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(57) Abstract: Devices and methods for detecting
physiological target event such as events indicat-
ive of HF decompensation status are described. A
medical device is configured to receive at least a
first and a second chronic condition indictors of a
patient, receive one or more physiologic signals
from the patient, and generate a plurality of signal
metrics when the first and the second chronic
condition indicators meet their respective cri-
terion. The medical device can detect the target
event or condition using one or more patient-spe-
cific signal metrics selected from a group includ-
ing both the first and the second set of the signal
metrics. The medical device and the methods can
be configured to detect an event indicative of HF
decompensation.
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METHODS AND APPARATUS FOR DETECTING HEART FAILURE

CLAIM OF PRIORITY
{6061} This application claims the bevefit of prionity under 35 U.S.C. §
11%e) of U.S. Provisional Patent Application Serial Number 61/825,172, filed

on May 20, 2013, which is herein incorporated by reference 1 is entirety.

TECHNICAL FIELD
{6062] This document relates generally to medical devices, and more
particularly, to systems, devices and racthods for detecting and monttoring heart

fatture decompensation.

BACKGROUND
1G003] Congestive heart fatlure (CHF) 18 a major health problem and
affects over five million people in the United States alone. CHF patients
typically have enlarged heart with weakened cardiac muscles, resulting in poor
cardiac output of blood. Elevated pulronary vascular pressures can cause fluid
accunmlation in the lungs over timme. In many CHF patients, fluid accurmulation
precedes episodes of heart failure (HF) decompensation. The HF
decompensation can be characterized by pulmonary or peripheral edema,
reduced cardiac output, and symptoms such as fatigoe, shortness of breath and

the like.

OVERVIEW
{0084 Frequent monttoring of CHF patients and timely detection of
intrathoracic fluid accumulation or other events wmdicative of HF
decompensation status can help prevent worsening of HF in CHF patients, hence
reducing cost associated with HF hospitalization,
18005 Ambulatory medical devices can be used for monttoring HF
patient and detecting HEF decompensation events. Examples of sach ambulatory

medical devices can inchude implantable medical devices (IMD), subcutancous
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medical devices, wearable medical devices or other external medical devices.
The ambulatory or tmplantable medical devices can inchude physiologic sensors
which can be configured to scuse electrical activity and mechanical function of
the heart, and the medical device can optionally deliver therapy such as electrical
stimulation pulscs to a target arca, such s to restore or improve the cardiac
function. Sorne of these devices can provide diagnostic features, such as using
transthoracic impedance or other sensor signals. For example, fluid accuraulation
in the lungs can decrease the transthoracic impedance due to the lower resistivity
of the fluid than air in the lungs. The fluid accumulation can also clevate
veniricular filling pressure, resulting 1o a louder S3 heart sound. Additionally,
fluid accumulation in the hungs can iiritate the pulmonary system and leads to
decrease in tidal volurne and increase 1n respiratory rate.

{3006] Bresirable performance of a method or a device for detecting HF
decompensation can include one or more of @ high sensitivity, a high specificity,
a high positive predictive value (PPV), or a higher negative predictive value
{(WNPV). The sensitivity can represent a percentage of actual HF decompensation
episodes that are correctly recognized by a detection method. The specificity can
represent a percentage of actual non-HF decompensation episodes that are
correctly recognized as non-IF decompensation eveuts by the detection roethod.
The PPV can represent a percentage of the detected HF decompensation
episodes, as declared by the detection method, which ave actual HF
decompensation events. The NPV can represent a percentage of the detected
non-HF decompensation episodes, as declared by the detection method, which
are actual non-HF decompensation eveunts. A high sensitivity or a higher PPV
can help ensure timely intervention to a patient with an impending HF
decompensation episode, whereas a high specificity or 8 high NPV can help
avoid unnecessary ntervention and added healthcare cost duc to false alarms.
HF decompensation detection may be affected by a number of factors including
the choice of physiclogic sensors or physiologic signals. For example, a detector
using a particular sensor signal may provide desirable accuracy in HIF
decompensation event detection in one patient but less sensitive or less specific
in apother patient. