronic, Inc., of
Minneapolis, Minn.

[0148] FIGS. 8A-8D are schematic diagrams of mecha-
nisms of left bundle branch block correction using bundle
pacing. FIGS. 9-11 graphically depict ECG signals associ-
ated with each mechanism of LBBB/RBBB that is associ-
ated FIGS. 8A-8D.

[0149] FIGS. 8A-8D show a block near AV node 3, and
right and left bundle branches 84, 85 extending through the
left and right ventricles. FIG. 8A is a schematic diagram of
an incident of left bundle branch block (LBBB) that occurs
during an intrinsic rhythm when no pacing is applied.
Illustrative intrinsic rhythm is graphically shown in FIG. 9A
where the right bundle branch 85 is not blocked.

[0150] FIG. 8B is a schematic diagram of LBBB correc-
tion by proximal His bundle pacing. Proximal His bundle
pacing involves delivery of electrical stimuli at a position
proximal to the block as opposed to delivering pacing
stimuli distal to the block. As shown in this example, the
proximal position of the block is closer to AV node 3 while
the distal end of the block is further away from AV node 3
and closer to the ventricles. Pacing at the proximal His
bundle initiates His bundle pacing without correction of
LBBB, which may be similar to traditional His bundle
pacing. FIG. 9B graphically depicts the rhythm acquired
during bundle pacing at a proximal His bundle that appears
to be more effective as compared to the intrinsic rhythm
(native conduction) graphically shown in FIG. 9A. As
shown, LBBB is still present during the intrinsic rhythm
(FIG. 9A) or during bundle pacing at proximal His bundle
(FIG. 9B). Once the pacing output is significantly increased
(FIG. 9C), bundle pacing can reach the left bundle branch
and correct left bundle branch block. In one example, bundle
pacing output increasing to 2.5 V from 0.5 V may allow the
current, or simulation, to reach the whole area to correct for
LBBB.

[0151] FIG. 8C is a schematic diagram of correction of left
bundle branch block using distal His bundle pacing, which
locates pacing in a distal portion of the His bundle, for
example, distal to a His bundle block. FIG. 10A graphically
depicts the intrinsic rhythm when LBBB is present and
pacing has not yet begun to be delivered to the His bundle.
FIG. 10B graphically depicts distal His bundle pacing at low
pacing output. Pacing at distal His bundle captures fibers
that may conduct through both left and right bundle
branches and may facilitate left bundle branch block cor-
rection at a low pacing capture output.

[0152] His-bundle or bundle-branch pacing, which may
utilize the natural His bundle-Purkinje conduction system,
may provide optimal physiological pacing and synchronized
ventricular contraction. However, bundle pacing lead 23
implantation may change conduction properties of the His
bundle, which may be manifest as conduction block, includ-
ing either complete or bundle branch block. Additionally,
when His bundle pacing is used for correction of bundle
branch block (either LBBB or RBBB), it usually requires a
large pacing output because the pacing lead may be placed
in the proximal His bundle (or proximal block region, see
FIG. 8B). In order to achieve a low and stable pacing output
for correcting bundle branch block, bundle pacing lead 23
may be placed in the distal His bundle (FIG. 8C) or even in
the bundle branch (FIG. 8D).
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[0153] FIG. 8D is a schematic diagram of correction of left
bundle branch block using left bundle branch pacing. FIG.
11A graphically depicts the intrinsic rhythm when LBBB is
present and pacing has not yet begun to be delivered to the
left bundle branch (LBB). Low-output pacing at left bundle
branch (or fibers destined for left bundle branch) may
correct left bundle branch block with a trait of right bundle
branch block. By adjusting atrial to His-bundle or bundle-
branch pacing delay, right bundle branch block can be
corrected. The atrial to His-bundle or bundle-branch pacing
delay may be defined as the time when an electrical impulse,
which may represent depolarization or contraction, is sensed
or detected from the atrium and the time in which the pacing
pulse is generated from the pulse generator. As shown in
FIG. 11B in which an AV delay of 40 ms was employed,
LBBB is not present but RBBB remains. Increasing the
pacing AV delay interval from 40 ms to 100 ms, as shown
in FIG. 11C, neither LBBB or RBBB are present.

[0154] Thus, while His bundle pacing may be optimal,
sometimes undesired effects may be manifested due to
bundle pacing lead implantation or pre-existing situations.
By adjusting timing of delivering His-bundle or bundle-
branch pacing, the present disclosure may re-synchronize
His-bundle or bundle-branch pacing with activation from the
atrium (pacing or intrinsic) in order to achieve synchronized
ventricular activation via both left and right bundle branches
and hence contraction, thereby improving pacing therapy. In
the event of complete AV block, one bundle branch pacing
can be synchronized with the pacing on the other ventricular
chamber, for example, if pacing at the left bundle branch, it
can be synchronized with the pacing in the right ventricle to
avoid right bundle branch block or vice versa. In some
embodiments, the bundle pacing lead may be placed in the
left bundle branch to stimulate only the left bundle branch,
while at the same time the pacing may be synchronized with
intrinsic conduction to the RV, with the RV pacing (e.g.,
intrinsic or paced RV activation) or with the right bundle
branch delay.

[0155] The illustrative methods disclosed herein automati-
cally adjust delivery of bundle pacing in a cardiac pacing
system to achieve synchronized ventricular activation via
both left and right bundle branches and/or correction of right
or left bundle branch block. Each method 300-500 (FIGS.
12-14) disclosed herein can be automatically performed in
an entirely closed-loop therapy system 10. There are many
different therapy system embodiments that can deliver His-
bundle or bundle-branch pacing in accordance with the
methods described herein. For example, IMD 16 can be a
dual chamber pacemaker that can be used if atrial fibrillation
(AF) is not present or not detected by processor 80. Bundle
pacing lead 23 can be connected to ventricular (RV) con-
nection port of connector block 34 of the dual chamber
pacemaker. Bundle pacing lead 23 can be properly posi-
tioned in His bundle or bundle branch region. In one or more
other embodiments, if persistent or chronic AF is detected by
processor 80, bundle pacing lead 23 can be connected to the
device atrial connection port while RV lead 18 in the RV can
be connected to ventricular connection port of connector
block 34 of IMD 16. Bundle pacing lead 23 may be placed
in the His bundle region or bundle branch region.

[0156] In one or more other embodiments, therapy system
10 includes IMD 16 such as an ICD with a RV lead, and a
bundle pacing lead extending therefrom. The RV lead may
be positioned in the RV as is known to one having ordinary
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skill in the art or shown herein. The RV lead may be
connected to the RV connection port of connector block 34
for IMD 16. The RV shock lead is generally kept in RV. The
bundle branch lead may be connected to the atrial port of
connector block 34 for IMD 16. Bundle branch lead 23 may
then be placed in the His bundle region or bundle branch
region. In one or more embodiments, the bundle branch
region includes the bundle branch and a volume within 1
mm from the bundle branch.

[0157] In one or more other embodiments, a therapy
system 10 includes IMD 16 (e.g., CRT-ICD etc.), a bundle
pacing lead, and an RV lead. The RV lead is connected to the
device RV connection port of connector block 34. The RV
lead is positioned in the RV. The RV lead is connected with
atrial connection port of connector block 34. In the case of
CRT-ICD, RV lead (the shocking lead) is always connected
to the device RV connection port, and the bundle pacing lead
can be connected to the atrial port if there is persistent/
chronic AF or to the LV port if there is a sinus rhythm. If no
AF is present in the patient, the lead configuration may
include the atrial lead being positioned in the right atrium,
and the bundle pacing lead connected with LV connection
port of connector block 34. If persistent or chronic AF is
detected, the lead configuration may include the bundle
pacing lead connected to the device atrial connection port,
the RV lead connected to the RV connection port, and the LV
lead connected to LV connection port of connector block 34.

[0158] In one or more other embodiments, therapy system
10 includes IMD 16, such as a CRT-P, an atrial lead, and a
bundle pacing lead. If AF is not present, the lead configu-
ration may include the atrial lead being connected to the
atrial connection port. The atrial lead is positioned in the
right atrium. The bundle pacing lead may be connected to
the device RV connection port in some embodiments. The
LV lead, connected to LV connection port, is positioned in
the LV cardiac vein.

[0159] If persistent or chronic AF is present, IMD 16 lead
configuration may include the bundle pacing lead being
connected to the atrial connection port, the RV lead being
connected to RV connection port, and the LV lead being
connected to LV connection port of connector block 34 of
IMD 16.

[0160] In one or more embodiments, a VVI (e.g., single
chamber) pacemaker can be configured with a single bundle
pacing lead (e.g., His bundle lead or bundle branch pacing
lead) that is connected to the RV connection port. For
example, using IMD 16 configured for VVI pacing (e.g.,
single chamber device), there may be only one connection
port, either for atrial pacing or RV pacing in a known way.
For bundle pacing, the bundle pacing lead (the only lead) is
connected to the only device connection port. If the bundle
pacing lead is located in the His bundle, in one or both
bundle branches, or is proximate thereto, the bundle pacing
lead can sense atrial electrical activity, and bundle pacing
can be delivered with an approximated A to bundle-pacing
delay (e.g., about 50-80 ms after atrial sensing). Such a case
can happen in patients with atrioventricular block.

[0161] In another embodiment, a subcutaneous device
(SD) could send a control signal to an IMD, such as a
leadless pacing device (LPD) (e.g., system 610 of FIG. 15),
to initiate bundle pacing. For example, the LPD may be
configured to deliver His-bundle or bundle-branch pacing
pulses in response to signals received from the SD. The
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signals may represent timing for delivering pacing pulses,
such as an atrial-activation to bundle-pacing interval.
[0162] The LPD could sense a cardiac signal (e.g., an
electrical signal) from the heart of the patient. Based on the
cardiac signal, the LPD could determine whether to deliver
bundle pacing to the heart from the LPD and at what timing
interval. For example, the LPD, based on the second elec-
trical signal, could determine that bundle pacing is not
necessary and terminate bundle pacing. The LPD could
consider whether sensed data meets a pre-specified thresh-
old. For instance, if the QRS width does not exceed about
120 ms, the LPD may withhold the delivery of bundle
pacing therapy (e.g., the LPD could then signal the SD that
bundle pacing should not be delivered based upon the
cardiac signal. The SD can be configured to perform a more
detailed analysis in which at least one or more parameters
(such as at least two parameters) are evaluated. The SD
could then send another command signal that confirms,
denies, or overrides the LPD.

[0163] In another embodiment, the LPD could sense a
cardiac signal that indicates a switch between one pacing
mode to another pacing mode should occur and would signal
the SD. The SD could be configured to send an override
signal to the LPD unless certain conditions are met.
[0164] In another embodiment, the SD transmits a control
signal to the LPD to initiate bundle pacing. The LPD senses
a cardiac signal (e.g., an electrical signal) from the heart of
the patient. Based on the cardiac signal, the LPD could
determine whether to deliver bundle pacing or the type of
bundle pacing to deliver to the heart from the LPD. In one
or more embodiments, the LPD, based on the second elec-
trical signal, could initially determine that bundle pacing is
not necessary. The initial determination by the LPD could be
made by using tests having thresholds of one or more
parameters. In one or more embodiments, the SD could
perform a more detailed analysis as to whether bundle
pacing should be delivered and when to be delivered. Using
the sensed data from the LPD and/or SD, the SD could
generate another signal to the LPD that either confirms,
denies or overrides the LPDs initial determination.

[0165] In yet another embodiment, the LPD could deter-
mine that bundle pacing should be used in contravention to
the SD communication. In one embodiment, the LPD would
deliver bundle pacing. In one or more other embodiments,
the LPD could determine that bundle pacing should be used
over other pacing modes in contravention to the SD com-
munication. In this scenario, the LPD could deliver bundle
pacing.

[0166] In yet another embodiment, the LPD alone delivers
bundle pacing without any communication with a SD. The
LPD includes the computer instructions that employs any of
the methods (e.g., FIGS. 12-14) disclosed herein. The LPD
includes a pair of electrodes that senses heart activity to
determine when the pacing electrode should pace the His
bundle or bundle branch tissue. The LPD can also commu-
nicate with one or more sensing electrodes in the RA such
that an amplifier is used to amplify the sensed signals from
the sensing electrodes. The sensing electrodes are associated
with an implantable device.

[0167] Inyet another embodiment, the LPD can be further
configured to receive a signal from one or more subcutane-
ous electrodes in a heart chamber. The signal from the
subcutaneous electrodes can be amplified by an amplifier
located in a subcutaneous device. In one embodiment, the
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amplifier is configured to be up to 2 times larger than
existing amplifiers, such as the amplifier located in Boston
Scientific’s Emblem S-ICD device. In one embodiment, the
amplifier is configured to be up to 1.75 times larger than the
amplifier located in Boston Scientific’s Emblem S-ICD
device. In one embodiment, the amplifier is configured to be
up to 1.5 times larger than the amplifier located in Boston
Scientific’s Emblem S-ICD device. In one embodiment, the
amplifier is configured to be up to 1.25 times larger than the
amplifier located in Boston Scientific’s Emblem S-ICD
device. Boston Scientific User’s Manual EMBLEM S-1CD
EMBLEM MRI S-ICD SUBCUTANEOUS IMPLANT-
ABLE DEFIBRILLATOR REF A209, A219, located on
Boston Scientific’s website is incorporated by reference in
its entirety herein and can be modified to employ methods
300-500. For example, the SD may be used to sense far-field
electrical signals (such as ECG) to determine QRS duration,
or QRSd and an atrial signal, particularly when the LPD
cannot sense such far-field electrical signals. Based on QRS
timing, QRS duration, and atrial timing, the SD can com-
municate to the LPD a time to deliver His-bundle or bundle-
branch pacing at an appropriate atrial-bundle pacing inter-
val.

[0168] In some embodiments, the SD may be configured
to deliver electrical pulses to cardiac tissue. The electrical
pulses may be related to a different therapy than the therapy
provided by the LPD. For example, the SD may deliver
electrical pulses for cardiac resynchronization therapy.
[0169] Insome embodiments, the SD may be employed to
sense electrical signals from the patient’s heart to determin-
ing the timings of atrial and/or ventricular activations.
[0170] The process flow diagram of FIG. 12 illustrates an
illustrative method that can be performed by IMD 16.
Hlustrative implantable medical devices that can optimize
pacing parameters such as A-bundle pacing delay include
pacemakers, implantable cardioverter defibrillators, leadless
pacemakers (e.g., MICRA™), leadless pacemakers in com-
munication with a subcutaneous device shown in FIGS.
15-17 and described in the accompanying text. Medtronic
MICRA™ MCI1VR01 MR Conditional single chamber tran-
scatheter pacing system with SureScanA™ technology
(VVIR) manual is incorporated herein by reference in its
entirety. As described in FIG. 12, bundle pacing may be
delivered in synchronization with intrinsic activation or
paced activation. In the example of FIG. 12, the right atrial
lead may be positioned in the right atrium, the bundle pacing
lead may be positioned in the His bundle region or in the
bundle branch region, which may be in, or in proximity to,
the left bundle branch and/or the right bundle branch. The
RV lead may be positioned within the right ventricle.
[0171] Method 300 begins at block 302 in which heart
activity is acquired by IMD 16 via sensing module 86
receiving signals from electrode(s) located in or near the His
bundle or one or both bundle branches and/or other elec-
trodes located in any of the other embodiments shown in
FIGS. 2-4 and 15-17, or otherwise incorporated by refer-
ence.

