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HIS CAPTURE VERIFICATION USING ELECTRO-
MECHANICAL DELAY

CLAIM OF PRIORITY
This application claims benefit of priority to Maskara et al., U.S. Provisional
Patent Application Serial No. 61/452,412, entitled “His Capture Verification Using
Electro-mechanical Delay” (Atty. Docket No. 279.J12PRV), filed on March 14,

2011, which is hereby incorporated herein by reference in its entirety.

BACKGROUND

A medical device can be implanted in a body to perform one or more tasks
including monitoring, detecting, or sensing physiological information in or
otherwise associated with the body, diagnosing a physiological condition or disease,
treating or providing a therapy for a physiological condition or disease, or restoring
or otherwise altering the function of an organ or a tissue. Examples of an
implantable medical device can include a cardiac rhythm management device, such
as a pacemaker, a cardiac resynchronization therapy device, a cardioverter or
defibrillator, a neurological stimulator, a neuromuscular stimulator, or a drug
delivery system.

In various examples, cardiac rhythm or function management devices can
sense intrinsic heart contractions, deliver pacing pulses to evoke responsive heart
contractions, or deliver a shock to interrupt certain arrhythmias. In certain examples,
one or more of these functions can help improve a patient's heart thythm or can help
coordinate a spatial nature of a heart contraction, either of which can improve
cardiac output of blood to help meet the patient's metabolic need for such cardiac
output.

Some cardiac rhythm or function management devices can be configured to
deliver energy at or near the His bundle to achieve pacing via natural conduction
pathways, such as via Purkinje fiber conduction of electrical impulses. Various
methods for verification of cardiac capture have been proposed. For example, Zhu
et al. PCT Patent Publication No. WO 2010/071849, entitled DEVICES,
METHODS, AND SYSTEMS INCLUDING CARDIAC PACING, which is
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incorporated herein by reference in its entirety, refers to determining the
effectiveness or completeness of His-bundle capture using attributes of a QRS
signal, such as QRS narrowing, or using mechanical or hemodynamic sensors.
Dong et al. U.S. Patent Application No. 61/328,248 entitled HIS-BUNDLE
CAPTURE VERIFICATION AND MONITORING, which is incorporated by
reference herein in its entirety, refers to His-bundle capture verification using

hemodynamic sensors such as heart sound or blood pressure sensors.

OVERVIEW

The efficiency of a cardiac response to artificial pacing can depend on many
factors, including how and where pacing is performed. An efficient pacing
technique, at least in terms of cardiac output, can include pacing at the His-bundle.
Pacing at the His-bundle can activate the heart’s natural conduction mechanisms,
such as the left and right branch bundles and Purkinje fibers, producing an efficient
and coordinated cardiac response.

This document describes, among other things, systems, methods, machine-
readable media, or other techniques that can involve stimulating a His-bundle at a
first time, receiving cardiac activity information from other than an intrinsic heart
signal, computing a time interval, and using the time interval to provide a cardiac
stimulation diagnostic indication, such as an indication of cardiac capture via His-
bundle stimulation.

The techniques can involve detecting intrinsic and non-intrinsic cardiac
activity, such as using a plurality of sensors to detect electrical or mechanical
cardiac events. Using timing information associated with detected cardiac activity,
discrimination between Purkinje fiber cardiac capture, cell-to-cell conduction
cardiac capture, and intrinsic conduction cardiac contractions can be provided in an
automated fashion, such as without analysis of QRS waveforms.

The present inventors have recognized, among other things, that a problem
to be solved can include providing verification of cardiac capture in response to His-
bundle stimulation. Verification of cardiac capture can be shown by QRS

narrowing, an attribute that can be discerned from multi-axis ECG data. However,
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multi-axis ECG data are often not available to an implanted medical device. In an
example, the present subject matter can provide a solution to the capture verification
problem, such as by measuring time intervals between paced and sensed cardiac
events. In an example, a single sensor can be used to provide cardiac activity
information and related interval information. The interval information can be
compared to a threshold value to provide cardiac diagnostic information, including
cardiac capture verification information.

This overview is intended to provide an overview of subject matter of the
present patent application. It is not intended to provide an exclusive or exhaustive
explanation of the invention. The detailed description is included to provide further

information about the present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, which are not necessarily drawn to scale, like numerals may
describe similar components in different views. Like numerals having different
letter suffixes may represent different instances of similar components. The
drawings illustrate generally, by way of example, but not by way of limitation,
various embodiments discussed in the present document.

FIG. 1 illustrates generally an example of a system including a cardiac
stimulating circuit, a cardiac sensing circuit, and a processor.

FIG. 2 illustrates generally an example of a system including an implantable
medical device (IMD) in a subject, the IMD wirelessly coupled to an external
module.

FIG. 3 illustrates generally an example of a portion of an IMD for delivering
cardiac therapy and monitoring cardiac activity.

FIG. 4 illustrates generally an example of a system or portion of a system for
delivering cardiac therapy or monitoring cardiac activity.

FIG. 5 illustrates generally an example of a system or portion of a system for
delivering cardiac therapy or monitoring cardiac activity.

FIG. 6 illustrates generally an example of measuring a time interval using

electrical and pressure signals.
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FIG. 7 illustrates generally an example of a timeline illustrating time
intervals related to intrinsic cardiac activity and cardiac activity in response to His-
bundle stimulation.

FIG. 8 illustrates generally an example of intervals describing various types
of cardiac activity.

FIG. 9 illustrates generally an example that can include generating
stimulation energy, stimulating a His-bundle, receiving cardiac activity information
using a sensor, computing a time interval, and providing a cardiac stimulation
diagnostic indication.

FIG. 10 illustrates generally an example that can include observing intrinsic
cardiac activity, receiving cardiac activity information, and computing a time
interval.

FIG. 11 illustrates generally an example that can include computing a time
interval, comparing an interval to a threshold, and providing a cardiac stimulation
diagnostic indication.

FIG. 12 illustrates generally an example that can include computing a time
interval, classifying a time interval, and discriminating between Purkinje fiber
cardiac capture, cell-to-cell cardiac capture, and intrinsic cardiac conduction.

FIG. 13 illustrates generally an example that can include generating a
stimulation energy, stimulating a His-bundle, receiving cardiac activity information
from more than one source, validating cardiac activity information, computing a

time interval, and providing a cardiac stimulation diagnostic indication.

DETAILED DESCRIPTION
Stimulation energy can be provided to a His-bundle to activate natural,
coordinated cardiac contraction mechanisms. Interval information, such as can
describe a response to an application of His-bundle stimulation energies, can
provide cardiac stimulation diagnostic information. For example, interval
information can be used to discriminate between intrinsic conduction cardiac

contractions and contractions in response to His-bundle pacing.
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A natural conduction pathway of the heart that can activate cardiac
contractions originates in the sinoatrial (SA) node in the right atrium of the heart.
Intrinsic electrical impulses, generated at the SA node, can trigger the atria to
contract. From the SA node, a conduction pathway leads electrical impulses to the
atrioventricular (AV) node, located between the atrium and the ventricle. Following
a delay at the AV node, conduction can continue through the His-bundle to the left
and right bundle branches, then to the Purkinje fibers and the apex of the heart, and
finally up and around to the ventricular myocardium to produce a coordinated
cardiac contraction, such as of both the left and right ventricles.

Cardiac contractions using a natural conduction pathway, such as intrinsic
contractions, can be faster and more efficient than paced contractions, such as via
apical or biventricular pacing. Accordingly, providing stimulation energy (e.g., a
pacing energy) to a portion of the natural conduction pathway, such as a His-bundle,
can activate the faster-conducting fibers, such as the Purkinje fibers, to provide
more efficient physiological stimulation and potentially better hemodynamic
benefits to a subject.

In an example, left bundle branch block (LBBB) can be due to a blockage
located in the His-bundle. In such a scenario, cardiac resynchronization therapy
with a single lead at the His-bundle, distal to the blockage or defect, can be more
effective than traditional biventricular pacing. However, His-bundle pacing may
have higher activation thresholds and may be more susceptible to small changes in
lead positioning.

