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MINUTE VOLUME SENSOR OPTIMIZATION
USING QUADRIPOLAR LEADS

CLAIM OF PRIORITY

[0001] This application claims the benefit of priority under
35 US.C. §119(e) of U.S. Provisional Patent Application
Ser. No. 62/358,981, filed on Jul. 6, 2016, which is herein
incorporated by reference in its entirety.

BACKGROUND

[0002] Ambulatory medical devices include implantable
medical devices (IMDs), wearable medical devices, hand-
held medical devices, and other medical devices. Some
examples of IMDs include cardiac function management
(CFM) devices such as implantable pacemakers, implant-
able cardioverter defibrillators (ICDs), subcutaneous
implantable cardioverter defibrillators (S-ICDs), cardiac
resynchronization therapy devices (CRTs), and devices that
include a combination of such capabilities. The devices can
be used to treat patients or subjects using electrical or other
therapy, or to aid a physician or caregiver in patient diag-
nosis through internal monitoring of a patient’s condition.
[0003] Some implantable medical devices can be diagnos-
tic-only devices, such as implantable loop recorders (ILRs)
and subcutaneously implantable heart failure monitors
(SubQ HFMs). The devices may include electrodes in com-
munication with one or more sense amplifiers to monitor
electrical heart activity within a patient, or can include one
or more sensors to monitor one or more other internal patient
parameters. Subcutaneously implantable devices may
include electrodes that are able to sense cardiac signals
without being in direct contact with the patient’s heart. Other
examples of IMDs include implantable drug delivery sys-
tems or implantable devices with neural stimulation capa-
bility (e.g., vagus nerve stimulator, baroreflex stimulator,
carotid sinus stimulator, spinal cord stimulator, deep brain
stimulator, etc.).

[0004] Some medical devices include one or more sensors
to monitor different physiologic aspects of the patient. For
example, the devices may derive measurements associated
with a cardiac depolarization or with respiration of the
patient. The measurements can provide useful information
concerning the health of the patient. Knowledge regarding
the onset of a physiological condition can be useful to
physicians and clinicians for diagnostic purposes or to tailor
performance of a medical device to that patient’s needs to
provide the most effective patient therapy.

Overview

[0005] It can be desirable for ambulatory medical devices
to collect accurate information used to monitor the physi-
ological health of the patient, such as respiration data for
example. Accurate patient information can help to provide
the most effective device-based therapy or non-device based
therapy for the patient. The present subject matter relates to
improving monitoring of patient respiration.

[0006] One example apparatus of the present subject mat-
ter can include a respiration sensing circuit configured for
coupling electrically to a plurality of electrodes and for
sensing a respiration signal representative of respiration of a
subject; a signal processing circuit electrically coupled to the
respiration sensing circuit and configured to extract a res-
piration parameter from a sensed respiration signal and
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determine a signal performance metric for the sensed res-
piration signal using the respiration parameter; and a control
circuit. The control circuit is configured to: initiate sensing
of a plurality of respiration signals using different electrode
combinations of the plurality of electrodes and determining
of the signal performance metric for the sensed respiration
signals; and enable an electrode combination from the
plurality of electrodes and for use in monitoring respiration
of the subject according to the signal performance metric.
[0007] This section is intended to provide a brief 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 appli-
cation such as a discussion of the dependent clams and the
interrelation of the dependent and independent claims in
addition to the statements made in this section.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Inthe drawings, which are not necessarily drawn to
scale, like numerals may describe similar components in
different views. Like numerals having different letter suf-
fixes may represent different instances of similar compo-
nents. The drawings illustrate generally, by way of example,
but not by way of limitation, the various examples discussed
in the present document.

[0009] FIG. 1 is an illustration of an example of portions
of a medical device system that includes an ambulatory
medical device.

[0010] FIG. 2 is a flow diagram of a method of controlling
operation of an ambulatory medical device.

[0011] FIG. 3 is a block diagram of portions of an example
of an ambulatory medical device.

[0012] FIG. 4 is an illustration of an example of a cardiac
lead implanted in a coronary vein of the left ventricle.
[0013] FIG. 5isa block diagram of portions of an example
of an ambulatory medical device.

[0014] FIG. 6 is an illustration of portions of another
example of a medical device system.

DETAILED DESCRIPTION

[0015] An ambulatory medical device can include one or
more of the features, structures, methods, or combinations
thereof described herein. For example, a cardiac monitor or
a cardiac stimulator may be implemented to include one or
more of the advantageous features or processes described
below. It is intended that such a monitor, stimulator, or other
ambulatory device need not include all of the features
described herein, but may be implemented to include
selected features that provide for unique structures or func-
tionality. Such a device may be implemented to provide a
variety of therapeutic or diagnostic functions.

[0016] As explained previously, respiration information
can provide valuable information related to a patient’s
health. This information can be used to adjust not only
device-based therapy or non-device based treatment for the
patient, but also to identify those patients who are at risk and
to help allocate medical care resources accordingly. Device-
based monitoring can collect respiration information
throughout the day and for varying patient activity. Thus,
device-based monitoring can provide advantages over moni-
toring that is limited to a clinical setting.
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[0017] FIG. 1is an illustration of portions of a system 100
that uses an IMD 105. Examples of the IMD 105 include,
without limitation, a pacemaker, a cardioverter, a defibril-
lator, a cardiac resynchronization therapy (CRT) device, and
other cardiac monitoring and therapy delivery devices,
including cardiac devices that include or work in coordina-
tion with one or more neuro-stimulating devices, drugs, drug
delivery systems, or other therapies. As one example, the
system 100 shown is used to treat a cardiac arrhythmia. The
IMD 105 typically includes an electronics unit coupled by
one or more cardiac leads 110, 115, 125, to a heart of a
patient or subject. The electronics unit of the IMD 105
typically includes components that are enclosed in a her-
metically-sealed canister or “can.” The system 100 also
typically includes an IMD programmer or other external
system 190 that communicates one or more wireless signals
185 with the IMD 105, such as by using radio frequency
(RF) or by one or more other telemetry methods.