[0172] The sensed data may be stored into memory 82 of
the IMD 16. Sensed heart activity may be used to determine,
or may include, one or more of: an intraventricular interval,
a QRS duration, a QRS morphology, a QRS vector, an
R-wave timing, a bundle-pacing to left- or right-ventricular-
activation interval, and an atrial-sensing to left- or right-
ventricular-activation interval. Examples of information
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acquired from sensed data (e.g., EGMs) include QRS dura-
tion, QRS morphology, R-wave timing, pacing-RV or -LV
sensing, and/or VV interval. Pacing-RV or -LV sensing
means the time interval from bundle pacing to the RV- or
[V-sensing. Bundle pacing may synchronize both right and
left ventricles, e.g., bundle-pacing to RV-sensing interval
and bundle-pacing to LV-sensing interval are almost equal
(e.g., meaning both ventricles are activated at almost same
time, synchronized at the same time or with a delay).
[0173] The QRS complex is the combination of three
deflections or QRS waves. The Q, R, and S waves occur in
rapid succession and reflect a single event and are usually
considered together. A Q wave is any downward deflection
after the P wave. An R-wave follows as an upward deflec-
tion, and the S wave is any downward deflection after the
R-wave. The QRS duration is measured when the Q wave is
first detected until the end of the S wave. QRS morphology
may be used to determine RV or LV activation time.
[0174] At decision block 304, the processor 80 of the IMD
16 may use the data, acquired from the sensed heart activity
(e.g., recording of EGMs, etc.) in block 302, to determine
whether one or more pacing parameters should be adjusted,
such as bundle pacing timing. For example, processor 80 can
determine whether QRS parameter or activation interval is
greater than or equal to a threshold (e.g., 120 ms). Examples
of QRS parameters or activation intervals may include, but
are not limited to QRS duration, AV interval, VV interval,
QRS morphology, etc. VV (V to V) interval may be repre-
sentative of ventricular synchrony. When the heart rate
changes, atrioventricular conduction time may change, and
bundle pacing time may be adjusted with a new appropriate
AV delay. Another determination can be made as to whether
QRS duration is less than a threshold, such as about 120 ms.
By including two different conditions that check whether
QRS duration is greater than or equal to the threshold and
another condition of checking whether QRS duration is less
than the same or different threshold, the logic of the flow
diagram causes the AV delay to converge to an optimal AV
delay by gradually adjusting the AV delay until a certain
number of times are looped through the flow diagram.
[0175] If processor 80 determines that one or more pacing
parameters do not need to be adjusted, the NO path from
block 304 to block 302 may return to continue sensing heart
activity. In addition, the NO path may continue to allow
bundle pacing to be delivered without requiring adjustment
of pacing parameter(s). In contrast, if processor 80 of IMD
16 determines that one or more pacing parameters should be
adjusted, then the YES path may continue to decision block
306 to determine whether the pacing stimuli (e.g., pulses)
should be delivered earlier or later than the pacing stimuli
that IMD 16 is currently set to deliver. One illustrative
evaluation that can be performed by processor 80 is whether
a bundle-pacing to ventricular-activation (e.g., V sensing)
interval is less than a second threshold (e.g., 80 ms). In some
embodiments, if the bundle pacing to ventricular activation
interval is less than the second threshold, then the pacing
stimuli may be delivered later, or otherwise, the pacing
stimuli may be delivered earlier.

[0176] If processor 80 determines that the pacing stimuli
should be delivered later, then method 300 may go to block
308 and may increase (e.g., up to about 5, 10, or 15 ms) the
AV delay. Otherwise, method 300 may go to block 310 and
processor 80 may decrease (e.g., up to about 5, 10, or 15 ms)
the AV delay to deliver pacing stimuli earlier to the later
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depolarizing ventricle, in particular earlier than IMD 16
previously delivered pacing pulses thereto.

[0177] After decreasing the AV delay and storing the new
AV delay into memory at block 310, then method 300 may
continue to blocks 312, 314 to cause processor 80 to perform
a counting operation that ensures that sufficient sensed data
over a period of time has been acquired and checked in order
to find an optimum AV delay via method 300. Block 312
may determine whether N=N+1. N can be initialized at 1 (or
0) when method 300 is performed. N can be re-initialized to
“1” by processor 80 when method 300 is re-started after a
certain time period has expired (e.g., about 10 minutes,
about 1 hour, about 1 day etc.).

[0178] Each time the logic of method 300 loops, or
iterates, through block 312, then N may be increased by “1”
by processor 80 according to the equation of N=N+1. At
decision block 314, processor 80 may determine whether
N=P where P is a pre-defined integer that provides a maxi-
mum number of times (e.g., up to 10 times) that sensed data
is acquired via block 302 to determine if the pacing param-
eters should deliver pacing pulses earlier or later than the
present pacing parameters stored in memory 82 of the IMD
16. Block 314 may return to block 304 in which a determi-
nation is made by processor 80 as to whether one or more
pacing parameters need to be adjusted. One example of
determining whether pacing parameters need to be adjusted
may be based on whether a QRS duration exceeds a thresh-
old.

[0179] The YES path from block 314 may continue to
block 316 in which the optimal atrial-activation to bundle-
pacing delay (e.g., AV delay or interval) may be selected
from a set of atrial-activation to bundle-pacing intervals by
processor 80 that were acquired while IMD 16 performed
method 300 and that were stored in the IMD memory 82. In
one or more embodiments, the IMD 16 will be set such that
a minimal duration is employed. For example, after five
cycles of AV delay at about 80, 90, 100, 110, and 120 ms,
QRS duration may be correspondingly reduced to about 120,
100, 95, 93, and 99 ms, respectively. The optimal QRS
duration may be determined to be 93 ms, which corresponds
to an AV delay 110 ms, and as such, the 110 ms AV delay
may be stored in the memory.

[0180] In another example, whether bundle pacing timing
should be adjusted may be based on dyssynchrony, or a
measure of dyssynchrony. Non-limiting examples of detect-
ing dyssynchrony include using: a comparison of a bundle-
pacing to RV-sensing interval with a bundle-pacing to [V-
sensing interval, a QRS morphology change, or both. Using
a QRS morphology change may include comparing a current
QRS morphology to a predetermined QRS morphology
representative of an RBBB or LBBB pattern in the patient’s
heart. In some embodiments, in response to determining that
bundle-pacing timing should be adjusted using dyssyn-
chrony, the method may determine that bundle-pacing out-
put should be adjusted.

[0181] At block 318, the atrial-activation to bundle-pacing
interval may be set to employ the optimized interval for
bundle pacing. At block 320, the IMD 16 may be configured
to pace the His bundle or bundle branch tissue. In particular,
processor 80 may control an electrical pulse generator to
deliver a bundle pace on expiration of a defined AV interval,
which may follow atrial activation, or upon expiration of a
bundle-pacing to ventricular-activation interval, which may
follow ventricular activation.
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[0182] FIG. 13 is a flowchart of left bundle branch pacing
in synchronization with (back-up) RV pacing during left
bundle branch block. As described in FIG. 13, left bundle
branch pacing in synchronization with (back-up) RV pacing
during left bundle branch block (LBBB) may be utilized
during atrial fibrillation, in which reliable atrial sensing/
pacing is unavailable, after AV node ablation, or after there
is right bundle branch injury during bundle pacing lead
implantation. In the example of FIG. 13, the bundle pacing
lead may be located in the His bundle or bundle branch
region, the RV lead may be positioned in the right ventricle.
By adjusting bundle pacing time in reference with RV
pacing time, a narrow QRS duration can be achieved.
[0183] In FIGS. 12 and 13, a variable can trigger adjust-
ment of atrial-to-bundle pacing interval. In some embodi-
ments, the variable used for triggering bundle pacing is QRS
duration. Other variables for triggering bundle pacing
adjustment can include a change in the interval from the time
of bundle-pacing to RV-sensing, to LV-sensing, or to far-
field R-wave, or even a QRS morphology that differentiates
the RV and LV activation time. For example, if bundle-
pacing to RV-sensing interval is 80-100 ms longer than
bundle-pacing to far-field R-wave, bundle pacing should be
delayed in steps of 10 ms until bundle-pacing to RV-sensing
interval is equal to or slightly longer than bundle-pacing to
far-field R-wave interval (e.g., if intrinsic activation is
available) or initiate RV pacing at an interval equal to or
slightly longer than bundle-pacing to far-field R-wave inter-
val.

[0184] In FIG. 12, the “bundle pacing to RV sensing<80
ms” can be a function of AV (or PR) interval, such as
40-60% of AV (or PR) interval, for example, if bundle-
pacing to RV-sensing interval is less than 40% of AV or PR
interval, the A-bundle pacing interval can be delayed by 10
ms (e.g., see the delay mechanism in FIGS. 12 and 13). The
“PR” interval refers to the interval between the P-wave and
the R-wave in the QRS complex.

[0185] Additionally, the algorithm can distinguish
between the LBBB pattern or the RBBB pattern, so the
bundle pacing can be better synchronized with either intrin-
sic activation or ventricular pacing. For example, when the
bundle pacing is used to correct LBBB and the RV sensing
is delayed near the end of the detected far-field ECG, which
may suggest the presence of delayed RV activation (RBBB),
the bundle pacing may be delayed with a longer atrial-His
pacing interval for bundle pacing to be synchronized with
activation from atria, or RV pacing may be delivered earlier
so that paced RV activation can be better synchronized with
bundle pacing, leading to narrowed QRS duration. In gen-
eral, bundle pacing may be adapted to achieve synchrony of
the patient’s heart in a manner manifested in a plurality of
far-field electrical signals as a narrowed QRS duration or as
a correction of LBBB or RBBB patterns in QRS morphol-
ogy.

[0186] Similarly, if RV sensing occurs too early at the very
beginning of a far-field EGM (or far before LV sensing),
which may suggest bad synchronization, bundle pacing may
be delivered earlier or RV pacing may be delayed, so that
paced RV activation can be better synchronized with bundle
pacing, leading to narrowed QRS duration.

[0187] Whilein some embodiments the time adjustment of
bundle pacing is based on the QRS duration, it can also be
based on the interval of bundle-pacing to RV- or LV-sensing,
or even based on the detection of the presence of RBBB or
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LBBB (as described above) in case the device does not, or
cannot, measure QRS duration. Additionally, the morphol-
ogy of far- and near-field EGM and/or surface ECG may be
used to estimate the activation delay in one or both ven-
tricles. For example, in RV lead recording, if the EGM
morphology of the RV tip-ring (e.g., the tip towards LV) is
biphasic from a positive direction to a negative direction,
meaning the propagation is from LV to RV, then the left
bundle pacing may be delayed until a positive monophasic
waveform followed with a relatively long small negative
waveform is recorded. A similar method can be used to
detect the activation propagation in the left ventricle.
[0188] Various methods may be used to detect dyssyn-
chrony in the patient’s heart for use in His bundle or bundle
branch pacing. In some embodiments, a change between
time intervals may be detected when an RV lead and/or an
LV lead is available or used. For example, an increase in the
difference between the pacing to RV-sensing interval and the
pacing to LV-sensing interval or an increase in QRS duration
may be detected based on electrical signals measured using
the RV lead and/or the LV lead. The IMD may then be able
to correct for the change in time intervals by adjusting the
pacing timing for RV or for LV, or adjusting the timing of
His pacing or bundle branch pacing, or adjusting the pacing
output, according to techniques described herein.

[0189] In some other embodiments, when an RV lead
and/or an L'V lead is not available or used, a method may be
used to calibrate an IMD to facilitate detection of an RBBB
condition and/or an LBBB condition. The method may
include pacing the LBB. For example, an intracardiac IMD,
or leadless pacing device (LPD), may be configured to pace
the LBB and the RBB. In response to pacing the LBB, an
RBBB pattern may be observed, or detected, by the IMD
using a far-field electrical signal, such as a far-field EGM.
The IMD may determine and store the QRS morphology that
corresponds to the detected RBBB pattern in the far-field
electrical signal, or EGM. The IMD may also pace the RBB.
In response to pacing the RBB, an LBBB pattern may be
observed, or detected, using a far-field electrical signal, such
as a far-field EGM. The IMD may determine and store the
QRS morphology that corresponds to the detected LBBB
pattern in the far-field electrical signal, or EGM. After
calibration, the stored QRS morphologies corresponding to
RBBB and L.BBB patterns may be used to detect RBBB or
LBBB conditions using the IMD. The IMD may then be able
to correct for RBBB or LBBB by pacing the RBB earlier or
LBB earlier according to techniques described herein. In
some embodiments, an SD may be used to detect far-field
electrical signals to detect dyssynchrony.

[0190] In some further embodiments, when a patient is
known to have an existing LBBB or RBBB condition, the
IMD may be used to memorize the corresponding LBBB or
RBBB patterns of the condition using far-field electrical
signals detected by the IMD. If the condition returns, which
may be detected by comparing the memorized LBBB or
RBBB patterns to measured far-field electrical signals, the
IMD may operate to correct for LBBB or RBBB by pacing
the RBB or the LBB earlier according to the techniques
described herein.

[0191] Inpatients with pacing leads in RV and LV, the time
difference between an RV sensed signal and an LV sensed
signal may be used to represent the dyssynchrony between
RV and LV. If the time difference increases, then dyssyn-
chrony may be present, and pacing time in RV or LV may be
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adjusted or pacing time in LBB or RBB may be adjusted. In
addition, the time of the greatest R-wave in a far-field EGM
usually represents [V activation time. Thus, if the patient
has only RV electrode (no LV electrode), then the EGM
R-wave time may be compared with RV local time to
determine the difference. If the difference increases, it may
represent the presence of dyssynchrony.

[0192] FIG. 13 shows a flowchart of one example of
method 400, which incorporates herein by reference method
300, including all the same blocks shown and described in
FIG. 12. Method 400 may begin with block 302 by sensing
heart activity and storing the data into memory 82. At block
330, a determination may be made as to whether QRS
parameter, or activation interval, is greater than or equal to
a threshold (T), such as 110, 120, 130, or 140 ms. One
example of a QRS parameter is QRS duration. One example
of an activation interval is a bundle-pacing to ventricular-
activation interval.

[0193] Ifthe QRS parameter is not greater than or equal to
T, then heart activity may continue to be sensed at block 302.
The YES path from block 330 indicates the QRS parameter
is greater or equal to T and method 400 may continue to
adjust a time interval for bundle pacing. In particular,
method 400 may continue to decision block 306 in which a
determination is made as to whether to deliver pacing pulses
earlier or later than the current timing. The time interval for
bundle pacing may include, but is not limited to, an atrial-
activation to bundle-pacing interval or a bundle-pacing to an
LV- or RV-activation interval.

[0194] If a determination is made that the pacing pulses
should be delivered later, the path may continue to block 308
in which the AV delay is increased (e.g., up to 10 ms steps)
and may return to decision block 330; otherwise, when
pacing should be delivered earlier, the path may continue to
block 310 to decrease the AV delay (e.g., up to 10 ms steps).
Block 308 may return to block 330.

[0195] After block 310, decision block 332 may determine
whether a QRS parameter or activation interval is less than
a second threshold, such as 110, 120, 130, or 140 ms. The
YES path from block 332 may return to sensing heart
activity at block 302, for example, because decreasing the
AV delay in block 310 corrected the QRS parameter or
activation interval. The NO path from block 332 may
continue to decision block 334 in which a determination is
made as to whether the QRS duration has increased.
[0196] In response to block 334, if the QRS duration has
not increased, method 400 may continue to block 336, in
which a counter M is increased by “1”. At block 338, if
M=Q, where Q indicates a maximum number of iterations,
then method 400 may continue to block 316. Q may be an
integer that is typically 10 or less and may ensure a number
of loops are made to decrease the AV delay. If M=Q, then
method 400 may return to block 310 to continue decreasing
AV delay. For example, QRS duration may decrease from
150 ms to 135 ms (e.g., a 15 ms step) such that the decrease
in AV delay is in the right direction but may still be greater
than 120 ms, so there may be a need to continue to decrease
AV delay until QRS duration is less than or equal to 120 ms
or adjustment is exhausted (e.g., M=Q). If the QRS duration
has increased, method 400 may continue to block 340, in
which bundle pacing output (e.g., His pacing output or
bundle branch pacing output) is increased.

[0197] At block 342, a determination may be made as to
whether QRS duration is less than a threshold (e.g., 120 ms).
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The YES path from block 342 may return to block 302 to
continue sensing heart activity. In contrast, the NO path may
continue to decision block 346 to determine whether QRS
duration increased. The NO path may continue such that
counter S is increased by “1” in which S=S+1 at block 350
and then may continue to decision block 352 to determine
whether S=R in which R is an integer of less than 10. If S=R,
then method 400 may continue to block 316 in which the
optimal AV delay is selected. The optimal AV delay may be
automatically selected. Alternatively, a user may select an
AV delay from the set of AV delays presented to the user on
a graphical user interface presented through programmer 24
or a cell phone controlled by the user. The optimal AV delay
for pacing may be saved in block 318. Pacing may be
delivered using optimal AV delay in block 320.

[0198] FIG. 14 shows a flowchart of an example of
method 500, which may optimize VV delay for pacing of the
His bundle or one or both bundle branches. At block 502, the
IMD 16 may deliver electrical stimuli (e.g., pacing pulses)
to the His bundle or one or both bundle branches. At block
504, heart activity may be sensed in the same or similar
manner as described with respect to block 302. At decision
block 506, a determination may be made as to whether RV
sensing is occurring earlier than LV sensing (e.g., earlier
than or at the same time). For example, during His or bundle
branch pacing that corrects LBBB, if RV sensing is 50 ms
earlier than LV sensing, this may mean that LV activation by
bundle pacing is occurring later, so it may be beneficial to
initiate bundle branch pacing for LBBB correction at an
appropriate (earlier) time in synchronization with RV sens-
ing. In another example, when an LV lead is available, if
bundle-pacing to RV-sensing interval is 40 ms, and bundle-
pacing to LV-sensing interval is 85 ms, then bundle branch
pacing may be delivered and LV pacing with the LV lead
may be adjusted to be delivered 40-50 ms earlier than bundle
pacing, as a result, RV and LV activation may occur at
almost the same time.

