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METHODS AND APPARATUS FOR
DETECTING HEART FAILURE
DECOMPENSATION EVENT AND
STRATIFYING THE RISK OF THE SAME

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. 61/899,639, filed on Nov. 4, 2013, which is herein incor-
porated by reference in its entirety.

TECHNICAL FIELD

[0002] This document relates generally to medical devices,
and more particularly, to systems, devices and methods for
detecting and monitoring heart failure decompensation.

BACKGROUND

[0003] Congestive heart failure (CHF) is a major health
problem and affects over five million people in the United
States alone. CHF is the loss of pumping power of the heart,
resulting in the inability to deliver enough blood to meet the
demands of peripheral tissues. CHF patients typically have
enlarged heart with weakened cardiac muscles, resulting in
reduced contractility and poor cardiac output of blood.
[0004] CHF is usually a chronic condition, but can occur
suddenly. It can affect the left heart, right heart or both sides
of the heart. If CHF affects the left ventricle, signals that
control the left ventricular contraction are delayed, and the
left and right ventricles do not contract simultaneously. Non-
simultaneous contractions of the left and right ventricles fur-
ther decrease the pumping efficiency of the heart.

Overview

[0005] Frequent monitoring of CHF patients and timely
detection of events indicative of heart failure (HF) decom-
pensation status can help prevent worsening of HF in CHF
patients, hence reducing cost associated with HF hospitaliza-
tion. Additionally, identification of patient at an elevated risk
of developing future HF events such as worsening of HF can
help ensure timely treatment, thereby improving the progno-
sis and patient outcome. Identifying and safely managing the
patients having risks of future HF events can avoid unneces-
sary medical intervention and reduce healthcare cost.

[0006] Ambulatory medical devices can be used for moni-
toring HF patient and detecting HF decompensation events.
Examples of such ambulatory medical devices can include
implantable medical devices (IMD), subcutaneous medical
devices, wearable medical devices or other external medical
devices. The ambulatory or implantable medical devices can
include physiologic sensors which can be configured to sense
electrical activity and mechanical function of the heart, or
physical or physiological variables associated with the signs
or symptoms of worsening of HF. The medical device can
optionally deliver therapy such as electrical stimulation
pulses to a target area, such as to restore or improve cardiac
function or neural function. Some of these devices can pro-
vide diagnostic features, such as using transthoracic imped-
ance or other sensor signals. For example, fluid accumulation
in the lungs decreases the transthoracic impedance due to the
lower resistivity of the fluid than air in the lungs. Fluid accu-
mulation in the lungs can also irritate the pulmonary system
and leads to decrease in tidal volume and increase in respira-
tory rate.
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[0007] Some ambulatory medical devices can include a
physiologic sensor for detecting heart sounds. Heart sounds
are associated with mechanical vibrations from activity of a
patient’s heart and the flow of blood through the heart. Heart
sounds recur with each cardiac cycle and are separated and
classified according to the activity associated with the vibra-
tion. The first heart sound (S1) is associated with the vibra-
tional sound made by the heart during tensing of the mitral
valve. The second heart sound (S2) marks the beginning of
diastole. The third heart sound (S3) and fourth heart sound
(S4) are related to filling pressures of the left ventricle during
diastole. Heart sounds are useful indications of proper or
improper functioning of a patient’s heart. The fluid accumu-
lation in the lungs in HF patients can result in an elevation of
ventricular filling pressure, resulting in a louder S3 heart
sound.

[0008] Worsening of HF status can cause changes in vari-
ous cardiac functional parameters including systolic timing.
For example, HF can significantly reduce the systolic func-
tion of the heart, resulting in a prolonged pre-ejection period
(PEP). The PEP represents the total duration of the electrical
and mechanical events prior to ejection. The PEP can include
electrical-mechanical delay between the onset of the ven-
tricular depolarization and the beginning of ventricular con-
traction, and the isovolumic contraction time during which
the left ventricle can contract prior to the opening of the aortic
valve. Additionally, HF can cause shortening of left-ventricu-
lar ejection time (LVET). The LVET represents the time
interval from the opening to the closing of the aortic valve
(mechanical systole). Although the systolic timing informa-
tion such as PEP and LVET can be sensitive to the progression
of HF status, confounding factors other than the worsening of
HF may also cause changes in systolic timing. Accurate and
reliable detection of the changes of these cardiac functional
parameters measurement usually require multiple sensors
that can simultaneously measure the surface ECG, carotid
pulsation or pressure, heart sound, and other physiologic
signals, which can be complex and expensive particularly in
an ambulatory setting. The present inventors have recognized
that there remains a considerable need of systems and meth-
ods that can detect target physiologic events indicative of
worsening of HF or identify CHF patients with elevated risk
of developing future events of worsening of HF with
improved accuracy and reliablity, particularly in an ambula-
tory setting.

[0009] Various embodiments described herein can help
improve detection of an HF event indicative of worsening of
HF, or improve process of identifying patients at elevated risk
of developing future HF events. For example, a system can
comprise an ambulatory medical device (such as an implant-
able medical device or a wearable medical device) that can
detectan HF event or predict the risk of HF event using one or
more signal metrics generated from physiologic signals. The
medical device can include a cardiac electrogram sensor cir-
cuit configured to sense at least one electrogram and generate
one or more electrogram features. A heart sound detector
circuit can sense a heart sound signal and generate one or
more heart sound features. A target event indicator generator
circuit can calculate one more signal metrics indicative of
systolic function of the heart, including relative timing
between first and second signal features selected from the
electrogram features or the heart sound features. The target
event indicator generator circuit can further calculate a nor-
malized signal metric using the one or more signal metrics
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and a normalization factor. The medical device can include a
physiologic event detector circuit that can detect an HF event
using the signal metrics. Additionally or alternatively, the
system can include a risk stratifier circuit that can calculate a
composite risk indicator indicative of the likelihood of the
patient later developing an event indicative of worsening of
HF.

[0010] A method can include receiving from a patient at
least one electrogram and a physiologic signal indicative of
heart sound (HS). The method includes processing the elec-
trogram to generate one or more electrogram features, and
processing the heart sound signal to generate one or more
heart sound features. The method includes calculating one or
more signal metrics indicative of systolic function of the
heart. The signal metrics can include indicators of systolic
function of the heart, including relative timing between first
and second signal features selected from the one or more
electrogram features or one or more HS features. One or more
normalized signal metrics can be calculated using the one or
more signal metrics and a normalization factor. The method
can further include using the signal metrics to detect a target
physiologic event indicative of worsening of HF using, or to
generate a composite risk indicator that can predict the risk of
the patient developing a future event indicative of worsening
of HF.

[0011] 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

[0012] 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.

[0013] FIG. 1 illustrates an example of a cardiac rhythm
management (CRM) system and portions of the environment
in which the CRM system operates.

[0014] FIG. 2 illustrates an example of a heart sound-based
physiologic event detector circuit.

[0015] FIG. 3 illustrates an example of a heart sound-based
heart failure risk stratifier circuit.

[0016] FIG. 4 illustrates an example of a cardiac systolic
timing detector circuit.

[0017] FIG. 5illustrates an example of an HF risk stratifier
circuit.
[0018] FIGS. 6A-C illustrate exemplary performances of

various signal metrics in stratifying risk of patient developing
a future target event indicative of HF decompensation.
[0019] FIG. 7illustrates an example of a method for evalu-
ating cardiac systolic function of a patient.

[0020] FIG. 8illustrates an example of a method for detect-
ing an HF event or providing a risk stratification of a future
HF event.
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DETAILED DESCRIPTION

[0021] Disclosed herein are systems, devices, and methods
for detecting an event indicative of worsening of HF such as
an HF decompensation event, and/or for identifying patients
with elevated risk of developing future events related to wors-
ening of HF. The HF event detection or HF risk stratification
can be performed using the physiologic signals such as
sensed from a physiologic sensor associated with an ambula-
tory medical device such as an implantable cardiac device.
The present inventors have recognized that worsening of HF
status can cause changes in cardiac systolic timing param-
eters (such as pre-ejection period, the lefi-ventricular ejection
time, and the systolic timing interval) estimated using ambu-
latory electrogram sensors and heart sound sensors. There-
fore, by analyzing signal metrics derived from the physi-
ologic sensor signals, the present document can provide a
method and device to detect the HF event indicative of wors-
ening of HF, or to predict the risk of future HF event, thereby
allowing immediate medical attention to the patient.

[0022] FIG. 1 illustrates an example of a Cardiac Rhythm
Management (CRM) system 100 and portions of an environ-
ment in which the CRM system 100 can operate. The CRM
system 100 can include an ambulatory medical device, such
as an implantable medical device (IMD) 110 that can be
electrically coupled to a heart 105 such as through one or
more leads 108A-C, and an external system 120 that can
communicate with the IMD 110 such as via a communication
link 103. The IMD 110 may include an implantable cardiac
device such as a pacemaker, an implantable cardioverter-
defibrillator (ICD), or a cardiac resynchronization therapy
defibrillator (CRT-D). The IMD 110 can include one or more
monitoring or therapeutic devices such as a subcutaneously
implanted device, a wearable external device, a neural stimu-
lator, a drug delivery device, a biological therapy device, a
diagnostic device, or one or more other ambulatory medical
devices. The IMD 110 may be coupled to, or may be substi-
tuted by a monitoring medical device such as a bedside or
other external monitor.