FIG. 1 illustrates generally an example of a system 100 that can include a
cardiac stimulating circuit 110, a cardiac sensing circuit 111, and a processor circuit
112. In an example, the cardiac stimulating circuit 110 can be configured to
generate a stimulation energy configured to invoke a cardiac depolarization. In an
example, the stimulation energy can be configured to provide His-bundle
stimulation. His-bundle stimulation can be provided, for example, from the right
ventricle at one or more locations along the interventricular septum, the right
ventricular outflow tract septum, the right atrium, or one or more other locations

near the His-bundle.
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In an example, the cardiac sensing circuit 111 can be configured to receive
electrical information from the heart, for example, over at least a portion of the
cardiac cycle. In an example, the electrical information can include an electrical
cardiogram (ECG) signal (e.g., an evoked response, a subcutancous ECG, or other),
an electrical signal from a heart sound sensor such as a microphone, an electrical
signal from an accelerometer configured to provide an indication of mechanical
cardiac activity, an electrical signal from a pressure sensor configured to provide an
indication of a pressure, such as a central venous pressure (CVP), or one or more
other electrical signals indicative of cardiac information (e.g., thoracic impedance).

The processor circuit 112 can be configured to determine a characteristic of
the received electrical information from the heart over at least a portion of the
cardiac cycle using the received electrical information. In an example, the
characteristics can include at least one of:

(1) a width, amplitude, slope, or latency of a QRS complex;

(2) a pressure;

(3) an indication of mechanical motion provided by an accelerometer; or

(4) an impedance.

In an example, one or more other characteristics can be used, such as a measure of
contractility, synchrony, or cardiac output, among others. In an example,
characteristics can include QRS axis/polarity or repolarization index information
(e.g., T-wave polarity, measures or surrogate measures of repolarization time, etc.),
or an indication of QRS axis deviation, such as can be provided by an array of
electrodes disposed on or in a body.

Information from the determined characteristics can be used to calculate a
time interval. For example, a first time interval can indicate an intrinsic AH delay,
the time from a sensed event in the atrium to the arrival of an electrical signal at the
His-bundle. A second time interval can indicate the time from a sensed cardiac
event, such as an atrial contraction, to LV dP/dt.x, the time at which the left
ventricle reaches a maximum pressure. Numerous additional or alternative other
intervals can be measured, such as using the electrode and sensor configurations

described in FIGS. 3, 4, and 5.
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In an example, the processor circuit 112 can be configured to provide a
cardiac stimulation diagnostic indication using the determined characteristic or
interval, such as using a detected change in the determined characteristic or interval,
or comparing the determined characteristic or interval to a threshold. For example,
the processor circuit 112 can provide a cardiac stimulation diagnostic indication
using a cardiac stimulation diagnostic metric. In an example, the cardiac
stimulation diagnostic indication can be used to discriminate between His-bundle
cardiac capture via Purkinje fiber conduction, cell-to-cell conduction cardiac
capture, and intrinsic conduction cardiac contraction, such as using the systems and
methods described below.

In an example, the processor circuit 112 can be configured to report (or
make available) one or more cardiac stimulation diagnostic indications to an
external module (e.g., an external programmer, directly to a clinician’s handheld
mobile device, email, etc.). In an example, the processor circuit 112 can be
configured to provide a cardiac stimulation diagnostic indication for a plurality of
cardiac cycles, count or store one or more of the results from the classification, such
as in a histogram, and, when the His-bundle capture percentage is below a threshold,
the processor can be configured to do one or more of the following:

(1) provide an alert to an external module;

(2) reduce the stimulation energy to save power;

(3) increase the stimulation energy (e.g., the pacing threshold) to ensure His-
bundle capture;

(4) switch to a different pacing configuration (e.g., different pacing
waveform, site, etc.); or

(5) initiate a test to determine the His-bundle threshold.

In certain examples, the percentage of the His-bundle capture can be trended and the
trending can be provided to an external module and displayed to the user.

In an example, the processor circuit 112 can be configured to increase the
stimulation energy (e.g., the pacing threshold) to increase the His-bundle capture
percentage. In certain examples, the stimulation energy can be increased after a

time interval (e.g., a number of hours, days, etc.), after a number of cardiac cycles,
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after a number of His-bundle captures, after a number of His-bundle non-captures,
or at a threshold His-bundle capture percentage, among other times.

FIG. 2 illustrates generally an example of a system 200 including an
ambulatory or implantable medical device (IMD) 105 in a subject 101, the IMD 105
wirelessly coupled to an external module 115. In an example, the IMD 105 can
include one or more of the cardiac stimulating circuit 110, the cardiac sensing
circuit 111, or the processor circuit 112. In certain examples, a portion of the
functionality of one or more of the cardiac stimulating circuit 110, the cardiac
sensing circuit 111, or the processor circuit 112 can occur in the IMD 105, and
another portion elsewhere (e.g., in an external component, such as a 12-lead ECG).

In an example, the IMD 105 can include a pacemaker, a defibrillator, or one
or more other implantable medical devices. In an example, the IMD 105 can
include an antenna configured to provide radio-frequency or other communication
between the IMD 105 and the external module 115, or other external device.

In an example, the external module 115 can include an antenna. In an example, the
external module 115 can include a local medical device programmer or other local
external module, such as within wireless communication range of the IMD 105
antenna. The external module 115 can include a remote medical device
programmer or one or more other remote external modules (e.g., outside of wireless
communication range of the IMD 105 antenna, but coupled to the IMD 105 using a
local external device, such as a repeater or network access point). In an example,
the external module 115 can be configured to send information to or receive
information from the IMD 105. The information can include medical device
programming information, subject data, device data, or other instructions, alerts, or
other information. In an example, the external module 115 can be configured to
display information (e.g., received information) to a user. Further, the local
programmer or the remote programmer can be configured to communicate the sent
or received information to a user or physician, such as by sending an alert via email
of the status of the subject 101 or the system 200 components.

FIG. 3 illustrates generally an example of a system 300 for delivering

stimulation energy to a subject or sensing a subject response. In an example, the
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system 300 can include an IMD 105, the IMD 105 including systems configured to
deliver stimulation energy to a subject, or receive information about physiological
activity. In an example, the system 300 can include several pacing and sensing
channels, such as a right ventricular pacing channel 310, a left ventricular pacing
channel 312, a right ventricular sensing channel 311, or a sensor sensing channel
313. In an example, the system 300 can include a processor circuit 112, and a
processor-readable medium 320, such as can be accessed using the processor circuit
112.

In an example, the processor circuit 112 can include a plurality of data inputs
and outputs. For example, a first data output 340 can be coupled to the right
ventricular pacing channel 310, such as to provide control information to a pulse
generator 350. The pulse generator 350 can be coupled to an electrode 360 disposed
on alead 315 or elsewhere. A first data input 341 can be coupled to the right
ventricular sensing channel 311, such as to receive, via a sense amplifier 351, an
electrical signal from the electrode 360. In an example, the electrode 360 can be
configured to be located in a right ventricle, such as in the septal region proximal to
the His-bundle, the right ventricular outflow tract, the free wall region, or another
region of the right ventricle.

In an example, a second data output 342 can be coupled to the left
ventricular pacing channel 312, such as can be coupled to an electrode 361 via lead
312. A second data input 343 can be coupled to a first sensor 370, such as a
pressure sensor configured to be disposed in a thoracic vena cava, such as to
measure central venous pressure to provide an indication of a right atrial pressure.
In an example, the processor circuit 112 can receive pressure information via an
electrical signal and can interpret the pressure signal, such as using instructions
provided on the processor-readable medium 320.