[0018] The example shown includes a right atrial (RA)
lead 110 having a proximal end 111 and a distal end 113. The
proximal end 111 is coupled to a header connector 107 of the
IMD 105. The distal end 113 is configured for placement in
the RA in or near the atrial septum. The RA lead 110 may
include a pair of bipolar electrodes, such as an RA tip
electrode 114A and an RA ring electrode 114B. The RA
electrodes 114A and 114B are incorporated into the lead
body at distal end 113 for placement in or near the RA, and
are each electrically coupled to IMD 105 through a conduc-
tor extending within the lead body. The RA lead is shown
placed in the atrial septum, but the RA lead may be placed
in or near the atrial appendage, the atrial free wall, or
elsewhere.

[0019] The example shown also includes a right ventricu-
lar (RV) lead 115 having a proximal end 117 and a distal end
119. The proximal end 117 is coupled to a header connector
107. The distal end 119 is configured for placement in the
RV. The RV lead 115 may include one or more of a proximal
defibrillation electrode 116, a distal defibrillation electrode
118, an RV tip electrode 120A, and an RV ring electrode
120B. The defibrillation electrode 116 is generally incorpo-
rated into the lead body such as in a location suitable for
supraventricular placement in the RA and/or the superior
vena cava. The defibrillation electrode 118 is incorporated
into the lead body near the distal end 119 such as for
placement in the RV. The RV electrodes 120A and 120B may
form a bipolar electrode pair and are generally incorporated
into the lead body at distal end 119. The electrodes 116, 118,
120A, and 120B are each electrically coupled to IMD 105,
such as through one or more conductors extending within
the lead body. The proximal defibrillation electrode 116,
distal defibrillation electrode 118, or an electrode formed on
the can of IMD 105 allow for delivery of cardioversion or
defibrillation pulses to the heart.

[0020] The RV electrodes 120A and 120B, or an electrode
formed on the can of IMD 105, allow for sensing an RV
electrogram signal representative of RV depolarizations and
delivering RV pacing pulses. In some examples, the IMD
includes a sense amplifier circuit to provide amplification
and/or filtering of the sensed signal. RA tip electrode 114A,
RA ring electrode 114B, or an electrode formed on the can
of IMD 105 allow for sensing an RA electrogram signal
representative of RA depolarizations and allow for deliver-
ing RA pacing pulses. Sensing and pacing allows the IMD
105 to adjust timing of the heart chamber contractions. In
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some examples, the IMD 105 can adjust the timing of
ventricular depolarizations with respect to the timing of
atrial depolarizations by sensing electrical signals in the RA
and pacing the RV at the desired atrial-ventricular (AV)
delay time.

[0021] A left ventricular (LV) lead 125 can include a
coronary pacing or sensing lead that includes an elongate
lead body having a proximal end 121 and a distal end 123.
The proximal end 121 is coupled to a header connector 107.
A distal end 123 is configured for placement or insertion in
the coronary vein. The LV lead 125 may include an LV tip
electrode 128A and LV ring electrodes 128B, 128C, and
128D. The distal portion of the LV lead 125 is configured for
placement in the coronary sinus and coronary vein such that
the LV electrodes 128A, 128B, 128C, and 128D are placed
in the coronary vein. Any combination of the LV electrodes
128A, 128B, 128C, and 128D may form a bipolar electrode
pair and are typically incorporated into the lead body at
distal end 123. Each can be electrically coupled to IMD 105
such as through one or more conductors extending within
the lead body. LV tip electrode 128A, LV ring electrodes
128B, 128C, and 128D, or an electrode 182 formed on the
can of the IMD 105 allow for sensing an LV electrogram
signal representative of LV depolarizations and delivering
LV pacing pulses.

[0022] As explained previously herein, the ambulatory
medical device such as the IMD shown in the example of
FIG. 1 can provide electrogram sensing. The device may be
configured to sense other types of physiological signals,
such as sense signals representative of physiological imped-
ance. For instance, an electrical current could be applied
between an RV electrode (e.g., RV electrode 120B) and an
electrode 182 formed on the device can using a stimulus
circuit. Voltage resulting from the applied current can be
measured using another RV electrode (e.g., electrode 118)
and an electrode 183 formed on the device header. Combi-
nations involving LV electrodes can be used similarly.
Impedance across at least a portion of the thorax region of
the subject may then be calculated using Ohms Law.
[0023] The signal representative of physiological imped-
ance can vary with respiration of the subject to provide
respiration information. The impedance sensor can therefore
be used as a respiration sensor to measure respiration
parameters such as respiratory rate, tidal volume, minute
respiration volume, and derived parameters (e.g., the ratio of
respiratory rate over tidal volume). An approach to moni-
toring thoracic impedance is described in Hartley et al., U.S.
Pat. No. 6,076,015, “Rate Adaptive Cardiac Rhythm Man-
agement Device Using Transthoracic Impedance,” filed Feb.
27, 1998, which is incorporated herein by reference in its
entirety.

[0024] An arrangement of electrodes such as those shown
in the example of FIG. 1 can be used to measure impedance
in multiple directions. This is sometimes called measuring
impedance vectors. For example, impedance measured
between LV ring electrode 128B and an electrode formed on
the can or the header of the IMD can be a first impedance
vector, and impedance measured between the LV ring elec-
trode 128D and an electrode formed on the can or the header
of the IMD can be a second impedance vector.

