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METHODS AND SYSTEM FOR TRACKING
HEART SOUNDS

CLAIM OF PRIORITY

[0001] This application claims the benefit of priority under
35U.8.C. §119(e) of U.S. Provisional Patent Application Ser.
No. 62/099,279, filed on Jan. 2, 2015, which is herein incor-
porated by reference in its entirety.

TECHNICAL FIELD

[0002] This document relates generally to cardiac health,
and more particularly, but not by way of limitation, to heart
sounds tracking.

BACKGROUND

[0003] Heart sounds are generally associated with the
mechanical vibrations from the activity of a subject’s heart
and the flow of blood through the heart. Because of this
association, heart sounds typically recur with each cardiac
cycle of a heart, and are typically separated and classified into
one of four components according to the activity associated
with the vibration: S1, S2, 83, and S4. 81 component (com-
monly referred to in the art as “the first heart sound™) is
typically associated with the vibrational sound made by the
heart during tensing of the mitral valve. S2 component (com-
monly referred to in the art as “the second heart sound”) is
typically associated with the beginning of diastole. S3 com-
ponent (commonly referred to in the art as “the third heart
sound”) and S4 component (commonly referred to in the art
as “the fourth heart sound”) are typically associated with the
filling pressures of the left ventricle during diastole. Gener-
ally, heart sounds can be used as indications of proper or
improper functioning of a subject’s heart, and can thus be
used for diagnosing various heart diseases.

Overview

[0004] A heart sound, including one or more of S1, S2, S3,
or S4 components, can typically be characterized by heart
sound signal intensity and corresponding timing. Timing
information of a particular heart sound component can be
useful in determining physiologic parameters indicative of
cardiac function or progression of a heart disease. One
example of such timing information is a systolic timing inter-
val (STI). The STI represents duration of total electro-me-
chanical systole, spanning from the electrical excitation of the
heart to the closure of the aortic valve. The STI contains two
major components, namely the PEP and the LVET. The PEP,
representing the total duration of the electrical and mechani-
cal events prior to ejection, can include the electrical-me-
chanical delay which occurs between the onset of the ven-
tricular depolarization and the beginning of ventricular
contraction, and the isovolemic contraction time during
whichthe left ventricle can contract prior to the opening of the
aortic valve. The LVET represents the time interval from the
opening to the closing of the aortic valve (mechanical sys-
tole). The STT has been shown to be correlated to myocardial
contractility. Therefore, a trend of STI over a period of time
can be clinical indices in evaluating cardiac performance in
patient with heart disease such as congestive heart failure
(CHF).

[0005] Timing of heart sound components, such as S1 and
S2 components, can be used in measuring STT or other car-
diac timing intervals. In an example, STI can be measured as
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an interval from the onset of the QRS complex of an electro-
cardiogram (ECG) signal, or other cardiac activation event
such as an atrial or ventricular pacing event which can be
detected from an intracardiac electrogram (EGM), to an S2
heart sound component within the same cardiac cycle, that is,
STI=Q-S2 interval. In an example, the PEP can be measured
as the time duration from the onset of the QRS on an ECG, or
other cardiac activation event such as an atrial or ventricular
pacing event which can be detected from an EGM, to the S1
heart sound, that is, PEP=~Q-S1 interval. The LVET can be
measured as the time duration from S1 to S2 heart sounds,
that is, LVET=~S1-S2 interval.

[0006] A heart sound component, such as S1, S2, S3 or S4
heart sound, can be detected using a heart sound window
established according to certain triggering events, such as
certain components of an ECG signal. Detection and identi-
fication of a particular heart sound component of interest can
involve detecting the maximum heart sound intensity, such as
signal amplitude or signal power of a signal peak within a
heart sound window corresponding to the heart sound com-
ponent of interest. The timing of the peak with the maximum
intensity can then be determined as the timing of the heart
sound component of interest.