[0023] As illustrated in FIG. 1, the IMD 110 can include a
hermetically sealed can 112 that can house an electronic
circuit that can sense a physiological signal in the heart 105
and can deliver one or more therapeutic electrical pulses to a
targetregion, such as in the heart, such as through one or more
leads 108A-C'. The CRM system 100 can include only one
lead such as 108B, or can include two leads such as 108 A and
108B.

[0024] The lead 108A can include a proximal end that can
be configured to be connected to IMD 110 and a distal end
that can be configured to be placed at a target location such as
in the right atrium (RA) 131 of the heart 105. The lead 108 A
can have a first pacing-sensing electrode 141 that can be
located at or near its distal end, and a second pacing-sensing
electrode 142 that can be located at or near the electrode 141.
The electrodes 141 and 142 can be electrically connected to
the IMD 110 such as via separate conductors in the lead 108 A,
such as to allow for sensing of the right atrial activity and
optional delivery of atrial pacing pulses. The lead 108B can
be a defibrillation lead that can include a proximal end that
can be connected to IMD 110 and a distal end that can be
placed at a target location such as in the right ventricle (RV)
132 of heart 105. The lead 108B can have a first pacing-
sensing electrode 152 that can be located at distal end, a
second pacing-sensing electrode 153 that can be located near
the electrode 152, a first defibrillation coil electrode 154 that
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can be located near the electrode 153, and a second defibril-
lation coil electrode 155 that can be located at a distance from
the distal end such as for superior vena cava (SVC) place-
ment. The electrodes 152 through 155 can be electrically
connected to the IMD 110 such as via separate conductors in
the lead 108B. The electrodes 152 and 153 can allow for
sensing of a ventricular electrogram and can optionally allow
delivery of one or more ventricular pacing pulses, and elec-
trodes 154 and 155 can allow for delivery of one or more
ventricular  cardioversion/defibrillation pulses. In an
example, thelead 108B can include only three electrodes 152,
154 and 155. The electrodes 152 and 154 can be used for
sensing or delivery of one or more ventricular pacing pulses,
and the electrodes 154 and 155 can be used for delivery of one
or more ventricular cardioversion or defibrillation pulses. The
lead 108C can include a proximal end that can be connected
to the IMD 110 and a distal end that can be configured to be
placed at a target location such as in a left ventricle (LV) 134
oftheheart 105. The lead 108C may be implanted through the
coronary sinus 133 and may be placed in a coronary vein over
the LV such as to allow for delivery of one or more pacing
pulses to the LV. The lead 108C can include an electrode 161
thatcan be located at a distal end of the lead 108C and another
electrode 162 that can be located near the electrode 161. The
electrodes 161 and 162 can be electrically connected to the
IMD 110 such as via separate conductors in the lead 108C
such as to allow for sensing of the LV electrogram and option-
ally allow delivery of one or more resynchronization pacing
pulses from the LV.

[0025] The IMD 110 can include an electronic circuit that
cansense a physiological signal. The physiological signal can
include an electrogram or a signal representing mechanical
function of the heart 105. The hermetically sealed can 112
may function as an electrode such as for sensing or pulse
delivery. For example, an electrode from one or more of the
leads 108A-C may be used together with the can 112 such as
for unipolar sensing of an electrogram or for delivering one or
more pacing pulses. A defibrillation electrode from the lead
108B may be used together with the can 112 such as for
delivering one or more cardioversion/defibrillation pulses. In
an example, the IMD 110 can sense impedance such as
between electrodes located on one or more of the leads
108A-C or the can 112. The IMD 110 can be configured to
inject current between a pair of electrodes, sense the resultant
voltage between the same or different pair of electrodes, and
determine impedance using Ohm’s Law. The impedance can
be sensed in a bipolar configuration in which the same pair of
electrodes can be used for injecting current and sensing volt-
age, a tripolar configuration in which the pair of electrodes for
current injection and the pair of electrodes for voltage sensing
can share a common electrode, or tetrapolar configuration in
which the electrodes used for current injection can be distinct
from the electrodes used for voltage sensing. In an example,
the IMD 110 can be configured to inject current between an
electrode on the RV lead 108B and the can housing 112, and
to sense the resultant voltage between the same electrodes or
between a different electrode on the RV lead 108B and the can
housing 112. A physiologic signal can be sensed from one or
more physiological sensors that can be integrated within the
IMD 110. The IMD 110 can also be configured to sense a
physiological signal from one or more external physiologic
sensors or one or more external electrodes that canbe coupled
to the IMD 110. Examples of the physiological signal can
include one or more of heart rate, heart rate variability, elec-
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trocardiograms, intracardiac electrograms, arrhythmias,
intrathoracic impedance. intracardiac impedance, arterial
pressure, pulmonary artery pressure, left atrial pressure, RV
pressure, LV coronary pressure, coronary blood temperature,
blood oxygen saturation, one or more heart sounds, physical
activity or exertion level, physiologic response to activity,
posture, respiration, body weight, or body temperature.
[0026] The arrangement and functions of these leads and
electrodes are described above by way of example and not by
way of limitation. Depending on the need of the patient and
the capability of the implantable device, other arrangements
and uses of these leads and electrodes are possible.

[0027] As illustrated, the CRM system 100 can include a
heart sound-based HF event detection/risk assessment circuit
113. The heart sound-based HF event detection/risk assess-
ment circuit 113 can include a physiologic signal receiver
circuit, a target event indicator generator circuit, and a physi-
ologic event detector or risk stratifier circuit. The physiologic
signal sensor circuit can receive an electrogram indicative of
electrical activity of the heart, and generate electrogram fea-
tures using the electrogram. The electrogram can be sensed
using ambulatory physiologic sensors deployed on or within
the patient and communicated with the IMD 110, such as
electrodes on one or more of the leads 108A-C and the can
112. The physiologic signal receiver circuit can receive heart
sound signal such as from one or more ambulatory sensors for
sensing a signal indicative of heart sound, and generate one or
more heart sound features. The target event indicator genera-
tor circuit can generate a signal metric indicative of cardiac
systolic timing using the electrogram and the heart sound
signals. The physiologic event detector or risk stratifier circuit
can generate a trend of the signal metric for use to detect an
event of worsening of HF, or to generate a composite risk
indicator (CRI) indicative of the likelihood of the patient
developing a future event of worsening of HF. The HF dec-
ompensation event can include one or more early precursors
of an HF decompensation episode, or an event indicative of
HF progression such as recovery or worsening of HF status.
Examples of heart sound-based HF event detection/risk
assessment circuit 113 are described below, such as with
reference to FIGS. 2-5.

[0028] Theexternal system 120 can allow for programming
of the IMD 110 and can receives information about one or
more signals acquired by IMD 110, such as can be received
via a communication link 103. The external system 120 can
include a local external IMD programmer. The external sys-
tem 120 can include a remote patient management system
that can monitor patient status or adjust one or more therapies
such as from a remote location.

[0029] The communication link 103 can include one or
more of an inductive telemetry link, a radio-frequency telem-
etry link, or a telecommunication link, such as an internet
connection. The communication link 103 can provide for data
transmission between the IMD 110 and the external system
120. The transmitted data can include, for example, real-time
physiological data acquired by the IMD 110, physiological
data acquired by and stored in the IMD 110, therapy history
data or data indicating IMD operational status stored in the
IMD 110, one or more programming instructions to the IMD
110 such as to configure the IMD 110 to perform one or more
actions that can include physiological data acquisition such as
using programmably specifiable sensing electrodes and con-
figuration, device self-diagnostic test, or delivery of one or
more therapies.
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[0030] The heart sound-based HF event detection/risk
assessment circuit 113 may be implemented at the external
system 120, which can be configured to perform HF risk
stratification such as using data extracted from the IMD 110
or data stored in a memory within the external system 120.
Portions of heart sound-based HF event detection/risk assess-
ment circuit 113 may be distributed between the IMD 110 and
the external system 120.

[0031] Portions of the IMD 110 or the external system 120
can be implemented using hardware, software, or any com-
bination of hardware and software. Portions of the IMD 110
or the external system 120 may be implemented using an
application-specific circuit that can be constructed or config-
ured to perform one or more particular functions, or can be
implemented using a general-purpose circuit that can be pro-
grammed or otherwise configured to perform one or more
particular functions. Such a general-purpose circuit can
include a microprocessor or a portion thereof, a microcon-
troller ora portion thereof, or a programmable logic circuit, or
a portion thereof. For example, a “comparator” can include,
among other things, an electronic circuit comparator that can
be constructed to perform the specific function of a compari-
son between two signals or the comparator can be imple-
mented as a portion of a general-purpose circuit that can be
driven by a code instructing a portion of the general-purpose
circuit to perform a comparison between the two signals.
While described with reference to the IMD 110, the CRM
system 100 could include a subcutaneous medical device
(e.g., subcutaneous 1ICD, subcutaneous diagnostic device),
wearable medical devices (e.g., patch based sensing device),
or other external medical devices.