[0025] The example of FIG. 1 also shows that because
there may be multiple electrodes disposed in or more of the
RA, RV, and LV, there may be many options available for
impedance vectors to use in sensing respiration information.
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Tt may be desirable for the medical device to automatically
identify the best or optimum combination of electrodes to
use in monitoring respiration of the patient or subject.
[0026] FIG. 2 is a flow diagram of a method of controlling
operation of an ambulatory medical device. At 205, multiple
respiration signals are sensed using a sensing circuit and
using different combinations of electrodes of the medical
device. A respiration signal includes respiration information
of a subject.

[0027] At 210, a respiration parameter is extracted from
the sensed respiration signals. An example of a respiration
parameter is respiration tidal volume (TV). In some
examples, the respiration is an impedance signal that is
calibrated for respiration of the subject. TV can be extracted
from the impedance signal.

[0028] At 215, a signal performance metric is determined
for the sensed respiration signals using the extracted respi-
ration parameter. [n an example, if the extracted respiration
parameter is TV, the signal performance metric can be a
signal to nose ratio (SNR) determined using the TV param-
eters. For instance, SNR for TV may be calculated as ratio
of the mean of the TV parameter values to the standard
deviation of the TV parameter values or SNR=(TV, .,/
TVSTD)'

[0029] At 220, an electrode combination is enabled, from
the multiple electrode combinations available for use in
monitoring respiration, according to the signal performance
metric. For example, a large SNR may indicate that the TV
measured from a particular electrode combination is less
noisy.

[0030] Insome embodiments, the selected electrode com-
bination is used to monitor minute ventilation (MV) of the
subject. MV may be determined according to MV=TVxRR,
where RR is respiration rate. RR may be determined from
the same sensor circuit, or from a different sensor circuit. For
instance, TV and RR may both be determined from the same
impedance signal, or TV may be determined from the
impedance signal and RR may be determined using a sensed
accelerometer signal representative of motion of the sub-
ject’s respiration.

[0031] FIG. 3is a block diagram of portions of an example
of an ambulatory medical device. The device 300 includes a
respiration sensing circuit 305, a signal processing circuit
310, and a control circuit 315. The control circuit 315 can
include a processor such as a microprocessor, a digital signal
processor, application specific integrated circuit (ASIC), or
other type of processor, interpreting or executing instruc-
tions in software modules or firmware modules. The control
circuit 315 may include other circuits or sub-circuits to
perform the functions described. These circuits may include
software, hardware, firmware or any combination thereof.
Multiple functions can be performed in one or more of the
circuits or sub-circuits as desired. The signal processing
circuit 310 may be included in the control circuit 315 or may
be a circuit separate from the control circuit (e.g., a separate
processor).

[0032] The device 300 may include a switching circuit
(not shown) to electrically couple different combinations of
electrodes to the respiration sensing circuit 305. Combina-
tions of the electrodes may be arranged to include a signifi-
cant portions of the subject’s thorax region between the
electrodes. For instance, the electrode combinations may
include at least one electrode implantable in the RA, RV, or
LV of the subject and an electrode formed on housing or the
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header of the device. The respiration sensing circuit 305
generates a sensed signal that is representative of respiration.
In some embodiments, the respiration sensing circuit 305
includes an impedance sensing circuit, and impedance sig-
nals sensed by the impedance sensing circuit are represen-
tative of respiration of the subject.

[0033] The control circuit 315 determines the best or
optimum combination of electrodes to use in monitoring
respiration of the subject. To determine the best electrode
combination, the control circuit 315 initiates sensing of
multiple respiration signals. The signal processing circuit
310 extracts a respiration parameter from a sensed respira-
tion signal and determines a signal performance metric for
the sensed respiration signal using the respiration parameter.
Using the signal performance metrics, the control circuit 315
enables an electrode combination from the plurality of
electrodes for use in monitoring respiration of the subject. In
some embodiments, the respiration parameter is TV, and the
signal performance metric includes a SNR calculated using
measured tidal volume.

[0034] In some embodiments, the respiration parameter
extracted from the respiration signal is RR. If the respiration
signal is a noisy signal, the signal processing circuit 310 may
not be able to extract RR information from the signal. If a
specific electrode combination is less noisy than other
combinations, more RR information may be available for
that electrode combination. In some embodiments, the signal
performance metric for an electrode combination is the
amount of RR information available. For instance, the
control circuit 315 initiates RR measurements for the elec-
trode combinations and ftracks the amount of time that
obtaining RR information was successful. The signal per-
formance metric for an electrode combination may be the
percentage of time or the percentage of attempts that RR
information was available and collected for the electrode
combination. This approach may be useful for right-sided
implants wherein the device is implanted in a subcutaneous
pocket on the right side of the patient. Right-side implants
may be more susceptible to interference in sensing the
signals, which may result in more RR measurement being
unsuccessful.

[0035] The control circuit 315 may use additional criteria
to select the electrode combination to use in monitoring
respiration. In some embodiments, the device 300 includes
a cardiac signal sensing circuit 320 that can be selectively
coupled to the electrodes to sense electrical cardiac activa-
tion within the subject’s body. In some examples, sensed
cardiac signals are used to detect tachyarrhythmia such as
ventricular tachycardia. The control circuit 315 may select
the electrode combination to use in monitoring respiration
that would have a low adverse impact on the sensing of
tachyarrhythmia. As explained previously herein, respiration
sensing may include applying current to electrodes and
sensing the resulting voltage. The applied current may lead
to over-sensing by the cardiac signal sensing circuit 320. The
control circuit 315 may select electrodes that are less likely
to interfere with cardiac signal sensing, such as selecting
electrodes according to the physical separation of the res-
piration sensing electrodes and the tachyarrhythmia detect-
ing electrodes.