[0199] The YES path from block 506 may continue to
block 508 in which bundle pacing may be adjusted to LV
pacing timing (or LV activation), for example, when an LV
lead is available. The NO path from block 506 may continue
to decision block 510 in which a determination may be made
as to whether RV sensing occurs later than LV sensing (e.g.,
later than or at the same time). The NO path from decision
block 510 may return to delivering pacing at block 502 to the
His bundle or one or both bundle branches and then sensing
heart activity in response to the delivered pacing pulses at
block 504. The YES path from block 510 may continue to
block 512 in which bundle pacing may be adjusted to RV
pacing timing (or RV activation), for example, when an RV
lead is available.

[0200] The path may continue to decision block 514 in
which a determination may be made as to whether adjust-
ment criteria are satisfied. One example of determining
whether adjustment criteria are satisfied may include deter-
mining whether the timing of RV sensing and IV sensing are
almost the same, such as less than or equal to about 40, 30,
20, or 10 ms. Another example of determining whether
adjustment criteria are satisfied may include determining
whether the RV-sensing to [V-sensing interval is optimal.
The optimal the interval from RV-sensing to LV-sensing may
be predetermined by monitoring, for example, using an
echocardiogram, to find the optimal interval at which the
cardiac output is the most, or highest, or mechanical and/or
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electrical synchronization is best, or optimal. Alternatively,
the optimal interval from RV-sensing to LV-sensing can be
predetermined using a 12-lead body surface ECG in which
the interval generates the shortest QRS duration. Further, the
optimal interval from RV-sensing to ['V-sensing may be
predetermined using an ECG belt (e.g., multiple-channel
body surface mapping) that shows the most synchronized
pattern at a particular interval from RV-sensing to LV-
sensing. This predetermined interval may typically vary
from about -20 ms to +40 ms, or around 0 ms, which may
depend on where the RV and LV pacing leads are located in
the ventricles.

[0201] The YES path from decision block 514 may con-
tinue to deliver pacing at block 502. The NO path from
decision block 514 may return to 512 to adjust the bundle
pacing to RV activation timing.

[0202] The path from block 508 may continue to decision
block 515 in which a determination may be made as to
whether adjustment criteria are satisfied. The determination
as to whether adjustment criteria are satisfied may be made
in the same or similar manner as described with respect to
block 514 (e.g., using the same adjustment criteria). The
YES path from block 515 may continue to deliver pacing at
block 502. The NO path from decision block 515 may return
to block 508 to adjust bundle pacing to LV activation timing.
[0203] While FIGS. 12-14 are described relative to a
particular pacing parameter (e.g., QRS parameters, such as
QRS duration) to initiate the adjustment of an atrial-to-
bundle pacing interval, other variables can also be used to
adjust atrial-to-bundle pacing interval. Other illustrative
pacing parameters that can be used include a change in the
interval of bundle-pacing to RV- and/or LV-sensing or
bundle-pacing to far-field R-wave. For example, if a bundle-
pacing to RV-sensing interval is 80-100 milliseconds longer
than a bundle-pacing to far-field R-wave interval, bundle
pacing may be delayed at block 308 by a certain amount of
time (e.g., 10 milliseconds etc.) until the bundle-pacing to
RV-sensing interval is equal to or slightly longer than the
bundle-pacing to far-field R-wave interval (if intrinsic acti-
vation available) or RV pacing may be initiated at an interval
equal to or slightly longer than bundle-pacing to far-field
R-wave interval.

[0204] In general, QRS parameters may include, but are
not necessarily limited to, QRS duration, QRS morphology
change, QRS vector change, or QRS pattern (e.g., RBBB or
LBBB pattern).

[0205] In FIG. 12, at block 306, the “bundle pacing to RV
sensing<80 ms” can be a function of AV (or PR) interval,
such as 40-70% of AV (or PR) interval, for example, if
bundle pacing to RV sensing interval is less than 40% of AV
or PR interval, the atrial to bundle-pacing interval by 10 ms
may be increased (e.g., see the delay mechanism in FIGS. 12
and 13). Additionally, the algorithm can distinguish the
pattern of LBBB or RBBB so the bundle pacing can be
better synchronized with either intrinsic activation or ven-
tricular pacing. For example, when the bundle pacing is used
to correct LBBB and the RV sensing is delayed near the end
of the detected far-field ECG, suggesting the presence of
delayed RV activation (RBBB), the bundle pacing should be
delayed with a longer atrial to bundle-pacing interval for
bundle pacing to be synchronized with activation from atria,
or RV pacing should be delivered earlier so paced RV
activation can be better synchronized with bundle pacing.
Similarly, if RV sensing occurs too early at the very begin-
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ning of the far-field EGM (or far before LV sensing),
suggesting bad synchronization, in such a case, bundle
pacing may occur earlier, or RV pacing may be delayed.
While the time adjustment of bundle pacing may be based on
the QRS duration in some embodiments, it can also be based
on the interval of bundle-pacing to RV- or LV-sensing or
based on the detection of the presence of RBBB or LBBB
(as described above) in case the device does not or cannot
measure QRS duration. Additionally, the morphology of far-
and near-field EGM and surface ECG can be used to
estimate the activation delay in which ventricle. For
example, in RV lead recording, if the EGM morphology of
the RV tip-ring (the tip towards LV) is biphasic from the
positive direction to the negative direction, meaning the
propagation of the signal is from LV to RV. Consequently,
the left bundle pacing should be delayed until a positive
monophasic waveform followed with a relatively long small
negative waveform is recorded. A similar method can be
used to detect the activation propagation in the left ventricle.
[0206] The algorithm may also distinguish an LBBB pat-
tern from an RBBB pattern using only far-field electrical
signals. For example, the morphology of far-field EGM with
LBBB (or RBBB) can be obtained during implantation by
applying right bundle branch pacing (causing LBBB mor-
phology) or left bundle branch pacing (causing RBBB
morphology). If the patient already has an existing [ BBB,
then the device EGM can memorize the morphology of
EGM when no pacing is applied. Different patients can have
different EGM morphology for LBBB or RBBB, which may
be obtained and personalized after implantation with left or
right bundle branch pacing or by using existing LBBB/
RBBB information.

[0207] The implantable medical device used in various
embodiments of the present disclosure may be a leadless
pacing device (LPD), which may communicate with another
implantable medical device, such as a subcutaneous device.
[0208] FIG. 15 shows an example system 610 that
includes a subcutaneous device (SD) as IMD 630 (e.g.,
SICD. loop recorder (e.g., REVEAL®), etc.) implanted
exterior to a rib cage of patient 14 and leadless pacing device
(LPD) 616 implanted within right atrium 26 of patient 14.
IMD 630 can be implanted external to a rib cage and within
the vasculature. Additionally, or alternatively, an implant-
able medical device can be implanted substernally/retros-
ternally, as described in U.S. Patent Application 61/819,946,
entitled “IMPLANTABLE MEDICAL DEVICE SYSTEM
HAVING IMPLANTABLE CARDIAC DEFIBRILLATOR
SYSTEM AND SUBSTERNAL LEADLESS PACING
DEVICE” filed May 6, 2013, incorporated by reference in
its entirety. In the example of FIG. 15, system 610 includes
LPD 616 and IMD 630. External programmer 670 may be
configured to communicate with one or both of LPD 616 and
IMD 630. Generally, there are no wires or other direct
electrical (e.g., hardwired) connections between IMD 630
and LPD 616. In this manner, any communication between
IMD 630 and LPD 616 may be described as “wireless”
communication. Patient 14 is ordinarily, but not necessarily,
a human patient.

[0209] Illustrative IMD 630 includes housing 632 config-
ured to be subcutaneously implanted outside the rib cage of
patient 14. The subcutaneous implantation location may be
anterior to the cardiac notch, for example. In addition,
housing 632 may carry three subcutaneous electrodes 634 A-
634C (collectively “electrodes 634”). In other examples,
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housing 632 may carry fewer or greater than three elec-
trodes. Lead 636 may be configured to couple to housing
632 and extend from housing 632 to a different subcutaneous
location within patient 14. For example, lead 636 may be
tunneled laterally and posteriorly to the back of patient 14 at
a location adjacent to a portion of a latissimus dorsi muscle.
Lead 636 may carry electrode coil 638 along a length of lead
636 and sensing electrode 640 at a distal end of lead 636.
IMD 630 may be configured such that heart 12 may be
disposed at least partially between housing 632 and elec-
trode coil 638 of lead 636. In some examples, lead 636 may
carry two or more electrode coils 638 and/or two or more
sensing electrodes 640.

[0210] IMD 630 may contain, within housing 632, signal
processing and therapy delivery circuitry to detect cardiac
conditions (e.g., ventricular dyssynchrony, arrhythmias such
as bradycardia and tachycardia conditions etc.) and to com-
municate with LPD 616 to apply appropriate electrical
stimuli (e.g. pacing and/or anti-tachyarrhythmia shock
therapy (e.g., defibrillation or cardioversion shocking
pulses)) to heart 12. IMD 630 also may be configured to
apply pacing pulses via one or more electrodes 634. IMD
630 may be configured to apply the anti-tachyarrhythmia
shock pulses between coil electrode 638 and one or more of
electrodes 634 and/or electrically conductive housing 632
(e.g., an additional can electrode) of IMD 630. IMD 630
may be configured to communicate with programmer 670
via an RF communication link, inductive coupling, or some
other wireless communication protocol.

[0211] In some embodiments, IMD 630 differs from pre-
viously used ICDs in that housing 632 may be larger in size
than the housing of some existing ICDs to accommodate
larger capacity batteries, for example. In addition, IMD 630
may be implanted subcutaneously whereas some existing
ICDs may be implanted under muscle or deeper within
patient 14. In other examples, housing 632 may be shaped or
sized differently to be implanted subcutaneously instead of
under a muscle or within deep tissue. Moreover, IMD 630
may not include leads configured to be placed in the blood-
stream (e.g., endocardial or epicardial leads). Instead, IMD
630 may be configured to carry one or more electrodes (e.g.,
electrodes 634) on housing 632 together with one or more
subcutaneous leads (e.g., lead 636) that carry defibrillation
coil electrode 638 and sensing electrode 640. In other
examples, lead 636 may include additional electrodes. These
subcutaneously implanted electrodes of IMD 630 may be
used to provide therapies similar to that of existing ICDs
without invasive vascular leads. In other examples, the exact
configuration, shape, and size of IMD 630 may be varied for
different applications or patients. Although IMD 630 is
generally described as including one or more electrodes,
IMD 630 may typically include at least two electrodes to
deliver electrical stimulation (e.g., therapy) and/or provide
at least one sensing vector. Other illustrative SDs, or IMD
630, can be used in combination with LPD 616. For
example, IMD 630 may include, or be, an intravenously
implanted device (IID), an ICD, a pacemaker, or any other
suitable device.

[0212] System 610 also includes one or more LPDs, such
as LPD 616. LPD 616 may be, for example, an implantable
leadless pacing device (e.g., a pacemaker, cardioverter,
and/or defibrillator) that provides electrical stimulation to
heart 12 via electrodes carried on the housing of LPD 616.
In the example of FIG. 15, LPD 616 is implanted within left
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ventricle 32 of heart 12 to sense electrical activity of heart
12 and/or deliver electrical stimulation, e.g., CRT such as
fusion pacing, to heart 12. Fusion pacing involves left
ventricle (LV) 32 only pacing with an electrode on the LPD
616 in coordination with intrinsic right ventricle (RV) acti-
vation. Alternatively, fusion pacing can involve pacing RV
28 with an electrode on LPD 616 in coordination with
intrinsic LV activation. In this scenario, LPD 616 is placed
within the RV 28.

[0213] LPD 616 is schematically shown in FIG. 15
attached to a wall of right atrium (RA) 26 via one or more
fixation elements (e.g. tines, helix etc.) that penetrate the
tissue. These fixation elements may secure LPD 616 to the
cardiac tissue and retain an electrode (e.g., a cathode or an
anode) in contact with the cardiac tissue. One or more
electrodes may be positioned to stimulate the tissue of RA
26, LV 32. or both RA 26 and LV 32. LPD 616 may also
include one or more motion sensors (e.g., accelerometers)
configured to detect and/or confirm cardiac conditions (e.g.,
ventricular dyssynchrony, tachyarthythmias etc.) from
mechanical motions of heart 12. Since LPD 616 may include
two or more electrodes carried on the exterior housing of
LPD 616, no other leads or structures may need to reside in
other chambers of heart 12. However, in other examples,
system 610 may include additional LPDs within respective
chambers of heart 12 (e.g., left atrium (LA) 33, RV 28,
and/or LV 32).

[0214] Using the electrodes carried on the housing of LPD
616, LPD 616 may be capable sensing intrinsic electrical
signals, e.g., an electrocardiogram (ECG). IMD 630 may
similarly sense intrinsic electrical signals from the sensing
vectors of electrodes 634, 638, and 640. These intrinsic
signals may be electrical signals generated by cardiac
muscle and indicative of depolarizations and repolarizations
of heart 12 at various times during the cardiac cycle. LPD
616 may generate electrograms from these cardiac signals
that may be used by LPD 616 to detect cardiac conditions
(e.g. ventricular dyssynchrony, arrhythmias, such as tach-
yarrhythmias), or identify other cardiac events, e.g., ven-
tricle depolarizations or atrium depolarizations. LPD 616
may also measure impedances of the carried electrodes
and/or determine capture thresholds of those electrodes
intended to be in contact with cardiac tissue. In addition,
LPD 616 may be configured to communicate with external
programmer 670. The configurations of electrodes used by
LPD 616 for sensing and pacing may be typically considered
bipolar but unipolar may also be used.

[0215] External programmer 670 may be configured to
communicate with one or both of IMD 630 and LPD 616. In
examples which external programmer 24 only communi-
cates with one of IMD 630 and LPD 616, the non-commu-
nicative device may receive instructions from or transmit
data to the device in communication with programmer 670.
In some examples, programmer 670 includes a handheld
computing device, computer workstation, or networked
computing device. Programmer 670 may include a user
interface that receives input from a user. In other examples,
the user may also interact with programmer 670 remotely
via a networked computing device. The user may interact
with programmer 670 to communicate with LPD 616 and/or
IMD 630. For example, the user may interact with program-
mer 670 to send an interrogation request and retrieve therapy
delivery data, update therapy parameters that define therapy,
manage communication between LPD 616 and/or IMD 630,
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or perform any other activities with respect to LPD 616
and/or IMD 630. Although the user may be a physician,
technician, surgeon, electrophysiologist, or other healthcare
professional, the user may be patient 14 in some examples.
[0216] Programmer 670 may also allow the user to define
how LPD 616 and/or IMD 630 senses electrical signals (e.g.,
ECGs), detects cardiac conditions (e.g. ventricular dyssyn-
chrony, arrhythmias etc.), delivers therapy, and communi-
cates with other devices of system 610. For example,
programmer 670 may be used to change detection param-
eters. In another example, programmer 670 may be used to
manage therapy parameters that define therapies such as
CRT. Moreover, programmer 670 may be used to alter
communication protocols between LPD 616 and IMD 630.
For example, programmer 670 may instruct LPD 616 and/or
IMD 630 to switch between one-way and two-way commu-
nication and/or change which of LPD 616 and/or IMD 630
are tasked with initial detection of a cardiac condition.
[0217] Programmer 670 may communicate with LPD 616
and/or IMD 630 via wireless communication using any
techniques known in the art. Examples of communication
techniques may include, for example, radiofrequency (RF)
telemetry, but other techniques are also contemplated. In
some examples, programmer 670 may include a program-
ming head that may be placed proximate to the patient’s
body near the LPD 616 and/or IMD 630 implant site in order
to improve the quality or security of communication
between LPD 616 and/or IMD 630 and programmer 670.
[0218] LPD 616 and IMD 630 may engage in communi-
cation to facilitate appropriate detection of ventricular dys-
synchrony and/or delivery of CRT. The communication may
include one-way communication in which one device is
configured to fransmit communication messages and the
other device is configured to receive those messages. The
communication may include two-way communication in
which each device is configured to transmit and receive
communication messages. LPD 616 and IMD 630 may be
configured to communicate with each other provide alter-
native electrical stimulation therapies.