[0007] However, the presentinventors have recognized that
the method of detecting the peak in the heart sound window
having the maximum amplitude may not be a desirable iden-
tifier of the heart sound component of interest. A heart sound
signal, or a portion of the heart sound signal within the heart
sound window, may contain multiple peaks. The relative
strength of signal intensities of these peaks (e.g., amplitude)
may vary substantially from one cardiac cycle to another. As
such, timing of the peak with the greatest amplitude, and thus
the timing of the HS component of interest, can be less con-
sistent over time. This may reduce the predictive power of
parameters computed using the HS component timing, such
as STI. The timing inconsistency of the HS component is not
only a challenge for the method based on peaks with maxi-
mum amplitude, but can also persist in other HS component
detecting methods using a HS window in isolation, or exclu-
sively within a portion of the heart sound signal in a cardiac
cycle. The present inventors have recognized that there
remains a need to improve the consistency of HS component
detection, and thereby improving predictive power of a trend
of HS component timing in assessing heart diseases such as
worsening of HF.

[0008] This document discusses, among other things, a sys-
tem and method for tracking heart sounds, including an input
circuit for receiving heart sound (HS) information, and a heart
sound analyzer circuit for determining a HS timing parameter
of a specified HS component, such as one of S1 82, 83, or S4
heart sound. The HS analyzer circuit can detect a first feature
set including one or more candidate features and a second
feature set including one or more candidate features, produce
an inter-categorical metric, and select first and second
selected features from the respective feature set using at least
the inter-categorical metric. A HS recognition circuit deter-
mines the timing parameter of the HS component using the
first and second selected features.

[0009] In Example 1, a system can comprise a heart sound
(HS) receiver circuit that can be configured to receive HS
information including at least one HS waveform, and can
comprise a HS analyzer circuit that can be coupled to the HS
receiver circuit. The HS analyzer circuit can determine a HS
timing parameter of a specified HS component within the HS
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waveform. The specified HS component can include at least a
portion of one of S1, S2, S3, or S4 heart sound. The HS
analyzer circuit can include a first feature detector circuit, a
second feature detector, a feature selection circuit, and a HS
recognition circuit. The first and second feature detector cir-
cuits can each be configured to respectively detect first one or
more candidate features and second one or more candidate
features within the HS waveform. Each candidate feature can
include a respective feature timing indication and a respective
feature intensity indication. The feature selection circuit can
produce an inter-categorical metric indicative of temporal
relationship between the first and the second sets of candidate
features, and can select first and second selected features
respectively from the first and second candidate feature set,
such as using at least the inter-categorical metric. The HS
recognition circuit can determine the HS timing parameter of
the specified HS component using a comparison between the
first and second selected features.

[0010] In Example 2, the first one or more candidate fea-
tures of Example 1 include one or more peaks within a speci-
fied portion of the at least one HS waveform, and the second
one or more candidate features of Example 1 include one or
more troughs within a specified portion of the at least one HS
waveform.

[0011] In Example 3. the system of any one of Examples 1
or 2 further comprises an inter-categorical feature analyzer
circuit, coupled to the feature selection circuit, which com-
putes the inter-categorical metric. The feature selection cir-
cuit of Example 1 or 2 determines the first or second selected
feature at least in response to the inter-categorical metric
meeting a specified criterion.

[0012] In Example 4, the inter-categorical metric of
Example 3 includes a temporal offset between a first timing
indication of the first candidate feature and a second timing
indication of the second candidate feature, and the feature
selection circuit determines the first or second selected fea-
ture in response to the temporal offset falling outside a respec-
tively specified range.

[0013] In Example 5, the system of Example 4 further
comprises a temporal offset tracker circuit that computes a
reference temporal offset using one or more historical tem-
poral offsets associated with a plurality of historical HS wave-
forms. The feature selection circuit determines the first or
second selected feature in response to the temporal offset
falling within a specified margin of the reference temporal
offset.

[0014] In Example 6, the temporal offset tracker circuit of
Example 5 can compute the reference temporal offset as a
central tendency of the one or more of the historical temporal
offsets.