[0036] The respiration information may be used to adjust
device settings. In some examples, the sensed electrical
cardiac activation signals are used to control delivery of
pacing therapy to treat bradycardia. The device 300 may
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include a stimulus circuit 340 that provides pacing stimu-
lation therapy to the subject. The control circuit may use the
respiration information to adjust a cardiac pacing therapy
parameter. For instance, the control circuit may use MV
information to detect that there is more demand for cardiac
output for the subject (e.g., the subject is exercising). The
control circuit 315 may increases the heart rate of the subject
using the pacing therapy in response to the detected change
in MV.

[0037] The optimal combination of electrodes to use in
monitoring respiration may change with posture of the
subject. In some examples, the device 300 includes a posture
sensor 325 that provides posture signal that includes posture
information of the subject. Examples of a posture sensor
include a multi-axis accelerometer and a tilt switch. With a
posture sensor, the device 300 can detect whether a patient
is in an upright position, a supine position, a prone position,
on his or her left or right side, or if the patient is in a tilted
position. The device may include a posture calculation
circuit 330 that determines posture of the subject using the
posture information. The control circuit 315 initiates sensing
of respiration signals using different electrode combinations
of electrodes for different postures, and initiates determining
the signal performance metric for the different postures. The
control circuit 315 enables the electrode combination for
respiration monitoring using the signal performance metric
and the determined posture of the subject.

[0038] Respiration information for a subject may be more
useful at certain times of the day than other times. For
instance, the device 300 may be used to collect respiration
data for apnea detection and respiration data collected at
night when the patient is sleeping may be more useful. In
some examples, the device includes a timer circuit 335 that
may be integral to, or electrically coupled to, the control
circuit 315. The control circuit 315 initiates the sensing of
the respiration signals using different electrode combina-
tions and determines the signal performance metric for the
sensed respiration signals according to a time of day. The
control circuit 315 may select the electrode combination for
use in monitoring MV of the subject according to the signal
performance metric and the time of day. In some examples,
the timer circuit 335 can be used to trigger optimization of
the electrodes used for respiration monitoring according to
a schedule.

[0039] As explained previously in regard to FIG. 1, some
implantable electrodes usable for sensing respiration can be
included in a LV lead 125 configured for placement or
insertion in the coronary vein. The best electrode combina-
tion for respiration monitoring may include an electrode of
LV lead 125 not contacting the coronary vein and an
electrode formed on the housing or header of the device.
[0040] FIG. 4 is an illustration of an example of portions
of a cardiac lead implanted in a coronary vein of the LV. The
LV lead 425 includes four LV electrodes 428A, 428B, 428C,
and 428D. In the example, LV electrodes 428A and 428C
contact the wall of the coronary vein and electrodes 428B
and 428D do not contact the wall of the coronary vein. A
non-contacting electrode is merged in the blood pool and has
minimal impact from the contact impedance of the coronary
vein tissue. Thus, a non-contacting electrode will have lower
impedance than a contacting electrode and will likely have
a better SNR for sensed signals. Therefore, it is more
desirable to select a non-contacting electrode for respiration
sensing than a contacting electrode. Additionally, electrodes
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contacting the wall of the coronary vein are better suited for
sensing intrinsic cardiac signal and delivering pacing
therapy. Using non-contacting electrodes for respiration
sensing will not interfere with pacing therapy. Knowledge of
which electrodes contact the coronary vein and which elec-
trodes do not contact the coronary vein allows the device
300 to select non-contacting electrodes for respiration sens-
ing and select contacting electrodes to deliver pacing
therapy to the LV.

[0041] FIG. 51s a block diagram of portions of an example
of an ambulatory medical device. The device 500 includes
an impedance sensing circuit 505 for sensing an impedance
signal representative of respiration and a control circuit 515.
The control circuit 515 is electrically coupled to the imped-
ance sensing circuit and initiates sensing values of imped-
ance of different electrode combinations. The impedance
sensing circuit 505 can be electrically coupled to electrodes
that are implantable in the coronary vein and to electrodes
formed on a housing of the device 500 or a header of the
device 500. To identify an electrode that is not in contact
with the wall of the coronary vein, the control circuit 515
initiates sensing values of impedance of different electrode
combinations that include the electrodes in the coronary vein
and an electrode on the device housing or header. The
electrode combination with the lowest impedance is selected
for use with the impedance sensing circuit in monitoring
respiration of the subject. The device may also assess SNR
calculated using a respiration parameter in addition to the
impedance determination. The device may include addi-
tional circuits to provide therapy to the subject (e.g., pacing
therapy). As explained previously the device 500 may adjust
therapy settings based on the respiration information.
[0042] Another approach to determining whether an elec-
trode is a non-contacting electrode is to determine stimula-
tion energy thresholds for cardiac capture. Cardiac capture
refers to an evoked response that occurs as a result of the
pacing stimulation. Contacting electrodes will have a lower
threshold for cardiac capture than non-contacting electrodes.
Selecting electrode combinations with the highest capture
thresholds as candidates for respiration monitoring may
reduce interference with pacing that uses an electrode com-
bination with the lowest capture threshold.

[0043] Returning to the example of FIG. 3, the device 300
may include the respiration sensing circuit 305, the cardiac
signal sensing circuit 320, the stimulus circuit 340, and the
control circuit 315. Capture threshold tests are performed to
determine capture threshold levels for electrode combina-
tions that include LV electrodes located in the coronary vein.
The control circuit 315 initiates delivery of pacing pulses
using combinations of the electrodes that include one elec-
trode in the LV as a pacing cathode and the other electrodes
as the pacing anode (e.g., one of the other LV electrodes, an
RV electrode, or a can electrode as the anode).