[0219] Although LPD 616 may at least partially determine
whether or not LPD 616 delivers CRT or another therapy to
patient 14, LPD 616 may perform one or more functions in
response to receiving a request from IMD 630 and without
any further analysis by LPD 616. In this manner, IMD 630
may act as a master device and LPD 616 may act as a “slave”
device. In this configuration, LPD 616 passively senses.
Specifically, a mode may be employed as a trigger mode to
pace in synchrony (e.g., a WT mode). In one or more
embodiments, LPD 616 may be configured to actively sense.
[0220] FIG. 16 shows one example of LPD 616 of FIG.
15. As shown in FIG. 16, LPD 616 includes case 650, cap
658, electrode 660, electrode 652, tissue-piercing electrode
assembly 661 (which may also function as a fixation mecha-
nism (e.g., with a helix shape)), flange 654, and opening 656.
In general, the tissue-piercing electrode assembly 661
extends axially from a housing of LPD 616. Together, case
650 and cap 658 may be considered the housing of LPD 616.
In this manner, case 650 and cap 658 may enclose and
protect the various electrical components within LPD 616.
Case 650 may enclose substantially all the electrical com-
ponents, and cap 658 may seal case 650 and create the
hermetically sealed housing of LPD 616. Although LPD 616
is generally described as including one or more electrodes,
LPD 616 may typically include at least two electrodes (e.g.,
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electrodes 652 and 660) to deliver an electrical signal (e.g.,
therapy such as CRT) and/or provide at least one sensing
vector. Electrodes 652 and 660 are carried on the housing
created by case 650 and cap 658. In this manner, electrodes
652 and 660 may be considered leadless electrodes. In the
example of FIG. 15, electrode 660 is disposed on the exterior
surface of cap 658. Electrode 660 may be a circular elec-
trode positioned to contact cardiac tissue upon implantation.
Electrode 652 may be a ring or cylindrical electrode dis-
posed on the exterior surface of case 650. Both case 650 and
cap 658 may be electrically insulating. Electrode 660 may be
used as a cathode and electrode 652 may be used as an
anode, or vice versa, for delivering CRT or other appropriate
cardiac therapy (ATP, shock, etc.). However. electrodes 652
and 660 may be used in any stimulation configuration. In
addition, electrodes 652 and 660 may be used to detect
intrinsic electrical signals from cardiac muscle. In other
examples, LPD 616 may include three or more electrodes,
where each electrode may deliver therapy and/or detect
intrinsic signals. CRT delivered by LPD 616 may be con-
sidered to be “painless” to patient 14 or even undetectable by
patient 14 since, e.g., the electrical stimulation occurs very
close to or at cardiac muscle and at relatively low energy
levels compared with alternative devices.

[0221] One or more fixation mechanisms of tissue-pierc-
ing electrode assembly 661 may attach LPD 616 to cardiac
tissue. The fixation mechanisms may include a helix (as
illustrated), active fixation tines, screws, clamps, adhesive
members, or any other types of attaching a device to tissue.
In some embodiments, fixation mechanisms may be con-
structed of a memory material that retains a preformed
shape. During implantation, fixation mechanisms may be
flexed forward to pierce tissue and allowed to flex back
towards case 650. In this manner, fixation mechanisms may
be embedded within the target tissue.

[0222] Flange 654 may be provided on one end of case
650 to enable tethering or extraction of LPD 616. For
example, a suture or other device may be inserted around
flange 654 and/or through opening 656 and attached to
tissue. In this manner, flange 654 may provide a secondary
attachment structure to tether or retain LPD 616 within heart
12 if fixation mechanisms fail. Flange 654 and/or opening
656 may also be used to extract LPD 616 if explantation (or
removal) from patient 14 is desired.

[0223] FIGS. 17A-17B are conceptual diagrams of patient
14 implanted with implantable cardiac system 610 that
includes LPD 616 inside the heart in order to deliver bundle
pacing to His bundle or bundle branch tissue. Implantable
cardiac system 610 that contains a substernal/subcutaneous
device (SD), or IMD 630, can implement method 300-500 as
described herein. FIG. 17A is a front view of patient 14
implanted with implantable cardiac system 610. FIG. 17B is
a side view patient 14 with implantable cardiac system 610.
[0224] Implantable cardiac system 610 includes an
implantable medical device (IMD) 630 such as an implant-
able cardiac defibrillator (ICD) or pacemaker connected to a
defibrillation lead 636. In the example illustrated in FIGS.
17A-B, IMD 630 is implanted subcutaneously on the left
midaxiallary of patient 14. IMD 630 may, however, be
implanted at other subcutaneous locations on patient 14 as
described herein.

[0225] Defibrillation lead 636 includes a proximal end that
is connected to IMD 630 and a distal end that includes one
or more electrodes. Defibrillation lead 636 extends subcu-
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taneously from IMD 630 toward xiphoid process 620. At a
location near xiphoid process 620, defibrillation lead 636
bends or turns and extends subcutaneously superiorly, sub-
stantially parallel to sternum 622. The distal end of defibril-
lation lead 636 may be positioned near the second or third
rib of patient 14. However, the distal end of defibrillation
lead 636 may be positioned further superior or inferior
depending on the location of IMD 630 and other factors.
Although illustrated as being offset laterally from and
extending substantially parallel to sternum 622 in the
example of FIGS. 17A-B, defibrillation lead 636 may be
implanted over sternum 622, offset from sternum 622, but
not parallel to sternum 622 (e.g., angled lateral from sternum
622 at either the proximal or distal end).

[0226] Defibrillation lead 636 includes defibrillation elec-
trode 638, which may be an elongated coil electrode, toward
the distal end of defibrillation lead 636. Defibrillation lead
636 is placed such that a therapy vector between defibril-
lation electrode 638 and a housing or can electrode of IMD
630 is substantially across the ventricle of heart 12.

[0227] Defibrillation lead 636 may also include sensing
and/or pacing electrodes 640 and 642 located toward the
distal end of defibrillation lead 636. In the example illus-
trated in FIGS. 17A-B, sensing electrode 640 and 642 are
separated from one another by defibrillation electrode 638.
IMD 630 may sense electrical activity of heart 12 via a
combination of sensing vectors that include combinations of
electrodes 640 and 642 and the housing or can electrode of
IMD 630. For example, IMD 630 may obtain electrical
signals sensed using a sensing vector between electrodes
640 and 642, obtain electrical signals sensed using a sensing
vector between electrode 640 and the conductive housing or
can electrode of IMD 630, obtain electrical signals sensed
using a sensing vector between electrode 642 and the
conductive housing or can electrode of IMD 630, or a
combination thereof. In some instances, IMD 630 may even
sense cardiac electrical signals using a sensing vector that
includes defibrillation electrode 638.

[0228] IMD 630, which may be an ICD, may analyze the
sensed electrical signals from one or more of the sensing
vectors of defibrillation lead 636 to detect ventricular dys-
synchrony (e.g., widening QRS duration, time difference
between RV and LV activation components in ECG vectors,
and atrial signal of P wave in ECG) and/or other cardiac
conditions (e.g., tachycardia, fibrillation). In response to
detecting the ventricular dyssynchrony, IMD 630 may com-
municate with LPD 616 to initiate bundle pacing at a
particular timing for resynchronization and/or cardiac resyn-
chronization therapy pacing in an attempt to terminate the
ventricular dyssynchrony. The means of communication
between LPD 616 and IMD 630 is the same or similar as that
which is described herein.

[0229] LPD 616 is implanted in the His bundle or bundle
branch region and communicatively coupled to IMD device
630. LPD 616 and IMD device 630 may, for example, both
include a communication module via which the devices
exchange wireless communications. LPD 616 and IMD
device 630 may, for example, be coupled via inductive
coupling, RF coupling, tissue conductance communication,
or other wireless communication mechanism.

[0230] As indicated above, LPD 616 may be implanted in
the His bundle region or bundle branch region. LPD 616 is
configured to include a housing, electrodes coupled to the
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housing or formed by the housing, and a fixation mechanism
(e.g., helix) to attach LPD 616 at a His bundle location.
[0231] LPD 616 may sense electrical activity of heart 12
via electrodes and provide pacing pulses to heart 12 via the
same or different electrodes. The pacing pulses provided to
heart 12 may be responsive to sensed electrical signals of the
heart sensed either via electrodes of LPD 616 or sensed via
one or more electrode combinations of defibrillation lead
636. LPD 616 may generate and deliver pacing pulses with
any of a number of amplitudes and pulse widths to capture
heart 12.

[0232] LPD 616 may also analyze the sensed electrical
signals from one or more of the sensing vectors of LPD 616
and/or from the IMD to detect ventricular dyssynchrony.
LPD 616 may not deliver pacing therapy until LPD 616
receives communication from IMD 630 indicating detection
of ventricular dyssynchrony by IMD 630.

[0233] The configuration described above in FIGS. 17A-B
is directed to providing ventricular pacing via LPD 616
positioned near the His bundle or one or both bundles. In
some instances, more than one LPD 616 may be utilized for
multi-chamber pacing, e.g., with one LPD 616 providing
atrial pacing and another LPD 616 providing ventricle
pacing. Alternatively, LPD 616 may be positioned over the
ventricle and include a small tether extending up to the
atrium with an electrode on the tether. LPD 616 could sense
and/or pace via the electrode on the tether. In yet further
embodiments, LPD 616 may be used in combination with a
pacing lead implanted substernally to provide dual chamber
pacing.

[0234] IMD 630 may include a housing that forms a
hermetic seal that protects components of IMD 630. The
housing of IMD 630 may be formed of a conductive
material, such as titanium. IMD 630 may also include a
connector assembly (also referred to as a connector block or
header) that includes electrical feedthroughs through which
electrical connections are made between conductors within
the lead 636 and electronic components included within the
housing. As will be described in further detail herein,
housing may house one or more processors, memories,
transmitters, receivers, sensors, sensing circuitry, therapy
circuitry and other appropriate components. The housing is
configured to be implanted in a patient, such as patient 14.
[0235] As described herein, lead 636 includes a lead body
that may include electrodes 638, 640, 642 located near the
distal lead end or elsewhere along the length of the lead
body. The lead bodies of lead 636 also contain one or more
elongated electrical conductors (not illustrated) that extend
through the lead body from a connector assembly of IMD
630 provided at a proximal lead end to one or more
electrodes of lead 636. The lead bodies of lead 636 may be
formed from a non-conductive material, including silicone,
polyurethane, fluoropolymers, mixtures thereof, and other
appropriate materials, and shaped to form one or more
lumens within which the one or more conductors extend.
However, the techniques are not limited to such construc-
tions.

[0236] The one or more elongated electrical conductors
contained within the lead bodies of lead 636 may engage
with respective ones of electrodes 638, 640, 642. In one
example, each of electrodes 638, 640, 642 is electrically
coupled to a respective conductor within its associated lead
body. The respective conductors may electrically couple to
circuitry, such as a therapy module or a sensing module, of
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IMD 630 via connections in connector assembly, including
associated feedthroughs. The electrical conductors transmit
therapy from a therapy module within IMD 630 to one or
more of electrodes 638, 640, 642 and transmit sensed
electrical signals from one or more of electrodes 638, 640,
642 to the sensing module within IMD 630.

[0237] The examples illustrated in FIGS. 17A-B are illus-
trative in nature and should not be considered limiting of the
techniques described in this disclosure. In other examples,
IMD 630 and defibrillation lead 636 may be implanted at
other locations. For example, IMD 630 may be implanted in
a subcutaneous pocket in the right chest. In this example,
defibrillation lead 636 may be extend subcutaneously from
the device toward the manubrium of the sternum and bend
or turn and extend subcutaneously inferiorly from the manu-
brium of the sternum, substantially parallel with the ster-
num.

[0238] System 610 may be further described as an IMD
system that provides, but the techniques may be applicable
to other cardiac systems, including cardiac resynchroniza-
tion therapy defibrillator (CRT-D) systems, cardioverter
systems, or combinations thereof.

[0239] The substernal/retrosternal IMD system 610 can be
configured to deliver bundle pacing to synchronize the
ventricles with each other. Bundle pacing includes pacing
the His bundle or one or both bundles with one or more
pacing electrodes. Pacing electrodes can be found on the
bundle pacing lead or leadless pacing device. In addition, or
alternatively, electrodes 640 and 642 of IMD 630 can be
configured to deliver pacing pulse to the LV. The LV and/or
RV is paced by separate electrodes.

[0240] Bundle pacing may be delivered while another type
of pacing may be delivered to another tissue site. [llustrative
cardiac pacing system that may employ both bundle pacing
to a His bundle or bundle branch tissue site and another
pacing therapy delivered to another pacing site (e.g., left
ventricle or right ventricle) is disclosed in U.S. Pat. No.
9,789.319, entitled SYSTEMS AND METHODS FOR
LEADLESS  CARDIAC  RESYNCHRONIZATION
THERAPY that issued Oct. 17, 2017, which is incorporated
herein by reference in its entirety. U.S. Pat. No. 9,789,319
discloses, for example, a subcutaneous device and LPD in
communication with each other. As applied to the present
disclosure, the leadless pacing device (LPD) would be
configured to deliver bundle pacing using an elongated
helical tip that is similar or the same as the helical tip, for
example, on the Medtronic 3830 lead.

[0241] The techniques described in this disclosure, includ-
ing those attributed to an IMD, such as LPD 616, program-
mer 670, or various constituent components, may be imple-
mented, at least in part, in hardware, software, firmware, or
any combination thereof. For example, various aspects of
the techniques may be implemented within one or more
processors, including one or more microprocessors, DSPs,
ASICs, FPGAs, or any other equivalent integrated or dis-
crete logic circuitry, as well as any combinations of such
components, embodied in programmers, such as physician
or patient programmers, stimulators, image processing
devices, or other devices. The term “processor” or “process-
ing circuitry” may generally refer to any of the foregoing
logic circuitry, alone or in combination with other logic
circuitry, or any other equivalent circuitry.

[0242] Such hardware, software, and/or firmware may be
implemented within the same device or within separate
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devices to support the various operations and functions
described in this disclosure. In addition, any of the described
units, modules or components may be implemented together
or separately as discrete but interoperable logic devices.
Depiction of different features as modules or units is
intended to highlight different functional aspects and does
not necessarily imply that such modules or units must be
realized by separate hardware or software components.
Rather, functionality associated with one or more modules
or units may be performed by separate hardware or software
components, or integrated within common or separate hard-
ware or software components.

[0243] To achieve the best pacing output, bundle pacing
may be synchronized with either intrinsic activation or either
RV or LV pacing as described herein. In some embodiments,
bundle pacing may be terminated only when a normal
ventricular pattern with appropriate atrioventricular conduc-
tion interval is detected.

[0244] When implemented in software, the functionality
ascribed to the systems, devices, and techniques described in
this disclosure may be embodied as instructions on a com-
puter-readable medium such as RAM, ROM, NVRAM,
EEPROM, FLASH memory, magnetic data storage media,
optical data storage media, or the like. The instructions may
be executed by one or more processors to support one or
more aspects of the functionality described in this disclo-
sure.

[0245] FIGS. 18A-B show patient’s heart 12 implanted
with IMD 716 operably coupled to implantable medical
electrical lead 723 to deliver bundle branch pacing accord-
ing to one example of an IMD system 710. FIG. 18B is a
close-up view of lead 723 in the patient’s heart 12 of FIG.
18A. In some embodiments, electrical lead 723 may be the
only lead implanted in the patient’s heart 12.

[0246] In particular, lead 723 may be configured for dual
bundle branch pacing. Lead 723 may be the same as or
similar to lead 23 (FIGS. 2A-B), except lead 723 is
implanted near the bundle branches instead of, for example,
the His bundle 13. As illustrated, lead 723 is implanted in the
septal wall from RV 28 toward LV 32. Lead 723 may not
pierce through the wall of LV 32 or extend into the LV
chamber. Electrode 752 and tissue-piercing electrode assem-
bly 761 may be disposed on a distal end portion of lead 723,
which may also be described as a shaft. Electrode 752 and
tissue-piercing electrode assembly 761 may be the same as
or similar to electrode 652 and tissue-piercing electrode
assembly 661 (FIG. 16), except electrode 752 is configured
as a cathode electrode to sense or pace the RBB and
electrode assembly 761 is configured to sense or pace the
LBB, for example, during duval bundle branch pacing.
Accordingly, electrode 752 may be implanted near RBB 85,
and electrode assembly 761 may be implanted near L.BB 8a.

[0247] Electrode assembly 761 may be described as a
unipolar cathode electrode, which may be implanted on the
left side of the patient’s septum. Flectrode 752 may be
described as a unipolar cathode electrode, which may be
implanted on the right side of the patient’s septum.

[0248] During dual bundle branch pacing, both electrode
752 and electrode assembly 761 (which also includes an
electrode) may each deliver a cathodal pulse to achieve
synchronized activation, or excitation, of RBB 86 and LBB
8a, which may result in synchronized activation of RV 28
and LV 32. In some embodiments, the pulses may be
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delivered at the same time to achieve synchrony. In other
embodiments, the pulses may be delivered with a delay to
achieve synchrony.