[0032] FIG. 2 illustrates an example of a heart sound-based
physiologic event detector circuit 200, which can be an
embodiment of the heart sound-based HF event detection/risk
assessment circuit 113. The heart sound-based physiologic
event detector circuit 200 can also be implemented in an
external system such as a patient monitor configured for
providing the patient’s diagnostic information to an end-user.
The heart sound-based physiologic event detector circuit 200
can include one or more of a physiologic signal receiver
circuit 210, a target event indicator generator circuit 220, a
physiologic event detector circuit 230, a controller circuit
240, and an instruction receiver circuit 250.

[0033] The physiologic signal receiver circuit 210 can be
configured to sense one or more physiological signals that can
be indicative of worsening of HF status. The physiologic
signals can be sensed using one or more physiologic sensors
associated with the patient. Examples of such a physiological
signal can include one or more electrograms sensed from the
electrodes on one or more of the leads 108A-C or the can 112,
heart rate, heart rate variability, electrocardiogram, arrhyth-
mia, intrathoracic impedance, intracardiac impedance, arte-
rial pressure, pulmonary artery pressure, left atrial pressure,
RV pressure, LV coronary pressure, coronary blood tempera-
ture, blood oxygen saturation, one or more heart sounds,
physiologic response to activity, apnea hypopnea index, one
or more respiration signals such as a respiration rate signal or
a tidal volume signal. In some examples, the physiologic
signals can be acquired from a patient and stored in a storage
device such as an electronic medical record (EMR) system.
The physiologic signal receiver circuit 210 can be coupled to
the storage device and retrieve from the storage device one or
more physiologic signals in response to a command signal.
The command signal can be issued by a system user (e.g., a
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physician) such as via an input device coupled to the instruc-
tion receiver 250, or generated automatically by the system in
response to a specified event.

[0034] As illustrated in FIG. 2, the physiologic signal
receiver circuit 210 can include a plurality of functional com-
ponents including a cardiac electrogram sensor circuit 211
and a heart sound detector circuit 212. The cardiac electro-
gram sensor circuit 211 can be configured to sense from a
patient at least one electrogram indicative of electrical activ-
ity of a heart. The cardiac electrogram sensor circuit 211 can
be coupled to one or more electrodes from the implantable
leads 108A-C and the can 112 that can sense intracardiac
electrograms, or coupled to one or more surface electrodes
placed on patient’s skin or subcutaneous electrodes disposed
under the skin of the patient that can sense electrocardiogram
(ECG).

[0035] Theheart sound detector circuit 212 can be coupled
to aheart sound (HS) sensor that can detect the heart sound or
other forms of signals as a result of mechanical vibrations of
the heart due to cardiac contraction and relaxation. Examples
ofthe HS sensors can include an ambulatory accelerometer or
an ambulatory microphone. The HS sensor can be external to
the patient or implanted inside the body. In an example, the
heart sound sensor can be disposed within an ambulatory
medical device such as the IMD 110.

[0036] The cardiac electrogram sensor circuit 211 or the
heart sound detector circuit 212 can respectively include one
or more sub-circuits that can perform signal conditioning
(e.g., signal amplification, digitization, or filtering) or feature
extraction from the sensed physiological signal. Examples of
extracted signal features can include: signal mean, median, or
other central tendency measures; a histogram of the signal
intensity; one or more signal trends over time; one or more
signal morphological descriptors; or signal power spectral
density at a specified frequency range. For example, the car-
diac electrogram sensor circuit 211 can process the cardiac
electrogram and generate one or more electrogram features,
including a P wave, Q wave, R wave, T wave, QRS complex,
or other components representing depolarization, hyperpo-
larization, repolarization, or other electrophysiological prop-
erties of the myocardium. The heart sound detector circuit
212 can process the HS signal through signal conditioning
such as filtering the sensed heart sound signal to a specified
frequency range using one or more filters. In an example, the
heart sound detector circuit 212 includes a bandpass filter
adapted to filter the HS signal to a frequency range of approxi-
mately between 5 and 90 Hz. In another example, the heart
sound detector circuit 212 includes a bandpass filter adapted
to filter the HS signal to a frequency range of approximately
between 9 and 90 Hz. Theheart sound detector circuit 212 can
includes a double or higher-order differentiator configured to
calculate a double or higher-order differentiation of the
sensed heart sound signal. The heart sound detector circuit
212 can generate one or more heart sound features using the
processed HS signal. Examples of the HS features can include
timing, amplitude, or morphologic characteristics of at least
one of S1, S2 or S3 heart sound. In some examples, the
physiologic signal receiver circuit 210 can generate a com-
posite signal parameter using two or more signal features
selected from the electrogram features and the HS features.
[0037] The target event indicator generator circuit 220 can
be configured to generate a plurality of signal metrics from
the one or more physiologic signals. The signal metrics can
include statistical features (e.g., mean, median, standard
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deviation, variance, percentile, correlation, covariance, or
other statistical value over a specified time segment), mor-
phological features (e.g., peak, trough, slope, area under the
curve), or temporal information associated with the physi-
ologic signals (e.g., morning, afternoon, evening, weekday,
weekend, seasons). As illustrated in FIG. 2, the target event
indicator generator circuit 220 can include a cardiac systolic
timing detector circuit 221 configured to generate one or
more signal metrics indicative of systolic function of the
heart. The signal metrics can include relative timing between
first and second signal features selected from electrogram
features and HS features. In an example, the first signal fea-
ture can be one of the electrogram features and the second
signal feature can be one of the HS features. In another
example, both the first and second signal features can be two
different HS features. Examples of the target event indicator
generator circuit 220 are described below, such as with ref-
erence to FI1G. 4.

[0038] The physiologic event detector circuit 230 can
receive the signal metrics from the target event indicator
generator circuit 220 and detect a physiologic target or con-
dition event using the received signal metrics, such as the
signal metrics indicative of the patient’s cardiac systolic func-
tion. The target event or condition can include a physiologic
event preempting a disease or change of disease state, such as
an event indicative of HF decompensation, worsening HF,
pulmonary edema, or myocardial infarction. The physiologic
event detector circuit 230 can be configured to generate a
trend of representative values of the signal metrics over a
specified time period, and to detect a target physiologic event
using at least the trend of representative values of the signal
metrics. In an example, the physiologic event detector circuit
230 can determine the trend by calculating a detection index
(D) representing the variation of the values of the signal
metrics over time. For example, the DI can be computed as a
difference between a first statistical measure of the signal
metric computed from a first time window and a second
statistical measure of the signal metric computed from a
second time window. The first and the second statistical mea-
sures can each include a mean, a median, a mode, a percentile,
aquartile, or other measures of central tendency of the signal
metric values in the respective time window. In an example,
the second time window can be longer than the first window,
and at least a portion of the second time window precedes the
first time window in time. The second statistical measure can
represent a baseline value of the signal metric.

[0039] Thecontroller circuit 240 can control the operations
of the physiologic signal receiver circuit 210, the target event
indicator generator circuit 220, the physiologic event detector
circuit 230, and the data flow and instructions between these
components. The controller circuit 240 can receive external
programming input from the instruction receiver circuit 250
to control one or more of the receiving patient status, signal
sensing, signal metrics generation, or HF event detection.
Examples of the instructions received by instruction receiver
250 may include: selection of electrodes or sensors used for
sensing physiologic signals such as the electrograms and the
heart sounds, selection of the signal metrics representing the
cardiac systolic timing information, or the configuration of
the HF event detection. The instruction receiver circuit 250
can include a user interface configured to present program-
ming options to the user and receive user’s programming
input. In an example, at least a portion of the instruction
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receiver circuit 250, such as the user interface, can be imple-
mented in the external system 120.