[0044] The control circuit 315 initiates sensing of cardiac
activation resulting from the pacing pulses and determines a
cardiac capture pulse energy level threshold for the elec-
trodes using the sensed cardiac activation. The device may
include the signal processing circuit 310 to determine the
cardiac capture pulse energy level thresholds. The control
circuit 315 enables an electrode combination from the
plurality of electrodes having the highest determined cardiac
capture pulse energy level threshold for use in monitoring
respiration. In certain examples, the electrode combination
is used to monitor MV of the subject. In certain examples,
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an electrode combination with the lowest determined cardiac
capture pulse energy level threshold is enabled for deliver-
ing pacing therapy.

[0045] The devices, methods and systems described herein
provide device-recorded information related to respiration
of the patient or subject. The configuration of the electrodes
used to sense the respiration signals may be optimized as
needed. The respiration information can be uploaded from
the device and evaluated by a clinician.

[0046] FIG. 6 is an illustration of portions of another
system 600 that uses an IMD 610 to provide a therapy to a
patient 602. The system 600 typically includes an external
device 670 that communicates with a remote system 696 via
a network 694. The network 694 can be a communication
network such as a cellular telephone network or a computer
network (e.g., the internet). In some examples, the external
device includes a repeater and communicated via the net-
work using a link 692 that may be wired or wireless. In some
examples, the remote system 696 provides patient manage-
ment functions and may include one or more servers 698 to
perform the functions.

[0047] Optimizing the recording of the information can
lead to more accurate information being collected by a
device, which can lead to improved treatment of the
patient’s condition (e.g., for heart failure) and more effective
device-based therapy provided to the patient.

ADDITIONAL DESCRIPTION AND EXAMPLES

[0048] Example 1 includes subject matter (such as an
apparatus) comprising a respiration sensing circuit config-
ured for coupling electrically to a plurality of electrodes and
for sensing a respiration signal representative of respiration
of a subject; a signal processing circuit electrically coupled
to the respiration sensing circuit and configured to extract a
respiration parameter from a sensed respiration signal and
determine a signal performance metric for the sensed res-
piration signal using the respiration parameter; and a control
circuit. The control circuit is configured to: initiate sensing
of a plurality of respiration signals using different electrode
combinations of the plurality of electrodes and determining
of the signal performance metric for the sensed respiration
signals; and enable an electrode combination from the
plurality of electrodes and for use in monitoring respiration
of the subject according to the signal performance metric.

[0049] In Example 2, the subject matter of Example 1
optionally includes a signal processing circuit configured to
extract a measure of tidal volume from the sensed respira-
tion signal, wherein the signal performance metric includes
a signal-to-noise ratio (SNR) calculated using measured
tidal volume.

[0050] In Example 3, the subject matter of one or both of
Examples 1 and 2 optionally includes a signal processing
circuit configured to extract a measure of respiration rate
(RR) from the sensed respiration signal and monitor when
RR information is unavailable in sensed respiration signals,
wherein the signal performance metric for an electrode
combination includes an amount of RR information avail-
able from respiration signals sensed using the electrode
combination.

[0051] In Example 4, the subject matter of one or any
combination of Example 1-3 optionally includes the plural-
ity of electrodes and a device housing, wherein the plurality
of electrodes include multiple electrodes configured to be
implantable in one or more heart chambers of the subject and
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at least one electrode formed using the device housing, and
wherein the electrode combinations include at least one
electrode implantable in a heart chamber and the at least one
electrode formed using the device housing.

[0052] In Example 5, the subject matter of one or any
combination of Examples 1-3 optionally includes the plu-
rality of electrodes and a device housing, wherein the
plurality of electrodes include multiple electrodes included
in a lead configured to be implantable in a left ventricle (LV)
of the subject and at least one electrode formed using the
device housing, wherein the electrode combinations include
at least one electrode included in the lead and the at least one
electrode formed using the device housing.

[0053] In Example 6, the subject matter of Example 5
optionally includes a lead configured to be implantable in a
coronary vein of the left ventricle, wherein the signal
processing circuit includes an impedance sensing circuit
configured to determine impedance between the at least one
electrode included in the lead and the at least one electrode
formed using the device housing, and wherein the control
circuit is configured to enable the electrode combination for
use in monitoring respiration of the subject according to the
signal performance metric and the determined impedance.

[0054] In Example 7, the subject matter of one or any
combination of Examples 1-6 optionally includes a posture
sensor circuit configured to provide a posture signal that
includes posture information of the subject; and a posture
calculation circuit configured to determine posture of the
subject using the posture information, wherein the control
circuit is configured to: initiate the sensing of the plurality of
respiration signals using different electrode combinations of
the plurality of electrodes and the determining of the signal
performance metric for the sensed respiration signals
according to a determined posture; and select the electrode
combination for use in monitoring respiration of the subject
according to the signal performance metric and the deter-
mined posture.

[0055] In Example 8, the subject matter of one or any
combination of Examples 1-7 optionally includes a timer
circuit integral to, or electrically coupled to the control
circuit, wherein the control circuit is configured to: initiate
the sensing of the plurality of respiration signals using
different electrode combinations of the plurality of elec-
trodes and the determining of the signal performance metric
for the sensed respiration signals according to a time of day;
and select the electrode combination for use in monitoring
minute ventilation of the subject according to the signal
performance metric and the time of day.