[0249] Lead 723 may include electrode 770 disposed more
proximal to the electrode 752 and electrode assembly 761.
Electrode 770 may be positioned in or near RA 26 and may
function as an anode for cathodal pulses from electrode 752
and/or electrode assembly 761.

[0250] FIGS. 19A-H show electrical signals resulting
from various pacing configurations applied to a patient with
an LBBB. The electrical signals shown include electrogram
(EGM) and electrocardiogram (ECG) information. FIG. 19E
is similar to FIG. 8A in that a LBBB is shown without
pacing. FIGS. 19F-H show various pacing configurations
800, 801, 802 at a distal His bundle pacing site similar to
FIG. 8C. In particular, FIG. 19F shows a pacing configura-
tion 800 that uses an AV delay of 40 ms, which results in the
LV activating earlier than the RV as shown in the electrical
signals of FIG. 19B. FIG. 19G shows pacing configuration
801 that uses an AV delay of 90 ms, which results in the LV
activating simultaneously with the RV as shown in the
electrical signals of FIG. 19C. FIG. 19H shows pacing
configuration 802 that uses an AV delay of 160 ms, which
results in the LV activating later than the RV as shown in the
electrical signals of FIG. 19D. FIG. 19A shows resulting
electrical signals of a pacing configuration (not shown) that
uses an AV delay of 170 ms and looks like a full LBBB
pattern, similar to intrinsic LBBB without pacing.

[0251] FIG. 20 shows electrical signals resulting from
positioning a bundle branch pacing lead (see, for example,
FIGS. 18A-B) at various locations in a patient with an
LBBB and the resulting QRS duration (QRSd) in millisec-
onds (ms). In particular, electrical signals correspond to
various locations as the bundle branch pacing lead advances
from the right side to the left side of the bundle branches.
Electrical signals 820A correspond to no pacing lead in the
patient’s heart (intrinsic) and a resulting QRSd of 102 ms.
Electrical signals 820B correspond to the lead near the LBB
without pacing resulting in a QRSd of 126 ms. Electrical
signals 820C correspond to pacing near the RBB resulting in
a QRSd of 140 ms, which may be characterized as a wide
QRSd. Electrical signals 820D correspond to pacing in the
middle of the RBB and L.BB resulting in a QRSd of 138 ms.
Electrical signals 820E correspond to pacing near the LBB
resulting in a QRSd of 104 ms. Electrical signals 820F
correspond to the lead near the LBB without pacing while
recording bundle branch potentials, which looks similar to
electrical signals 820B.

[0252] FIG. 21 shows electrical signals resulting from
positioning a bundle branch pacing lead (see, for example,
FIGS. 18A-B) at various locations in various patients with
an RBBB or an LBBB and the resulting QRSd in millisec-
onds (ms). Electrical signals 821A, 821B correspond to a
patient having an RBBB. Electrical signals 821A correspond
to no pacing lead in the patient’s heart and a resulting QRSd
of 188 ms. Electrical signals 821B correspond to pacing near
the RBB resulting in a QRSd of 132 ms, which corrects the
RBBB. Electrical signals 821C to 821E correspond to a
patient having an LBBB. Electrical signals 821C correspond
to no pacing lead in the patient’s heart (intrinsic) resulting in
a QRSd of 178 ms. Electrical signals 821D correspond to
pacing near the LBB resulting in a QRSd of 120 ms, which
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is a narrow QRS. Electrical signals 821E correspond to
recording after implantation during LBB pacing and a
resulting QRSd of 123 ms.

[0253] FIGS. 22A-B show various aspects of IMD system
710 including implantable medical lead 723 that may be
used for bundle pacing, particularly dual bundle branch
pacing. As illustrated in FIG. 22A, medical lead 723 may be
directly coupled to IMD 716. IMD 716 may function as an
electrode 770, for example, using a discrete electrode or a
housing of IMD 716. As illustrated in FIG. 22B, lead 723
may include lead connector 790 disposed on a proximal end
portion. Lead connector 790 may include contacts 753, 762
operably coupled to electrode 752 and electrode assembly
761, respectively, to operably couple with electronic cir-
cuitry of IMD 716, for example, when lead connector 790 is
inserted into IMD 716.

[0254] Lead 723 may also include protrusion 772 (e.g., a
shield or stopper) that may prevent electrode assembly 761
of lead 723 from advancing too far into cardiac tissue. In
particular, protrusion 722 may prevent electrode assembly
761 of lead 723 from perforating the LV wall and extending
into the LV. Protrusion 722 may extend laterally from a
nominal surface of lead 723 to engage a wall of cardiac
tissue when being implanted. Protrusion 722 may have a
biased shape that facilitates the ease of retracting lead 723
while still preventing further advancement of lead 723 when
protrusion 722 engages cardiac tissue. Protrusion 722 may
be formed of any suitable material to facilitate its function-
ality. Protrusion 722 may be formed of a flexible, soft,
and/or expansible material.

[0255] Protrusion 722 may have a height, or width, 784
extending orthogonally from the nominal surface of lead
723, such as the surface of distal end portion 724 of lead 723.
Height 784 may be any suitable range to facilitate prevent-
ing further advancement of lead 723 when engaging cardiac
tissue while also being small enough to facilitate ease of
implantation. In some embodiments, height 784 may be
greater than or equal to about 0.5, 1, 1.5, 2, 2.5, or 3 mm. In
some embodiments, height 784 may be less than about 3,
2.5,2, 15,1, or 0.5 mm.

[0256] Protrusion 722 may have length 786 extending
along, or parallel to, the nominal surface of lead 723, for
example, in a longitudinal direction. In some embodiments,
length 786 may be greater than or equal to about 0.5, 1, 1.5,
2, 2.5, or 3 mm. In some embodiments, length 786 may be
less than or equal to about 3, 2.5, 2, 1.5, 1, or 0.5 mm.
[0257] Distal end portion 724 of lead 723 may have length
782 in any suitable range to facilitate positioning electrode
assembly 761 near a His bundle or bundle branch region. In
some embodiments, length 782 may be greater than or equal
to about 4,5, 6.7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17, or 18
mm. In some embodiments, length 782 may be less than
about4,5,6,7,8,9,10, 11,12, 13, 14, 15,16, 17, or 18 mm.
[0258] Electrode assembly 761 may have length 780
extending out from an end of distal end portion 724 in any
suitable range to facilitate positioning electrode assembly
761 near the His bundle or bundle branch region. Some or
all of electrode assembly 761 may function as an electrode.
In some embodiments, length 780 may be greater than or
equal to about 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 3.75, 4, or 10 mm.
In some embodiments, length 780 may be less than about
05,1, 1.5,2,25,3,3.5,3.75, 4, or 10 mm.

[0259] In general, lengths of protrusion 722, distal end
portion 724, and/or electrode assembly 761 may be selected
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to facilitate positioning electrode 752, electrode assembly
761, or both electrode 752 and electrode assembly 761 near
the His bundle or one or both bundle branches. The various
lengths may be determined, for example, based on a septum
thickness. Septum thickness may be determined using an
echocardiogram.

[0260] AV delay may be programmed using sensing from
an atrial electrode, such as sensing from electrode 770 of
FIG. 18A, which may be used only for sensing in some
embodiments. The atrial electrode may be positioned, for
example, about 5 to 10 cm proximal to the distal end of lead
723 or electrode assembly 761. In other words, the atrial
electrode may be spaced 5 cm or more from one or both
cathode electrodes. The AV delay, or time from atrial acti-
vation to bundle pacing, may be appropriately set using the
atrial electrode.

[0261] One embodiment of lead implantation method may
incorporate ECG and impedance guided lead placement
employing the lead shown in FIG. 22A. In general, the lead
may include an ECG transition during implantation that can
be used to determine where the pacing lead is located. For
example, the ECG QRS morphology may change, which
represents a transition from an LBBB pattern or delay to an
RBBB pattern or delay, as the pacing lead is used to
intermittently pace during implantation from the right side
of the ventricular septum to the left side. If the ECG
morphology indicates the tip is near the endocardium of the
ventricular septum, the lead insertion may be stopped.
During the lead insertion through the septum, the pacing
impedance may be monitored. If a sudden change in pacing
impedance is detected (such as drop by 10-30%), the pacing
lead may be pulled back by rotating the lead, for example,
counterclockwise about 1-3 turns. As the left bundle branch
is located beneath the endocardium, use of these two assess-
ments can avoid the lead perforation into the LV. Once the
pacing lead is in place, electrical output may be applied to
one or both right and left bundle branches in a synchronized
manner, which may excite the ventricles simultaneously,
almost simultaneously, or using a short delay.

[0262] Synchronized pacing of one or both bundle
branches may be based on an atrial event, a ventricular
event, or both. In some embodiments, synchronized pacing
may deliver two or more pacing pulses within the same
cardiac cycle, for example, one to each ventricle.

[0263] In some embodiments, a lead including two or
more pacing electrodes may be used to deliver differently
paced pulses to the bundle of His or one or both bundle
branches. Differently paced pulses are not delivered simul-
taneously or sequentially to the His bundle or bundle branch
tissue. Instead, a pulse to a first tissue may be paced at a first
time, and a pulse to a second tissue may be pulsed at a
second time. A delay may be used between the first pulse and
the second pulse.

[0264] If the lead shown in FIG. 22B is used, then
echocardiography may be performed before implantation to
assess the thickness of the ventricular septum. A pacing lead
may be selected or chosen with an appropriate distance from
electrode assembly, or distal end portion or tip of the lead,
to the proximal cathode electrode. The selected pacing lead
may also include a stopper to prevent perforation of the LV.
Pacing output may be applied to one or both bundle branches
in a synchronized manner, simultaneously (or synchronized)
so both ventricles can be excited in a synchronized manner,
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which may excite the ventricles simultaneously, almost
simultaneously, or using a short delay.

[0265] FIG. 23 is a flow diagram that shows an example
of a method of lead implantation for bundle branch pacing
for a leaded or leadless IMD. Method 830 may include one
or more of the blocks illustrated. Method 830 may begin, for
example, once the implantable medical lead makes contact
with the septal wall. Method 830 may include block 832 to
continuously record a 12-lead ECG and a pacing lead EGM.
Method 830 may include block 834 to apply pacing from the
pacing lead while analyzing ECG morphology. In some
embodiments, the pacing output amplitude may be about 2
to 5V and a pulse width duration may be about 0.5 ms.
[0266] In block 836, the lead may be inserted into the
septal wall, which may include rotating the lead. In block
838, the ECG may be analyzed to determine whether an
LBBB pattern is present. If the answer to block 838 is YES,
method 830 may continue to block 840, whereas if the
answer is NO, method 830 may continue to block 846.
[0267] In block 840, method 830 may determine that an
RBB pacing location has been achieved, for example, based
on detecting the LBBB pattern in block 838. In block 842,
method 830 may determine whether the patient has RBBB.
If the answer to block 842 is NO, then the lead may be fixed
in the RBB location in block 844, whereas if the answer is
YES, then the lead may continue to be rotated in block 846.
For example, in block 846, the lead may advance a short
distance, for example, by rotating 1-3 times in a clockwise
direction.

[0268] After rotation, method 830 may determine whether
the ECG shows an RBBB pattern, RBB delay pattern, or a
near-normal ECG. If the answer to block 848 is NO, method
830 may continue to block 856, whereas if the answer to
block 848 is YES, method 830 may continue to block 850.
In block 856, method 830 may determine whether pacing
lead impedance has changed greater than or equal to about
10, 20, 30, 40, 50, or 60% compared to a previously
measured impedance of the pacing lead. A large change in
pacing lead impedance may indicate that the lead has
perforated into the LV. If the answer to block 856 is NO,
method 830 may return to continuing rotation of the lead in
block 846, whereas if the answer is YES, method 830 may
continue to block 858.

[0269] In block 850, method 830 may determine that an
LBB pacing location has been achieved, for example, based
on detecting the RBBB pattern, RBB delay pattern, or
near-normal ECG. In block 852, method 830 may determine
whether pacing lead impedance has changed greater than or
equal to about 10, 20, 30, 40, 50, or 60% compared to a
previously measured impedance of the pacing lead. If the
answer to block 852 is NO, the impedance change may be
within a normal range, and the lead may be fixed in the LBB
location in block 854, whereas if the answer is YES, method
830 may continue to block 858.

[0270] In block 858, method 830 may pull back or retract
the lead a short distance, for example, by rotating 1-3 times
in the counterclockwise direction. In block 860, method 830
may determine whether that the pacing impedance is in a
normal range. If the answer to block 860 is YES, the lead
may be fixed in block 862, whereas if the answer is NO,
method 830 may return to block 858 to continue pulling
back or retracting the lead a short distance.

[0271] During method 830, the IMD may memorize the
pattern of LBBB or RBBB/D (e.g., RBBB or RBB delay).
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Post implantation, the device may adjust pacing to the LBB
or RBB, for example, if LBBB or RBBB/D is detected.
[0272] FIG. 24 shows various aspects of one example of
LPD 916 for His bundle or bundle pacing, which may be
similar to LPD 616 (FIG. 16), except instead of a helical
electrode assembly, LPD 916 may include a relatively
straight, needle-like, or dart-type electrode assembly 961 for
piercing tissue. In other embodiments, electrode assembly
961 may be a screw or helix-type. Electrode assembly 961
may be described as a cathode electrode for pacing on the
left side of the patient’s septum. LPD 916 may include
electrode 952, which may be described as a cathode elec-
trode for pacing on the right side of the patient’s septum.
LPD 916 may include an electrode 970, which may be
described as an anode electrode.

[0273] LPD 916 may include fixation elements 962 that
are different, separate, or independent from electrode assem-
bly 961. Fixation elements 962 may attach LPD 916 to
cardiac tissue. Fixation elements 962 may include any
suitable mechanisms, such as active fixation tines, screws,
clamps, adhesive members, or any other types of attaching
a device to tissue. As shown, fixation elements 962 may be
constructed of a memory material that retains a preformed
shape. During implantation, fixation elements 962 may be
flexed forward to pierce tissue and allowed to flex back
towards a case of housing of LPD 916. In this manner,
fixation elements 962 may be embedded within the target
tissue.

[0274] FIGS. 25-27 show various locations to position
electrode 952. FIG. 25 shows electrode 952 as a ring
electrode around electrode assembly 961. FIG. 26 shows
electrode 952 as a discrete contact adjacent to electrode
assembly 961. FIG. 27 shows electrode 952 as multiple
discrete contacts adjacent to electrode assembly 961, such as
two discrete contacts on opposite sides of electrode assem-
bly 961. Electrode 952 may be described as leadlessly
coupled to the housing. Electrode assembly 961 may also be
described as being, or including, an electrode leadlessly
coupled to a piercing element.

[0275] FIGS. 28A-B show a lead, such as implantable
medical lead 723 (FIG. 22B), having a lead connector 790
with contacts 753, 762 operably coupled to cathode elec-
trodes on lead 723. IMD 716 may be configured to receive
lead connector 790 in a lead connector receptacle. One
example of IMD 716 includes a Medtronic ADAPTA™ MRI
SureScan. When inserted, contacts 753, 762 may operably
couple to cathode connections 793, 792 of IMD 716, respec-
tively, for sensing or electrical pulse delivery.

[0276] FIGS. 29-31 show various methods for updating
pacing configurations based on ECG and/or EGM informa-
tion. In general, if measured AV interval prolongation is
detected, the methods may shorten AV pacing intervals until
measured AV interval prolongation is corrected. Output
pacing amplitude may be adjusted, for example, if AV
pacing intervals adjustment cannot correct the prolongation.
Further, in general, if an LBBB pattern or LBB delay is
detected, AV pacing intervals and/or pacing output ampli-
tude may be adjusted in a similar manner.

[0277] In some embodiments, upon detecting dyssyn-
chrony during a patient’s intrinsic rhythm or during pacing,
delivery of His-bundle or bundle-branch stimulation pulses
may be adjusted based on the dyssynchrony detected. RV-
LV dyssynchrony, such as an LBB or RBB delay or LBBB
or RBBB pattern, may be the result of one bundle branch not
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being activated by bundle pacing. Increasing pacing output
may reactivate both bundle branches at an appropriate AV
interval. In some embodiments, if an RBB delay or RBBB
pattern is detected, pacing output amplitude may be
adjusted.

[0278] FIG. 29 shows one example of method 1001 for
updating a current pacing configuration when an ECG
changes post implantation in block 1012 after achieving
normal AV conduction in an ECG upon implantation in
block 1010. Upon detecting a change in an ECG post
implantation, method 1001 may determine whether an EGM
is normal in block 1014. If the EGM is normal, method 1001
may continue to block 1016. Otherwise, if the EGM is
abnormal, method 1001 may continue to block 1030.