In an example, the system 300 and the IMD 105 can include several
additional pacing or sensing channels, such as an atrial pacing channel, an internal
thoracic pacing or sensing channel configured to couple the processor circuit 112 to
an internal thoracic location external to the heart (e.g., through one or more leads,

electrodes, pulse generators, or sense amplifiers), or one or more other atrial or
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ventricular pacing or sensing channels, among others. The system 300 can include
several additional sensing channels, configured to receive information from sensors
such as accelerometers, pressure sensors, or electrodes configured to measure
electric field information. In an example, the IMD 105 can include one or more
other right or left ventricular sensing or pacing channels, such as a right ventricular
apex backup pacing channel.

In the example of FIG. 3, the processor circuit 112 can be an implantable
component, an external component, or a combination or permutation of an
implantable processor and an external processor. In an example, if at least a portion
of the processor circuit 112 includes an external processor, then the processor circuit
112 can be configured to be communicatively coupled (such as via telemetry, RF, or
other communication protocol) with the remaining implantable components such as
the sense amplifier 351, the pulse generator 350, or the processor-readable medium
320. In an example, the implantable processor can be configured to have reduced or
minimal functionality or power consumption. In some examples, it can be
advantageous for the processor circuit 112 to include an external processor for
computing complex operations or to store large amounts of information. In an
example, the processor circuit 112 can include a microcontroller, a microprocessor,
a logic circuit, or other processor. In an example, the cardiac stimulation circuit 110
can include the pulse generator 350, and the cardiac sensing circuit 111 can include
the sense amplifier 351.

FIG. 4 illustrates generally an example of a system 400 including an IMD
105, a right ventricular apex lead 15, a left ventricular lead 35, and a right
ventricular septum lead 65. The IMD 105 can include a housing 406 (or CAN) and
a header 407. In an example, at least a portion of the exterior of the housing 406 or
the header 407 can include an electrode, such as a housing can electrode 408, or a
header electrode 409.

The right ventricular apex lead 15 can include a first electrode 16A
configured to be located in the superior vena cava of a heart 102, and a second
electrode 16B, a third electrode 16C, and a fourth electrode 16D configured to be
located in the right ventricle 460 of the heart 102. In an example, the first electrode

10
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16A can include a proximal defibrillation coil electrode, or the second electrode
16B can include a distal defibrillation coil electrode, such as can be configured to
deliver a high energy shock (e.g., 0.1 Joule or greater) to the heart.

The left ventricular lead 35 can include a fifth electrode 36A and a sensor
36B configured to be located in, on, or near the left ventricle 465 of the heart 102,
such as within the coronary vasculature. In an example, the sensor 36B can include
a distal pacing or sensing electrode, or a pressure sensor. The right ventricular
septum lead 65 can include a sixth electrode 66A, an seventh electrode 66B, and a
eighth electrode 66C configured to be located along the septum in the right ventricle
460 of the heart 102. In an example, the right ventricular septum lead 65 can be
configured to provide His-bundle pacing along the septum wall. In an example, the
housing can electrode 408 can be electrically coupled to at least one other electrode
(e.g., the first electrode 16A), or the housing can electrode 408 can be electrically
isolated from other electrodes and capable of independent control. In an example,
the first electrode 16A through the eighth electrode 66C can include at least one of a
coil-type electrode, a ring-type electrode, or a tip electrode.

In an example, the right ventricular apex lead 15 can be configured to
electrically couple the IMD 105 to at least one of the right ventricle 460, the right
atrium 470, or the superior vena cava using at least one electrode (e.g., the first
electrode 16A, the second electrode 16B, the third electrode 16C, or the fourth
electrode 16D), the left ventricular lead 35 can be configured to electrically couple
the IMD 105 to the left ventricle 465 using at least one electrode (e.g., the fifth
electrode 36A or the sensor 36B), or the right ventricular septum lead 65 can be
configured to electrically couple the IMD 105 to the interventricular septum using at
least one electrode (e.g., the sixth electrode 66A, the seventh electrode 66B, or the
eighth electrode 66C). In an example, at least one of the second electrode 16B, the
third electrode 16C, or the fourth electrode 16D, can be configured to be located in,
on, or near a right apical region of the heart 102. In other examples, the fifth
electrode 36A or the sensor 36B can be configured to be located in, on, or near a left

apical region of the heart 102 or a left ventricular free lateral wall of the heart 102.
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In an example, a cardiac thythm management device capable of delivering
defibrillation energy can include a shocking electrode, such as the first electrode
16A, electrically tied or coupled to the housing can electrode.

FIG. 4 illustrates several of the natural conduction systems of the heart. For
example, the eighth electrode 66C is located near the His-bundle 421 and the AV
node 420. The His-bundle is coupled to the left branch bundle 422 and the right
branch bundle 423. Each of the left and right branch bundles leads to the Purkinje
fibers 424 near the apex of the heart 102. In an example, the system 400 can
include a plurality of sensors configured to detect cardiac activity, such as an
intrinsic cardiac contraction via Purkinje fiber conduction. For example, the system
400 can include an accelerometer, or other sensor configured to detect heart sound
information. The system 400 can include one or more pressure sensors, such as can
be disposed in one of the atria or ventricles, or a vein or sinus, such as to provide
timing information regarding the opening and closing of the heart valves. In an
example, a pressure sensor disposed in the thoracic vena cava near the right atrium
can indirectly provide information about left ventricular pressure. In an example,
the pressure sensors can be wirelessly coupled to the IMD 105.

FIG. 5 illustrates generally an atrial lead 75, coupled to a tip electrode 530
and a ring electrode 531. The tip electrode 530 and ring electrode 531 can be
disposed in the right atrium near the His-bundle 421 and configured to deliver
stimulation energy to the His-bundle 421. In an example, the atrial lead 75 can be
used as a sensor, such as to provide information about a physical displacement of at
least a portion of the atrial lead 75 in a body. For example, the atrial lead 75 can be
electrically coupled to an excitation circuit and a detection circuit, such as can be
included in the IMD 105. The excitation circuit can be configured to provide a first
signal to the atrial lead 75, and the detection circuit can be configured to receive and
interpret a second signal in response to the first signal, the second signal indicative
of a physical displacement of the atrial lead 75, as discussed in Ingle U.S. Patent
Application No. 61/359,430 entitled “LEAD MOTION SENSING VIA CABLE
MICROPHONICS,” which is hereby incorporated by reference in its entirety. An

elegant and simple system can thus be deployed to pace a heart via the His-bundle
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and provide a cardiac diagnostic indication, such as an indication of cardiac capture,
using a single lead.

FIG. 6 illustrates generally an example of measuring time intervals using
cardiac activity information, such as electro-mechanical delay information. The
upper chart 650 illustrates generally an example of an electrical signal over time,
RV1, such as can be measured using an electrode 66C disposed at or near the His-
bundle. In an example, the electrical signal 651 depicted in the upper chart 650 can
be indicative of an electrical pacing signal magnitude.

The lower chart 670 illustrates generally a pressure signal over time, LVP,
such as a pressure signal indicative of a pressure in the left ventricle. In an example,
the lower chart 670 can illustrate a pulmonary artery pressure, or a signal derived
from a sensor configured to measure physical displacement or acceleration. The
lower chart 670 can provide information about a blood pressure measured using an
external arm cuff. The upper chart 650 and lower chart 670 can share a common
time axis.

In an example, a time interval, such as can be indicative of electro-
mechanical delay in cardiac function, can be measured between a His-bundle pacing
marker and a pressure change marker. In an example, a first time interval 601 can
be measured between an initial voltage threshold crossing (e.g., 3 mV) of the
electrical signal 651 and a point of interest on the lower chart 670, such as a first
inflection point 672 on the pressure curve 671. In an example, a second time
interval 602 can be calculated between an initial voltage threshold crossing and a
maximum pressure change, such as dP/dt,x. The first time interval 601 or the
second time interval 602 can be used as an indication of delay or interval length
between a sensed or paced event, such as at the His-bundle 421, and a
corresponding physiological response, such as a pressure change in a heart chamber.