[0015] In Example 7, the system of any one of Examples 4
through 6 further comprises first and second variability ana-
lyzer circuits. The first variability analyzer circuit determines
a first variability index indicating a deviation of the first
timing indication from a first reference timing indication, and
the second variability analyzer circuit determines a second
variability index indicating a deviation of the second timing
indication from a second reference timing indication. The
feature selection circuit determines the first selected feature
in response to (1) the temporal offset falling outside the
respectively specified range and (2) the first variability index
exceeds the second variability index by a first specified mar-
gin; or determines the second selected feature in response to
(1) the temporal offset falling outside the respectively speci-
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fied range and (2) the second variability index exceeds the
first variability index by a second specified margin.

[0016] In Example 8, at least one of the first or second
reference timing indications of Example 7 can be computed
as a central tendency of one or more historical timing indica-
tions associated with a plurality of historical HS waveforms.
[0017] InExample9, the feature selection circuit of any one
of Examples 7 or 8 selects from the first one or more candidate
features the first selected feature that minimizes the first vari-
ability index, or selects from the second one or more candi-
date features the second selected feature that minimizes the
second variability index.

[0018] InExample 10, the HS recognition circuit of any one
of Examples 1 through 9 determines the HS timing parameter
of the specified HS component as feature timing indication of
the first selected feature if feature intensity indication of the
first selected feature exceeds the feature intensity indication
of the second selected feature.

[0019] InExample 11, the at least one HS waveform of any
one of Examples 1 through 10, includes an ensemble average
of a heart sound signal over multiple physiological cycles.
[0020] InExample 12, the multiple physiological cycles of
Example 10 includes multiple cardiac cycles.

[0021] InExample 13, thefirst and second feature detectors
of any one of Examples 1 through 12 respectively detects the
first and second one or more candidate features within a time
window associated with the specified HS component, the
time window determined with reference to a physiologic
event.

[0022] In Example 14, the system of any one of Examples
1 through 13 further comprises a physiologic sensor coupled
to the HS receiver circuit. The physiologic sensor detects
acoustic or mechanical vibration of at least a portion of a heart
indicative of heart sound.

[0023] In Example 15, the physiologic sensor of Example
14 includes one of an accelerometer sensor or an acoustic
Sensor.

[0024] In Example 16, a method includes receiving HS
information including at least one HS waveform, and detect-
ing first one or more candidate features and different second
one or more candidate features within the at least one HS
waveform. The first one or more candidate features and the
second one or more candidate features each includes a respec-
tive feature timing indication and a respective feature inten-
sity indication. The method also includes computing an inter-
categorical metric indicative of temporal relationship
between the first one or more candidate features and the
second one or more candidate features. Using at least the
inter-categorical metric, the method determines a first
selected feature from the first one or more candidate features,
or a second selected feature from the second one or more
candidate features. The method also includes determining a
HS timing parameter of the specified HS component using a
comparison between the first and second selected features.
The specified HS component includes at least a portion of one
of 81 82, S3, or $4 heart sound within the at least one HS
waveform.

[0025] In Example 17, the HS information of Example 16
includes at least one ensemble average of a heart sound signal
over multiple physiological cycles.

[0026] In Example 18, the method of detecting first and
second one or more candidate features of any one of
Examples 16 or 17 includes detecting one or more peaks
within a specified portion of the at least one HS waveform,
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and detecting one or more troughs within a specified portion
of the at least one HS waveform.

[0027] In Example 19, the method of computing the inter-
categorical metric of any one of Examples 16 through 18
includes computing a temporal offset between a first timing
indication of the first candidate feature and a second timing
indication of the second candidate feature. The method of
determining the first or second selected feature of any one of
Examples 16 through 18 includes determining the first or
second selected feature in response to the temporal offset
falling outside a respectively specified range.

[0028] In Example 20, the method of any one of Examples
16 through 19 further includes computing a reference tempo-
ral offset using one or more historical temporal offsets asso-
ciated with a plurality of historical HS waveforms, and deter-
mining the first or second selected feature in response to the
temporal offset falling within a specified margin of the refer-
ence temporal offset.

