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TECHNIQUES FOR MITIGATING MOTION
ARTIFACTS FROM IMPLANTABLE
PHYSIOLOGICAL SENSORS

RELATED APPLICATION

[0001] This application is a continuation of U.S. patent
application Ser. No. 13/360,149, filed Jan. 27, 2012 entitled
“TECHNIQUES FOR MITIGATING MOTION ARTI-
FACTS FROM IMPLANTABLE PHYSIOLOGICAL SEN-
SORS”, herein incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] This disclosure relates to sensing physiological
characteristics with implantable sensors.

BACKGROUND

[0003] Many sensor applications suffer from motion arti-
facts created by skeletal muscle motion during normal activi-
ties such as walking, hand/arm movement, and posture
changes. A motion artifact often occurs in the same band-
width as the signal of interest, and often has amplitudes large
enough to saturate the amplifiers used for signal acquisition.
A great deal of effort has been focused on elimination of
motion artifact using signal-processing techniques.

SUMMARY

[0004] In general, the disclosure is directed to techniques
for minimizing motion artifacts in sensor data of implantable
sensors. The disclosed techniques include sensing at a loca-
tion that mitigates skeletal muscle interaction with the sens-
ing element of an implantable sensor. The techniques may
include monitoring physiological characteristics of a patent
with one or more implantable sensors located within a
patient’s thoracic cavity. Positions within a patient’s thoracic
cavity may substantially mitigate motion artifacts from the
sensor signal(s).

[0005] In one example, this disclosure is directed to a
method comprising: monitoring a physiological characteris-
tic of a patient with a sensor that is mounted to an inner wall
of a thoracic cavity of the patient, and sending a signal based
on the monitored physiological characteristic from the sensor
to a remote device.

[0006] In another example, this disclosure is directed to a
method comprising monitoring sounds with a sound sensor
that is mounted to an inner wall of a thoracic cavity of a
patient, and sending a sound signal based on the monitored
sounds from the sound sensor to a controller of an implantable
medical device implanted within the patient.

[0007] In another example, this disclosure is directed to a
method for implanting a sound sensor comprising accessing a
thoracic cavity of a patient, controlling air pressure within a
thoracic cavity of the patient via a vacuum to mitigate a risk of
lung collapse during implantation of the sound sensor, posi-
tioning the sound sensor within the thoracic cavity of the
patient, and securing the sound sensor to an inner wall of the
thoracic cavity.

[0008] In another example, this disclosure is directed to
system comprising an implantable medical device, and a
sound sensor configured to mount to an inner wall of a tho-
racic cavity of a patient, wherein the sound sensor is further
configured to send a sound signal based on sounds monitored
from within the thoracic cavity to the implantable medical
device. The implantable medical device is configured to
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receive the sound signal from the sound sensor and generate
a physiological metric based on the received sound signal.
[0009] The details of one or more examples of this disclo-
sure are set forth in the accompanying drawings and the
description below. Other features, objects, and advantages of
this disclosure will be apparent from the description and
drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

[0010] FIG. 1 is a conceptual diagram illustrating an
example system that includes a sensor, a programmer and an
implantable medical device (IMD) coupled to a plurality of
leads that may be used to monitor one or more physiological
parameters of a patient and/or provide therapy to the heart of

a patient.

[0011] FIG. 2 is a schematic illustrating a heart sound sen-
SOt

[0012] FIG. 3 is a block diagram illustrating an example

configuration of the IMD of FIG. 1.

[0013] FIG. 4A illustrates example heart sound and ECG
signals.
[0014] FIG. 4B illustrates an example of non-filtered signal

that includes motion artifacts from a heart sounds sensor.
[0015] FIG. 5 is a schematic illustrating an example of an
integrated sensor assembly including a sound sensor and an
optical sensor, as well as ECG leads and anchors for securing
the integrated sensor assembly to bone or cartilage within the
thoracic cavity.

[0016] FIG. 6 is a schematic illustrating an example clamp
suitable for use in the surgical implantation of a sound sensor
within a thoracic cavity of a patient.

[0017] FIG. 71is a flowchart illustrating an example method
for monitoring heart sounds.

[0018] FIG. 81isa flowchart illustrating an example method
for surgically implanting a sound sensor.

DETAILED DESCRIPTION

[0019] In general, this disclosure is directed to techniques
for sensing physiological characteristics with implantable
sensors in a manner that mitigates motion artifacts. The dis-
closed techniques include sensing at a location that mitigates
skeletal muscle interaction with the sensing element of an
implantable sensor, such as a location on an interior wall of
the thoracic cavity of a patient. One such location is beneath
the xyphoid process. While there are muscles terminating at
the sternum, there is limited tissue directly beneath the
xyphoid process and sternum. For this reason, a sensor ele-
ment located beneath the sternum is not corrupted by muscle
movement causing pressure changes on the sensing element
or tissue changes as the muscle slides over the sensing ele-
ment. Described techniques may substantially mitigate
motion artifacts from sensor signals observed when monitor-
ing the heart.

[0020] In one example, heart sounds are obtained from an
implanted heart sound sensor that is secured to an interior
wall of the thoracic cavity of a patient. Positioning the heart
sound sensor within the thoracic cavity of the patient substan-
tially mitigates motion artifacts that can be caused by muscle
tissue and, thereby limits the need for filtering the sound
signal when using the sound signal to generate a cardiac
metric.

[0021] Heart sounds may be used to generate cardiac met-
rics. However, sound signals from sensors that detect heart
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sounds generally include a variety of other components in
addition to the heart sounds. For example, a sound signal may
include breathing artifacts and skeletal muscle motion arti-
facts. As examples, skeletal muscle motion artifacts may be
created by skeletal muscle motion during normal activities
such as walking, hand or arm movement, and posture
changes. Because sound signals generally include a variety of
components in addition to heart sounds, generating a cardiac
metric based on detected sounds generally requires filtering
the undesired components of the sound signal, such as, e.g.,
breathing artifacts and skeletal muscle motion artifacts, from
the sound signal.

[0022] In one specific example, a sound sensor may be
secured to the sternum within thoracic cavity of a patient.
While there are muscles terminating at the sternum, there is
limited tissue directly beneath the xiphoid process and ster-
num within the thoracic cavity. Sounds detected by such a
sound sensor would not be corrupted by, for example, muscle
movement causing pressure changes on the sensing element
or tissue changes as the muscle slides over the sensing ele-
ment. There are few skeletal muscles to interfere with a sound
sensor positioned on an inner wall of a thoracic cavity of a
patient. Locations for implantation on an inner wall of a
thoracic cavity of a patient may include, for example, the
sternum, ribs, or sub-xiphoid process. The resulting signal,
which may be substantially free from motion artifacts, can
then be used to generate, based at least in part on the heart
sounds and the EGM, one or more cardiac metrics.