[0040] FIG. 3illustrates an example of a heart sound-based
heart failure risk stratifier circuit 300, which can be an
embodiment of the heart sound-based HF event detection/risk
assessment circuit 113. The heart sound-based heart failure
risk stratifier circuit 300 can include one or more of a physi-
ologic signal receiver circuit 210, a signal metric generator
circuit 320, a heart failure (HF) risk stratifier circuit 330, a
controller circuit 340, and an instruction receiver circuit 350.
[0041] As discussed in the heart sound-based physiologic
event detector circuit 200 with reference to F1G. 2, the physi-
ologic signal receiver circuit 210 in the heart sound-based
heart failure risk stratifier circuit 300 can receive one or more
physiologic signals that can be indicative of worsening of HF
status. The physiologic signal receiver circuit 210 can include
aplurality of functional components including a cardiac elec-
trogram sensor circuit 211 and a heart sound detector circuit
212 that can respectively sense from a physiologic sensor
(e.g., the implantable leads 108A-C and the can 112, or
implantable accelerometers or microphones), or retrieve from
a database (e.g., an EMR system), or receive via an input
device receive coupled to the instruction receiver 350, cardiac
electrogranms or heart sound signals. The cardiac electro-
gram sensor circuit 211 and the heart sound detector circuit
212 can respectively process the sensed electrogram and the
heart sound signal to produce the electrogram features (e.g., R
waves or QRS complexes) and HS features (e.g., timing,
amplitude, or morphology of S,, S2, S3 heart sounds).
[0042] The signal metrics generator circuit 320 can use the
one or more physiologic signals to generate a plurality of
signal metrics. Examples of the signal metrics can include
statistical features (e.g., mean, median, percentile, standard
deviation, variance, correlation, covariance, or other statisti-
cal value over a specified time segment), morphological fea-
tures (e.g., peak, trough, slope, area under the curve), or
temporal information associated with the physiologic signals
(e.g., morning, afternoon, evening, weekday, weekend, sea-
sons). Similar to the target event indicator generator circuit
220 as illustrated in FIG. 2, the signal metrics generator
circuit 320 can include a cardiac systolic timing detector
circuit 221 configured to generate one or more signal metrics
indicative of the cardiac systolic function. The signal metrics
can include relative timing between first and second signal
features that are generated from one or more physiologic
signals, including the electrograms or the heart sound signals.
Examples of the signal metrics generator circuit 320 are
described below, such as with reference to FIG. 4.

[0043] The heart failure (HF) risk stratifier circuit 330 can
receive input from the signal metrics generator circuit 320,
and calculate a composite risk indicator (CRI) using the one
or more signal metrics such as produced by the signal metrics
generator circuit 320. The CRI can indicate the likelihood of
the patient later developing a target physiologic event such as
an event indicating worsening of HF, or HF decompensation
in a specified timeframe, such as within approximately 3-6
months, or beyond 6 months. The HF risk stratifier circuit 330
can also be used to identify patients at elevated risk of devel-
oping a new or worsening of an existing disease, such as
pulmonary edema, pulmonary condition exacerbation such as
COPD, asthma and pneumonia, myocardial infarction,
dilated cardiomyopathy (DCM), ischemic cardiomyopathy,
systolic HF, diastolic HF, valvular disease, renal disease,
chronic obstructive pulmonary disease (COPD), peripheral
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vascular disease, cerebrovascular disease, hepatic disease,
diabetes, asthma, anemia, depression, pulmonary hyperten-
sion, sleep disordered breathing, hyperlipidemia, among oth-
ers.

[0044] The controller circuit 340 can control the operations
of the physiologic signal receiver circuit 210, the signal met-
rics generator circuit 320, the HF risk stratifier circuit 330,
and the data flow and instructions between these components.
The controller circuit 340 can receive external programming
input from the instruction receiver circuit 350 to control one
or more of receiving cardiac electrogram, receiving heart
sound signals, generating signal metrics including one or
more signal metrics indicative of systolic function of the
heart, or calculating a composite risk. Examples of the
instructions received by instruction receiver 350 may include:
selection of electrodes or sensors used for sensing physi-
ologic signals such as the electrograms and the heart sounds,
selection of the signal metrics representing the cardiac sys-
tolic timing information, or the parameters used for calculat-
ing the composite risk. The instruction receiver circuit 350
can include a user interface configured to present program-
ming options to the user and receive user’s programming
input. In an example, at least a portion of the instruction
receiver circuit 350, such as the user interface, can be imple-
mented in the external system 120.

[0045] FIG. 4 illustrates an example of a cardiac systolic
timing detector circuit 400, which can be an embodiment of
the cardiac systolic timing detector circuit 221 as illustrated
in FIGS. 2 and 3. The cardiac systolic timing detector circuit
400 can be configured to generate one or more signal metrics
including relative timing between first and second signal fea-
tures such as between one or more electrogram features or one
or more heart sound features. The cardiac systolic timing
detector circuit 400 can include one or more of a pre-ejection
period (PEP) detector circuit 402, a left-ventricular ejection
time (LVET) detector circuit 404, a systolic timing interval
(STI) calculator circuit 406, a PEP-LVET ratio calculator
circuit 408, and a normalizer circuit 410.

[0046] The PEP detector circuit 402 can be configured to
determine an electrogram-to-heart sound time interval
indicative of the PEP using one or more physiologic signals.
The PEP represents the total duration of the electrical and
mechanical events prior to ejection. The PEP can include the
electrical-mechanical delay which occurs between the onset
of the ventricular depolarization and the beginning of ven-
tricular contraction, and the isovolumic contraction time dur-
ing which the left ventricle can contract prior to the opening
of the aortic valve. The PEP detector circuit 402 can calculate
the PEP as an interval between timing of a first electrogram
feature and timing of a second HS feature. The first electro-
gram feature can include an onset of a QRS complex, such as
Q wave or R wave, on the electrogram such as produced by
the cardiac electrogram sensor circuit 211. The second HS
feature can include the S1 heart sound such as produced by
the heart sound detector circuit 212. The timing of S1 heart
sound can indicate the beginning of ventricular ejection. If
and when the heart is electrically paced (such as by using an
IMD 110 and the associated leads 108A-C or the can 112)
such that no spontaneous QRS complex can be detected in the
electrogram, the PEP detector circuit 402 can calculate the
PEP as an interval from the timing of a ventricular pacing
(Vp) signal detected from the electrogram to the timing of the
S1 heart sound.
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[0047] The LVET detector circuit 404 can be configured to
determine an intra-heart sound time interval indicative of the
LVET. The LVET is the interval of mechanical systole during
which blood is ejected into the arterial system. It represents a
time interval from the aortic valve opening to aortic valve
closure. The LVET can be clinically measured from the
beginning of the upstroke to the trough of the incisural notch
on the external carotid arterial pulse tracing. The LVET detec-
tor circuit 404 can calculate LVET as an interval between
timing of a first HS feature indicative of a beginning of ven-
tricular ejection and timing of a second HS feature indicative
of an end of ventricular ejection. In an example, the first HS
feature can be an S1 heart sound and the second HS feature
can be an S2 heart sound. The first and second heart sound
features can be produced by the heart sound signal detector
circuit 212.

[0048] The STI calculator circuit 406 can be configured to
determine a systolic timing interval using one or more physi-
ologic signals sensed from physiologic sensors. The STI
spans from the electrical excitation of the heart to the closure
of the aortic valve, and represents the duration of total electro-
mechanical systole. The STI can comprise two major com-
ponents: the PEP and the LVET, that is, STI=PEP+LVET. The
systolic timing interval (STT) calculator circuit 406 can cal-
culate the ST as an interval between timing of a first electro-
gram feature indicative of electrical depolarization of the
ventricle and timing of a second HS feature indicative of an
end of ventricular ejection. In an example, the STI calculator
circuit 406 can calculate the STI as an interval between an
onset of the QRS complex, such as a Q wave or an R wave, on
the electrogram and the S2 heart sound. In some other
examples, the STT detector circuit 402 can calculate the ST as
a time interval that begins at a ventricular pacing (Vp) signal
as detected from the electrogram and ends at the S2 heart
sound.

[0049] The PEP-LVET ratio calculator circuit 408 can be
coupled to the PEP detector circuit 402 and the LVET detector
circuit 404, and configured to determine a ratio between the
PEP and the LVET, such as PEP/LVET or LVET/PEP.
Because in HF patient, particularly those with left ventricular
dysfunction, the PEP can be lengthened while the LVET can
be shortened, signal metrics like PEP-LVET ratio can be
sensitive to the deterioration of the systolic dysfunction in HF
patients.

[0050] The normalizer circuit 410 can be coupled to one or
more of the PEP detector circuit 402, the LVET detector
circuit 404, the STI calculator circuit 406, or the PEP-LVET
ratio calculator circuit 408. The normalizer circuit 410 can
include a normalization factor generator 412 that can gener-
ate a normalization factor. The normalizer circuit 410 can use
the normalization factor to correct for undesirable impact on
the detected PEP, LVET, STI, or PEP/LVET caused by con-
founding factors including, for example, spontaneous varia-
tion of heart rate. Examples of the normalization factor can
include physiologic time intervals, such as cardiac cycle,
pulse cycle, blood pressure cycle, respiration cycle, time
intervals between two heart sound components, or other time
intervals measured between two or more physiologic events.
In an example, the normalization factor includes a quantity
indicative of cardiac cycle, such as an R-R interval (RRI)
calculated from the electrogram produced by the cardiac elec-
trogram sensor circuit 211. For example, the LVET can be
sensitive to the variation of heart rate such that LVET
decreases in response to an increase in heart rate. The nor-
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malizer circuit 410 can compute a heart-rate corrected LVET
(LVETC) using the normalization factor RRI produced by the
normalization factor generator 412. The LVET can be deter-
mined as LVET/RRI, or more generally LVET/g(RRI) where
gisalinearor nonlinear operator. Compared to LVET, LVETc
can be less sensitive to the variation of the heart rate. The
LVETec, when used by the physiologic event detector circuit
230 or the HF risk stratifier circuit 330, can more reliably
indicate the deterioration of the LV systolic function or the
worsening of HE.