FIG. 7 illustrates generally an example of timeline describing pacing and
sensing events. Three scenarios are illustrated: intrinsic cardiac activity 701,
cardiac activity in response to His-bundle pacing with His-bundle capture 702, and
cardiac activity in response to His-bundle pacing without His-bundle capture 704.

The AH interval can represent a time interval from a sense or pace event at the
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atrium to the arrival of an electrical signal at a His-bundle (e.g., from the AV node
420 to the His-bundle 421).

In an example illustrating intrinsic cardiac activity 701, a subject-specific
intrinsic AH interval can be 210 ms. In the example of FIG. 7, a 210 ms interval,
AHintrinsic, 18 1llustrated between tpand t,. Time t; can represent an arrival of an
electrical signal, a physical atrial activation, a pressure change, or other indication
of cardiac activity, such as in response to the arrival of an electrical signal, such as
an intrinsic electrical or chemical signal, at the His-bundle 421. In response to
intrinsic activation of the AV node, an intrinsic delay interval can be measured as
the interval from the end of the AHj,uinsic interval (e.g., from time t,) to, for example,
a pressure rise marker (e.g., dP/dtmax) indicative of a cardiac contraction. In the
example of FIG. 7, time t4 corresponds to a mechanical sense event, such as received
heart sound information indicative of left ventricular activity. In an example, the
mechanical sense event at time t4 corresponds to the intrinsic activation through the
AV node. In this example, an intrinsic electrical signal can be sensed in the atrium,
such as at the AV node 420, at to, and the His-bundle 421 is intrinsically activated
210 ms later, at t,. Using the heart’s natural conduction mechanisms, an intrinsic
interval, liyginsic, follows His-bundle activation. In an example, ljyginsic describes the
interval beginning after His-bundle activation, including conduction time of the left
branch bundle and the Purkinje fibers, and terminating at a mechanical sense event,
such as left ventricular activity, such as can be detected at t4, 90 ms after His-bundle
activation.

His-bundle pacing can generally be implemented at an interval that is less
than an AHiyyinsic interval. In an example illustrating cardiac activity in response to
His-bundle pacing with His-bundle capture 702, the His-bundle 421 can be paced at
t;, such as after an initial delay of 130 ms (e.g., 80 ms before an expected intrinsic
activation of the His-bundle 421 att;). If His-bundle capture is achieved in
response to a His-bundle pace event at t;, a first non-intrinsic interval, such as 150
ms, can follow. For example, the first non-intrinsic interval, Iyaced-His-capture, €aN

indicate an interval from the His-bundle pace event at t; to receipt of mechanical
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sensc event information at t3, such as accelerometer information indicative of
cardiac contraction.

If His-bundle capture is not achieved in response to the pace at t;, a second
non-intrinsic interval, greater than 150 ms, can be expected. In an example
illustrating cardiac activity in response to His-bundle pacing without His-bundle
capture 702, the second non-intrinsic interval, Inaced-His-NON-capture €an indicate a 190
ms interval from the His-bundle pace event at t; to receipt of mechanical sense event
information at t4. The 190 ms interval, Ipaced-His-NON-capture, €an indicate cell-to-cell
conduction, or signal propagation via other means less efficient than the His-bundle,
left or right branch bundles, and the Purkinje fibers. The 150 ms interval, I aced-is-
capture> CaN indicate more efficient cardiac activity in response to Purkinje fiber
activation.

In the example of FIG. 7, only one of the mechanical sense events ts, ta, or ts,
will occur in the ventricle. For example, either the mechanical sense event at t4 will
occur in response to intrinsic cardiac activity, or one of the mechanical sense events
at t3 or ts will occur in response to the His-bundle pace event at t;.

FIG. 8 illustrates generally an example of a chart 801 including several
intervals describing cardiac function. The x-axis can represent a sequence of
cardiac activations, or beats, such as a sequence of one hundred beats. The y-axis
can represent a time interval, in milliseconds. In an example, the Intrinsic interval
810 can indicate an interval describing intrinsic cardiac function, such as the
interval Lisginsic in FIG. 7. In the example of FIG. 8, the Intrinsic interval 810
includes approximately liyyinsic = 68 ms to 105 ms. In the example of FIG. 7, Tisginsic
can be 90 ms, such as to describe a time interval from a first sense event (e.g., His-
bundle activation) to a second sense event (e.g., dP/dtmax). Thus, in the example of
FIG. 8, linminsic can be plotted in Intrinsic interval 810. The ten beats in the intrinsic
Interval 810 can represent natural cardiac activity, such as without a pacing
influence.

After the first ten intrinsic beats, pacing at the His-bundle 421 can begin,
such as at 811 using the sixth electrode 66C. In an example, pacing can begin at

0.5V and increase in magnitude until His-bundle activation is achieved. In an
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example, His-bundle activation can be monitored via a 12-lead ECG array, such as
during an IMD implantation procedure. The Non-His-capture interval 830, such as
from approximately 178 ms to 208 ms, can indicate an interval describing either the
intrinsic activation from the time of His-bundle pacing, or non-intrinsic cardiac
function without activation of the His-bundle 421. Such non-intrinsic cardiac
function can include cell-to-cell conduction of a pacing stimulus, among other
mechanisms. The Non-His-capture interval is expected to be a long duration
because the cardiac activity is not activated, at least in part, via the efficient natural
conduction mechanisms such as the Purkinje fibers, or left or right branch bundles.
In the example of FIG. 7, the interval from a His-bundle pace event at t; to a
mechanical sense event (e.g., an acceleration measured using an accelerometer) at ts,
Ipaced-His-NON-capture, €an be 190 ms, indicative of non-capture of the His-bundle.

In the example of FIG. 8, the magnitude of a His-bundle pacing stimulation
energy can be increased, such as in 0.5V increments after every ten beats, until
successful His-bundle pacing is observed. Thus, at 811 the magnitude of the pace
signal can be 0.5V, at 812 the magnitude can be 1.0V, and at 813 the magnitude can
be 1.5V. At 813, with a His-bundle pacing stimulation energy of 1.5V, His-bundle
activation can be achieved. The magnitude of the required His-bundle pacing
stimulation energy can depend on a subject’s physiology, and the placement of an
electrode configured to deliver the His-bundle pacing stimulating energy. His-
bundle activation may be achieved with a greater or lesser signal magnitude, and
would have to be determined via appropriate experimentation. In the example of
FIG. 8, 1.5V is sufficient to activate the His-bundle.

An indication that the His-bundle has been activated can be a decrease in the
interval from a His-bundle pace event (e.g., t; in FIG. 7) to a mechanical sense event
detecting a response to the His-bundle pace event. In an example, the data point at
813 can represent the interval Inaced-mis-capure- 10 an example, the sense event can
include the detection of a heart sound signal indicative of physical cardiac activity,
such as a heart valve opening or closing. The 150 ms interval Inaced-His-capture €1 be

plotted on the chart 801 in the His-capture interval 820.
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FIG. 8 illustrates the distinct intervals including the Intrinsic interval 810,
the His-capture interval 820, and the Non-His-capture interval 8§30. In an example,
intrinsic cardiac activity 701 can be included in the Intrinsic interval 810, cardiac
activity in response to His-bundle pacing with His-bundle capture 702 can be
included in the His-capture interval 820, and cardiac activity in response to His-
bundle pacing without His-bundle capture 704 can be included in the Non-His
capture interval 830.

In the example of FIG. 8, a cardiac diagnostic indication can be provided
using the intervals 810, 820, and 830, or similar intervals derived for a particular
subject. The cardiac diagnostic indication can include information about whether or
not a His-bundle pace event has successfully activated the His-bundle 421. In an
example, the cardiac diagnostic indication can be used to classify cardiac activity as
intrinsic activity, non-intrinsic activity due to His-bundle activation, and non-
intrinsic activity not due to His-bundle activation. For example, an intrinsic interval
can be determined, using a subject’s linminsic. In an example, a test interval can be
measured beginning at a His-bundle pacing stimulation energy application time
(e.g., t1 in FIG. 7), and ending with the detection of mechanical cardiac activity
(e.g., t3 or ts in FIG. 7). The test interval can be compared to a subject’s liyginsic, OF
compared to other test intervals. For example, other test intervals can include
intervals describing responses to several His-bundle pacing stimulation energies.