[0023] Heart sounds are associated with mechanical vibra-
tions of a patient’s heart and the flow of blood through the
heart, and thus, are highly correlated with pressure gradients
across heart valves and blood pressure, and when listened to
by a clinician, may reveal abnormalities in cardiac structure
or function. Heart sounds are created by not only vibrations of
and pressure within the heart, but may be due to the whole
cardiohemic system, e.g., blood, heart, great arteries, etc.
Heart sounds recur with each cardiac cycle and are separated
and classified according to the activity associated with the
vibration.

[0024] The first commonly observed heart sound is referred
to as “S1” and can be thought of as the vibrational sound made
by the heart during closure of the atrioventricular (AV) valves,
i.e., the mitral valve and tricuspid valve. The S1 sound can
sometimes be broken down into an M1 component, associ-
ated with the closure of the mitral valve, and aT1 component,
associated with the closing of the tricuspid valve. The second
heart sound is referred to as “S2,” and results from the closure
of the semilunar valves, i.e., the pulmonary and aortic valves.
The S2 heart sound can be thought of as marking the begin-
ning of diastole. The S2 sound can also be broken down into
component parts. The P2 component is associated with the
closing of the pulmonary valve and A2 component is associ-
ated with the closing of the aortic valve. The third and fourth
heart sounds are referred to as “S3” and “S4,” respectively,
and can be conceptualized as related to filling of the ventricles
during diastole. S3 is due to rapid filling of the ventricles and
can occur when the ventricular wall is not relaxed when a
large volume of blood flows into the ventricle from the atria.
S4 is caused by blood rapidly filling into the ventricles from
the atria due to atrial contraction.

[0025] As used herein, the term heart sound refers to any
feature of a heart sound signal, such as the S1, S2, S3, or S4
heart sounds described above or other heart sounds or sounds
created elsewhere in the cardiohemic system. There may be
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multiple heart sounds, e.g., each of an S1, S2, S3 and S4 heart
sound, for any given cardiac cycle or heartbeat.

[0026] To monitor the heart sounds, a heart sound sensor,
such as a piezoelectric sensor or other acoustic sensor, may
implemented with an implantable medical device (IMD),
e.g., on a lead or within a housing of the IMD. Alternatively,
aheart sound sensor may be implanted separately and include
a telemetry module allowing for wireless communication
between the heart sound sensor and the IMD. Contained in
separate housing, the heart sound sensor can be implanted in
areas more advantageous for target location sensing.

[0027] Heart sounds may provide important information
about the mechanical function of a heart. For instance, a
cardiac metric may represent a characterization of cardiac
function, such as an increase in the amplitude of the S3 sound,
which may be associated with elevated left ventricle (LV)
filling pressure, which may, in turn, be associated with wors-
ening heart failure. The S4 sound is caused by atrial contrac-
tion, and becomes pronounced when the left ventricle loses its
compliance due to, for example, acute myocardial infarction
and ischemia. The amplitude of S1 heart sound has been
shown to correlate with the maximum rate of rise of left
ventricular pressure (LV dP/dt Max), which is a measure of
cardiac contractility. The interval between Q-wave (or
R-wave) from the EGM and the S1 heart sound represents
both the delay between electrical activation and mechanical
contraction of the ventricle. This is often referred to as the
electromechanical activation time (EMAT). The shortening
of the interval has been predictive of response to CRT. An
interval from S1 to S2 sounds represents ejection time (ET)
which is correlated with stroke volume and cardiac output.
Any characterization of the mechanical or electrical function
of a heart, including those mentioned herein, maybe used in
the generation of a cardiac metric based on heart sounds.
[0028] Heart sounds can approximately provide similar
mechanical function assessment for the heart as echocardio-
graphy (Echo), without the need for a patient to travel to a
doctor’s office, and without the need for Echo equipment. For
example, Echo may provide left-ventricular diastolic filling
time, collided E and A waves, and mitral valve incompetence
with late diastolic regurgitation, which may be used to assess
AV dyssynchrony. Correspondingly, heart sounds can pro-
vide the interval from S2 to S1 sound, the interval from S2 to
S4 sounds, and the interval from S4 to S1 sounds, as well as
the S1 acceleration time, for assessment AV dyssynchrony.
Echo may provide a difference between aortic and pulmonary
pre-ejection times (i.e., the interval from the start of pulmo-
nary flow to the beginning of aortic flow), which may be used
to assess interventricular (VV) dyssynchrony.

[0029] For assessment of left intraventricular dyssyn-
chrony, Echo may provide the aortic pre-ejection interval,
time to isovolumic contraction and septal-to-posterior wall
motion delay. Heart sounds can be used to determine the
EMAT plus S1 duration, EMAT, and M1 duration or A2
duration, which may indicate the degree of left intraventricu-
lar dyssynchrony. A myocardial performance index (MPI)
determined from Echo may be used to assess both systolic and
diastolic function. The ratio of (S1 duration+S2 duration)/
(interval between S1 and S2) determined based on heart
sounds may be used as an approximate surrogate for MPI.
[0030] To monitor the heart sounds, a heart sound sensor,
such as a piezoelectric sensor or other acoustic sensor, may
implemented with an IMD that delivery a cardiac therapy,
e.g., on a lead or within a housing of the IMD that delivery a
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cardiac therapy. Alternatively, a heart sound sensor may be
implanted separately and include a telemetry module allow-
ing for wireless communication between the heart sound
sensor and a remote device, such as a programmer or an IMD
that delivers a cardiac therapy. Contained in separate housing
than an IMD that delivers a cardiac therapy, the heart sound
sensor can beimplanted in areas more advantageous for target
location sensing. The heart sound sensor can be implanted in
areas away from skeletal muscle, so that the motion artifacts
from skeletal muscles are substantially mitigated in the sound
signal picked up by the sensor.