[0051] FIG. 5illustrates an example of an HF risk stratifier
circuit 500, which can be an embodiment of the HF risk
stratifier circuit 330. The HF risk stratifier circuit 500 can
include an HF risk analyzer circuit 510 and an analysis report
generator 520. The HF risk stratifier circuit 500 can receive
the signal metrics indicative of cardiac systolic timing or
normalized cardiac systolic timing including one or more of
the PEP, LVET, STI, or PEP/LVET, analyze the signal met-
rics, and determine a quantity such as a composite risk indi-
cator (CRI) indicative of a likelihood of the patient develop-
ing a future event such as an HF decompensation event.
[0052] TheHF risk analyzer circuit 510 can include a signal
metric performance analyzer 512 and a composite risk indi-
cator (CRI) calculator circuit 514. The signal metrics perfor-
mance analyzer 512 can be configured to generate for one or
more of the signal metrics respective performance measure
that indicates reliability or accuracy of predicting a future
target physiologic event. Examples of the performance mea-
sures can include a predicted hazard ratio, a predicted sensi-
tivity (Se), a predicted specificity (Sp), or a predicted signal
quality (Sq), each of which can be determined using popula-
tion-based statistics. The signal metrics performance ana-
lyzer 512 can determine the predicted sensitivity of a signal
metric such as PEP/LVET using the relative change of value
of the signal metric in response to a physiologic status change
associated with the progression of the HF status. In an
example, the predicted sensitivity can be determined as a rate
of change of the signal metric value from a first time to a
second time, where the first and second time can be approxi-
mately 1-6 months and 14-28 days respectively prior to the
patient’s developing a target event such as an HF decompen-
sation event.

[0053] The predicted specificity can characterize the accu-
racy of the signal metric in predicting a confounding event not
associated with HF decompensation, such as noise, inference,
patient activity, lead fracture, lead revision, change of pacing
configuration, or a replacement of the device. The signal
metrics performance analyzer 512 can determine the pre-
dicted specificity of a signal metric such as the PEP/LVET
using the relative change of value of the signal metric from a
first time to a second time in response to one or more con-
founding events. The first and second time can be approxi-
mately 1-6 months and 14-28 days respectively prior to
patient’s developing an HF decompensation event.

[0054] The signal metrics performance analyzer 512 can
determine the predicted signal quality of a signal metric such
as PEP. Examples of the signal quality can include signal
strength, signal variability, or signal-to-noise ratio, among
others. Signal variability can include range, inter-quartile
range, standard deviation, variance, sample variance, or other
first-order, second-order, or higher-order statistics represent-
ing the degree of variation. For example, in determining the
quality of the signal metric of PEP, the signal metrics genera-
tor circuit 320 can produce a plurality of measurements of
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PEP such as from a plurality of cardiac cycles during a speci-
fied period of time. The signal metrics performance analyzer
512 can determine the variability of the PEP measurements
such as by computing a variance of the PEP measurements. A
high signal quality, such as indicated by one or more of high
signal-to-noise ratio, high signal strength, or low signal vari-
ability, is desirable for identifying patients at an elevated risk
of developing future HF events.

[0055] The composite risk indicator (CRI) calculator cir-
cuit 514 can generate a CRI using one or more signal metrics.
In an example, the signal metrics performance analyzer 512
can calculate for each signal metrics (Mi) a respective indi-
vidual risk score (R, ) using a probability model (f) and one
or more of the hazard ratio (HR), the predicted sensitivity
(Se), the predicted specificity (Sp), and the predicted signal
quality (Sq). That is, R, ,=f(HR, Se. Sp, Sq). The CRI calcu-
lator circuit 514 can compute the CRI using a linear or non-
linear combination of the risk scores (R,;) associated with
respective signal metrics. The CRI can be computed as
weighted sum of the risk scores, where each risk score can be
scaled by a respective weight factor proportional to a perfor-
mance measure of the signal metric. The CRI can also be
determined as a parametric or non-parametric model using
the individual risk scores, such as decision trees, neural net-
work, Bayesian network, among other machine learning
methods.

[0056] Theanalysis report generator 520 can include an HF
risk report generator 522 and a signal metric performance
report generator 524. The HF risk report generator 522 can
generate a report to inform, warn, or alert a system end-user
an elevated risk of a patient developing a future HF event. The
report can include the CRI with corresponding timeframe
within which the risk is predicted. The report can also include
recommended actions such as confirmative testing, diagno-
sis, or therapy options. The report can include one or more
media formats including, for example, a textual or graphical
message, a sound, an image, or a combination thereof. In an
example, the HF risk report generator 522 can be coupled to
the instruction receiver circuit 250 and the report can be
presented to the user via an interactive user interface on the
instruction receiver circuit 250, The HF risk report generator
402 can be coupled to the external device 120, and be con-
figured to present to the user the risk (e.g., the CRI) of patient
developing future HF events via the external device 120.
[0057] The signal metrics performance report generator
524 can generate, and present to the user, one or more of a
report including the cardiac electrograms such as received by
the cardiac electrogram sensor circuit 211, heart sound sig-
nals such as received by the heart sound signal detector circuit
212, and the signal metrics representing the cardiac systolic
timing information such as generated by the signal metrics
generator circuit 320. The signal metrics performance report
generator 524 can be coupled to the external device 120 or the
instruction receiver circuit 250, and be configured to present
the signal metrics information to the user therein. The user
input can include confirmation, storage, or other program-
ming instructions to operate on the signal metrics.

[0058] FIGS. 6A-C illustrate examplary performances of
various signal metrics in stratifying risk of patient developing
a future target event indicative of HF decompensation. Physi-
ologic signals, including the heart sound signals and the car-
diac electrograms, can be collected by IMDs implanted from
a cohort of patients in one or more analysis sessions during
which an HF event is present or absent. The physiological
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signals can be analyzed using the heart sound-based heart
failure risk stratifier circuit 300. The signal metrics, such as
those indicative of the PEP, LVET and PEP/LVET, can be
generated such as using the cardiac systolic timing detector
circuit 400. Each analysis session can be classified into either
a positive signal metric group or a negative signal metric
group based on a comparison between the values of the signal
metrics values and a specified threshold. For example, an
analysis session can be classified into a “LVET positive
group” if the LVET value is greater than a LVET threshold, or
into a “LVET negative group” if the LVET value is no greater
than a LVET threshold. Data from each group can be fit into
arespective regression model that provides a prediction of the
risk (such as a probability or likelihood measure) of an HF
event occurring at a specified time. In the examples illustrated
in FIGS. 6A-C, risk prediction can be performed using a Cox
regression model which provides a survival curve, or an event
curve, that depicts cumulative proportion of the HF decom-
pensation events (on the y-axis) within a specified time-to-
event interval (on the x-axis) such as number of days elapsed
from a baseline reference event to the occurrence of the first
HF decompensation event.

[0059] FIG. 6A illustrates the performance of a risk strati-
fier that uses heart-rate corrected, heart-sound based signal
metric indicative of PEP (HS-PEP). The HS-PEP can be
determined using the PEP detector circuit 402, and normal-
ized by the normalizer circuit 410 such as using a normaliza-
tion factor equaling the R-R interval (RRI). Values of HS-PEP
can be compared to a threshold and classified into either a
HS-PEP positive group if HS-PEP is substantially prolonged
(such as greater than a specified threshold), or a HS-PEP
negative group if HS-PEP is not substantially prolonged
(such as no greater than the specified threshold). As illustrated
in FIG. 6A, event curve for the HS-PEP positive group 610
has a steeper slope than the event curve for the HS-PEP
negative group 620, indicating that the HS-PEP positive
group has a faster increase in the accumulated HF decompen-
sation events than the HS-PEP negative group as HF status
progresses. A relative risk of having a future HF decompen-
sation event associated with an elevated HS-PEP, such as a
hazard ratio, can be computed. In the example of FIG. 6A, a
hazard ratio is approximately 4-5, suggesting that patients
with substantially prolonged HS-PEP can be 4-5 times more
likely to develop a future HF decompensation event than the
patients whose HS-PEPs are not substantially prolonged.

[0060] FIG. 6B illustrates the performance of a risk strati-
fier that uses a heart-sound based signal metric indicative of
LVET (HS-LVET). The HS-LVET can be determined using
the LVET detector circuit 404. Because LVET may not be
very sensitivity to the confounding factors like spontaneous
fluctuation of heart rate, in the example illustrated in FIG. 6B,
the normalization factor can be set to a default value of one in
the normalization factor generator 412. This is equivalent to
no normalization of the HS-LVET. Values of HS-LVET can
be compared to a threshold and classified into either a HS-
LVET negative group if HS-LVET is substantially shortened
(such as less than a specified threshold), or a HS-LVET posi-
tive group if HS-PEP is not substantially shortened (such as
no less than the specified threshold). As illustrated in FIG. 6B,
the event curve for the HS-LVET negative group 622 has a
steeper slope than the event curve for the HS-LVET positive
group 620. In this example, a Cox regression analysis yields
a hazard ratio of approximately 3-4, suggesting that the
patients with substantially shortened HS-LVET are 3-4 times
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more likely to develop a future HF decompensation event
than the patients with normal HS-LVET.