FIG. 9 illustrates generally an example 900 that can include generating
stimulation energy to provide His-bundle stimulation 910, stimulating a His-bundle
930, receiving cardiac activity information using a sensor 950, computing a time
interval from His-bundle stimulation to received cardiac activity information 970,
and providing a cardiac stimulation diagnostic indication 990. In an example, the
example 900, or any prior or subsequent examples presented herein, can be
implemented in an IMD programmer device, such as during an IMD implantation
procedure. In an example, the example 900, or any prior or subsequent examples
presented herein, can be implemented in an IMD and can be adjusted, such as using

the external module 115 for periodic testing or patient follow-up.
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At 910, a stimulation energy can be generated, such as to provide a pacing
signal to the His-bundle 421. In an example, the stimulation energy can be
generated using the cardiac stimulation circuit 110 in the IMD 105. In an example,
the pulse generator 350 can be configured to provide the stimulation energy, such as
including a biphasic stimulation energy signal.

At 930, the stimulation energy can be provided to the His-bundle 421, such
as via the electrode 360, or the tip electrode 530, among other electrodes or
electrode combinations, disposed in or about the His-bundle. An
electrophysiological mapping can be performed to locate the intracardiac region
wherein the stimulation energy can be delivered to the His-bundle most efficiently.
Among other techniques, an appropriate intracardiac region can be located using the
systems and methods described by Liu et al., U.S. Patent No. 7,245,973 entitled
“HIS BUNDLE MAPPING, PACING, AND INJECTION LEAD,” which is hereby
incorporated by reference in its entirety.

At 950, cardiac activity information can be received. In an example, the
cardiac activity information can include electrical or mechanical information about a
physical displacement of cardiac tissue or a blood flow condition inside the heart.
For example, cardiac activity information can include information, such as time
information, regarding a particular mechanical motion, such as a contraction. Other
mechanical motions can include a contraction or relaxation of a particular ventricle
or atrium, an opening or closing of a heart valve, or a physical location change of a
portion of cardiac tissue, among others. Cardiac activity information can include
electrical information, such as a change in impedance or a change in an electric
field. Cardiac activity information can include blood flow rate information, or
pressure information, such as information about a central venous pressure at a first
time, a left ventricular pressure at a second time, or a pulmonary artery pressure at a
third time, among others. Cardiac activity information can include electrical signal
information, such as electrical signal information sensed using an electrode disposed
in a ventricle. For example, cardiac activity information can include electrical
signal information obtained using an electrode disposed in the right ventricle near

the apex, or disposed in the left ventricular free wall.
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Cardiac activity information can be received at 950 via sensors configured to
detect electrical or mechanical activity associated with cardiac function. In an
example, the sensors can be configured to provide information to the cardiac
sensing circuit 111. For example, a sensor can include an electrode configured to
measure an impedance signal, such as an intracardiac impedance signal. A sensor
can include a plurality of electrodes configured to measure an electric field. In an
example, the plurality of electrodes can be coupled to the processor circuit 112, such
as to monitor an electric field over time to determine a mechanical activity of the
heart.

A sensor configured to provide cardiac activity information can include a
pressure sensor. For example, a pressure sensor can be disposed in the thoracic
vena cava of a subject to provide a central venous pressure. Cardiac activity
information, such as the portion of the cardiac cycle, can be determined using
pressure change information, such as central venous pressure change information
collected over time, such as using the processor circuit 112, Other pressure sensors
can be used to provide cardiac activity information, such as an external blood
pressure cuff, or a Finapres device, among others.

A sensor configured to provide cardiac activity information can include an
accelerometer. In an example, an accelerometer can be configured to provide
activity level information about a subject. An accelerometer positioned in or near
cardiac tissue can provide information about cardiac tissue displacement, such as to
indicate heart sound information, such as S1 or S2.

At 970, a time interval can be computed. In an example, cardiac activity
information can include timing information. Cardiac activity information can
include time interval measurements, such as an interval from an observed intrinsic
His-bundle activation to an observed intrinsic cardiac response. In an example, an
electrode disposed in or near the His-bundle can detect intrinsic His-bundle
activation at time t, (see FIG. 7). Cardiac activity information can include
information such as the length of the interval between t, and the detection of
mechanical cardiac activity, such as via a central venous pressure sensor. In an

example, cardiac activity information can include information such as the length of
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the interval between t, and the detection of electrical activity indicative of cardiac
tissue displacement, such as an impedance measurement provided via an electrode
disposed in or near the right or left ventricle. In an example, cardiac activity
information can include stroke volume timing information over time, such as a time-
dependent stroke volume signal, such as can be provided via an intracardiac or
intrathoracic impedance measurement.

In an example, cardiac activity information can include time interval
measurements, such as an interval from a His-bundle pace event to an observed
cardiac response. In an example, an electrode disposed in or near the His-bundle
can stimulate the His-bundle at time t; (see FIG. 7). Cardiac activity information
can include information such as the length of the interval between t; and detected
mechanical cardiac activity. In an example, mechanical cardiac activity in response
to a His-bundle pace event can be detected using any of the sensors or methods
described herein.

At 990, a cardiac stimulation diagnostic indication can be provided. As
described above in the discussion of FIG. 7, the length of the interval between t; and
detected mechanical cardiac activity can depend on whether the His-bundle was
successfully paced at t;. In an example, a successful His-bundle pace can result in a
first duration. An unsuccessful His-bundle pace can result in a second duration,
which is generally expected to be longer than the first duration.

In an example, multiple durations, intervals, ranges, can be determined for
successful His-bundle paces, unsuccessful His-bundle paces, and intrinsic cardiac
activity. An example of such ranges is show in FIG. 8. These ranges can be used to
form a cardiac stimulation diagnostic or comparison metric, and can be used on a
forward-basis to assess or diagnose later cardiac activity. For example, the cardiac
stimulation diagnostic metric can be used to classify cardiac activity information as
cardiac function via intrinsic conduction, cardiac function via successful His-bundle
activation, or cardiac function after unsuccessful His-bundle activation.

FIG. 10 illustrates generally an example 1000 that can include observing
intrinsic cardiac activity 1020, receiving cardiac activity information 1040, and

computing a time interval from His-bundle activation to received cardiac activity
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information 1060. In an example, the example 1000 can be combined with the
example 900.

At 1020, intrinsic cardiac activity can be observed. As discussed at length
above, such as in the discussions of FIG. 7 and FIG. 10, intrinsic cardiac activity
can include intrinsic activation of the His-bundle, or receipt of an intrinsic electrical
or chemical signal at one or more of the SA or AV nodes. Intrinsic cardiac activity
can include other mechanical or electrical activity associated with unaided cardiac
function. For example, intrinsic cardiac activity can include cardiac contractions in
response to Purkinje fiber conduction of intrinsic signals. For purposes of
computing or observing a time interval variable, intrinsic cardiac activity can be
observed at a first time, such as time t, in FIG. 7.

At 1040, cardiac activity information can be received, such as using a
sensor. The receipt of cardiac activity information can be achieved such as
according to the discussion of FIG. 9 at 950. In an example, the cardiac activity
information can be indicative of a cardiac activity response to an intrinsic cardiac
signal.

At 1060, a time interval can be calculated, such as the time interval from
intrinsic His-bundle activation to received cardiac activity information (e.g., Iinginsic
in FIG. 7). In an example, a time interval representative of intrinsic cardiac activity
can be plotted, such as using the chart 801. The time interval representative of
intrinsic activity can be used to establish a first range of time intervals, such as can
be indicative cardiac function in response to intrinsic signals. Generally, this range
can be expected to be of a minimum duration because the natural and most efficient
conduction mechanisms of the heart are used.