[0031] As seen above, heart sounds based cardiac metrics
are available as approximations for Echo-based cardiac met-
rics. Unlike Echo-based cardiac metrics, the heart sounds
based cardiac metrics may be done automatically inside an
IMD itself. In this manner, a patient does not need to visit a
physician for additional reading by a remote device, because
the IMD may process heart sounds and/or EGM signals. In
other examples, remote device may be used to generate a
cardiac metric based on heart sounds and/or EGM signals.
[0032] In different examples, a cardiac metric may be a
generated measurement of the performance of the patient’s
heart, and can be based on many different factors. In this
manner, a cardiac metric may represent a characterization of
any aspect of the performance or function of the patient’s
heart. A cardiac metric can be, for example, based on any one
of, or combination of, heart sounds or electrical sensing of the
cardiac signal. In some examples, a generated cardiac metric
may be based on a heart sound, pressure within the heart,
and/or a cardiac EGM.

[0033] FIG. 1 is a conceptual diagram illustrating an
example system 10. System 10 includes sensor 2. In one
example, sensor 2 is a sound sensor configured to detect heart
sounds from within a thoracic cavity of patient 14. Sensor 2 is
located beneath the xyphoid process and on an interior wall of
the thoracic cavity. System 10 further includes IMD 8 and
programmer 12, IMD 8 is configured to receive heart sound
information from sensor 2. Programmer 12 is configured to
communicate wirelessly with sensor 2 and/or IMD 8. One or
more of sensor 2, IMD 8 and programmer 12 is configured to
generate a cardiac metric based at least in part on sounds
monitored by sensor 2, the cardiac metric representing some
aspect of the function of heart 6.

[0034] Any recordation, categorization or assessment of a
sound signal that includes a heart sound represents generation
of a cardiac metric based on the heart sound. Heart sound and
EGM signals contain specific information regarding electri-
cal, mechanical, contractility and left ventricle filling func-
tions of the patient’s heart. Accordingly, combinations of
heart sounds and EGM signals may also be used to generate
cardiac metrics. In system 10, for example, EGM signals
sensed by IMD 8 may be combined with heart sounds moni-
tored by sensor 2 to generate a cardiac metric.

[0035] System 10 includes IMD 8, which is connected to
leads 28, 34, and 36. IMD 8 may be configured to sense
electrical signals attendant to the depolarization and repolar-
ization of heart 6, e.g., a cardiac EGM, via electrodes on one
or more leads 28, 34 and 36 or the housing of IMD 8. IMD 8
may also deliver therapy in the form of electrical signals to
heart via electrodes located on one or more leads 28, 34 and
36 or a housing of IMD 8. In different examples, the therapy
may include pacing, cardioversion and/or defibrillation
pulses. IMD 8 also includes a telemetry module that facili-
tates wireless communications with sensor 2. In other
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examples, IMD 8 may communicate with sensor 2 via a wired
connection. IMD 8 may similarly include or be couple to
other sensors, such as one or more accelerometers, for detect-
ing other physiological parameters of patient 14, such as
activity or posture.

[0036] System 10 further includes sensor 2. Separating sen-
sor 2 from IMD 8 allows sensor 2 to be positioned within the
thoracic cavity of patient 14, such as within the thoracic
cavity of patient 14 and secured to an inner wall of the tho-
racic cavity. In system 10, sensor 2 is located on sternum 4 and
within the thoracic cavity of patient 14. In other examples,
sensor 2 can be located within IMD 8 or a separate device that
can be secured to an inner wall of the thoracic cavity on bone,
cartilage or other patient tissue in the thoracic cavity of
patient 14. Locating sensor 2 on a bone or cartilage, such as
the sternum, ribs, or xiphoid process, within the thoracic
cavity of patient 14 mitigates motion artifacts from skeletal
muscle motion during the detection of heart sounds. For
example, motion artifacts may occur in the same bandwidth
as the heart sound signal. Motion artifacts may also have
amplitudes large enough to saturate the amplifiers used for
signal acquisition, rendering the output signal difficult to read
or unusable. In such cases, signal-processing techniques may
not be available to remove the motion artifacts, and the
motion artifacts may substantially corrupt the heart sound
signal. In addition, less extensive signal processing may be
necessary when a signal includes fewer or less pronounced
artifacts, which may reduce battery consumption and
improve device longevity.

[0037] A signal representing detected heart sounds may be
sent to IMD 8 and/or programmer 12 from sensor 2 via wired
or wireless communication using any techniques known in
the art, for example low frequency or radiofrequency (RF)
telemetry, Bluetooth® and other techniques. In some
examples, sensor 2 and/or IMD 8 could communicate with
another wireless monitoring device other than programmer
12 such as a cellular phone or other consumer electronic
device.

[0038] While sensor 2 is described in one example as being
a sound sensor, in other examples, sensor 2 may include
additional sensing elements such as one or more optical sens-
ing elements and/or one or more electrical sensing elements.
As one example, optical sensing elements may be used to
monitor perfusion and/or oxygenation within an adjacent vas-
culature. Such electrical sensing elements may be used to
sense impedance, e.g., of lung tissue, and/or electrical poten-
tial, such as with an ECG. In further examples, sensor 2 may
not include a sound sensor, but may include one or more
electrical sensing elements and/or optical sensing elements.
[0039] As one example, sensor 2 may include one or more
optical sensing elements to, e.g., optically monitor blood flow
or blood oxygenation through vasculature adjacent sensor 2.
Locating sensor 2 on a bone or cartilage, such as the sternum,
ribs, or xiphoid process, within the thoracic cavity of patient
14 mitigates motion artifacts from skeletal muscle motion
during the monitoring of blood flow or blood oxygenation.
[0040] As another example, sensor 2 may include one or
more electrical sensors. In some examples electrical sensors
may be used to monitor impedance, e.g., for lung wetness
and/or cardiac applications (filling waveforms etc.) and may
also be used to monitor electrical potential, such as with ECG
signals. In other examples, sensor 2 may not include a sound
sensor, but may include one or more electrical sensing ele-
ments, one or more optical sensing elements or any combi-
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nation thereof. Locating sensor 2 on a bone or cartilage, such
as the sternum, ribs, or xiphoid process, within the thoracic
cavity of patient 14 mitigates motion artifacts from skeletal
muscle motion during the electrical sensing. For example,
with electrical sensing using an IMD mounted proximate to a
patient’s pectoral muscles, the relative movement of the IMD
and associated leads or other sensing elements may create
motion artifacts within the signal of the electric sensots.
[0041] Motion artifacts may occur in the same bandwidth
as heart sound signals, optical signals and electrical signals.
Motion artifacts may also have amplitudes large enough to
saturate the amplifiers used for signal acquisition, rendering
the output signal difficult to read or unusable. In such cases,
signal-processing techniques may not be available to remove
the motion artifacts, and the motion artifacts may substan-
tially corrupt heart sound signals, optical signals and electri-
cal signals. In addition, less extensive signal processing may
be necessary when a signal includes fewer or less pronounced
artifacts, which may reduce battery consumption and
improve device longevity.