[0056] In Example 9, the subject matter of one or any
combination of Examples 1-8 optionally includes a cardiac
signal sensing circuit configured for coupling electrically to
the plurality of electrodes and to sense cardiac activation
within a subject’s body using the electrodes; and a stimulus
circuit configured for coupling electrically to the plurality of
electrodes, wherein the control circuit is configured to select
the electrode combination according to the signal perfor-
mance metric for use in determining minute ventilation
information of the subject and to adjust a cardiac pacing
therapy parameter using the minute ventilation information.
[0057] Example 10 can include subject matter (such as an
apparatus), or can optionally be combined with the subject
matter of one or any combination of Examples 1-9 to include
such subject matter, comprising an impedance sensing cir-
cuit configured for coupling electrically to a plurality of
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electrodes and for sensing an impedance signal representa-
tive of respiration of a subject; and a control circuit electri-
cally coupled to the impedance sensing circuit. The control
circuit is configured to: initiate sensing values of impedance
of different electrode combinations of the plurality of elec-
trodes; and determine an electrode combination from the
plurality of electrodes according to the values of impedance
for use with the impedance sensing circuit in monitoring
respiration of the subject.

[0058] In Example 11, the subject matter of Example 10
optionally includes the plurality of electrodes and a housing,
wherein the plurality of electrodes include multiple elec-
trodes configured to be implantable in one or more heart
chambers of the subject and at least one electrode formed
using the housing, and wherein the electrode combinations
include at least one electrode implantable in a heart chamber
and the at least one electrode formed using the housing.
[0059] In Example 12, the subject matter of Example 10
optionally includes the plurality of electrodes and a housing,
wherein the plurality of electrodes include multiple elec-
trodes included in a lead configured to be implantable in a
left ventricle (LV) of the subject and at least one electrode
formed using the housing, wherein the electrode combina-
tions include at least one electrode implantable in the [V and
the at least one electrode formed using the housing.

[0060] In Example 13, the subject matter of Example 12
optionally includes a lead configured to be implantable in a
coronary vein of the left ventricle, and wherein the selected
electrode combination corresponds to the electrode combi-
nation determined to have lowest measured impedance
between the at least one electrode included in the lead and
the at least one electrode formed using the housing.

[0061] In Example 14, the subject matter of one or any
combination of Examples 10-13 optionally includes a con-
trol circuit configured to select the electrode combination
having the lowest impedance value for use in determining
minute ventilation information for the subject.

[0062] In Example 15, the subject matter of Example 14
optionally includes a cardiac signal sensing circuit config-
ured for coupling electrically to the plurality of electrodes
and to sense cardiac activation within a subject’s body using
the electrodes; and a stimulus circuit configured for coupling
electrically to the plurality of electrodes and to provide
cardiac pacing therapy to the subject, wherein the control
circuit is configured to adjust a cardiac pacing therapy
parameter using the minute ventilation information.

[0063] In Example 16, the subject matter of one or any
combination of Example 10-15 optionally includes a posture
sensor circuit configured to provide a posture signal that
includes posture information of the subject; and a posture
calculation circuit configured to determine posture of the
subject using the posture information, wherein the control
circuit is configured to: initiate the sensing of the plurality of
respiration signals using different electrode combinations of
the plurality of electrodes and the determining of the signal
performance metric for the sensed respiration signals
according to a determined posture; and select the electrode
combination having the lowest impedance value and accord-
ing to the determined posture.

[0064] In Example 17, the subject matter of one or any
combination of Example 10-16 optionally includes a timer
circuit integral to, or electrically coupled to the control
circuit, wherein the control circuit is configured to: initiate
the sensing of the plurality of respiration signals using
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different electrode combinations of the plurality of elec-
trodes and the determining of the signal performance metric
for the sensed respiration signals according to a time of day;
and select the electrode combination for use in monitoring
minute ventilation of the subject according to the signal
performance metric and the time of day.

[0065] Example 18 can include subject matter (such as an
apparatus), or can optionally be combined with the subject
matter of one or any combination of Examples 1-17 to
include such subject matter, comprising a respiration sensing
circuit configured for coupling electrically to a plurality of
electrodes and for sensing a respiration signal representative
of respiration of a subject; a cardiac signal sensing circuit
configured for coupling electrically to the plurality of elec-
trodes and to sense cardiac activation of the subject using the
electrodes; a stimulus circuit configured for coupling elec-
trically to the plurality of electrodes and to provide pacing
pulse stimulation energy to the subject; and a control circuit.
The control circuit is configured to initiate delivery of
pacing pulses using combinations of the electrodes that
include one electrode of the plurality of electrodes as a
pacing cathode and the other electrodes as the pacing anode;
initiate sensing of cardiac activation resulting from the
pacing pulses; determine a cardiac capture pulse energy
level threshold for the electrodes using the sensed cardiac
activation; and enable an electrode combination from the
plurality of electrodes having the highest determined cardiac
capture pulse energy level threshold for use in monitoring
respiration of the subject.

[0066] In Example 19, the subject matter of Example 18
optionally includes the plurality of electrodes and a housing,
wherein the plurality of electrodes include multiple elec-
trodes included in a lead configured to be implantable in a
left ventricle (LV) of the subject and at least one electrode
formed using the housing, wherein the electrode combina-
tions include at least one electrode implantable in the LV and
the at least one electrode formed using the housing.

[0067] In Example 20, the subject matter of Example 19
optionally includes a control circuit configured to select the
electrode combination for use in determining minute venti-
lation information of the subject and to adjust a cardiac
pacing therapy parameter using the minute ventilation infor-
mation.

[0068] Example 21 can include subject matter (such as a
method of controlling operation of an ambulatory medical
device, a means for performing acts, or a machine-readable
medium including instructions that, when performed by the
machine, cause the machine to perform acts), or can option-
ally be combined with the subject matter of one or any
combination of Examples 1-20 to include such subject
matter, comprising: sensing a plurality of respiration signals
representative of respiration of a subject using different
electrode combinations of a plurality of electrodes; extract-
ing a respiration parameter from the sensed respiration
signals; determining a signal performance metric for the
sensed respiration signals using the respiration parameters;
and enabling an electrode combination from the plurality of
electrodes for use in monitoring respiration of the subject
according to the signal performance metric.