[0279] In block 1016, method 1001 may determine
whether a measured AV interval is prolongated. If NO,
method 1001 may continue to block 1018 to take no action
to change the current pacing configuration. If YES, method
1001 may continue to block 1020 to shorten an AV pacing
interval.

[0280] In block 1022, method 1001 may determine
whether a measured AV interval shows correction in
response to the shortened AV pacing interval. If YES,
method 1001 may continue to block 1024 to update the
pacing configuration based on the corresponding shortened
AV pacing interval. If NO, method 1001 may continue to
block 1026.

[0281] In block 1026, method 1001 may determine
whether adjustments to the AV pacing interval have been
exhausted. If NO, method 1001 may return to block 1020 to
continue shortening the AV pacing interval, for example, in
an iterative manner. If YES, method 1001 may continue to
block 1028 to increase a pacing output amplitude (e.g.,
voltage) until the measured AV interval is corrected or
output pacing adjustments have been exhausted, upon which
method 1001 may continue to block 1024 to update the
pacing configuration after correcting or exhausting the pac-
ing output adjustments based on, for example, an optimal AV
pacing interval and/or optimal pacing output.

[0282] In block 1030, after determining that an EGM is
not normal in block 1014, method 1001 may determine
whether an RBB or LBB delay is represented in the EGM.
If there is an LBB delay, method 1001 may continue to block
1034, whereas if there is an RBB delay, method 1001 may
continue to block 1042,

[0283] In block 1034, method 1001 may determine that
only the RBB is being paced by the implanted IMD. In block
1036, pacing timing may be adjusted such that RBB pacing
may be delayed (e.g., later) or LV pacing may be advanced
(e.g., earlier). Method 1001 may continue to determine
whether RV-LV dyssynchrony has been corrected in block
1038. If YES, method 1001 may continue to block 1024 to
update the pacing configuration. If NO, method 1001 may
continue to block 1040,

[0284] In block 1040, method 1001 may determine
whether adjustments to RBB pacing or LV pacing timing
have been exhausted. If NO, method 1001 may return to
block 1036 to continue adjusting pacing timing, for
example, in an iterative manner. If YES, method 1001 may
continue to block 1028 to increase pacing output amplitude
(e.g., voltage) until RV-LV dyssynchrony is corrected or
output pacing adjustments have been exhausted. Method
1001 may continue to block 1024 to update the pacing
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configuration based on, for example, an optimal AV pacing
interval and/or optimal pacing output.

[0285] In block 1042, method 1001 may determine that
only the LBB is being paced by the implanted IMD. In block
1044, pacing timing may be adjusted such that LBB pacing
may be delayed (e.g., later) or RV pacing may be advanced
(e.g., earlier). Method 1001 may continue to determine
whether RV-LV dyssynchrony has been corrected in block
1046. If YES, method may continue to block 1024 to update
the pacing configuration. If NO, method 1001 may continue
to block 1048.

[0286] In block 1048, method 1001 may determine
whether adjustments to LBB pacing or RV pacing timing
have been exhausted. If NO, method 1001 may return to
block 1044 to continue adjusting pacing timing, for
example, in an iterative manner. If YES, method 1001 may
continue to block 1028 to increase pacing output amplitude
(e.g., voltage) until RV-LV dyssynchrony is corrected or
output pacing adjustments have been exhausted. Method
1001 may continue to block 1024 to update the pacing
configuration after correcting or exhausting the pacing out-
put adjustments based on, for example, an optimal AV
pacing interval and/or optimal pacing output.

[0287] FIG. 30 shows one example of method 1002 for
updating a current pacing configuration when an ECG
changes post implantation in block 1052 after achieving
correction of an abnormal LBBB ECG upon implantation in
block 1050. Upon detecting a change in ECG post implan-
tation, method 1002 may determine whether an EGM is
normal in block 1054. If the EGM is normal, method 1002
may continue to block 1056. Otherwise, if the EGM is
abnormal, method 1002 may continue to block 1068.

[0288] In block 1056, method 1002 may determine
whether a measured AV interval is prolongated. If NO,
method 1002 may continue to block 1058 to take no action
to change the current pacing configuration. If YES, method
1002 may continue to block 1060 to shorten an AV pacing
interval.

[0289] In block 1062, method 1002 may determine
whether a measured AV interval shows correction in
response to the shortened AV pacing interval. If YES,
method 1002 may continue to block 1064 to update the
pacing configuration based on the corresponding shortened
AV pacing interval. If NO, method 1002 may continue to
block 1066.

[0290] In block 1066, method 1002 may determine
whether adjustments to the AV pacing interval have been
exhausted. If NO, method 1002 may return to block 1060 to
continue shortening the AV pacing interval, for example, in
an iterative manner. If YES, method 1002 may continue to
update pacing configuration in block 1064 based on, for
example, an optimal AV pacing interval and/or optimal
pacing output.

[0291] In block 1068, after determining that an EGM is
not normal in block 1054, method 1002 may determine
whether an RBB or LBB delay is represented in the EGM.
If there is an LBB delay, method 1002 may continue to block
1070, whereas if there is an RBB delay, method 1002 may
continue to block 1078.

[0292] In block 1070, method 1002 may determine that
LBBB has returned. In block 1072, pacing output amplitude
(e.g., voltage) may be increased. In block 1074, method
1002 may determine whether LBBB has been corrected in
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response to the increased pacing output. If YES, method
1002 may continue to block 1064. If NO, method 1002 may
continue to block 1076.

[0293] In block 1076, method 1002 may determine
whether pacing output adjustments have been exhausted. If
YES, method 1002 may continue to block 1064 to update the
pacing configuration based on, for example, an optimal AV
pacing interval and/or optimal pacing output. If NO, method
1002 may return to block 1072 to continue increasing pacing
output, for example, in an iterative manner.

[0294] Inblock 1078, after determining that an RBB delay
is represented in the EGM in block 1068, method 1002 may
determine that an RBBB pattern or RBB delay has been
detected. In block 1080, method 1002 may shorten an AV
pacing interval. Method 1002 may determine whether the
RBBB pattern or RBB delay has been corrected in response
to shortening the AV pacing interval in block 1082. If YES,
method 1002 may continue to block 1064 to update the
pacing configuration based on, for example, the optimal AV
pacing interval and/or optimal pacing output. If NO, method
1002 may continue to block 1084.

[0295] In block 1084, method 1002 may determine
whether AV pacing interval adjustments have been
exhausted. If NO, method 1002 may return to block 1080 to
continue shortening the AV pacing interval, for example, in
an iterative manner. If YES, method 1002 may continue to
block 1086 to increase pacing output until the RBBB pattern
or RBB has been corrected or output pacing adjustments
have been exhausted. Method 1002 may continue to block
1064 to update the pacing configuration based on, for
example, an optimal AV pacing interval and/or optimal
pacing output.

[0296] FIG. 31 shows one example of method 1003 for
updating a current pacing configuration when an ECG
changes in block 1104 after implanting an IMD for LBB or
dual bundle branch pacing in 1102. Method 1003 may
include determining whether an RBBB or LBBB pattern is
represented in an EGM. If an RBBB pattern is represented,
method 1003 may continue to block 1108. If an LBBB
pattern is represented, method 1003 may continue to block
1118.

[0297] 1In block 1108, method 1003 may adjust an AV
pacing interval. In block 1110, method 1003 may determine
whether the RBBB pattern has been corrected in response to
adjusting the AV pacing interval. If YES, method 1003 may
continue to block 1112 to update the pacing configuration
based on, for example, an optimal AV pacing interval and/or
optimal pacing output. If NO, method 1003 may continue to
block 1114.

[0298] In block 1114, method 1003 may determine
whether AV pacing interval adjustments have been
exhausted. If NO, method 1003 may return to block 1108 to
adjust AV pacing interval, for example, in an iterative
manner. If YES, method 1003 may continuve to block 1116
to increase pacing output until the RBBB pattern is corrected
or AV pacing interval adjustments have been exhausted.
Method 1003 may continue to block 112 to update the
current pacing configuration based on, for example, an
optimal AV pacing interval and/or an optimal pacing output.
[0299] In block 1118, after determining that an LBBB
pattern is represented in block 1106, method 1003 may
increase pacing output amplitude (e.g., voltage). Method
1003 may determine whether the LBBB pattern has been
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corrected in block 1120. If YES, method 1003 may continue
to block 1112. If NO, method may continue to block 1122.
[0300] In block 1122, method 1003 may determine
whether pacing output adjustments have been exhausted. If
NO, method 1003 may return to block 1118 to continue
increasing pacing output, for example, in an iterative man-
ner. If YES, method 1003 may continue to block 1112 to
update the pacing configuration based on, for example, an
optimal AV pacing interval and/or an optimal pacing output.
[0301] Various examples have been described. These and
other examples are within the scope of the following claims.
For example, a single chamber, dual chamber, or triple
chamber pacemakers (e.g., CRT-P) or ICDs (e.g., CRT-D)
devices can be used to implement the illustrative methods
described herein.

Tlustrative Embodiments

[0302] While the present disclosure is not so limited, an
appreciation of various aspects of the disclosure will be
gained through a discussion of the specific illustrative
embodiments provided below, which provide alloys with
superior mechanical and corrosion properties. Various modi-
fications of the illustrative embodiments, as well as addi-
tional embodiments of the disclosure, will become apparent
herein.

[0303] Embodiment Al is a method of using a pacemaker
for His-bundle or bundle-branch pacing of a patient’s heart
comprising sensing heart activity using a set of electrodes
associated with the pacemaker; using a processor in the
pacemaker to determine whether one of a QRS parameter
and an activation interval acquired from the sensed heart
activity is greater than a first threshold; in response to
determining whether the QRS parameter or activation inter-
val 1s greater than the first threshold, using the processor to
determine whether bundle pacing should be delivered earlier
or later; and in response to determining whether bundle
pacing should be delivered earlier or later, using the pro-
cessor to adjust a time interval for bundle pacing.

[0304] Embodiment A2 is a method of any A embodiment,
wherein using the processor to determine whether bundle
pacing should be delivered earlier or later comprises deter-
mining whether a bundle-pacing to ventricular-activation
interval reaches a second threshold.

[0305] Embodiment A3 is a method of any A embodiment,
wherein using the processor to adjust the time interval for
bundle pacing comprises adjusting an atrial-activation to
bundle-pacing interval or adjusting a bundle-pacing to lefi-
or right-ventricular-activation interval.

[0306] Embodiment A4 is a method of any A embodiment,
wherein the sensed heart activity comprises one or more of:
an intraventricular interval, a QRS duration, a QRS mor-
phology. a QRS vector, an R-wave timing, a bundle-pacing
to left- or right-ventricular-activation interval, and an atrial-
sensing to left- or right-ventricular-activation interval.
[0307] Embodiment AS is a method of any A embodiment,
wherein the processor is contained in a housing of the
pacemaker.

[0308] Embodiment A6 is a method of any A embodiment,
further comprising: using the processor to determine
whether another QRS parameter acquired from the sensed
heart activity is greater than the first threshold; and in
response to determining that the another QRS parameter is
greater than or equal to the first threshold, using the pro-
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cessor to determine whether the another QRS parameter is
greater than the QRS parameter.

[0309] Embodiment A7 is a method of embodiment A6,
further comprising: in response to determining that the
another QRS parameter is greater than the QRS parameter,
using the processor to increase a bundle pacing output level.
[0310] Embodiment A8 is a method of embodiment A7,
further comprising: using the processor to determine
whether yet another QRS parameter acquired from the
sensed heart activity is greater than the first threshold; and
in response to determining that the yet another QRS param-
eter is greater than the another QRS parameter, using the
processor 1o select an optimal time interval or an optimal
pacing output level for bundle pacing corresponding to a
minimal QRS parameter.

[0311] Embodiment A9 is a method of any A embodiment,
wherein the first threshold is equal to or less than 130 ms.
[0312] Embodiment A10 is a method of any A embodi-
ment, wherein the time interval for bundle pacing is adjusted
by increasing up to 10 ms or decreasing down to 10 ms.
[0313] Embodiment A1l is a method of using an implant-
able medical device having a processor and an electrical
pulse generator comprising: using the processor to control
the electrical pulse generator to adjust delivery of bundle
pacing. The processor is configured to: measure a QRS
parameter and determine whether the QRS parameter is
larger than a threshold; in response to determining that the
QRS parameter is greater than or equal to the threshold,
adjust a bundle-pacing to ventricular-activation interval or a
bundle pacing output level; and deliver bundle pacing using
the adjusted bundle-pacing to ventricular-activation interval
or using the adjusted bundle pacing output level.

[0314] Embodiment A12 is an implantable medical device
for His-bundle or bundle-branch pacing of a patient’s heart
comprising: a sensing circuit configured to sense an atrial
event (As) and a ventricular event (Vs); an electrical pulse
generator configured to generate and deliver electrical His-
bundle or bundle-branch stimulation pulses (Vp); a proces-
sor coupled to the sensing circuit and the electrical pulse
generator and configured to control the electrical pulse
generator to deliver said Vp on expiration of a defined AV
interval or Vp-Vs interval following a said As or Vs. The
processor is further configured to: determine whether Vp
timing should be adjusted; in response to determining that
the Vp timing should be adjusted, determine whether Vp
should be delivered earlier or later; in response to determin-
ing whether the Vp should be delivered earlier or later,
decrease an AV delay if the Vp should be delivered earlier
or increase the AV delay in response to determining Vp
should be delivered later; generate a set of AV delays that are
stored in memory based on iterating through decreases or
increases in the AV delay; select an optimal AV delay from
the set of AV delays stored in memory; and use the optimal
AV delay when delivering His-bundle or bundle-branch
pacing.

[0315] Embodiment A13 is a device of any A embodiment,
wherein the processor is further configured to: in response to
determining that the Vp timing should be adjusted, advance
or delay Vp in response to whether Vp should be delivered
earlier or later to adjust Vp timing.

[0316] Embodiment A14 is a device of any A embodiment,
wherein the processor is further configured to determine
whether Vp timing should be adjusted based on dyssyn-
chrony.
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[0317] Embodiment A15 is a device of embodiment A14,
wherein the processor is further configured to detect dys-
synchrony using one or both of: a comparison of a Vp to
RV-sensing interval with a Vp to LV-sensing interval, and a
QRS morphology change.

[0318] Embodiment A16 is a device of embodiment Al15,
wherein to detect dyssynchrony using a QRS morphology
change comprises comparing a current QRS morphology to
a predetermined QRS morphology representative of an
RBBB or LBBB pattern.

[0319] Embodiment A17 is a device of any of embodi-
ments Al4 to A16, wherein the processor is further config-
ured to: in response to determining that the Vp timing should
be adjusted using dyssynchrony, determining that the Vp
output should be adjusted.

[0320] Embodiment A18 is a device of any A embodiment,
wherein to determine whether Vp timing should be adjusted
is based on one or more criteria comprising one or both of
a QRS parameter and an activation interval.

[0321] Embodiment A19 is a device of embodiment A18§,
wherein the criterion comprises one or more of: a QRS
duration, a QRS morphology change, a QRS vector change,
an RBBB pattern, an LBBB pattern, and a bundle-pacing to
RV- or LV-activation interval.

[0322] Embodiment A20 is a device of embodiment A18
or A19, wherein to determine whether the Vp timing should
be adjusted is based on a QRS parameter being greater than
a threshold.

[0323] Embodiment A21 is a device of any A embodiment,
wherein the implantable medical device comprises one or
more of: a pacemaker with a medical lead, an implantable
cardioverter-defibrillator (ICD), an intracardiac device, a
leadless pacing device (LPD), a subcutaneous ICD, and a
subcutaneous medical device.

[0324] Embodiment A22 is a device of any A embodiment,
wherein the implantable medical device comprises a triple
chamber device, a dual chamber device, or a single chamber
device.

[0325] Embodiment A23 is a device of embodiment A22,
wherein the single chamber device only employs a bundle
pacing lead.

[0326] Embodiment A24 is a device of embodiment A22
or A23, wherein the dual chamber device requires at least a
bundle pacing lead disposed in the His bundle or bundle
branch region and another lead in one of the right ventricle,
left ventricle, or right atrium.

[0327] Embodiment A25 is a device of any of embodi-
ments A22 to A24, further comprising: a housing for con-
taining the sensing circuit, the electrical pulse generator, and
the processor; and a connector interface coupled to the
housing, the connector interface comprising a set of ports for
receiving a set of leads. The set of ports includes: a right
atrial port for receiving a right atrial lead, and a left
ventricular port for receiving a left ventricular lead, wherein
the bundle pacing lead is configured to be coupled to the
right ventricular port.