[0061] FIG. 6C illustrates the performance of a risk strati-
fier that uses a heart-sound based signal metric indicative of
the PEP/LVET (HS-PEP/LVET). The HS-PEP/LVET can be
determined using the PEP-LVET ratio calculator circuit 408.
In this example, the HS-PEP/LVET can be computed from a
filtered heart sound signal generated by passing the HS signal
through a double differentiator such as implemented in the
heart sound detector circuit 212. Values of HS-PEP/LVET
can be compared to a threshold and classified into either a
HS-PEP/LVET positive group if HS-PEP/LVET is substan-
tially prolonged (such as greater than a specified threshold),
or a HS-PEP/LVET negative group if HS-PEP/LVET is not
substantially prolonged (such as no greater than the specified
threshold). As illustrated in F1G. 6C, the event curve for the
HS-PEP/LVET positive group 630 has a steeper slope than
the event curve for the HS-PEP/LVET negative group 632. A
Cox regression analysis yields a hazard ratio of approxi-
mately 5-6, suggesting that the patients with substantially
prolonged HS-PEP/LVET are 5-6 times more likely to
develop a future HF decompensation event than the patients
whose HS-PEP/LVETs are not substantially prolonged.
[0062] FIG. 7 illustrates an example of a method 700 for
evaluating cardiac systolic function of a patient. The method
700 can be implemented and operate in an ambulatory medi-
cal device or in a remote patient management system. In an
example, the method 700 can be performed by the heart
sound-based HF event detection/risk assessment circuit 113
implemented in the IMD 110, or the external device 120
which can be in communication with the IMD 110.

[0063] At 701, at least one cardiac electrogram can be
received from a patient. The cardiac electrogram can include
intracardiac electrogram sensed using physiologic sensors
such as one or more electrodes on one or more of transvenous
leads 108A-C coupled to an implantable medical device
(IMD) and the can 112 of the IMD, surface electrocardiogram
(ECG) sensed using one or more surface electrodes placed on
patient’s skin, subcutaneous electrogram sensed using sub-
cutaneous electrodes disposed under the skin of the patient, or
any other cardiac signals indicative of electrical activity of a
heart. Alternatively or additionally, the cardiac electrogram of
apatient can be stored in a storage device such as an electronic
medical record (EMR) system, and can be retrieved from the
storage device upon receiving a command such as issued by
an end-user. The received cardiac electrogram can be ana-
lyzed at 702 to generate one or more electrogram features
including a P wave, R wave, T wave, QRS complex, or other
components representing depolarization, hyperpolarization,
repolarization, or other electrophysiologic properties of the
myocardium.

[0064] At 703, at least one physiologic signal indicative of
heart sound (HS) of the patient can be received. The signal
indicative of HS can be sensed using a HS sensor that can
detect heart sound wave or other forms of signals such as
vibrations of the chest wall resulting from cardiac mechanical
contraction and relaxation. Examples of the HS sensors can
include an ambulatory accelerometer or an ambulatory
microphone. The physiologic signals indicative of HS can be
stored in a storage device such as an EMR system, and can be
retrieved from the storage device upon receiving a command
such as issued by an end-user.

[0065] The received HS signal can be processed at 704,
including signal amplification, analog to digital conversions,
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signal filtering, or other signal conditioning processes. The
received HS signal can be filtered to a specified frequency
range using one or more filters, including a bandpass filter
characterized by specified cutoff frequencies, bandwidth,
passband gain, stopband attenuation, among other param-
eters. For example, the bandpass filter can have a passband of
approximately 5 to 90 Hz. In another example, the bandpass
filter has a passband of approximately 9 to 90 Hz. The HS
signal can be processed using a double or higher-order dif-
ferentiator configured to calculate a double or higher-order
differentiation of the HS signal. From the processed HS sig-
nal, one or more HS features can be generated, including
timing with respect with respect to a specified reference
event, amplitude, or morphological features of S1, S2 or S3
heart sounds.

[0066] At 705, one or more signal metrics indicative of
systolic function of the heart can be calculated such as using
the one or more electrogram features produced at 702, the one
or more HS features produced at 704, or both the electrogram
features and the HS features. The signal metrics can include
relative timing between first and second signal features
selected from the one or more electrogram features and the
one or more HS features. In an example, the signal metrics
can include a time interval indicative of the pre-ejection
period (PEP), such as an interval between one of the Q wave
or an R wave sensed from an electrogram and the S1 hear
sound sensed from the HS signal. In another example, the
signal metrics can include a time interval indicative of the left
ventricular ejection time (LVET), such as an interval between
the S1 and S2 heart sounds. In yet another example, the signal
metrics can include a ratio between the time interval indica-
tive of the PEP and the time interval indicative of the LVET.
The signal metrics can be normalized using a normalization
factor to correct for undesirable impact on the detected PEP,
LVET, STI, or PEP/LVET caused by confounding factors
including, for example, spontaneous variation of heart rate.
Examples of the normalization factor can include physiologic
time intervals, such as cardiac cycle, pulse cycle, blood pres-
sure cycle, respiration cycle, or other time intervals measured
between two or more physiologic events. In an example, the
normalization factor includes a quantity indicative of cardiac
cycle, such as an R-R interval (RRI). The signal metrics can
be presented to the end-user for monitoring the patient health
status or disease progress such as worsening of HF. The signal
metrics can also be used for detecting the presence of a target
physiologic event such as an indication of an HF decompen-
sation event, for predicting the future risk of developing a
target physiologic event, or for titrating medical or device
therapies to the patient such as by adjusting the dosage or
parameters associated with the electrical stimulation.

[0067] FIG. 8 illustrates an example of a method 800 for
detecting an HF event indicative of HF decompensation or
providing a risk stratification of a future HF event. The
method 800 can be an embodiment of the method 700 for
evaluating cardiac systolic function of a patient, further
including method for detecting a present HF event or predict-
ing a future HF event using the cardiac systolic function
evaluation. In an example, the method 700 can be performed
by the HS-based HF event detection/risk stratification circuit
113.

[0068] At 801, at least one cardiac electrogram can be
received from a patient. The cardiac electrogram can include
intracardiac electrogram, surface electrocardiogram (ECG),
subcutaneous electrogram, or any other cardiac signals
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indicative of electrical activity of a heart. The cardiac elec-
trogram can be sensed using a physiologic sensor or a plural-
ity of electrodes attached to or implanted within the patient
body. The cardiac electrogram can be retrieved from a data-
base such as residing in an electrical medical record (EMR)
system that retrievably stores patient’s electrograms. The
received cardiac electrogram can be analyzed at 802 to gen-
erate one or more electrogram features including a P wave, R
wave, T wave, QRS complex, or other components represent-
ing depolarization, hyperpolarization, repolarization, or other
electrophysiologic properties of the myocardium.

[0069] At 803, a signal indicative of heart sound (HS) can
be sensed such as using an implantable accelerometer, micro-
phone, or other heart sound sensors. The HS signal can be
sensed simultaneously with the cardiac electrogram. The HS
signal can also be received from a physiologic signal database
such as residing in an EMR system, and the received HS
signal can be in synchronization with the cardiac electrogram
retrievably stored in the physiologic signal database. The
received HS signal can be filtered at 804 through one or more
filters, such as a bandpass filter with a passband of 5 to 90 Hz.
In another example, the bandpass filter has a passband of
approximately 9 to 90 Hz. The HS signal can be processed at
804 using a double or higher-order differentiator configured
to calculate a double or higher-order differentiation of the HS
signal.

[0070] At 805, HS features such as S1 and S2 heart sounds
can be detected from the processed HS signal. Strength of S1
or S2, such as the amplitude in time, frequency, or other
transformation domain, or signal energy within respective S
or S2 detection time window, can be computed. The strength
of S1 or S2 can each be compared to a respective threshold to
determine the presence of the S1 and S2 heart sounds. The
timing of S1 and S2 with respect to a fiducial point, such as the
detected R wave or QRS complex immediately preceding the
detected S1 and S2 heart sound, can also be determined at
805.

[0071] One or more signal metrics indicative of systolic
function of the heart can then be calculated at 806, 807 and
808. At 806, a heart rate corrected R wave to S1 heart sound
(R-S1) delay can be computed. R-S1 delay can be indicative
of the pre-ejection period (PEP). The R-31 delay within each
cardiac cycle can be normalized by the R-R interval of the
present cardiac cycle to lessen the confounding effect of heart
rate on the R-S1 delay, which can reduce the false positive
detections of HF decompensation event. Additionally or
alternatively, at 807, a S1-S2 delay can be computed using the
detected timing of S1 and S2 heart sounds. The S1-S2 delay
can be indicative of the left ventricular ejection time (LVET).
Additionally or alternatively, at 808, an R-S1/8-S2 ratio can
be computed using the R-S1 interval and the S1-S2 interval
from the same cardiac cycle. The R-S1/81-S2 ratio is indica-
tive of PEP/LVET ratio and can be used to evaluate the sys-
tolic function of the heart.