[0029] In Example 21, the method of any one of Examples
16 through 20 further includes determining first and second
variability indices. The first variability index indicates devia-
tion of the first timing indication from a first reference timing
indication. The second variability index indicates a deviation
of the second timing indication from a second reference tim-
ing indication. The method of determining the first or second
selected feature of any one of Examples 16 through 20
includes determining the first selected feature in response to
(1) the temporal offset falling outside the respectively speci-
fied range and (2) the first variability index exceeds the sec-
ond variability index by a first specified margin; or determin-
ing the second selected feature in response to (1) the temporal
offset falling outside the respectively specified range and (2)
the second variability index exceeds the first variability index
by a second specified margin.

[0030] InExample 22, the determining the first and second
selected features of Example 21 includes selecting from the
first one or more candidate features the first selected feature
that minimizes the first variability index, or selecting from the
second one or more candidate features the second selected
feature that minimizes the second variability index.

[0031] This Overview is an overview of some of the teach-
ings of the present application and not intended to be an
exclusive or exhaustive treatment of the present subject mat-
ter. Further details about the present subject matter are found
in the detailed description and appended claims. Other
aspects of the invention will be apparent to persons skilled in
the art upon reading and understanding the following detailed
description and viewing the drawings that form a part thereof,
each of which are not to be taken in a limiting sense. The
scope of the present invention is defined by the appended
claims and their legal equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] Various embodiments are illustrated by way of
example in the figures of the accompanying drawings. Such
embodiments are demonstrative and not intended to be
exhaustive or exclusive embodiments of the present subject
matter.

[0033] FIG. 1 illustrates an example of a heart sound track-
ing system.
[0034] FIG. 2 illustrates an example of a feature category

selector circuit used in a heart sound tracking system.
[0035] FIG. 3illustrates an example of an inter-categorical
feature analyzer circuit used in a heart sound tracking system.
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[0036] FIG. 4 illustrates an example of an intra-categorical
feature analyzer circuitused in a heart sound tracking system.
[0037] FIG. 5 illustrates an example of a portion of a heart
sound signal including a HS waveform.

[0038] FIG. 6 illustrates an example of a method for track-
ing heart sounds and detecting a HS component from the HS
signal.

[0039] FIG. 7 illustrates an example of a method 700 for
choosing an selected feature from a candidate feature set.

DETAILED DESCRIPTION

[0040] Disclosed herein are systems, devices, and methods
for detecting and tracking heart sounds. The systems and
methods discussed in this document can be used to improve
the consistency of detected timing of a specified HS compo-
nent, such as the timing of S1, 82, 83, or S4 heart sound. The
heart sound discussed in this document can include audible or
inaudible mechanical vibrations caused by cardiac activity.
The heart sound signals can be sensed with a physiologic
sensor such as an accelerometer. Such mechanical vibrations
can be conceptualized as providing acoustic energy. Accord-
ing to the present document, a first and a different second set
of one or more candidate features can be detected within a
heart sound signal, and an inter-categorical metric between
the first and second sets of features can be computed. By
tracking changes of the first and second sets of candidate
features and changes of the inter-categorical metric over time,
the disclosed systems and methods can determine timing of
the specified HS component from the first and second sets of
candidate features.

[0041] FIG. 1 illustrates an example of a heart sound track-
ing system 100, which can include one or more of a heart
sound receiver circuit 110, a heart sound analyzer circuit 120,
a controller circuit 130, and an instruction receiver circuit
140.

[0042] The heart sound (HS) receiver circuit 110 can be
configured to receive HS information, such as information
indicative of acoustic or mechanical activity of a heart. In an
example, the HS information can include a HS waveform,
such as a portion or entirety of a HS signal. The HS informa-
tion can include information of at least one HS component,
such as S1, S2, S3, or S4 heart sound. In an example, the HS
waveform can include at least one ensemble average of a HS
signal over multiple physiological cycles such as multiple
cardiac cycles, or over a specified time period such as one
minute, ten minutes, one hour, one day, etc.