FIG. 11 illustrates generally an example 1100 that can include computing a
time interval 1170, comparing the time interval to a threshold interval 1180, and
providing a cardiac stimulation diagnostic indication 1190.

At 1170, a time interval can be computed, such as from a His-bundle
stimulation time to a time indicative of cardiac activity information. In an example,
the time interval can include intrinsic cardiac activity information, or cardiac

activity information received in response to pacing the His-bundle 421, such as
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using the cardiac stimulating circuit 110. In an example, the time interval can be
computed according to the discussion of FIG. 9 at 970.

At 1180, the computed time interval can be compared to a threshold value,
or to a set of values. For example, an electrophysiologist can establish a range of
intervals expected for conduction of intrinsic cardiac signals in a particular patient.
In an example, intrinsic cardiac signals can have intervals of approximately 68 ms to
95 ms, or 81.5 +/- 13.5 ms.

In an illustrative example, the computed time interval can be 80 ms, and the
threshold value can be 95 ms. At 1180, the time interval 80 ms can be compared to
the threshold value 95 ms. In an example, the processor circuit 112 can execute
instructions, such as can be received from the processor-readable medium 320, to
provide a cardiac stimulation diagnostic indication at 1190. For example, the time
interval 80 ms can be classified using the processor circuit 112 as an intrinsic
cardiac signal because it falls below the threshold value of 95 ms. This
classification can be stored, shared with other devices or IMD 105 components,
analyzed for an indication of therapy, or communicated to the external module 115,
among others.

In a second illustrative example, the computed time interval can be 150 ms.
Comparison of the computed time interval with a threshold interval at 1180 can, for
example, indicate that the 150 ms interval is not indicative of intrinsic cardiac
activity. Further processing, such as using the processor circuit 112 and further
comparisons with stored values, such as threshold values, the 150 ms time interval
can be classified as indicative of cardiac capture. See FIG. 7 at 702, and FIG. 8 at
820.

FIG. 12 illustrates generally an example 1200 that can include computing a
time interval from His-bundle stimulation to received cardiac activity information
1270, classifying a computed time interval 1285, and discriminating between
Purkinje fiber cardiac capture, cell-to-cell conduction cardiac capture, and intrinsic
cardiac conduction 1295.

At 1270, a time interval can be computed, such as from a His-bundle

stimulation time to a time indicative of cardiac activity information. In an example,
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the time interval can include intrinsic cardiac activity information, or cardiac
activity information received in response to pacing the His-bundle 421, such as
using the cardiac stimulating circuit 110. In an example, the time interval can be
computed according to the discussion of FIG. 9 at 970.

At 1285, a time interval, such as the time interval computed at 1270, can be
classified. In an example, the time interval can be compared to a threshold, such as
according to the discussion of FIG. 11 at 1180, and classified using a result of the
comparison. In an example, the classification can be accomplished using the
processor circuit 112. In an example, the classification can be accomplished using
the time interval as an input to a subject-specific function that can provide
discrimination among various types of cardiac activity.

For example, at 1295, the time interval can be used to discriminate between
Purkinje fiber cardiac capture, and cardiac capture via cell-to-cell conduction. In
response to a successful His-bundle pace event, the Purkinje fibers will be activated
via their natural and most efficient means, resulting in a coordinated mechanical
cardiac response. In contrast, an unsuccessful His-bundle pace event may trigger
cardiac capture via cell-to-cell conduction, such as conduction using myocardial
tissue. Although both scenarios may result in contraction of cardiac tissue, the time
interval between the pace event and a sensed mechanical response to the pace event
can differ. Thus, in an example, a small interval can indicate Purkinje fiber cardiac
capture, such as can be discriminated from cardiac capture via cell-to-cell
conduction. An even smaller duration interval can indicate cardiac contraction in
response to intrinsic cardiac conduction (e.g., an intrinsic signal is present at the AV
node, which activates the His-bundle and Purkinje fibers to naturally coordinate the
cardiac activity).

In an example, the discrimination at 1295 can include the provision of a
cardiac stimulation diagnostic indication, such as described at length in FIG. 9 at
990 and FIG. 11 at 1190.

FIG. 13 illustrates generally an example 1300 that can include generating
stimulation energy 1310, stimulating a His-bundle 1330, receiving cardiac activity

information using a first sensor 1350, receiving cardiac activity information using a
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second sensor 1352, validating cardiac activity information 1355, computing a time
interval 1370, and providing a cardiac stimulation diagnostic indication 1390.

At 1310, a stimulation energy can be generated to provide His-bundle
stimulation, such as according to the discussion of FIG. 9 at 910. At 1330, a His-
bundle can be stimulated, such as according to the discussion of FIG. 9 at 930.

At 1350, cardiac activity information can be received using a first sensor. In
an example, the cardiac activity information can be received according to any of the
methods or systems described in FIG. 9 at 950. For example, a pace event trigger
can be received using an electrode. In an example, S1 heart sound information can
be received using an accelerometer.

At 1352, cardiac activity information can be received using a second sensor.
In an example, the cardiac activity information can be received according to any of
the methods or systems described in FIG. 9 at 950. In an example, the second
sensor is the same as the first sensor, but the second sensor is configured to provide
cardiac activity information at a different time than the first sensor. For example,
the first sensor can be an accelerometer configured to detect S1 heart sounds. The
second sensor can be the same accelerometer but configured to detect S2 heart
sounds.

In an example, the second sensor can be a different sensor than the first
sensor. For example, the first sensor can be a pressure sensor disposed in the
thoracic vena cava, and configured to measure changes in central venous pressure
over time. The second sensor can be an accelerometer configured to detect left
ventricular movement. In an example, a plurality of additional sensors can be
disposed in or near the heart 102 and configured to provide cardiac activity
information.

At 1355, cardiac activity information can be validated using the cardiac
activity information received from the first and second sensors. Because one or
both of the sensors can be subject to noise, validation of a signal indicative of
cardiac activity can be an important step to avoid an indication of therapy where it is

not warranted.
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In an example, the first and second sensors can be the same sensor
configured to receive information at different times. For example, the first sensor
can be configured to detect an S1 heart sound and the second sensor can be
configured to detect an S2 heart sound. Heart sound detectors, such as
accelerometers, can be prone to interference such as noise due to patient movement,
respiration, or other artifacts.

In an example, information received using the first sensor can indicate an S1
heart sound when in fact the signal is noise. The second sensor can augment, or
validate, the heart sound information. For example, an S1 heart sound is generally
expected to be a “lub” sound with a particular frequency content. The S2 heart
sound is generally expected to be a “dub” sound with a frequency content different
than the S1 sound. If both the S1 and S2 heart sounds are not detected, such as
within a particular time window using the first sensor and the second sensor, any
S1-like sound detected using the first sensor can be dismissed as noise.

In an example, the first and second sensors can be different sensors, such as
can be configured to receive information concurrently, sequentially, or during
overlapping periods. For example, the first sensor can be an accelerometer
configured to detect left ventricular motion. The second sensor can be a pressure
sensor disposed in the thoracic vena cava near the right atrium. In an example,
cardiac activity information received from the first sensor can be indicative of left
ventricular contraction, but the second sensor may not indicate an expected pressure
change, such as within a particular time window. In such an example, the cardiac
activity information from the first sensor can be discarded, or the system 100 can be
configured to augment the cardiac activity information using other means, such as
using additional sensors or further processing the first sensor signal.

At 1370, a time interval can be computed, such as according to the
discussion of FIG. 9 at 970. At 1390, a cardiac stimulation diagnostic indication

can be provided, such as according to the discussion of FIG. 9 at 990.
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Additional Notes & Examples

Example 1 can include subject matter such as an ambulatory medical device,
comprising a cardiac stimulation circuit configured to generate a stimulation energy
to provide His-bundle stimulation. Example 1 can include a processor circuit,
including a data input, configured to receive first cardiac activity information, from
other than an intrinsic electrical heart signal, such as using a first sensor. Example 1
can include subject matter such as a processor-readable medium, including
instructions that, when performed by the processor, configure the medical device to
determine a first interval using the first cardiac activity information, and provide a
cardiac stimulation diagnostic indication using the first interval.