[0072] One or more of a representative heart-rated cor-
rected R-S1 delay, a representative S1-S2 delay, or a repre-
sentative R-S1/51-S2 ratio can be generated for used in HF
event detection or HF risk stratification. The representative
signal metrics (such as the representative heart-rate corrected
R-S1 delay) can be calculated as an average, a median, or
other central tendency measure across signal metric values
measured over a plurality of cardiac cycles or a specified time
period.
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[0073] At 809, a composite signal metric (CSM) can be
generated. The composite signal metric can be any one of the
signal metrics calculated at 806 through 808, including R-S1
delay, S1-S2 delay, R-S1/S1-S2 ratio, any combination of
these signal metrics, or any combination of these signal met-
rics with other signal metrics computed from physiologic
signals including heart rate, heart rate variability, electrocar-
diogram, intracardiac electrogram, arrhythmia, intrathoracic
impedance, intracardiac impedance, arterial pressure, pulmo-
nary artery pressure, left atrial pressure, RV pressure, LV
coronary pressure, coronary blood temperature, blood oxy-
gen saturation, one or more heart sounds, physical activity or
exertion level, physiologic response to activity, posture, res-
piration, body weight, or body temperature.

[0074] At 810, a choice is made, such as by an end-user
through a programming device, to select between using the
CSM to detect a presence of an event indicative of HF dec-
ompensation and using the CSM to stratify patient’s risk of
developing a future event indicative of HF decompensation. If
the choice is to “detect” HF decompensation, then at 820, a
trend can be generated using the one or more signal metrics,
such as the R-S1 delay, the S1-S2 delay, the R-S1/51-S2 ratio.
The trend of a signal metric can indicate variation of the
signal metric value over time. The trend can be quantitatively
represented by a detection index (DI). The DI can be calcu-
lated as a difference between a first statistical measure of the
signal metric computed from a first time window and a second
statistical measure of the signal metric computed from a
second time window. The first and second statistical measures
can each include a mean, a median, a mode, a percentile, a
quartile, or other measures of central tendency of the signal
metric values in the respective time window. In an example,
the second time window can be longer than the first window,
and at least a portion of the second time window precedes the
first time window in time. The second statistical measure can
be indicative of a baseline value of the signal metric. For
example, a DI can be calculated as the difference between an
average R-S1 delay in the first window (R-S1,,,) and an
average R-S1 delay in the second window representing the
baseline R-SI(R-S1,,.,.), that is, DI=R-S1 ,-R-
S1,,5eiine- The DI can also be calculated as a rate of change
from the second statistical measure to the first statistical mea-
sure. For example, the DI for the HR-corrected R-31 delay
can be determined as DI=(R-S1,,-R-S1,,. ;.. ) (T -Tp s
tine), Where T .. and T, are the representative time for
the first and second time window, respectively.

[0075] A decisionis madeat 821 as to whether the DI meets
a specified criterion, such as exceeding a specified threshold.
Ifthe DI meets the criterion, then a target HF decompensation
event is deemed detected at 822. For example, if the increase
or the rate of increase in HR-corrected R-S1 exceeds a speci-
fied threshold, or the shortening or rate of shortening of S1-S2
delay exceeds a specified threshold, or the increase or the rate
of increase in R-S1/81-S2 exceeds a specified threshold, an
HF decompensation event is deeded detected at 822. How-
ever, if the DI does not meet the criterion at 821, then the
patient monitoring can be continued with receiving the physi-
ological signals such as the cardiac electrogram at 801.

[0076] Ifat810 a choice is made to “stratify” the patient’s
risk, then at 830 a performance measure can be computed for
the composite signal metric. The performance measure of a
signal metric can indicate reliability or accuracy of predicting
arisk of the target event such as a future HF decompensation
event using the signal metric. Examples of the performance
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measures can include a predicted hazard ratio, a predicted
sensitivity, a predicted specificity, or a predicted signal qual-
ity determined using population-based statistics. In an
example, the predicted sensitivity can be determined as the
rate of change of the signal metric value from a first time to a
second time, where the first and second time can be approxi-
mately 1-6 months and 14-28 days respectively prior to
patient’s developing an HF decompensation event. The pre-
dicted specificity can characterize the accuracy of the signal
metric in predicting a confounding event not associated with
HF decompensation, such as noise, inference, patient activity,
lead fracture, lead revision, change of pacing configuration,
or a replacement of the device. The predicted signal quality
can include signal strength, signal variability, or signal-to-
noise ratio, among others. Signal variability can include
range, inter-quartile range, standard deviation, variance,
sample variance, or other first-order, second-order, or higher-
order statistics representing the degree of variation. A high
signal quality, such as indicated by one or more of a high
signal-to-noise ratio, high signal strength, or a low signal
variability, is desirable for identifying patients at the elevated
risk of developing future HF events.

[0077] At 831, a composite risk indicator (CRI) can be
generated. The CRI can be a quantity that indicates the prob-
ability or likelihood of the patient developing a future event
indicative of worsening of HF, such as excessive intrathoracic
fluid accumulation, increased heart sounds, increased heart
rate, increased respiratory rate, decreased tidal volume,
increase in pressure, reduction in activity, or other events
indicative of HF decompensation status. The CRI can be
computed using one or more signal metrics indicative of
cardiac systolic timing information. A respective individual
risk score (R, ;) can be calculated for each signal metric (Mi)
using a probability model (f) and one or more of the predicted
hazard ratio (HR), the predicted sensitivity (Se), the predicted
specificity (Sp), and the predicted signal quality (Sq). That is,
R,,=f(HR, Se, Sp, Sq). The CRI can be computed as a linear
or nonlinear combination of the risk scores associated with
respective signal metrics. The CRI can be computed as
weighted sum of the risk scores, where each risk score can be
scaled by a respective weight factor proportional to a perfor-
mance measure of the signal metric. The CRI can also be
determined as a parametric or non-parametric model using
the individual risk scores such as decision trees, neural net-
work, Bayesian network, among other machine learning
methods.

[0078] At 832, the CRI is checked against a specified cri-
terion, such as a reference or threshold value, to determine the
risk ofthe patient developing a future HF event. The reference
measure can be computed from data from a patient popula-
tion. The reference measure computed from such a popula-
tion can indicate an “average” patient’s risk of developing
future HF events. The reference measures can include: the
mean, median, a range, or other central tendency of the risk
across the patient population; variance, standard deviation, or
other second or higher order statistical measures across the
patient population; histogram, statistical distribution, or the
parametric or non-parametric model representing the histo-
gram or statistical distributions.

[0079] The comparison can include computing a dissimi-
larity between the CRI and the reference. Examples of the
dissimilarity can include a difference, a ratio. a percentile
change, or other relative change. The dissimilarity can be
computed as multi-dimensional distance using the statistical
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distribution of the reference measure. The dissimilarity can
be compared to one or more thresholds such that the CRI can
be categorized to two or more categorical risk levels indicat-
ing elevated risk of the patient later developing the HF event.
For example, the categorical levels can include “high risk”,
“medium risk”, or “low risk.” A higher degree of dissimilarity
between the CRI and the reference can indicate a higher risk
of the patient developing HF events in the future than an
average patient with the similar chronic conditions.

[0080] Ifat 832 the CRI meets the specified criterion such
as the CRI value being categorized as “medium risk” or “high
risk” level, then at 834 a report is generated to inform, warn,
or alert the user the elevated risk of patient’s developing a
future HF event. The report can include any or all of the
information of the signal metrics selected for analysis, the
CRI, the categorical classifications of CRI, one or more com-
posite risk indices with corresponding timeframe within
which the risk is predicted. The report can also include rec-
ommendations for intervention, further testing, or treatment
options for the patient. The report can be ina form of a textual
or graphical message, a sound, an image, or any combination
thereof.

[0081] Ifthe CRIdoes notmeet the specified criterion, then
at 833 a decision is made as to whether a new CRI is to be
computed such as using additional signal metrics. The deci-
sion at 833 can be received from an end-user such as using a
programming device, or automatically executed in response
to the CRI failing to meet the criterion by a narrow margin. If
additional signal metrics are decided to be used at 833, then a
new CRI can be generated at 831; otherwise, the patient is
deemed at low risk of developing future HF event, and no
preventive action is deemed necessary. The patient monitor-
ing can be continued with receiving the physiological signals
such as the cardiac electrogram at 801.

[0082] The above detailed description includes references
to the accompanying drawings, which form a part of the
detailed description. The drawings show, by way of illustra-
tion, specific embodiments in which the invention can be
practiced. These embodiments are also referred to herein as
“examples.” Such examples can include elements in addition
to those shown or described. However, the present inventors
also contemplate examples in which only those elements
shown or described are provided. Moreover, the present
inventors also contemplate examples using any combination
or permutation of those elements shown or described (or one
or more aspects thereof), either with respect to a particular
example (or one or more aspects thereof), or with respect to
other examples (or one or more aspects thereof) shown or
described herein.