[0043] TheHS receivercircuit 110 can be coupled to one or
more physiologic sensors that can be configured to sense,
detect, or otherwise obtain HS information from a subject.
Such physiologic sensors, hereinafter referred to as “HS sen-
sors”, can be configured to sense an electrical or optical HS
signal that includes information indicative of acoustic or
mechanical vibration of a heart. The HS sensor can be an
implantable, wearable, or otherwise ambulatory sensor, and
placed external to the patient or implanted inside the body. In
an example, the HS sensor can be included in at least one part
of an implantable system, such as an implantable medical
device, or alead coupled to the implantable medical device. In
an example, the HS receiver circuit 110 can be configured to
receive the HS information from a device capable of collect-
ing or storing the HS information. Examples of such a device
can include an external programmer, an electronic medical
record system, a memory unit, or other data storage devices.
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[0044] Various physiologic sensors can be used to sense the
HS signal. In an example, the HS sensor can include an
accelerometer that can be configured to sense an acceleration
signal indicative of the heart sound of the subject, such as that
disclosed in the commonly assigned Carlson et al. U.S. Pat.
No. 5.792,195 entitled “ACCELERATION SENSED SAFE
UPPER RATE ENVELOPE FOR CALCULATING THE
HEMODYNAMIC UPPER RATE LIMIT FOR A RATE
ADAPTIVE CARDIAC RHYTHM MANAGEMENT
DEVICE,” which is hereby incorporated by reference in its
entirety including its disclosure of accelerometer detection of
heart sounds. In another example, the HS sensor can include
an acoustic sensor that can be configured to sense an acoustic
energy indicative of the heart sound of the subject, such as that
disclosed in the commonly assigned Siejkoetal. U.S. Pat. No.
7,972,275, entitled “METHOD AND APPARATUS FOR
MONITORING OF DIASTOLIC HEMODYNAMICS,”
which is hereby incorporated by reference in its entirety
including its disclosure of accelerometer detection of heart
sounds. Other sensors, such as microphone, piezo-based sen-
sor, or other vibrational or acoustic sensors can also be used to
sense the HS signal.

[0045] Theheart sound analyzer circuit 120, coupled to the
HS receiver circuit 110, can be configured to determine at
least a HS timing parameter of a specified HS component
within at least one HS waveform, such as by using the HS
information from the HS receiver circuit 110. The heart sound
analyzer circuit 120 can be implemented as a part of a micro-
processor circuit in the heart sound tracking system 100. The
microprocessor circuit can be a dedicated processor such as a
digital signal processor, application specific integrated circuit
(ASIC), microprocessor, or other type of processor for pro-
cessing information including heart sounds. Alternatively, the
microprocessor circuit can be a general purpose processor
that can receive and execute a set of instructions of perform-
ing the functions, methods, or techniques described herein.
The heart sound analyzer circuit 120 can include one or more
of afirst feature detector circuit 122, a second feature detector
124, a feature selection circuit 126, and a heart sound recog-
nition circuit 128.

[0046] Theheart sound analyzer circuit 120 can include an
optional signal conditioning circuit that can pre-process a HS
signal such as received from the HS receiver circuit 110. The
pre-processing can include amplification, digitization, filter-
ing, or other signal conditioning operations. In an example,
the signal conditioning circuit can include a bandpass filter
adapted to filter the received HS signal to a frequency range of
approximately between 5 and 90 Hz. In another example, the
signal conditioning circuit can include a bandpass filter
adapted to filter the received HS signal to a frequency range of
approximately between 9 and 90 Hz. In an example, the signal
conditioning circuit can include a double or higher-order
differentiator configured to calculate a double or higher-order
differentiation of the received HS signal.

[0047] The first feature detector circuit 122 can be config-
ured to detect a first set of one or more candidate features {X,}
such as within a HS waveform, where “i” denotes a feature
index in the first candidate feature set. The first candidate
feature set {X,} can include statistical or morphological fea-
tures, such as characteristic points on the HS waveform. Each
candidate feature X, can be characterized by a respective
feature timing indication TX, indicative of temporal location
of X,, and a respective feature intensity indication ||X,|| indica-
tive of signal strength of X. In an example, the feature timing
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indication TX, can be measured as a latency from a fiducial
point to X,. Examples of the fiducial point can include a P
wave, a Q wave, or an R wave on an electrocardiograph
(ECG), a sensed or paced event on an intra-cardiac electro-
gram (EGM), or other characteristic points on a physiologic
signal indicative of beginning of a cardiac cycle. In an
example, the fiducial point can be a characteristic point of a
HS detection window for detecting a specified HS component
(e.g., S1, S2, S3, or S4), such as a starting point or middle
point of the HS detection window. In an example, the HS
detection window can be determined based on heart rate, time
of day, or other factors. Examples of the signal strength | X,||
can include signal amplitude, signal power, or other indica-
tors of signal strength.