[0042] Many securing techniques compatible with bone or
cartilage can be utilized to anchor sensor 2 to an inner wall of
the thoracic cavity, such as sutures, pins, spring-loaded
anchors, self-actuating anchors released during implantation,
such as nitinol anchors, adhesive, cement, bone morphogenic
protein, using a suction device, or any combination thereof.
[0043] Insome examples, programmer 12 takes the form of
a handheld computing device, computer workstation or net-
worked computing device that includes a user interface for
presenting information to and receiving input from a user. A
user, such as a physician, technician, clinician, electro-physi-
ologist, or other clinician, may interact with programmer 12
to retrieve physiological or diagnostic information from IMD
8. A user may also interact with programmer 12 to program
IMD 8, e.g., select values for operational parameters of IMD
8 and/or sensor 2. In certain examples, various functions of
the programmer 12 may be automated. For example, the
operational parameters may be selected automatically in
response to one or more cardiac metrics, such as cardiac
metrics based at least in part on heart sounds monitored by
sensor 2.

[0044] In other examples, some or all of the functions
ascribedto IMD 8 or a processor thereof may be performed by
one or more other devices, such as programmer 12, or a
processor thereof. For example, programmer 12 may process
heart sound and/or cardiac EGM signals received from IMD
8 to determine whether a therapy should continue to be deliv-
ered based on current pacing parameters and control under
what pacing parameters IMD 8 delivers the therapy. Further-
more, although described herein with respect to an IMD 8, in
other examples, the techniques described herein may be per-
formed or implemented in an external medical device, which
may be coupled to a patient via percutaneous or transcutane-
ous leads.

[0045] FIG. 2 is a schematic of sound sensor 2. As an
example, sound sensor 2 shown in FIG. 2 may be substan-
tially similar to sensor 2 as illustrated in system 10 of FIG. 1.
Sounds sensor 2 is configured to be small enough to facilitate
minimally invasive surgical implantation.

[0046] Sound sensor 2 includes a housing 21 containing a
sound sensing element 23. Housing 21 forms holes 110,
which facilitate securing sound sensor 2 to a patient tissue
with sutures? In other examples, a sound sensor similar to
sounds sensor 2 may be anchored to a target location within a
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using other techniques. Many securing techniques are com-
patible with bone or cartilage, and can be utilized to anchor a
sound sensor to an inner wall of the thoracic cavity, such as
sutures, pins, spring-loaded anchors, self-actuating anchors
released during implantation, adhesive, cement, bone morph-
agenic protein, or using a suction device.

[0047] Asshown in FIG. 2, sounds sensor 2 further includes
leads 100, which include sensing electrodes 101. In some
examples, sensing electrodes 101 may be configured to moni-
tor cardiac signals. In other examples, sensing electrodes 101
may be used to measure impedance of a patient tissue, such as
the impedance of lung tissue of the patient 14. In other
examples, a sound sensor may include sensing electrodes for
monitoring cardiac signals and for measuring impedance of a
patient tissue.

[0048] Within housing 21, sound sensor 2 further includes
a power source, such as a battery or inductive coil, control
electronics, and a communication module to facilitate com-
munication with a remote device, such as IMD 8 or program-
mer 12, as described with respect to FIG. 1.

[0049] FIG. 3 is a block diagram illustrating an example
configuration of components within housing 16 of IMD 8.
Housing 16 may enclose a signal generator 74 that generates
therapeutic stimulation, such as cardiac pacing, cardiover-
sion, and defibrillation pulses, as well as a sensing module 76
for sensing electrical signals attendant to the depolarization
and repolarization of heart 6 (FIG. 1). IMD 8 may also include
or communicate with a heart sound sensor 82 that generates
an electrical signal based on sensed heart sounds. In some
examples, the heart sound sensor 82 may be enclosed within
housing 16.

[0050] Signal generator 74 is configured to generate and
deliver electrical stimulation therapy to patient 12. As shown
in FIG. 3, signal generator 74 is electrically coupled to elec-
trodes 40, e.g., via conductors of the respective leads 28, 34,
and 36 and, in the case of housing electrode 60, within hous-
ing 16.

[0051] IMD 8 senses electrical signals attendant to the
depolarization and repolarization of heart 6 via electrodes 40.
IMD 8 may sense such electrical signals via any bipolar
combination of electrodes 40. Furthermore, any of the elec-
trodes 40 may be used for unipolar sensing in combination
with housing electrode 60.

[0052] Insome examples, IMD 8 delivers pacing pulses via
bipolar combinations chosen based on heart sounds and/or
EGM signals as analyzed by cardiac signal analyzer 80. For
example, bipolar combinations of electrodes 40 may be used
to produce depolarization of cardiac tissue of heart 6. In some
examples, IMD 8 delivers pacing pulses via any of electrodes
40 in combination with housing electrode 60 in a unipolar
configuration. The particular electrodes delivering pulses
may be determined based in part on a CRT routine that uses
heart sounds and/or EGM signals. Furthermore, IMD 8 may
deliver cardioversion or defibrillation pulses to heart 6 via any
combination of electrodes 40 and housing electrode 60.
[0053] Processor 70 may detect and classify the patient’s
heart rhythm based on the cardiac electrical signals sensed by
sensing module 76 employing any of the numerous signal-
processing methodologies known in the art. In certain
examples, processor 70 may provide the processed signal to
cardiac signal analyzer for further processing or combination
with heart sound signals. In other examples, sensing module
76 provides the cardiac electrical signals sensed directly to
cardiac signal analyzer 80. In still other examples, sensing
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module 76 provides the senses cardiac electrical signals to
both processor 70 and cardiac signal analyzer 80 for different
signal processing. In various examples, processor 70 may
maintain escape interval counters that may set or reset upon
sensing of P-waves and R-waves by sensing module 76.
[0054] IMD 8 is configured to communicate with heart
sound sensor 82, which may be remotely located relative to
housing 16, e.g., as a separate component of a medical
therapy system. Inanother example, IMD 8 may include heart
sound sensor 82. In either case, heart sound sensor 82 gener-
ates an electrical signal based on senses heart sounds of
patient 14, and may be implemented as a piezoelectric sensor,
a microphone, an accelerometer, or other type of acoustical
sensor.