[0083] In the event of inconsistent usages between this
document and any documents so incorporated by reference,
the usage in this document controls.

[0084] In this document, the terms “a” or “an” are used, as
is common in patent documents, to include one or more than
one, independent of any other instances or usages of “at least
one” or “one or more.” In this document, the term “or” is used
to refer to a nonexclusive or, such that “A or B” includes “A
but not B,” “B but not A,” and “A and B,” unless otherwise
indicated. In this document, the terms “including” and “in
which” are used as the plain-English equivalents of the
respective terms “comprising” and “wherein.” Also, in the
following claims, the terms “including” and “comprising” are
open-ended, that is, a system, device, article, composition,
formulation, or process that includes elements in addition to
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those listed after such a term in a claim are still deemed to fall
within the scope of that claim. Moreover, in the following
claims, the terms “first,” “second,” and “third,” etc. are used
merely as labels, and are not intended to impose numerical
requirements on their objects.

[0085] Method examples described herein can be machine
or computer-implemented at least in part. Some examples can
include a computer-readable medium or machine-readable
medium encoded with instructions operable to configure an
electronic device to perform methods as described in the
above examples. An implementation of such methods can
include code, such as microcode, assembly language code, a
higher-level language code, or the like. Such code can include
computer readable instructions for performing various meth-
ods. The code may form portions of computer program prod-
ucts. Further, in an example, the code can be tangibly stored
on one or more volatile, non-transitory, or non-volatile tan-
gible computer-readable media, such as during execution or
at other times. Examples of these tangible computer-readable
media can include, but are not limited to, hard disks, remov-
able magnetic disks, removable optical disks (e.g., compact
disks and digital video disks), magnetic cassettes, memory
cards or sticks, random access memories (RAMs), read only
memories (ROMs), and the like.

[0086] The above description is intended to be illustrative,
and not restrictive. For example, the above-described
examples (or one or more aspects thereof) may be used in
combination with each other. Other embodiments can be
used, such as by one of ordinary skill in the art upon reviewing
the above description. The Abstract is provided to comply
with 37 C.E.R. §1.72(b), to allow the reader to quickly ascer-
tain the nature of the technical disclosure. It is submitted with
the understanding that it will not be used to interpret or limit
the scope or meaning of the claims. Also, in the above
Detailed Description, various features may be grouped
together to streamline the disclosure. This should notbe inter-
preted as intending that an unclaimed disclosed feature is
essential to any claim. Rather, inventive subject matter may
lie in less than all features of a particular disclosed embodi-
ment. Thus, the following claims are hereby incorporated into
the Detailed Description as examples or embodiments, with
each claim standing on its own as a separate embodiment, and
it is contemplated that such embodiments can be combined
with each other in various combinations or permutations. The
scope of the invention should be determined with reference to
the appended claims, along with the full scope of equivalents
to which such claims are entitled.

What is claimed is:
1. A system, comprising:
an ambulatory medical device (AMD) including:

a cardiac electrogram sensor circuit configured to sense
from a patient at least one electrogram and to generate
one or more electrogram features using the sensed
electrogram, the electrogram indicative of electrical
activity of a heart of the patient;

a heart sound detector circuit configured to sense from
the patient a vibratory or acoustic heart sound (HS)
signal and to generate one or more HS features using
the sensed HS signal;

a target event indicator generator circuit configured to:
calculate one or more signal metrics indicative of

systolic function of the heart, the signal metrics
including relative timing between first and second
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signal features selected from the one or more elec-
trogram features or the one or more HS features;
and
calculate a normalized signal metric using the one or
more signal metrics and a normalization factor, and
aphysiologic event detector circuit coupled to the target
event indicator generator circuit, the physiologic
event detector circuit configured to detect a target
physiologic event using the one or more signal met-
rics.

2. The system of claim 1, wherein the physiologic event
detector circuit is configured to detect worsening of heart
failure.

3. The system of claim 1, wherein the target event indicator
generator circuit is configured to determine an electrogram-
to-heart sound time interval indicative of a pre-ejection
period (PEP), the electrogram-to-heart sound time interval
including an delay from a first electrogram feature to a second
HS feature.

4. The system of claim 1, wherein the target event indicator
generator circuit is configured to determine an intra-heart
sound time interval indicative of a left-ventricular ejection
time (LVET), the intra-heart sound time interval including an
interval between S1 and S2 heart sounds of the sensed HS
signal.

5. The system of claim 1, wherein the target event indicator
generator circuit is configured determine a ratio between a
first time interval indicative of the PEP and a second time
interval indicative of the LVET.

6. The system of claim 1, wherein the target event indicator
generator circuit is configured to generate the normalization
factor including a representative value of a physiologic time
interval.

7. The system of claim 1, comprising a heart sound sensor
coupled to the heart sound detector circuit, wherein the HS
sensor is adapted to sense from the patient a physiologic
signal indicative of heart sound.

8. The system of claim 7, wherein the heart sound sensor
includes at least one of an ambulatory accelerometer or an
ambulatory microphone.

9. The system of claim 1, wherein the heart sound detector
circuitincludes at least one filter circuit configured to filter the
sensed heart sound signal to a specified frequency range, the
heart sound detector configured to generate the HS features
including timing of at least one of S1, 82 or 83 heart sounds
using the filtered HS signal.

10. The system of claim 9, wherein the filter circuit
includes a double differentiator circuit configured to calculate
a double differentiation of the sensed HS signal.

11. The system of claim 9, wherein the filter circuit
includes a band-pass filter.

12. The system of claim 11, wherein the band-pass filter
has cutoff frequencies of 5 Hz and 90 Hz.

13. A system, comprising:

a signal analyzer circuit, including:

a cardiac electrogram sensor circuit configured to
receive at least one electrogram of a heart of a patient
and to generate one or more electrogram features
using the sensed electrogram, the electrogram indica-
tive of electrical activity of the heart;

a heart sound (HS) signal detector circuit configured to
receive an HS signal of the patient and to generate one
or more HS features using the sensed HS signal; and

a signal metric generator circuit configured to:
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calculate one or more signal metrics indicative of
systolic function of the heart, the signal metrics
including relative timing between first and second
signal features selected from the one or more elec-
trogram features or one or more HS features; and
calculate a normalized signal metric using the one or
more signal metrics and a normalization factor, and
arisk stratifier circuit configured to calculate a compos-
ite risk indicator using the one or more signal metrics,
the composite risk indicator indicative of the likeli-
hood of the patient developing a future target physi-
ologic event.
14. The system of claim 13, wherein:
the cardiac electrogram sensor circuit is configured to gen-
erate the one or more electrogram features including
timing of an R wave on the sensed electrogram;

the HS signal detector circuit is configured to generate the

one or more HS features including relative timing of S1,
S2 or S3 heart sounds with respect to the timing of the R
wave; and

the signal metrics generator circuit is configured to calcu-

late a signal metric using at least one of a first time
interval indicative of the pre-ejection period (PEP) and a
second time interval indicative of the left ventricular
gjection time (LVET), the first time interval including an
interval between the R wave and the S1 hear sound, the
second time interval including an interval between the
S1 and S2 heart sounds.

15. The system of claim 13, wherein the risk stratifier
circuit is configured to calculate for the one or more signal
metrics respective individual risk scores, and to calculate the
composite risk indicator using a linear or nonlinear combina-
tion of the individual risk scores for the one or more signal
metrics.

16. A method, comprising:

receiving from a patient at least one electrogram indicative

of electrical activity of a heart of the patient;
generating one or more electrogram features using the
sensed electrogram;

receiving from the patient a physiologic signal indicative

of heart sound (HS):

processing the sensed physiologic signal including filter-

ing the sensed physiologic signal using a filter with
specified frequency response;

generating one or more HS features using the processed

physiologic signal;

calculating one or more signal metrics indicative of sys-

tolic function of the heart, the signal metrics including
relative timing between first and second signal features
selected from the one or more electrogram features or
the one or more HS features; and

calculating a normalized signal metric using the one or

more signal metrics and a normalization factor.

17. The method of claim 16, comprising detecting a target
physiologic event indicative of worsening of heart failure
using the one or more signal metrics.

18. The method of claim 16, comprising generating a com-
posite risk indicator using the selected one or more signal
metrics, the composite risk indicator indicative of the likeli-
hood of the patient developing a future event indicative of
worsening of heart failure.

19. The method of claim 16, wherein processing the sensed
physiologic signal includes calculating a double differentia-
tion of the sensed acceleration signal.
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20. The method of claim 16, wherein:

generating the one or more electrogram features includes
generating timing of an R wave on the sensed electro-
gram;

generating the one or more HS features includes generating
timing of one or more of S1, S2 or 83 heart sounds on the
processed HS signal;

calculating the one or more signal metrics includes calcu-
lating one or more of a first time interval indicative of the
pre-ejection period (PEP), a second time interval indica-
tive of the left ventricular ejection time (LVET), or a
ratio between the first and second time intervals, the first
time interval including an interval between the R wave
and the S1 hear sound, the second time interval includ-
ing an interval between the S1 and S2 heart sounds.
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