[0048] The second feature detector circuit 124 can be con-
figured to detect a second set of one or more candidate fea-
tures {Y,}, different than {X,}, where “j” denotes a feature
index in the second candidate feature set. The second candi-
date feature set {Y} can be detected within the same HS
waveform used for detecting {X,}. Similar to {X,} as dis-
cussed above, each candidate feature Y, can be a statistical or
morphological feature, and characterized by a respective fea-
ture timing indication TY indicative of temporal location and
arespective feature intensity indication Y, indicative of signal
strength, of the candidate feature Y.

[0049] Inanexample, {X,} or {Y,} can be detected within
a time window associated with one of S1, S2, S3, or S4 heart
sound component. The time window can be determined with
reference to a physiologic event such as a Q wave, an R wave,
or a QRS complex detected from a surface ECG, a subcuta-
neous ECG, or a cardiac sensing or pacing event in an intra-
cardiac EGM. For example, an S1 window can begin at 50
milliseconds (msec) following a detected R wave and have
duration of 300 msec. An S2 window can begin at specified
offset following a detected R wave or S1 heart sound. An S3
window can be determined using at least one cardiac signal
feature such as the R-wave timing or the timing of S2 heart
sound. The S3 window can have a specified duration and can
begin at a specified offset following the detected S2. In an
example, the offset can be 125 msec, and the S3 window
duration can be 125 msec. The offset or the S3 window
duration can be a function of a physiologic variable such as a
heart rate. For example, the offset can be inversely propor-
tional to the heart rate, such that the S3 detection window can
start at a smaller offset following the S2 at a higher heart rate.
In various examples, the HS detection window can be deter-
mined based on heart rate, time of day, or other factors.

[0050] The first candidate feature set {X,} and the second
candidate feature set {Y} can be two different categories of
features characterizing the specified HS component within
the receive HS waveform. In various examples, the received
HS waveform can include multiple peaks and troughs. The
first candidate feature set {X,} can include one or more peaks
within a portion of the HS waveform, such as a time window
associated with one of S1, 82, S3, or S4 heart sound compo-
nent. The second candidate feature set {Y} can include one
or more troughs within the same time window as that used for
detecting {X,}. For example, {X,} and {Y,} can respectively
comprise peaks or troughs within the same S1 window as a
portion of the received HS waveform. The signal peaks or the
signal troughs can each be detected using zero-crossing of a
first order difference of the windowed portion of the HS
waveform, orany other liner or nonlinear methods. The signal
peaks or the signal troughs can each be characterized by
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respective feature timing indication (TX, or TY)) and respec-
tive feature intensity indication (|[X,|| or ||Y}|]). For example,
TX, or TY, can be respectively measured as latency between
a reference point (such as R wave on an ECG or EGM, or a
characteristic point such as starting point or middle point of a
HS detection window) and X, or Y ; and |X}|| or can be respec-
tively determined as the amphtude of the peak X or the trough
Y,. The peaks in {X,} and the troughs in {Y,} are candidates
to represent the S1 heart sound in the S1 window. In an
example, {X,} can include one or more IS signal samples
each characterizing a transition from a peak to a trough (e.g.,
a zero-crossing point) within a portion of the HS waveform;
or {Y,} can include one or more HS signal samples each
characterizing a transition from a trough to a peak (e.g., a
zero-crossing point) within the same portion of the HS wave-
form.

[0051] The feature selection circuit 126, coupled to the first
and second feature detector circuits 122 and 124, is config-
ured to determine first and second selected features from
respective candidate feature set. As illustrated in FIG. 1, the
feature selection circuit 126 can include a feature category
selector circuit 131 and a selected feature detector circuit 132.