[0328] Embodiment A26 is a device of embodiment A25,
wherein when the patient is experiencing atrial fibrillation,
the bundle pacing lead is inserted through the device right
atrial port, the right ventricular lead is inserted through the
device right ventricular port, and the left ventricular lead is
inserted through the device left ventricular port.

[0329] Embodiment A27 is a device of embodiment A25
or A26, wherein when a patient is not experiencing atrial
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fibrillation, the bundle pacing lead is inserted through either
the right or left ventricular port of the device, and the right
or left ventricular lead is inserted through the other of the
right or left ventricular port of the device.

[0330] Embodiment A28 is a device of any of embodi-
ments A25 to A27, wherein the right atrial port is configured
to receive a Y-adaptor, the Y-adaptor configured to receive
connections to the tip and ring electrodes of the bundle
pacing lead.

[0331] Embodiment A29 is a device of embodiment A28,
wherein the right ventricular lead is inserted through the
right ventricular port of the device and the left ventricular
lead is inserted through the left ventricular port of the
device.

[0332] Embodiment A30 is a device of any of embodi-
ments A25 to A29, further comprising at least two electrodes
on the housing.

[0333] Embodiment A31 is a device of embodiment A30,
wherein the implantable medical device comprises an intrac-
ardiac device.

[0334] Embodiment A32 is an implantable medical device
for His-bundle or bundle-branch pacing of a patient’s heart
comprising: a sensing circuit configured to sense an atrial
event (As) and a ventricular event (Vs); an electrical pulse
generator configured to generate and deliver electrical His-
bundle or bundle-branch stimulation pulses (Vp); a proces-
sor coupled to the sensing circuit and the electrical pulse
generator and configured to control the electrical pulse
generator to deliver said Vp on expiration of a defined AV
interval or Vp-Vs interval following a said As or Vs. The
processor is further configured to: determine whether RV
activation occurs earlier than LV activation; and in response
to determining RV activation occurs earlier than LV activa-
tion, adjust Vp timing to deliver His-bundle or bundle-
branch pacing based on an LV activation time.

[0335] Embodiment A33 is an implantable medical device
for His-bundle or bundle-branch pacing of a patient’s heart
comprising: a sensing circuit configured to sense an atrial
event (As) and a ventricular event (Vs); an electrical pulse
generator configured to generate and deliver electrical His-
bundle or bundle-branch stimulation pulses (Vp); and a
processor coupled to the sensing circuit and the electrical
pulse generator and configured to control the electrical pulse
generator to deliver said Vp on expiration of a defined AV
interval or Vp-Vs interval following a said As or Vs. The
processor is further configured to: determine whether RV
activation occurs earlier than LV activation; in response to
determining that RV activation does not occur earlier than
LV activation, determine whether RV activation occurs later
than LV activation; and in response to determining RV
activation occurs later than LV activation, adjust Vp timing
to deliver His-bundle or bundle-branch pacing based on an
RV activation time.

[0336] Embodiment A34 is a method of using a pacemaker
for His-bundle or bundle-branch pacing of a patient’s heart
comprising: sensing electrical activity of the patient’s heart
including an atrial event (As) and a ventricular event (Vs);
detecting dyssynchrony based on the sensed electrical activ-
ity of the patient’s heart during the patient’s intrinsic rhythm
or during pacing; and adjusting delivery of His-bundle or
bundle-branch stimulation pulses (Vp) based on the dyssyn-
chrony detected.

[0337] Embodiment A35 is a method of any A embodi-
ment, further comprising: in response to detecting dyssyn-
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chrony in the sensed electrical activity, determining whether
the sensed electrical activity represents a right bundle branch
(RBB) delay, and in response to determining that the sensed
electrical activity represents an RBB delay, delivering Vp to
the left bundle branch (LBB) of the patient’s heart earlier or
deliver right ventricular (RV) pacing earlier.

[0338] Embodiment A36 is a method of any A embodi-
ment, further comprising: in response to detecting dyssyn-
chrony in the sensed electrical activity, determining whether
the sensed electrical activity represents a right bundle branch
(RBB) delay; and in response to determining that the sensed
electrical activity does not represent an RBB delay, deliv-
ering Vp to the right bundle branch (RBB) of the patient’s
heart earlier or delivering left ventricular (LV) pacing ear-
lier.

[0339] Embodiment A37 is a method of any A embodi-
ment, further comprising: in response to detecting dyssyn-
chrony in the sensed electrical activity, determining whether
the sensed electrical activity represents a right bundle branch
(RBB) delay; and in response to determining that the sensed
electrical activity represents an RBB delay, adjusting an
As-Vp interval.

[0340] Embodiment A38 is a method of any of embodi-
ments A34 to A37, further comprising: in response to
detecting dyssynchrony in the sensed electrical activity,
determining whether the sensed electrical activity represents
a right bundle branch (RBB) delay; and in response to
determining that the sensed electrical activity does not
represent an RBB delay, increasing Vp output.

[0341] Embodiment A39 is a method of using a pacemaker
for His-bundle or bundle-branch pacing of a patient’s heart
comprising sensing electrical activity of the patient’s heart
including an atrial event (As) and a ventricular event (Vs),
detecting a right bundle branch block (RBBB) pattern or left
bundle branch block (LBBB) pattern in the sensed electrical
activity of the patient’s heart during the patient’s intrinsic
thythm or during pacing; and adjusting the delivery of
His-bundle or bundle-branch stimulation pulses (Vp) based
on the detected bundle-branch-block pattern.

[0342] Embodiment A40 is a method of any A embodi-
ment, further comprising in response to detecting an RBBB
pattern in the sensed electrical activity, adjusting an As-Vp
interval.

[0343] Embodiment A41 is a method of any A embodi-
ment, further comprising in response to detecting an LBBB
pattern in the sensed electrical activity, increasing Vp out-
put.

[0344] Embodiment B1 is an implantable medical device
for bundle-branch pacing of a patient’s heart comprising a
plurality of electrodes. The plurality of electrodes a left
bundle branch (LBB) cathode electrode positionable, when
implanted, on a left side of the septum of the patient’s heart
proximate to the LBB, and a right bundle branch (RBB)
cathode electrode positionable, when implanted, implant-
able on a right side of the septum of the patient’s heart
proximate to the RBB. The device includes an electrical
pulse generating circuit coupled to the plurality of electrodes
to generate and deliver electrical bundle-branch stimulation
pulses (Vp); and a processor coupled to the electrical pulse
generating circuit, the processor configured to control the
electrical pulse generating circuit to deliver synchronized
left and right bundle-branch Vp using the plurality of
electrodes based on one or both of an atrial event (As) and
a ventricular event (Vs).
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[0345] Embodiment B2 is a device of any B embodiment,
further comprising a sensing circuit operably coupled to the
processor and the plurality of electrodes to sense electrical
activity of the patient’s heart including As or Vs using at
least one of the plurality of electrodes.

[0346] Embodiment B3 is a device of any B embodiment,
wherein the LBB cathode electrode does not pierce or
extend into the left ventricle.

[0347] Embodiment B4 is a device of any B embodiment,
wherein the synchronized left and right bundle-branch Vp
are delivered simultaneously.

[0348] Embodiment B5 is a device of any B embodiment,
wherein the synchronized left and right bundle-branch Vp
are delivered sequentially or with a delay between the left
bundle-branch Vp and the right bundle-branch Vp.

[0349] Embodiment B6 is a device of any B embodiment,
further comprising a medical electrical lead to deliver Vp,
the medical electrical lead comprising a lead body, the
plurality of electrodes disposed on the lead body to deliver
pacing pulses within a single cardiac cycle.

[0350] Embodiment B7 is a device of embodiment B6,
wherein the lead body comprises a shaft extending longitu-
dinally and a stopper protruding radially outward from the
shaft configured to prevent the left bundle-branch electrode
from perforating into the left ventricle.

[0351] Embodiment B8 is a device of embodiment B6 or
B7, wherein the plurality of electrodes comprises an atrial
electrode coupled to the lead body and implantable in the
patient’s heart to sense As.

[0352] Embodiment B9 is a device of embodiment BS,
wherein the atrial electrode 1s spaced at least S cm from one
of the bundle-branch cathode electrodes.

[0353] Embodiment B10 is a device of any B embodi-
ment, wherein the implantable medical device is a leadless
pacing device (LPD) comprising a housing and at least one
of the plurality of electrodes is leadlessly connected to the
housing.

[0354] Embodiment B11 is a device of embodiment B10,
wherein the at least one electrode leadlessly connected to the
housing is in the shape of a ring electrode.

[0355] Embodiment B12 is a device of any B embodi-
ment, wherein the implantable medical device is a leadless
pacing device (LPD) comprising a housing and at least one
of the plurality of electrodes is leadlessly connected to a
piercing element extending axially from the housing.
[0356] Embodiment B13 is a device of embodiment B12,
further comprising a fixation element different than the
piercing element extending axially from the housing.
[0357] Embodiment B14 is a method of using a pacemaker
for bundle-branch pacing of a patient’s heart comprising:
sensing electrical activity of the patient’s heart including an
atrial event (As) and a ventricular event (Vs); and delivering
synchronized left and right bundle-branch stimulation pulses
(Vp) using left and right bundle-branch cathode electrodes
based on one or both of As and Vs, wherein the left bundle
branch (LBB) cathode electrode is implantable on a left side
of the septum of the patient’s heart proximate to the LBB of
the patient’s heart, wherein the right bundle branch (RBB)
cathode electrode is implantable on a right side of the
septum of the patient’s heart proximate to the RBB.
[0358] Embodiment B15 is a method of positioning a
bundle pacing electrode in a patient’s heart comprising:
monitoring electrical activity of the patient’s heart using one
or both of an external electrode and a bundle pacing elec-
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trode on a bundle pacing lead or leadless device; rotating or
advancing the bundle pacing lead or leadless device toward
the His bundle or bundle branch of the patient’s heart while
intermittently applying pacing with the bundle pacing elec-
trode; determining whether an RBBB pattern is present
based on the monitored electrical activity; determining
whether the patient’s heart has a right bundle branch block
(RBBB); and in response to determining that an RBBB
pattern is present during applied pacing and that the patient’s
heart does not have a RBBB, fixing the bundle pacing lead
or leadless device for left bundle branch pacing.

[0359] Embodiment B16 is a method of any B embodi-
ment, further comprising in response to determining that an
LBBB pattern is present and the patient’s heart has a RBBB,
continuing to rotate or advance the bundle pacing lead or
leadless device toward the left bundle branch of the patient’s
heart.

[0360] Embodiment B17 is a method of embodiment B16,
further comprising: in response to continuing to rotate or
advance the bundle pacing lead or leadless device, deter-
mining whether the monitored electrical activity represents
an RBBB pattern, RBB delay, or near-normal electrocardio-
gram (ECG); and in response to determining that an RBBB
pattern, RBB delay, or near-normal ECG is present, fixing
the bundle pacing lead or leadless device.

[0361] Embodiment B18 is a method of embodiment B17,
further comprising: determining whether an impedance
change of the bundle pacing electrode falls below a thresh-
old; in response to determining that the impedance change of
the bundle pacing electrode does not fall below a threshold,
continuing to rotate or advance the bundle pacing lead or
leadless device or fixing the bundle pacing lead or leadless
device; and in response to determining that the impedance
change of the bundle pacing electrode does fall below the
threshold, reversing rotation or advancement of the bundle
pacing lead or leadless device.

[0362] Embodiment B19 is a method of embodiment B18,
wherein the threshold is less than 50% of a previously
measured impedance of the bundle pacing electrode.
[0363] Embodiment B20 is a method of embodiment B18
or B19, further comprising fixing the bundle pacing lead or
leadless device in response to an impedance of the bundle
pacing electrode being within a normal range.

[0364] Embodiment C1 is a leadless pacing device (LPD)
for His-bundle or bundle-branch pacing in a patient’s heart
comprising: an intracardiac housing; a plurality of electrodes
comprising a bundle pacing electrode leadlessly connected
to the housing and implantable proximate to or in the His
bundle or bundle branch of the patient’s heart; a sensing
circuit operably coupled to the plurality of electrodes and
configured to sense one or both of an atrial event (As) and
a ventricular event (Vs) using at least one of the plurality of
electrodes; and an electrical pulse generator coupled to the
bundle pacing electrode, the electrical pulse generator con-
figured to generate and deliver electrical His-bundle or
bundle-branch stimulation pulses (Vp) based on one or both
of As and Vs to the patient’s heart using the bundle pacing
electrode.

[0365] Embodiment C2 is a device of any C embodiment,
further comprising a processor coupled to the sensing circuit
and the electrical pulse generator, the processor configured
to adjust a time interval or a pacing output level for
His-bundle or bundle-branch pacing based on one or both of
As and Vs sensed by the sensing circuit.



US 2019/0111270 Al

[0366] Embodiment C3 is a device of any C embodiment,
wherein when the plurality of electrodes is positioned proxi-
mate to the His bundle or bundle branch, wherein the
plurality of electrodes is configured to not pierce or extend
into the left ventricle.

[0367] Embodiment C4 is a device of any C embodiment,
wherein the plurality of electrodes comprises an atrial cath-
ode electrode leadlessly connected to the housing and
implantable in the patient’s heart to sense As.

[0368] Embodiment C35 is a device of any C embodiment,
wherein the bundle pacing electrode is leadlessly connected
to a piercing element extending axially from the housing.
[0369] Embodiment C6 is a device of embodiment C5,
wherein the piercing element is also configured as a fixation
element.

[0370] Embodiment C7 is a device of embodiment C5 or
C6, further comprising a fixation element different than the
piercing element extending axially from the housing.
[0371] Embodiment C8 is a leadless pacing device (LPD)
for His-bundle or bundle-branch pacing in a patient’s heart
comprising: an intracardiac housing; a communication inter-
face disposed in the housing configured to receive signals
from a subcutaneously implanted device (SD); and a con-
troller disposed in the housing operatively coupled to at least
one electrode configured to deliver His-bundle or bundle-
branch pacing pulses to the patient’s heart in response to the
received signals.

[0372] Embodiment C9 is an LPD of any C embodiment,
wherein the controller is further configured to deliver His-
bundle or bundle-branch pacing pulses adapted to achieve
synchrony of the patient’s heart in a manner manifested in
a plurality of far-field electrical signals as: a narrowed QRS
duration, or a correction of left branch bundle block (LBBB)
or right branch bundle block (RBBB) patterns in QRS
morphology.

[0373] Embodiment C10 is an LPD of any C embodiment,
wherein the controller is further configured to adapt His-
bundle or bundle-branch pacing pulse timing or pacing
output level based on a detected A-V dyssynchrony.
[0374] Embodiment C11 is an LPD of any C embodiment,
wherein the controller is further configured to adapt His-
bundle or bundle-branch pacing pulse timing or pacing
output level based on a detected V-V dyssynchrony.
[0375] Embodiment C12 is an LPD of any C embodiment,
wherein the controller is further configured to adapt His-
bundle or bundle-branch pacing pulse timing or pacing
output level based on dyssynchrony detected by the SD.
[0376] Embodiment C13 is an LPD of any C embodiment,
further comprising the SD, wherein the SD is configured to
deliver electrical pulses to cardiac tissue, the electrical
pulses being related to a different therapy than therapy
provided by the LPD.

[0377] Embodiment C14 is an LPD of embodiment C13,
wherein the different therapy comprises cardiac resynchro-
nization therapy.

[0378] Embodiment C15 is an LPD of any C embodiment,
wherein a subcutaneous electrode associated with the SD is
employed to sense electrical signals from the patient’s heart
to determine the timings of atrial and ventricular activations.
[0379] Embodiment C16 is an LPD of any C embodiment,
wherein the at least one electrode of the LPD is positioned
within 10 mm of the His bundle or left bundle branch of the
patient’s heart.
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[0380] Embodiment C17 is an LPD of any C embodiment,
wherein the LPD comprises an elongated helical tip to
extend proximate to the His bundle or bundle branch.
[0381] Embodiment C18 is an LPD of any C embodiment,
wherein the LPD comprises an elongated needle to extend
near the His bundle or bundle branch.

[0382] Embodiment C19 is an LPD of any C embodiment,
wherein the LPD comprises a fixation element to attach the
LPD to the patient’s heart.

[0383] Embodiment C20 is an LPD of any C embodiment,
wherein the LPD comprises a medical electrical lead, the
lead comprising a stopper to prevent the at least one elec-
trode of the LPD from perforating into the left ventricle of
the patient’s heart.

[0384] Embodiment C21 is a method of His-bundle or
bundle-branch pacing comprising: using a subcutaneously
implanted device (SD) to sense far-field electrical signals;
determining a QRS parameter or activation based on the
far-field electrical signals; and communicating a timing to a
leadless pacing device (LPD) to deliver His-bundle or
bundle-branch pacing using an atrial-activation to bundle-
pacing interval.