[0055] In some examples, heart sound sensor 82 may be
partofan integrated sensor assembly including more than one
sensor. Forexample, an integrated sensor assembly with heart
sound sensor 82 may include multiple accelerometer devices
or other acoustic sensors. In examples in which the integrated
sensor assembly includes one or more accelerometers, the
accelerometers may be used to detect patient posture, as well
as sound. An integrated sensor assembly including heart
sound sensor 82 may also include one or more other sensors,
such as an optical sensor, which may be used to, e.g., optically
monitor blood flow or blood oxygenation through vasculature
adjacent the integrated sensor assembly. Electrical sensors
may be used to monitor impedance, e.g., for lung wetness
and/or cardiac applications (filling waveforms etc.), and/or to
monitor electrical potential, such as with ECG signals. In
other examples, a sensor may not include a sound sensor, but
may include one or more electrical sensing elements, one or
more optical sensing elements or any combination thereof.
[0056] Any of the sensed physiological patient data may be
combined or analyzed to generate a physiological metric such
a cardiac metric. The physiological metric may be stored for
later presentation to a clinical and/or used to evaluate the
efficacy of a therapy delivered to the patient. In some
examples, a generated physiological metric, such as cardiac
metric, may be used to adjust therapy delivered to the patient.
As one example, acombination ECG/optical/heart sound sen-
sor would be able to monitor arrhythmias via ECG, perfusior/
oxygenation via the optical sensor, and LVdPdt and other
cardiac metrics via the heart sound sensor.

[0057] In the illustrated example of FIG. 3, heart sound
sensor 82 is separate and remote from the IMD 8, and thus,
can be implanted at target locations remote from the IMD 8,
but can still wirelessly communicate with IMD 8. In other
examples, heart sound sensor 82 may be formed integrally
with an outer surface ofhousing 16. Inanother example, heart
sound sensor 82 is located on a lead that is coupled to IMD 8.
In any case, heart sound sensor 82 may wirelessly communi-
cate with IMD 8.

[0058] FIG. 4A illustrated three separate plots of different
heart signals that may be utilized to generate one or more
cardiac metrics. Specifically, plot 150 is an ECG tracing of
heart signals sensed by leads mounted to the surface of a
patient. Plot 150 is labeled to show the R-waves of the signal.
Plot 150 also includes other cardiac metrics including the P
wave, QRS complex and T wave of the electrical signal. The
R-waves and other features described herein may be detected
by the IMD from the cardiac EGM detected via implanted
electrodes. In some examples, these features may represent
cardiac metrics, or may be used as inputs to generate cardiac
metrics with an IMD or other device.
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[0059] Plot 160 illustrates heart sounds sensed by a sound
sensor mounted under the xiphoid process of the patient,
which represents one example location for mounting a sound
sensor on an inner wall of the thoracic cavity of the patient.
Heart sounds S1, S2 and S3 are labeled on plot 160.

[0060] Processed or filtered heart sounds, such as those
represented by plots 160, 170 may be used to identify possible
cardiac function, for example, the Q-S1 interval. The Q-S1
interval is a surrogate for the rate of change in pressure, LV
dPdt. An increase Q-S1 interval indicates a decrease in pres-
sure. As another example, the S1-S2 interval may be a surro-
gate for Left Ventricular Systolic Time (LVST); and LVST
may be a surrogate for stroke volume. A decreased S1-S2
interval may represent a decreased stroke volume. In addi-
tion, the presence of either heart sound S3 or S4 may indicate
left ventricle dysfunction. These features and others may be
may represent cardiac metrics or may be used as inputs to
generate cardiac metrics with an IMD or other device. In
some examples, the monitored heart sounds may be com-
bined with sensed cardiac EGM signals, e.g., as represented
by plot 150, to generate a cardiac metric with an IMD or other
device.

[0061] Inaddition, plot 170 represents an envelope derived
from the heart sounds represented by plot 160. The S2 heart
sounds are more prominent on plot 170. Features of the enve-
lope represented by plot 170, such as the S2 heart sound, may
be combined with monitored heart sounds and/or with sensed
cardiac EGM or ECG signals to generate a cardiac metric
with an IMD or other device.

[0062] In some examples, one or more of these cardiac
metrics may be used to select from a plurality of pacing
parameter settings, issue an alert, and/or determine whether
to initiate CRT. In addition, cardiac metrics may be combined
with other physiological metrics to select from a plurality of
pacing parameter settings, issue an alert, and/or initiate CRT.
In some examples, a sound sensor mounted to an inner wall of
athoracic cavity of a patient may also be used to monitor lung
sounds and the lung sounds may be used to generate separate
physiological metrics, or may be combined with cardiac met-
rics to generate a physiological metric. In one example, com-
bining lung sounds with heart sounds might be much more
specific about conditions such as heart failure status. For
example, the presence of rales often indicates the buildup of
fluid in the lungs, which may be another indicator of worsen-
ing heart failure status. The use of respiratory rate may also
help generate a physiological metric such as an incidence of
dyspnea or shortness of breath.

[0063] In contrast, FIG. 4B illustrates plot 180, which rep-
resents sounds detected by a sound sensor positioned near a
skeletal muscle, e.g., such as a pectoral muscle. While posi-
tioning a sound sensor in a pectoral muscle may facilitate
useful heart sound sensing while a patient is inactive, during
periods of activity the sensed sound signal may be practically
unusable, e.g., due to skeletal muscle motion artifacts in the
signal. In this manner, plot 180 represents sounds including
heart sounds as well as skeletal muscle motion artifacts. Gen-
erally, a signal including heart sounds as well as a motion
artifact, like signal 180, would need to be significantly pro-
cessed or filtered to obtain a useable heart sound, such as
signal 170 of FIG. 4A. In some instances, it may not be
possible to isolate the heart sounds of a signal including heart
sounds as well as motion artifacts. In such instances, a signal
like signal 180 may not include a useable heart sound.
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[0064] Forexample, motion artifacts may occur in the same
bandwidth as the heart sound signal. Motion artifacts may
also have amplitudes large enough to saturate the amplifiers
used for signal acquisition, rendering the output signal diffi-
cult to read or unusable. In such cases, signal-processing
techniques may not be available to remove the motion arti-
facts, and the motion artifacts may substantially corrupt the
heart sound signal. In addition, less extensive signal process-
ing may be necessary when a signal includes fewer or less
pronounced artifacts, which may reduce battery consumption
and improve device longevity.