[0069] In Example 22, the subject matter of Example 21
can optionally include extracting a measure of tidal volume
from the sensed respiration signals, wherein determining the
signal performance metric includes determining a signal-to-
noise ratio (SNR) calculated using measured tidal volume.
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[0070] In Example 23, the subject matter of one or both of
Examples 21 and 22 optionally includes extracting a mea-
sure of respiration rate (RR) from the sensed respiration
signal and monitoring when RR information is unavailable
in the sensed respiration signals, wherein determining the
signal performance metric includes determining an amount
of RR information available from respiration signals sensed
using the electrode combination.

[0071] In Example 24, the subject matter of one or any
combination of Examples 21-23 optionally includes sensing
the plurality of respiration signals using multiple electrodes
combinations that include at least one electrode implantable
in a heart chamber and the at least one electrode formed
using a housing of the ambulatory medical device.

[0072] In Example 25, the subject matter of one or any
combination of Examples 21-24 can optionally include
sensing the plurality of respiration signals using multiple
electrodes combinations that include at least one electrode
included in a lead configured to be implantable in a left
ventricle (LV) of the subject and at least one electrode
formed using a housing of the ambulatory medical device.
[0073] In Example 26, the subject matter of one or any
combination of Examples 21-25 optionally includes adjust-
ing an electrical stimulus provided by the ambulatory medi-
cal using the minute ventilation information.

[0074] Example 27 can include, or can optionally be
combined with any portion or combination of any portions
of any one or more of Examples 1-26 to include, subject
matter that can include means for performing any one or
more of the functions of Examples 1-26, or a machine-
readable medium including instructions that, when per-
formed by a machine, cause the machine to perform any one
or more of the functions of Examples 1-26.

[0075] These non-limiting examples can be combined in
any permutation or combination.

[0076] The above detailed description includes references
to the accompanying drawings, which form a part of the
detailed description. The drawings show, by way of illus-
tration, specific embodiments in which the invention can be
practiced. These embodiments are also referred to herein as
“examples.” 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.

[0077] Inthis 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 refer to a nonexclusive or, such that “A or B”
includes “A butnot B,” “B but not A,” and “A and B,” unless
otherwise indicated. In the appended claims, 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 “includ-
ing” 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,”
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etc. are used merely as labels, and are not intended to impose
numerical requirements on their objects.

[0078] Method examples described herein can be machine
or computer-implemented at least in part. Some examples
can include a computer-readable medium or machine-read-
able medium encoded with instructions operable to config-
ure 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 can form portions of computer
program products. Further, the code can be tangibly stored
on one or more volatile or non-volatile computer-readable
media during execution or at other times. These 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 mermories
(RAM’s), read only memories (ROM’s), and the like. In
some examples, a carrier medium can carry code imple-
menting the methods. The term “carrier medium” can be
used to represent carrier waves on which code is transmitted.

[0079] 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.ER. §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
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 Description, with each
claim standing on its own as a separate embodiment. The
scope of the invention should be determined with reference
to the appended claims, along with the full scope of equiva-
lents to which such claims are entitled.

What is claimed is:
1. An apparatus comprising:

a respiration sensing circuit configured for coupling elec-
trically to a plurality of electrodes and for sensing a
respiration signal representative of respiration of a
subject;

a signal processing circuit electrically coupled to the
respiration sensing circuit and configured to extract a
respiration parameter from a sensed respiration signal
and determine a signal performance metric for the
sensed respiration signal using the respiration param-
eter; and

a control circuit configured to:

initiate sensing of a plurality of respiration signals
using different electrode combinations of the plural-
ity of electrodes and determining of the signal per-
formance metric for the sensed respiration signals;
and
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enable an electrode combination from the plurality of
electrodes and for use in monitoring respiration of
the subject according to the signal performance
metric.

2. The apparatus of claim 1, wherein the signal processing
circuit is configured to extract a measure of tidal volume
from the sensed respiration signal, wherein the signal per-
formance metric includes a signal-to-noise ratio (SNR)
calculated using measured tidal volume.

3. The apparatus of claim 1, wherein the signal processing
circuit is configured to extract a measure of respiration rate
(RR) from the sensed respiration signal and monitor when
RR information is unavailable in sensed respiration signals,
wherein the signal performance metric for an electrode
combination includes an amount of RR information avail-
able from respiration signals sensed using the electrode
combination.

4. The apparatus of claim 1, including the plurality of
electrodes and a device housing, wherein the plurality of
electrodes include multiple electrodes configured to be
implantable in one or more heart chambers of the subject and
at least one electrode formed using the device housing, and
wherein the electrode combinations include at least one
electrode implantable in a heart chamber and the at least one
electrode formed using the device housing.

5. The apparatus of claim 1, including the plurality of
electrodes and a device housing, wherein the plurality of
electrodes include multiple electrodes included in a lead
configured to be implantable in a left ventricle (LV) of the
subject and at least one electrode formed using the device
housing, wherein the electrode combinations include at least
one electrode included in the lead and the at least one
electrode formed using the device housing.

6. The apparatus of claim 5, wherein the lead is configured
to be implantable in a coronary vein of the left ventricle,
wherein the signal processing circuit includes an impedance
sensing circuit configured to determine impedance between
the at least one electrode included in the lead and the at least
one electrode formed using the device housing, and wherein
the control circuit is configured to enable the electrode
combination for use in monitoring respiration of the subject
according to the signal performance metric and the deter-
mined impedance.