[0385] Thus, various embodiments of HIS BUNDLE
AND BUNDLE BRANCH PACING ADJUSTMENT are
disclosed. It should be understood that various aspects
disclosed herein may be combined in different combinations
than the combinations specifically presented in the descrip-
tion and accompanying drawings. It should also be under-
stood that, depending on the example, certain acts or events
of any of the processes or methods described herein may be
performed in a different sequence, may be added, merged, or
left out altogether (e.g., all described acts or events may not
be necessary to carry out the techniques). In addition, while
certain aspects of this disclosure are described as being
performed by a single module or unit for purposes of clarity,
it should be understood that the techniques of this disclosure
may be performed by a combination of units or modules
associated with, for example, a medical device.

[0386] In one or more examples, the described techniques
may be implemented in hardware, software, firmware, or
any combination thereof. If implemented in software, the
functions may be stored as one or more instructions or code
on a computer-readable medium and executed by a hard-
ware-based processing unit. Computer-readable media may
include non-transitory computer-readable media, which cor-
responds to a tangible medium such as data storage media
(e.g., RAM, ROM, EEPROM, flash memory, or any other
medium that can be used to store desired program code in
the form of instructions or data structures and that can be
accessed by a computer).

[0387] Instructions may be executed by one or more
processors, such as one or more digital signal processors
(DSPs), general purpose microprocessors, application spe-
cific integrated circuits (ASICs), field programmable logic
arrays (FPGAs), or other equivalent integrated or discrete
logic circuitry. Accordingly, the term “processor” as used
herein may refer to any of the foregoing structure or any
other physical structure suitable for implementation of the
described techniques. Also, the techniques could be fully
implemented in one or more circuits or logic elements.
[0388] All references and publications cited herein are
expressly incorporated herein by reference in their entirety
for all purposes, except to the extent any aspect directly
contradicts this disclosure.
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[0389] All scientific and technical terms used herein have
meanings commonly used in the art unless otherwise speci-
fied. The definitions provided herein are to facilitate under-
standing of certain terms used frequently herein and are not
meant to limit the scope of the present disclosure.

[0390] Unless otherwise indicated, all numbers expressing
feature sizes, amounts, and physical properties used in the
specification and claims may be understood as being modi-
fied either by the term “exactly” or “about.” Accordingly,
unless indicated to the contrary, the numerical parameters set
forth in the foregoing specification and attached claims are
approximations that can vary depending upon the desired
properties sought to be obtained by those skilled in the art
utilizing the teachings disclosed herein or, for example,
within typical ranges of experimental error.

[0391] The recitation of numerical ranges by endpoints
includes all numbers subsumed within that range (e.g. 1 to
5 includes 1, 1.5, 2, 2.75, 3, 3.80, 4, and 5) and any range
within that range. Herein, the terms “up to” or “no greater
than” a number (e.g., up to 50) includes the number (e.g.,
50), and the term “no less than” a number (e.g., no less than
5) includes the number (e.g., 5).

[0392] The terms “coupled” or “connected” refer to ele-
ments being attached to each other either directly (in direct
contact with each other) or indirectly (having one or more
elements between and attaching the two elements). Fither
term may be modified by “operatively” and “operably,”
which may be used interchangeably, to describe that the
coupling or connection is configured to allow the compo-
nents to interact to carry out at least some functionality (for
example, a mobile user device may be operatively coupled
to a cellular network transmit data to or receive data there-
from).

[0393] Terms related to orientation, such as “top,” “bot-
tom,” “side,” and “end,” are used to describe relative posi-
tions of components and are not meant to limit the orienta-
tion of the embodiments contemplated. For example, an
embodiment described as having a “top” and “bottom” also
encompasses embodiments thereof rotated in various direc-
tions unless the content clearly dictates otherwise.

[0394] Reference to “one embodiment,” “an embodi-
ment,” “certain embodiments,” or “some embodiments,”
etc., means that a particular feature, configuration, compo-
sition, or characteristic described in connection with the
embodiment is included in at least one embodiment of the
disclosure. Thus, the appearances of such phrases in various
places throughout are not necessarily referring to the same
embodiment of the disclosure. Furthermore, the particular
features, configurations, compositions, or characteristics
may be combined in any suitable manner in one or more
embodiments.

[0395] As used in this specification and the appended
claims, the singular forms “a,” “an,” and “the” encompass
embodiments having plural referents, unless the content
clearly dictates otherwise. As used in this specification and
the appended claims, the term “or” is generally employed in
its sense including “and/or” unless the content clearly dic-
tates otherwise.

[0396] As used herein, “have,” “having,” “include,”
“including,” “comprise,” “comprising” or the like are used
in their open-ended sense, and generally mean “including,
but not limited to.” It will be understood that “consisting
essentially of,” “consisting of,” and the like are subsumed in
“comprising,” and the like.
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[0397] The term “and/or” means one or all of the listed
elements or a combination of at least two of the listed
elements.

[0398] The phrases “at least one of,” “comprises at least
one of,” and “one or more of” followed by a list refers to any
one of the items in the list and any combination of two or
more items in the list.

1. A method of using a pacemaker for His-bundle or
bundle-branch pacing of a patient’s heart, the method com-
prising:

sensing heart activity using a set of electrodes associated

with the pacemaker;
using a processor in the pacemaker to determine whether
one of a QRS parameter and an activation interval
acquired from the sensed heart activity is greater than
a first threshold;

in response to determining whether the QRS parameter or
activation interval is greater than the first threshold,
using the processor to determine whether bundle pacing
should be delivered earlier or later; and

in response to determining whether bundle pacing should

be delivered earlier or later, using the processor to
adjust a time interval for bundle pacing.

2. The method of claim 1, wherein using the processor to
determine whether bundle pacing should be delivered earlier
or later comprises determining whether a bundle-pacing to
ventricular-activation interval reaches a second threshold.

3. The method of claim 1, wherein using the processor to
adjust the time interval for bundle pacing comprises adjust-
ing an atrial-activation to bundle-pacing interval or adjusting
a bundle-pacing to left- or right-ventricular-activation inter-
val.

4. The method of claim 1, wherein the sensed heart
activity comprises one or more of: an intraventricular inter-
val, a QRS duration, a QRS morphology, a QRS vector, an
R-wave timing, a bundle-pacing to left- or right-ventricular-
activation interval, and an atrial-sensing to left- or right-
ventricular-activation interval.

5. The method of claim 1, wherein the processor is
contained in a housing of the pacemaker.

6. The method of claim 1, further comprising:

using the processor to determine whether another QRS

parameter acquired from the sensed heart activity is
greater than the first threshold; and

in response to determining that the another QRS param-

eter is greater than or equal to the first threshold, using
the processor to determine whether the another QRS
parameter is greater than the QRS parameter.

7. The method of claim 6, further comprising:

in response to determining that the another QRS param-

eter is greater than the QRS parameter, using the
processor to increase a bundle pacing output level.

8. The method of claim 7, further comprising:

using the processor to determine whether yet another QRS

parameter acquired from the sensed heart activity is
greater than the first threshold; and

in response to determining that the yet another QRS

parameter is greater than the another QRS parameter,
using the processor to select an optimal time interval or
an optimal pacing output level for bundle pacing cor-
responding to a minimal QRS parameter.

9. The method of claim 1, wherein the first threshold is
equal to or less than 130 ms.
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10. The method of claim 1, wherein the time interval for
bundle pacing is adjusted by increasing up to 10 ms or
decreasing down to 10 ms.

11. A method of using an implantable medical device
having a processor and an electrical pulse generator, the
method comprising:

using the processor to control the electrical pulse genera-

tor to adjust delivery of bundle pacing, the processor

configured to:

measure a QRS parameter and determine whether the
QRS parameter is larger than a threshold,

in response to determining that the QRS parameter is
greater than or equal to the threshold, adjust a
bundle-pacing to ventricular-activation interval or a
bundle pacing output level; and

deliver bundle pacing using the adjusted bundle-pacing
to ventricular-activation interval or using the
adjusted bundle pacing output level.

12. An implantable medical device for His-bundle or
bundle-branch pacing of a patient’s heart, the device com-
prising:

a sensing circuit configured to sense an atrial event (As)

and a ventricular event (Vs);

an electrical pulse generator configured to generate and

deliver electrical His-bundle or bundle-branch stimu-
lation pulses (Vp); and

a processor coupled to the sensing circuit and the elec-

trical pulse generator and configured to control the

electrical pulse generator to deliver said Vp on expi-

ration of a defined AV interval or Vp-Vs interval

following a said As or Vs, the processor further con-

figured to:

determine whether Vp timing should be adjusted;

in response to determining that the Vp timing should be
adjusted, determine whether Vp should be delivered
earlier or later;

in response to determining whether the Vp should be
delivered earlier or later, decrease an AV delay if the
Vp should be delivered earlier or increase the AV
delay in response to determining Vp should be
delivered later;

generate a set of AV delays that are stored in memory
based on iterating through decreases or increases in
the AV delay;

select an optimal AV delay from the set of AV delays
stored in memory; and

use the optimal AV delay when delivering His-bundle
or bundle-branch pacing.

13. The device of claim 12, wherein the processor is
further configured to: in response to determining that the Vp
timing should be adjusted, advance or delay Vp in response
to whether Vp should be delivered earlier or later to adjust
Vp timing.

14. The device of claim 12, wherein the processor is
further configured to determine whether Vp timing should
be adjusted based on dyssynchrony.

15. The device of claim 14, wherein the processor is
further configured to detect dyssynchrony using one or both
of:

a comparison of a Vp to RV-sensing interval with a Vp to

[V-sensing interval, and a QRS morphology change.

16. The device of claim 15, wherein to detect dyssyn-

chrony using a QRS morphology change comprises com-
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paring a current QRS morphology to a predetermined QRS
morphology representative of an RBBB or LBBB pattern.

17. The device of claim 14, wherein the processor is
further configured to: in response to determining that the Vp
timing should be adjusted using dyssynchrony, determining
that the Vp output should be adjusted.

18. The device of claim 12, wherein to determine whether
Vp timing should be adjusted is based on one or more
criteria comprising one or both of a QRS parameter and an
activation interval.

19. The device of claim 18, wherein the criterion com-
prises one or more of: a QRS duration, a QRS morphology
change, a QRS vector change, an RBBB pattern, an LBBB
pattern, and a bundle-pacing to RV- or LV-activation inter-
val.

20. The device of claim 18, wherein to determine whether
the Vp timing should be adjusted is based on a QRS
parameter being greater than a threshold.

21. The device of claim 12, wherein the implantable
medical device comprises one or more of: a pacemaker with
a medical lead, an implantable cardioverter-defibrillator
(TCD), an intracardiac device, a leadless pacing device
(LPD), a subcutaneous ICD, and a subcutaneous medical
device.

22. The device of claim 12, wherein the implantable
medical device comprises a triple chamber device, a dual
chamber device, or a single chamber device.

23. The device of claim 22, wherein the single chamber
device only employs a bundle pacing lead.

24. The device of claim 22, wherein the dual chamber
device requires at least a bundle pacing lead disposed in the
His bundle or bundle branch region and another lead in one
of the right ventricle, left ventricle, or right atrium.

25. The device of claim 22, further comprising:

a housing for containing the sensing circuit, the electrical

pulse generator, and the processor; and

a connector interface coupled to the housing, the connec-

tor interface comprising a set of ports for receiving a set

of leads, the set of ports including:

a right atrial port for receiving a right atrial lead, and

a left ventricular port for receiving a left ventricular
lead,

wherein the bundle pacing lead is configured to be
coupled to the right ventricular port.

26. The device of claim 25, wherein when the patient is
experiencing atrial fibrillation, the bundle pacing lead is
inserted through the device right atrial port, the right ven-
tricular lead is inserted through the device right ventricular
port, and the left ventricular lead is inserted through the
device left ventricular port.

27. The device of claim 25, wherein when a patient is not
experiencing atrial fibrillation,

the bundle pacing lead is inserted through either the right

or left ventricular port of the device, and

the right or left ventricular lead is inserted through the

other of the right or left ventricular port of the device.

28. The device of claim 25, wherein the right atrial port
is configured to receive a Y-adaptor, the Y-adaptor config-
ured to receive connections to the tip and ring electrodes of
the bundle pacing lead.

29. The device of claim 28, wherein the right ventricular
lead is inserted through the right ventricular port of the
device and the left ventricular lead is inserted through the
left ventricular port of the device.
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30. The device of claim 25, further comprising at least two
electrodes on the housing.

31. The device of claim 30, wherein the implantable
medical device comprises an intracardiac device.

32. An implantable medical device for His-bundle or
bundle-branch pacing of a patient’s heart, the device com-
prising:

a sensing circuit configured to sense an atrial event (As)

and a ventricular event (Vs);

an electrical pulse generator configured to generate and

deliver electrical His-bundle or bundle-branch stimu-
lation pulses (Vp); and

a processor coupled to the sensing circuit and the elec-

trical pulse generator and configured to control the

electrical pulse generator to deliver said Vp on expi-

ration of a defined AV interval or Vp-Vs interval

following a said As or Vs, the processor further con-

figured to:

determine whether RV activation occurs earlier than LY
activation; and

in response to determining RV activation occurs earlier
than LV activation, adjust Vp timing to deliver
His-bundle or bundle-branch pacing based on an LV
activation time.

33. An implantable medical device for His-bundle or
bundle-branch pacing of a patient’s heart, the device com-
prising:

a sensing circuit configured to sense an atrial event (As)

and a ventricular event (Vs);

an electrical pulse generator configured to generate and

deliver electrical His-bundle or bundle-branch stimu-
lation pulses (Vp); and
a processor coupled to the sensing circuit and the elec-
trical pulse generator and configured to control the
electrical pulse generator to deliver said Vp on expi-
ration of a defined AV interval or Vp-Vs interval
following a said As or Vs, the processor further con-
figured to:
determine whether RV activation occurs earlier than LY
activation;
in response to determining that RV activation does not
occur earlier than LV activation, determine whether
RV activation occurs later than LV activation; and
in response to determining RV activation occurs later
than LV activation, adjust Vp timing to deliver
His-bundle or bundle-branch pacing based on an RV
activation time.
34. A method of using a pacemaker for His-bundle or
bundle-branch pacing of a patient’s heart, the method com-
prising:
sensing electrical activity of the patient’s heart including
an atrial event (As) and a ventricular event (Vs);

detecting dyssynchrony based on the sensed electrical
activity of the patient’s heart during the patient’s intrin-
sic thythm or during pacing; and
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adjusting delivery of His-bundle or bundle-branch stimu-

lation pulses (Vp) based on the dyssynchrony detected.

35. The method of claim 34, further comprising;

in response to detecting dyssynchrony in the sensed

electrical activity, determining whether the sensed elec-
trical activity represents a right bundle branch (RBB)
delay, and

in response to determining that the sensed electrical

activity represents an RBB delay, delivering Vp to the
left bundle branch (LBB) of the patient’s heart earlier
or deliver right ventricular (RV) pacing earlier.

36. The method of claim 34, further comprising;

in response to detecting dyssynchrony in the sensed

electrical activity, determining whether the sensed elec-
trical activity represents a right bundle branch (RBB)
delay; and

in response to determining that the sensed electrical

activity does not represent an RBB delay, delivering Vp
to the right bundle branch (RBB) of the patient’s heart
earlier or delivering left ventricular (LV) pacing earlier.

37. The method of claim 34, further comprising:

in response to detecting dyssynchrony in the sensed

electrical activity, determining whether the sensed elec-
trical activity represents a right bundle branch (RBB)
delay; and

in response to determining that the sensed electrical

activity represents an RBB delay, adjusting an As-Vp
interval.

38. The method of claim 34, further comprising;

in response to detecting dyssynchrony in the sensed

electrical activity, determining whether the sensed elec-
trical activity represents a right bundle branch (RBB)
delay; and

in response to determining that the sensed electrical

activity does not represent an RBB delay, increasing Vp
output.
39. A method of using a pacemaker for His-bundle or
bundle-branch pacing of a patient’s heart, the method com-
prising:
sensing electrical activity of the patient’s heart including
an atrial event (As) and a ventricular event (Vs);

detecting a right bundle branch block (RBBB) pattern or
left bundle branch block (LBBB) pattern in the sensed
electrical activity of the patient’s heart during the
patient’s intrinsic rhythm or during pacing; and

adjusting the delivery of His-bundle or bundle-branch
stimulation pulses (Vp) based on the detected bundle-
branch-block pattern.

40. The method of claim 39, further comprising in
response to detecting an RBBB pattern in the sensed elec-
trical activity, adjusting an As-Vp interval.

41. The method of claim 39, further comprising in
response to detecting an LBBB pattern in the sensed elec-
trical activity, increasing Vp output.
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