[0065] FIG. 5 is a schematic illustrating a sound sensor in
an integrated sensor assembly 105. Integrated sensor assem-
bly 105 includes a sound sensor 120 on one end that is con-
figured to face the heart of a patient whenimplanted to pick up
heart sounds when implanted within the thoracic cavity of the
patient. In this manner, integrated sensor assembly 105 rep-
resents an example configuration of a heart sound sensor.

[0066] Integrated sensor assembly 105 may also contain
ECG leads or impedance electrodes 100 that may be located
on the sensor assembly side that is secured to a patient tissue,
such as bone or cartilage. Electrodes 100 may be configured
to monitor electrogram signals separate from those monitored
by IMD 8. Electrodes 100 could, for example, pick up a
P-wave of the heart.

[0067] Integrated sensor assembly 105 may also include an
optical sensor 130 configured to monitor vascular activity,
such as blood flow or volume. The optical sensor 130 could be
located on the mounting side of the integrated sensor assem-
bly 105 or one of the sides of the integrated sensor assembly
105 optimally positioned near the vascular source that the
optical sensor 130 is monitoring. As one example, integrated
sensor assembly 105 may be configured to mount to a rib ofa
patient and optical sensor 130 may be configured to monitor
flow within a vasculature located on or in the rib of the patient.

[0068] In further examples, a sensor assembly configured
to mount to an inner wall of a thoracic cavity of a patient may
not include a sound sensor, but may include sensing elec-
trodes, e.g., for cardiac potential and/or lung impedance sens-
ing, and or optical sensors. Such sensor assemblies may be
implanted within the thoracic cavity of a patient using the
techniques disclosed herein with respect sound sensors.

[0069] Inthe specific example, of integrated sensor assem-
bly 105, integrated sensor assembly 105 includes anchors
110, which are configured to mount integrated sensor assem-
bly 105 to a patient tissue such as bone, cartilage or other
patient tissue. In different examples, different techniques may
be used to mount a heart sound sensor, such as integrated
sensor assembly 105. For example, sutures may be used as
discussed with respect to FIG. 2 and sound sensor 2. As other
examples, heart sound sensors may be secured to a patient
tissue by, gluing or using bone morphogenic protein or
cementing the sensor assembly 105 directly to bone or carti-
lage, using pins (or screws) going through anchor location
110 directly into bone or cartilage, or self-actuating anchors,
for example nitinol) that grab the fascia or other structure
beneath the sternum or completely wrap around the sternum.
Suction means could also be used to secure the integrated
sensor assembly 105 until the device is encapsulated or
anchored. The suction of the integrated sensor assembly 105
could be accomplished, for example, by using vacuum to
secure integrated sensor assembly 105 tightly to a patient
tissue during implantation to facilitate permanent fixation
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using a different fixation technique, such as sutures, self-
actuating anchors, screws, glue, and the like.

[0070] FIG. 6 is a conceptual schematic of clamping tool
90. Clamping tool 90 is an example instrument that suitable
for use to implant sound sensor 82 on stermum 4 and within
the thoracic cavity of a patient, such as patient 14 (FIG. 1). In
some exaniples, sound sensor 82 may be considered substan-
tially similar to sound sensor 2 (FIG. 2) and/or integrated
sensor assembly 105 (FIG. 5).

[0071] Clamping tool 90 includes two levers 91, 93 joined
at fulerum 95. Levers 91, 93 include paddles 92, 94 at their
distal ends. Handle 96 is located at the opposite ends of levers
91, 93 and may be used by a clinician to actuate clamping tool
90. Sound sensor 82 is temporarily mounted to paddle 94 to
facilitate position of sound sensor 82 within the thoracic
cavity of a patient and to allow sound sensor 82 to experience
a clamping force applied by a clinician via handle 96. In
different examples, sound sensor 82 may be temporarily
mounted to paddle 94 using securing layer 5, which may
include, for example, an adhesive pad, pins, a vacuum, mag-
net or other gripping means.

[0072] In the example of FIG. 6, sound sensor 82 is
implanted on the underside of sternum 4 and within the tho-
racic cavity of the patient within the sub-xiphoid region.
During an implantation procedure, sound sensor 82 is secured
to paddle 94 such that clamping tool 90 and sound sensor 82
form an assembly. Incision 7 is made in skin 17 to access the
sub-xiphoid region of the patient. As an example, incision 7
may be about one centimeter in length. The distal end of lever
93 is inserted into incision 7 such that sound sensor 82 is
positioned adjacent sternum 4 within the thoracic cavity.
Once the clinician determines sensor is positioned at a target
implant location, the clinician operates handle 96 to compress
sound sensor 82 and sternum 4 between paddles 92, 94. The
pressure serves to activate fixation means on sound sensor 82
such that sound sensor 82 is secured to sternum 4. In different
examples, any fixation means compatible with bone or carti-
lage can be utilized to anchor sound sensor 82 to sternum 4 or
other patient tissue, such as gluing or using bone morph-
agenic protein, pins, self-actuating anchors or other tech-
niques.

[0073] As shown in FIG. 6, sound sensor 82 is mounted to
the sternum 4 on the sub-xiphoid process, but in other
examples, sound sensor 82 may be mounted to a rib or other
patient tissue, where the bone or cartilage material is substan-
tially free from motion artifact, caused for example by skel-
etal muscle.

[0074] As shown in FIG. 6, clamping tool 90 further
includes vacuum tube 99 in lever 93. In some examples, a
vacuum may be applied to vacuum tube 99 during the implan-
tation procedure. For example, accessing the thoracic cavity
during the implantation of sound sensor 82 may allow air to
enter the thoracic cavity via incision 7 leading to partially or
fully collapsed lungs for the patient. Applying a vacuum to
vacuum tube 99 during the implantation procedure may cap-
ture air entering the thoracic cavity via incision 7 to mitigate
risk of collapsed lung during the procedure. In other
examples, a vacuum tube separate from clamping tool 90 may
be used to maintain a negative pressure within the thoracic
cavity via either incision 7 or a separate incision. In a further
example, lever 93 may substantially plug incision 7 during the
implantation procedure such that actively maintaining a nega-
tive pressure within the thoracic cavity using a vacuum tube
may not be necessary.
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[0075] FIG.7is aflowchart illustrating example techniques
for monitoring heart sounds. For clarity, the techniques of
FIG. 7 are described with respect to the system 10 of FIG. 1.
Sensor 2 is mounted within the thoracic cavity of patient 14
and monitors sounds including heart sounds from within the
thoracic cavity (200). In some examples, sensor 2 may be part
of an integrated sensor assembly that also monitors a cardiac
signal, such as an ECG. In one example, the integrated sensor
assembly monitors a P-wave of heart 6 of patient 14 from the
ECG (210). In different examples, ECG leads may be part of
an integrated sensor assembly include sound sensor 2 or
directly or incorporated in IMD 8. In some examples, an
integrated sensor assembly may include optical sensor for
sensing blood flow, blood volume, and other blood related
measurements (220). As one example, a combination ECG/
optical/heart sound sensor would be able to monitor arrhyth-
mias via ECG, perfusion/oxygenation via the optical sensor,
and [VdPdt and other cardiac metrics via the heart sound
Sensor.