Example 2 can include, or can optionally be combined with the subject
matter of Example 1 to optionally include a processor circuit, including a data input
configured to receive intrinsic cardiac activity information using the first sensor.

Example 3 can include, or can optionally be combined with the subject
matter of Example 2 to optionally include a processor-readable medium including
instructions that, when performed by the processor, configure the medical device to
provide the cardiac stimulation diagnostic indication using the first interval and the
intrinsic cardiac activity information.

Example 4 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 2 or 3 to optionally include a
processor-readable medium including instructions that, when performed by the
processor, configure the medical device to discriminate between Purkinje fiber
cardiac capture, cell-to-cell conduction cardiac capture, and intrinsic conduction
cardiac contraction.

Example 5 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1 through 4 to optionally include a
processor circuit, including a data input configured to receive first cardiac activity
information from an indication of central venous pressure, such as from a pressure
sensor disposed in a vein.

Example 6 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1 through 5 to optionally include a

processor circuit, including a data input configured to receive first cardiac activity
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information from an intracardiac or thoracic impedance, such as can be provided by
an electrode configured to measure impedance.

Example 7 can include, or can optionally be combined with the subject
matter of Example 6 to optionally include a processor-readable medium including
instructions that, when performed by the processor, configure the medical device to
provide a cardiac stimulation diagnostic indication using a stroke volume signal
measured using an electrode.

Example 8 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1 through 7 to optionally include a
processor circuit, including a data input configured to receive first cardiac activity
information from an indication of a heart sound, such as can be provided by an
accelerometer.

Example 9 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1 through 8 to optionally include a
processor circuit, including a second data input configured to receive second cardiac
activity information using a second sensor that can be different than the first sensor.
In an example, the second cardiac activity information can be used to augment the
first cardiac activity information.

Example 10 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1 through 9 to optionally include
subject matter such as an ambulatory medical device, comprising a cardiac
stimulation circuit configured to generate a stimulation energy to provide His-
bundle stimulation, and a processor circuit, including a first data input, configured
to receive first cardiac activity information, from an intrinsic electrical heart signal,
using a first sensor, and a second data input, configured to receive second cardiac
activity information, from other than an intrinsic electrical heart signal, using the
first sensor. Example 10 can include a processor-readable medium, including
instructions that, when performed by the processor, configure the medical device to
determine a first interval using the first cardiac activity information, determine a
second interval using the second cardiac activity information, form a cardiac

stimulation diagnostic metric using at least the first interval, and provide a cardiac
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stimulation diagnostic indication using the cardiac stimulation diagnostic metric and
the second interval.

Example 11 can include subject matter such as a method, that can include
generating, using an ambulatory medical device, a stimulation energy to provide
His-bundle stimulation, stimulating a His-bundle at a first time using the stimulation
energy, receiving first cardiac activity information, from other than an intrinsic
electrical heart signal, from a first sensor at a second time, wherein the first cardiac
activity information can be indicative of a cardiac response to the stimulating,.
Example 11 can include computing a first time interval using the first time and the
second time, and providing a cardiac stimulation diagnostic indication using the
computed first time interval.

Example 12 can include, or can optionally be combined with the subject
matter of Example 11 to optionally include providing a cardiac stimulation
diagnostic indication, such as by comparing the first time interval to a threshold
interval.

Example 13 can include, or can optionally be combined with the subject
matter of Example 12 to optionally include observing an intrinsic His-bundle
activation at a third time, receiving intrinsic cardiac activity information from the
sensor at a fourth time, the intrinsic cardiac activity information indicative of a
cardiac response to the intrinsic His-bundle activation, and computing the threshold
interval using the third time and the fourth time.

Example 14 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 11 through 13 to optionally include
providing a cardiac stimulation diagnostic indication, such as discriminating
between Purkinje fiber cardiac capture, cell-to-cell conduction cardiac capture, and
intrinsic conduction cardiac contraction.

Example 15 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 11 through 14 to optionally include
receiving first cardiac activity information from a first sensor, such as receiving
cardiac activity information from an indication of central venous pressure from a

pressure Sensor.
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Example 16 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 11 through 15 to optionally include
receiving first cardiac activity information from a first sensor, such as receiving
cardiac activity information from an intracardiac or thoracic impedance provided by
an electrode configured to measure impedance.

Example 17 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 11 through 16 to optionally include
receiving first cardiac activity information from a first sensor, such as receiving
mechanical cardiac activity information using a lead configured to deliver a
stimulating energy.

Example 18 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 11 through 17 to optionally include
receiving first cardiac activity information from a first sensor, such as receiving
cardiac activity information from an indication of a heart sound provided by an
accelerometer.

Example 19 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 11 through 18 to optionally include
receiving first cardiac activity information from a first sensor, such as receiving
cardiac activity information from an indication of QRS axis deviation provided by
an array of electrodes disposed on or in a body.

Example 20 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 11 through 19 to optionally include
receiving second cardiac activity information, from other than an intrinsic electrical
heart signal, from a second sensor at a third time. The second cardiac activity
information can be used to augment first cardiac activity information.

Example 21 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1 through 8 to optionally include a
second data input, configured to receive second cardiac activity information, from
an intrinsic electrical heart signal, using the first sensor, and a processor-readable
medium including instructions that, when performed by the processor, configure the
medical device to determine a second interval using the second cardiac activity

information, form a cardiac stimulation diagnostic metric using at least the second
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interval, and provide a cardiac stimulation diagnostic indication using the cardiac
stimulation diagnostic metric and the first interval.

Example 22 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1 through 8, or Example 21, to
optionally include a processor-readable medium including instructions that, when
performed by the processor, configure the medical device to provide a cardiac
stimulation diagnostic indication using a first time interval and an intrinsic His-
bundle activation interval.

Example 23 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1 through 8, Example 21, or
Example 22, to optionally include a lead, coupled to the cardiac stimulation circuit,
configured to deliver a stimulation energy to a His-bundle, and a first data input that
is configured to receive, as first cardiac activity information, mechanical cardiac
activity information using the lead.

Example 24 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1 through 8, or Examples 21 through
23, to optionally include an array of electrodes configured to be disposed on or in a
patient body, and a first data input that is configured to receive, as first cardiac
activity information, an indication of QRS axis deviation using the array of
electrodes.

Example 25 can include, or can optionally be combined with the subject
matter of one or any combination of Examples 1 through 8, or Examples 21 through
24, to optionally include a processor-readable medium including instructions that,
when performed by the processor, configure the medical device to stimulate a His-
bundle at a first time using a cardiac stimulation circuit and a stimulation energy,
receive first cardiac activity information from a first sensor at a second time, the
first cardiac activity information indicative of a cardiac response to the stimulating,
determine, as a first interval, a His-bundle activation interval using the first time and
the second time, and provide a cardiac stimulation diagnostic indication using the
determined His-bundle activation interval.

Example 26 can include, or can optionally be combined with the subject

matter of one or any combination of Examples 1 through 8, or Examples 21 through
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25, to optionally include a processor-readable medium including instructions that,
when performed by the processor, configure the medical device to observe an
intrinsic His-bundle activation at a third time, receive intrinsic cardiac activity
information from a first sensor at a fourth time, the intrinsic cardiac activity
information indicative of a cardiac response to the intrinsic His-bundle activation,
determine an intrinsic His-bundle activation interval using the third time and the
fourth time, and provide the cardiac stimulation diagnostic indication using a non-
intrinsic His-bundle activation interval and the determined intrinsic His-bundle
activation interval.

These non-limiting examples can be combined in any permutation or
combination.