7. The apparatus of claim 1, including a posture sensor
circuit configured to provide a posture signal that includes
posture information of the subject; and a posture calculation
circuit configured to determine posture of the subject using
the posture information, wherein the control circuit is con-
figured to: initiate the sensing of the plurality of respiration
signals using different electrode combinations of the plural-
ity of electrodes and the determining of the signal perfor-
mance metric for the sensed respiration signals according to
a determined posture; and select the electrode combination
for use in monitoring respiration of the subject according to
the signal performance metric and the determined posture.

8. The apparatus of claim 1, including a timer circuit
integral to, or electrically coupled to the control circuit,
wherein the control circuit 1s configured to: initiate the
sensing of the plurality of respiration signals using different
electrode combinations of the plurality of electrodes and the
determining of the signal performance metric for the sensed
respiration signals according to a time of day; and select the
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electrode combination for use in monitoring minute venti-
lation of the subject according to the signal performance
metric and the time of day.

9. The apparatus of claim 1, including: a cardiac signal
sensing circuit configured for coupling electrically to the
plurality of electrodes and to sense cardiac activation within
a subject’s body using the electrodes; and a stimulus circuit
configured for coupling electrically to the plurality of elec-
trodes, wherein the control circuit is configured to select the
electrode combination according to the signal performance
metric for use in determining minute ventilation information
of the subject and to adjust a cardiac pacing therapy param-
eter using the minute ventilation information.

10. An apparatus comprising:

an impedance sensing circuit configured for coupling

electrically to a plurality of electrodes and for sensing
an impedance signal representative of respiration of a
subject; and

a control circuit electrically coupled to the impedance

sensing circuit and configured to:

initiate sensing values of impedance of different elec-
trode combinations of the plurality of electrodes; and

determine an electrode combination from the plurality
of electrodes according to the values of impedance
for use with the impedance sensing circuit in moni-
toring respiration of the subject.

11. The apparatus of claim 10, including the plurality of
electrodes and a housing, wherein the plurality of electrodes
include multiple electrodes configured to be implantable in
one or more heart chambers of the subject and at least one
electrode formed using the housing, and wherein the elec-
trode combinations include at least one electrode implant-
able in a heart chamber and the at least one electrode formed
using the housing.

12. The apparatus of claim 10, including the plurality of
electrodes and a housing, wherein the plurality of electrodes
include multiple electrodes included in a lead configured to
be implantable in a left ventricle (LV) of the subject and at
least one electrode formed using the housing, wherein the
electrode combinations include at least one electrode
implantable in the LV and the at least one electrode formed
using the housing.

13. The apparatus of claim 12, wherein the lead is
configured to be implantable in a coronary vein of the left
ventricle, and wherein the selected electrode combination
corresponds to the electrode combination determined to
have lowest measured impedance between the at least one
electrode included in the lead and the at least one electrode
formed using the housing.

14. The apparatus of claim 10, wherein the control circuit
is configured to select the electrode combination having the
lowest impedance value for use in determining minute
ventilation information for the subject.

15. The apparatus of claim 14, including: a cardiac signal
sensing circuit configured for coupling electrically to the
plurality of electrodes and to sense cardiac activation within
a subject’s body using the electrodes; and a stimulus circuit
configured for coupling electrically to the plurality of elec-
trodes and to provide cardiac pacing therapy to the subject,
wherein the control circuit is configured to adjust a cardiac
pacing therapy parameter using the minute ventilation infor-
mation.

16. The apparatus of claim 10, including a posture sensor
circuit configured to provide a posture signal that includes
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posture information of the subject; and a posture calculation
circuit configured to determine posture of the subject using
the posture information, wherein the control circuit is con-
figured to: initiate the sensing of the plurality of respiration
signals using different electrode combinations of the plural-
ity of electrodes and the determining of the signal perfor-
mance metric for the sensed respiration signals according to
a determined posture; and select the electrode combination
having the lowest impedance value and according to the
determined posture.

17. The apparatus of claim 10, including a timer circuit
integral to, or electrically coupled to the control circuit,
wherein the control circuit is configured to: initiate the
sensing of the plurality of respiration signals using different
electrode combinations of the plurality of electrodes and the
determining of the signal performance metric for the sensed
respiration signals according to a time of day; and select the
electrode combination for use in monitoring minute venti-
lation of the subject according to the signal performance
metric and the time of day.

18. An apparatus comprising:

a respiration sensing circuit configured for coupling elec-
trically to a plurality of electrodes and for sensing a
respiration signal representative of respiration of a
subject;

a cardiac signal sensing circuit configured for coupling
electrically to the plurality of electrodes and to sense
cardiac activation of the subject using the electrodes;

a stimulus circuit configured for coupling electrically to
the plurality of electrodes and to provide pacing pulse
stimulation energy to the subject; and
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a control circuit configured to:

initiate delivery of pacing pulses using combinations of
the electrodes that include one electrode of the
plurality of electrodes as a pacing cathode and the
other electrodes as the pacing anode;

initiate sensing of cardiac activation resulting from the
pacing pulses;

determine a cardiac capture pulse energy level thresh-
old for the electrodes using the sensed cardiac acti-
vation; and

enable an electrode combination from the plurality of
electrodes having the highest determined cardiac
capture pulse energy level threshold for use in moni-
toring respiration of the subject.

19. The apparatus of claim 18, including the plurality of
electrodes and a housing, wherein the plurality of electrodes
include multiple electrodes included in a lead configured to
be implantable in a left ventricle (LV) of the subject and at
least one electrode formed using the housing, wherein the
electrode combinations include at least one electrode
implantable in the LV and the at least one electrode formed
using the housing.

20. The apparatus of claim 18, wherein the control circuit
is configured to select the electrode combination for use in
determining minute ventilation information of the subject
and to adjust a cardiac pacing therapy parameter using the
minute ventilation information.
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