[0076] Signals monitored by system 10 processed by a
controller that may be located in sound sensor 2, IMD 8,
programmer 12 or a combination thereof to generate at least
one cardiac metric based on the monitored heart sounds, and
optionally any further signals monitored by system 10 (230).
Because the location of the sound sensor 2 is located in the
thoracic cavity where little skeletal muscle will cause motion
artifact, for example on the sternum or rib 4, the need to filter
the signal is substantially mitigated. The generated cardiac
metric may be based on a combination of signals including
audio, electrical, and/or optical signals. The cardiac metric
can may be stored in a memory of sound sensor 2, IMD 8,
programmer 12 or a combination thereof or transmitted from
the controller to a remote device while the cardiac metric is
stored in memory (240). Sound sensor 2, IMD 8, programmer
12 or any combination thereof may include all or a portion of
the controller. In addition, sound sensor 2, IMD 8, program-
mer 12 or any combination thereof may represent a remote
device that receives the cardiac metric from the controller. As
these examples illustrate, the location of the controller used to
generate the cardiac metric based at least in part on the moni-
tored sounds may be located in sound sensor 2, IMD 8,
programmer 12 or any combination thereof.

[0077] As previously mentioned, in some examples a car-
diac signal may also be monitored with a sensor that is located
either in the sound sensor 2 or in an IMD 8. The cardiac signal
is traced as an electrocardiogram (ECG) and may include the
P-wave of the cardiac signal 210 generate cardiac metric
based at least in part on the cardiac signal. A cardiac metric
canbe, for example, based on any one or combination of heart
sounds or electrical sensing of the cardiac signal. One
example of a generated cardiac metric is where the metric is
based at least in part on a heart sound, pressure within the
heart, and an ECG, measuring the change in electrical poten-
tial across the cardiac tissue. In other examples, a generated
cardiac metric may be based on an ECG signal, an optical
signal, a heart sound signal, or any combination thereof. This
information may be useful to a clinician to analyze more of
the heart’s 6 function rather than just one of a mechanical
signal from the sound sensor 2 or the electrical signal, from
the ECG, when an optical sensor is utilized, it may be posi-
tioned near an artery or other vascular member to be moni-
tored, for example, monitoring blood flow.

[0078] In different examples, the generated cardiac metric
may represent a characterization or evaluation of any number
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of aspects associate with the function ofheart 6 of patient 14.
For example, the cardiac metric may represent an indication
of atrioventricular (AV) dyssynchrony based on at least an
interval from heart sound S2 to heart sound S1, an indication
of interventricular (VV) dyssynchrony based on a splitting of
at least one of heart sound S1 and heart sound S2. an indica-
tion of left intraventricular dyssynchrony based on at least
one of: electromechanical activation delay (EMAT), EMAT
plus S1 duration, heart sound M1 duration, and heart sound
A2 duration, a surrogate for a myocardial performance index
(MPI) based at least on a duration heart sound S1 and a
duration ofheart sound S2, an indication of left ventricle (LV)
fill time based on the interval between heart sound S2 and
heart sound S1, and/or an indication of LV contractility.

[0079] FIG. 8is a flow diagram of exemplary surgical steps
for implanting a sound sensor such as sound sensor 82 (FIG.
6) within the thoracic cavity of a patient. A clinician first
accesses the target implant location of the thoracic cavity of
by making incision 7 (300). In some examples, incision 7 may
be a puncture. Access may be accomplished by laparoscopic
or by using a sharp cutting object, such as a scalpel. In some
examples, incision 7 is kept to a relatively small size, such as
one centimeter, so that environmental contaminants entering
the incision location are greatly reduced and the surgery is
less invasive, for example, the patient will not need to heal
from a larger incision. When a clinician accesses the thoracic
cavity, controlling air pressure may become a factor. The
lungs need at least a partial vacuum as the chest muscles
expand when a person inhales. If there is a leak in the walls of
the thoracic cavity and a partial vacuum cannot be achieved,
the lung may collapse. Thus, in some examples, air pressure
may be controlled by introducing a vacuum into the thoracic
cavity to mitigate a risk of lung collapse during implantation
ofthe sound sensor (310). In other examples, a patient may be
connected to a ventilator during an implantation procedure
such that the lungs are actively expanded even if there is a leak
in the walls of the thoracic cavity.

[0080] The clinician introduces sound sensor 82 into the
thoracic cavity of the patient positioning the sound sensor
proximate to the target implant location within the thoracic
cavity via the access space (320). Many possible tools for
placing the sound sensor 82 into the thoracic cavity may be
used. One example is the use of surgical clamp 90. Lever 93
of clamp 90 optionally includes vacuum tube 99 to control
pressure within the thoracic cavity of the patient during the
implantation.

[0081] Actuating handles 96 (FIG. 6) allow a clinician to
grip the sound sensor 82 and allow the clinician to place the
sound sensor 82 in a target implant location on a patient tissue
within the thoracic cavity, for example, on the sternum, rib, or
xiphoid process. In some examples, the clinician may use
fluoroscopy or other imaging techniques to assist in locating
sound sensor 82 at the target implant location. Clamp 90
allows the clinician to grip the patient tissue and securely
place the sound sensor on the patient tissue so that the sound
sensor 82 may be secured to the patient tissue by, for example,
using a suture, a cement, a glue, an anchor, or pins (330).

[0082] Once the sound sensor is secured to a patient tissue
within the thoracic cavity, the clinician may check the sound
sensor to verify proper function and operation with an
implantable medical device, e.g., by communicating with
sound sensor via telemetry using a remote device, such as
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programmer 12 (FIG. 1). Clamp 90 is retracted and the clini-
cian closes the access to the thoracic cavity, e.g., by suturing
incision 7 (340).

[0083] Various examples have been described. These and
other examples are within the scope of the following claims.

What is claimed is:

1. A method comprising:

monitoring a physiological characteristic of a patient with

a sensor that is mounted to an inner wall of a thoracic
cavity of the patient; and

sending a signal based on the monitored physiological

characteristic from the sensor to a remote device.