The above detailed description includes references to the accompanying
drawings, which form a part of the detailed description. The drawings show, by
way of illustration, specific embodiments in which the invention can be practiced.
These embodiments are also referred to herein as “examples.” Such examples can
include elements in addition to those shown or described. However, the present
inventors also contemplate examples in which only those elements shown or
described are provided. Moreover, the present inventors also contemplate examples
using any combination or permutation of those elements shown or described (or one
or more aspects thereof), either with respect to a particular example (or one or more
aspects thereof), or with respect to other examples (or one or more aspects thereof)
shown or described herein.

All publications, patents, and patent documents referred to in this document
are incorporated by reference herein in their entirety, as though individually
incorporated by reference. In the event of inconsistent usages between this
document and those documents so incorporated by reference, the usage in the
incorporated reference(s) should be considered supplementary to that of this
document; for irreconcilable inconsistencies, the usage in this document controls.

In this document, the terms “a” or “an” are used, as is common in patent
documents, to include one or more than one, independent of any other instances or

usages of “at least one” or “one or more.” In this document, the term “or” is used to
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refer to a nonexclusive or, such that “A or B” includes “A but not B,” “B but not
A,” and “A and B,” unless otherwise indicated. In this document, the terms
“including” and “in which” are used as the plain-English equivalents of the
respective terms “comprising” and “wherein.” Also, in the following claims, the
terms “including” and “comprising” are open-ended, that is, a system, device,
article, or process that includes elements in addition to those listed after such a term
in a claim are still deemed to fall within the scope of that claim. Moreover, in the
following claims, the terms “first,” “second,” and “third,” etc. are used merely as
labels, and are not intended to impose numerical requirements on their objects.

Method examples described herein can be machine or computer-
implemented at least in part. Some examples can include a computer-readable
medium or machine-readable medium encoded with instructions operable to
configure an electronic device to perform methods as described in the above
examples. An implementation of such methods can include code, such as
microcode, assembly language code, a higher-level language code, or the like. Such
code can include computer readable instructions for performing various methods.
The code may form portions of computer program products. Further, in an example,
the code can be tangibly stored on one or more volatile, non-transitory, or non-
volatile tangible computer-readable media, such as during execution or at other
times. Examples of these tangible computer-readable media can include, but are not
limited to, hard disks, removable magnetic disks, removable optical disks (e.g.,
compact disks and digital video disks), magnetic cassettes, memory cards or sticks,
random access memories (RAMs), read only memories (ROMs), and the like.

The above description is intended to be illustrative, and not restrictive. For
example, the above-described examples (or one or more aspects thereof) may be
used in combination with each other. Other embodiments can be used, such as by
one of ordinary skill in the art upon reviewing the above description. The Abstract
is provided to comply with 37 C.F.R. §1.72(b), to allow the reader to quickly
ascertain the nature of the technical disclosure. It is submitted with the
understanding that it will not be used to interpret or limit the scope or meaning of

the claims. Also, in the above Detailed Description, various features may be
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grouped together to streamline the disclosure. This should not be interpreted as
intending that an unclaimed disclosed feature is essential to any claim. Rather,
inventive subject matter may lie in less than all features of a particular disclosed
embodiment. Thus, the following claims are hereby incorporated into the Detailed
5  Description, with each claim standing on its own as a separate embodiment, and it is
contemplated that such embodiments can be combined with each other in various
combinations or permutations. The scope of the invention should be determined
with reference to the appended claims, along with the full scope of equivalents to

which such claims are entitled.
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THE CLAIMED INVENTION IS:

1. An ambulatory medical device, comprising:

a cardiac stimulation circuit configured to generate a stimulation energy to
provide His-bundle stimulation;

a processor circuit, including:

a first data input, configured to receive first cardiac activity
information, from other than an intrinsic electrical heart signal, using a first sensor;
and

a processor-readable medium, including instructions that, when performed
by the processor, configure the medical device to:

determine a first interval using the first cardiac activity information;

and

provide a cardiac stimulation diagnostic indication using the first
interval.
2. The ambulatory medical device of claim 1, wherein the first data input is

configured to receive intrinsic cardiac activity information using the first sensor.

3. The ambulatory medical device of claim 2, wherein the processor-readable
medium includes instructions that, when performed by the processor, configure the
medical device to provide the cardiac stimulation diagnostic indication using the

first interval and the intrinsic cardiac activity information.

4. The ambulatory medical device of any one of claims 2 or 3, wherein the
processor-readable medium includes instructions that, when performed by the
processor, configure the medical device to discriminate between Purkinje fiber
cardiac capture, cell-to-cell conduction cardiac capture, and intrinsic conduction

cardiac contraction.
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5. The ambulatory medical device of any one of claims 1 through 4, wherein
the first data input is configured to receive first cardiac activity information from an

indication of central venous pressure from a pressure sensor.

6. The ambulatory medical device of any one of claims 1 through 5, wherein
the first data input is configured to receive first cardiac activity information from an
intracardiac or thoracic impedance provided by an electrode configured to measure

impedance.

7. The ambulatory medical device of claim 6, wherein the processor-readable
medium includes instructions that, when performed by the processor, configure the
medical device to provide a cardiac stimulation diagnostic indication using a stroke

volume signal measured using the electrode.

8. The ambulatory medical device of any one of claims 1 through 7, wherein
the first data input is configured to receive first cardiac activity information from an

indication of a heart sound provided by an accelerometer.

9. The ambulatory medical device of any one of claims 1 through 8, wherein
the processor circuit includes a second data input, configured to receive second
cardiac activity information using a second sensor different than the first sensor, the
second cardiac activity information used to augment the first cardiac activity

information.

10.  The ambulatory medical device of any one of claims 1 through 8, wherein
the processor circuit includes a second data input, configured to receive second
cardiac activity information, from an intrinsic electrical heart signal, using the first
sensor; and
wherein the processor-readable medium includes instructions that, when
performed by the processor, configure the medical device to:
determine a second interval using the second cardiac activity

information;
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form a cardiac stimulation diagnostic metric using at least the second
interval; and
provide a cardiac stimulation diagnostic indication using the cardiac

stimulation diagnostic metric and the first interval.

11.  The ambulatory medical device of any one of claims 1 through 10, wherein
the processor-readable medium includes instructions that, when performed by the
processor, configure the medical device to provide the cardiac stimulation
diagnostic indication using the first time interval and an intrinsic His-bundle

activation interval.

12.  The ambulatory medical device of any one of claims 1 through 11,
comprising a lead, coupled to the cardiac stimulation circuit, configured to deliver
the stimulation energy to a His-bundle, and wherein the first data input is configured
to receive, as the first cardiac activity information, mechanical cardiac activity

information using the lead.

13.  The ambulatory medical device of any one of claims 1 through 12,
comprising an array of electrodes configured to be disposed on or in a patient body,
and wherein the first data input is configured to receive, as the first cardiac activity

information, an indication of QRS axis deviation using the array of electrodes.

14.  The ambulatory medical device of any one of claims 1 through 13, wherein
the processor-readable medium includes instructions that, when performed by the
processor, configure the medical device to:

stimulate a His-bundle at a first time using the cardiac stimulation circuit and
the stimulation energy;

receive the first cardiac activity information from the first sensor at a second
time, the first cardiac activity information indicative of a cardiac response to the
stimulating;

determine, as the first interval, a His-bundle activation interval using the first

time and the second time; and
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provide a cardiac stimulation diagnostic indication using the determined His-

bundle activation interval.

15.  The ambulatory medical device of claim 14, wherein the processor-readable
medium includes instructions that, when performed by the processor, configure the
medical device to:

observe an intrinsic His-bundle activation at a third time;

receive intrinsic cardiac activity information from the first sensor at a fourth
time, the intrinsic cardiac activity information indicative of a cardiac response to the
intrinsic His-bundle activation;

determine an intrinsic His-bundle activation interval using the third time and
the fourth time; and

provide the cardiac stimulation diagnostic indication using the determined
His-bundle activation interval and the determined intrinsic His-bundle activation

interval.
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