[0052] The feature category selector circuit 131 can pro-
duce an inter-categorical metric M indicative of temporal
relationship between {X,} and {Y,} such as respectively pro-
duced by the first and second feature detector circuits 122 and
124, and select at least one of the feature sets, {X,} or {Y,},
for feature optimization at least based on the inter-categorical
metric My, In an example, the feature category selector
circuit 131 can be configured to track changes (AM ) of My,
over time such as over multiple physiological cycles, and to
track changes (AX or AY, respectively) of one or both of {X,}
and {Y,} over time such as over multiple physiological
cycles. The feature category selector circuit 131 can then
select at least one feature set between {X,} or {Y,} for opti-
mization based on one or more of the tracked changes AM 4,
AX, or AY. Examples of the feature category selector circuit
131 are described below, such as with reference to FIGS. 2-4,

[0053] The selected feature detector circuit 132 can be con-
figured to determine a selected feature from the selected
candidate feature set, such as a first selected feature X, from
{X,}, or a second selected feature Y, from {Y, ? The
selected feature can be selected as a candldate feature that
meets a specified criterion when compared to other candidate
features of the selected feature set. In an example, the selected
feature detector circuit 132 can determine, for each candidate
feature of the selected feature set, a variability index of the
feature timing indications. The variability index can be com-
puted as a deviation of the feature timing indication of the
candidate feature from a reference timing indication. The
selected feature detector circuit 132 can then determine the
selected feature to be the candidate feature with a correspond-
ing variability index value smaller than any other candidate
features in the selected feature set. For example, assume the
feature category selector circuit 131 selects the first feature
set {X,} for feature optimization, and {X,} includes N
detected peaks within a specified S1 window of a HS wave-
form, i.e., {X,} fori=1,2,...,N. The selected feature detector
circuit 132 can compute, for each detected peak X,, a respec-
tive variability index ATX,=TX,-1X, s where TX, denotes
a specified reference timing indication. The selected feature
detector circuit 232 can then determine the selected feature
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X, that minimizes the variability index among the candi-
date features {X,},1.e., X, ~argmin (TX,-TX,J for i=1, 2,

ey

[0054] In an example, the reference timing indication
TXx.,can be time-varying and computed using timing indi-
cations associated with one or more historical selected fea-
tures such as obtained from a plurality of historical HS wave-
forms, hereinafter referred to as “historical timing
indications”. For example, let X, (t) denote the optimal
peak to be determined from the present HS waveform at
present time t, and X,,,, (1') denote the optimal peak detected
from a historical HS waveform at a historical time t' (t'<t). The
reference timing indication TX g, (t) can then be computed
using one or more historical feature timing indications
{TX, (0}, ie, TXg,, O=0({TX,, (1)}, for one or more
'<t. In an example, TXg, (1) can be computed as a mean, a
median, a mode, or other central tendency or other statistics,
through the operator ¢, of the historical feature timing indi-
cations {TX, (1"}

[0055] The heart sound recognition circuit 128, coupled to
the feature selection circuit, can be configured to determine at
least the HS timing parameter of the specified HS component
using a comparison between the first and second selected
features such as produced by the selected feature detector
circuit 132. In an example, the HS recognition circuit 128 can
determine the feature timing indication of the first selected
feature, TX,,, as the HS timing parameter if the feature
intensity indication of the first selected feature X, ,, exceeds
the feature intensity indication |[Y 5, of the second selected
feature Y, .., [Xg,dPIY o, The HS recognition circuit
128 can determine the feature timing indication of the second
selected feature, TY,,, as the HS timing parameter if
X opdl=lY ol

[0056] In an example, the heart sound tracking system 100
can optionally include a therapy circuit coupled to the heart
sound analyzer circuit 120. The therapy circuit can be con-
figured to automatically program one or more therapy param-
eters using at least the detected HS components and the HS
timing parameter associated with the HS components such as
produced by the feature selection circuit 126 and the HS
recognition circuit 128, and deliver the therapy to a target
tissue site. Examples of the therapy can include electric pac-
ing therapy, cardioversion therapy, defibrillation therapy,
neurostimulation therapy, or any other stimulation therapy
using a specified energy source. Examp