2. The method of claim 1, wherein the remote device is an
implantable medical device implanted within the patient.

3. The method of claim 1, wherein the sensor is mounted
beneath the xyphoid process of the patient.

4. The method of claim 1, wherein the sensor includes a
sound sensing element that monitors the heart sounds of the
patient.

5. The method of claim 1, wherein the sensor includes an
electrical sensing element that senses an ECG of the heart of
the patient.

6. The method of claim 1, wherein the sensor includes an
electrical sensing element that senses an impedance of tissue
and/or fluid of the patient.

7. The method of claim 1, wherein the sensor includes an
electrical sensing element that senses an impedance of a
cardiac tissue and/or blood of the patient.

8. The method of claim 1, wherein the sensor includes an
optical sensing element for monitoring blood flow in a vas-
culature of the patient.

9. The method of claim 1, wherein the sensor includes an
optical sensing element for monitoring blood oxygenation in
a vasculature of the patient.

10. The method of claim 1, wherein the sensor includes two
or more sensing elements selected from a group consisting of

an accelerometer;
an optical sensing element
an electrical sensing element; and
a sound sensing element.
11. A method comprising:
monitoring sounds with a sound sensor that is mounted to
an inner wall of a thoracic cavity of a patient; and

sending a sound signal based on the monitored sounds
from the sound sensor to a controller of an implantable
medical device implanted within the patient.

12. The method of ¢laim 10, wherein the monitored sounds
include monitored heart sounds, the method further compris-
ing generating at least one cardiac metric based on the moni-
tored heart sounds.

13. The method of claim 11, further comprising:

monitoring posture of the patient with a posture sensor; and

analyzing the sound signal in combination with the moni-
tored posture to generate at least one cardiac metric.

14. The method of claim 12, further comprising:

sensing a cardiac electrogram signal with the implantable

medical device; and

analyzing the sound signal in combination with the cardiac

electrogram signal to generate the at least one cardiac
metric.

15. The method of claim 12, wherein sensing the sound
signal with the implantable medical device and analyzing the
signal in combination with the monitored posture to generate
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the at least one cardiac metric includes generating one or
more acoustic cardiographic metrics based on the heart
sounds and the electrogram.

16. The method of claim 10, wherein the implanted sound
sensor is included in an integrated sensor assembly, wherein
the integrated sensor assembly further includes at least one of
a group consisting of:

an accelerometer;

an ECG sensor;

an optical sensor;

a posture sensor; and

an impedance sensor.

17. The method of claim 10, wherein the sound sensor is
implanted on a patient tissue selected from a group consisting
of:

a sternum of the patient;

a rib cage of the patient; and

a xiphoid process of the patient.

18. The method of claim 10, wherein the monitored sounds
include monitored lung sounds, the method further compris-
ing generating a respiration metric based on the monitored
lung sounds.

19. A method for implanting a sound sensor comprising:

accessing a thoracic cavity of a patient;

controlling air pressure within a thoracic cavity of the

patient via a vacuum to mitigate a risk of lung collapse
during implantation of the sound sensor;

positioning the sound sensor within the thoracic cavity of

the patient; and

securing the sound sensor to an inner wall of the thoracic

cavity.

20. The method of claim 18, wherein securing the sound
sensor to the inner wall of the thoracic cavity comprises
securing the sound sensor using at least one of a group con-
sisting of:

a suture:

a cement;

a glue; and

vacuum.

21. The method for implanting of claim 18, wherein secur-
ing the sound sensor to the inner wall of the thoracic cavity
comprises clamping the sound sensor to the inner wall of the
thoracic cavity using a clamping tool by compressing the
sound sensor and patient tissue forming the inner wall of the
thoracic cavity between two levers of the clamping tool.

22. The method of claim 18, further comprising:

wherein accessing the thoracic cavity of the patient

includes cutting tissue of the patient to form an incision
adjacent to a target implant location for the sound sen-
sor;

inserting a surgical tool into the incision to spread the cut

tissue to provide access to the target implant location by
creating an access space sufficiently wide to receive the
sound sensor;

positioning the sound sensor proximate to the target

implant location within the thoracic cavity via the access
space;

securing the sound sensor to the target implant location

within the thoracic cavity, wherein the target implant
locationis proximate at least one of'a sternum, arib cage,
or a xiphoid process of the patient by at least one of a
clamp, a cement, a glue, or a suture;
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checking the sound sensor to verify proper function and
operation with an implantable medical device once it is
secured to the inner wall of the thoracic cavity;

retracting the surgical tool from the spread cut; and

suturing the cut tissue closed at the incision location.

23. The method of claim 21, wherein the surgical tool

comprises a clamping tool comprising:

a first lever with; and

a second lever pivotally mounted to the first lever,

wherein securing the sound sensor to the inner wall of the
thoracic cavity comprises clamping the sound sensor to
the inner wall of the thoracic cavity using the clamping
tool by compressing the sound sensor and patient tissue
forming the inner wall of the thoracic cavity between the
first and second levers of the clamping tool such that a
distal end of the first lever presses on an exterior side of
the patient while a distal end of the second lever presses
on the sound sensor within the thoracic cavity.

24. A system comprising;

an implantable medical device; and

a sound sensor configured to mount to an inner wall of a
thoracic cavity of a patient, wherein the sound sensor is
further configured to send a sound signal based on
sounds monitored from within the thoracic cavity to the
implantable medical device;
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wherein the implantable medical device is configured to
receive the sound signal from the sound sensor and gen-
erate a physiological metric based on the received sound
signal.

25. The system of claim 23, wherein generating the physi-
ological metric based on the received sound signal comprises
generating a cardiac metric based on the received sound sig-
nal.

26. The system of claim 24, wherein the sound sensor is
included in an integrated sensor assembly that also includes a
cardiac sensor configured to sense an electrocardiogram sig-
nal, wherein generating the cardiac metric based on the
received sound signal includes generating the cardiac metric
based on the received sound signal and the electrocardiogram
signal.

27. The system of claim 23, wherein the sound sensor is
configured to send the sound signal to the implantable medi-
cal device via a telemetry connection.

28. The system of claim 23, wherein the implantable medi-
cal device is configured to therapy via a signal generator to at
least one of a right atrium, right ventricle or a left ventricle of
the heart of the patient.

29. The system of claim 23, wherein generating the physi-
ological metric based on the received sound signal does not
include filtering skeletal muscle motion artifacts from the
sound signal.
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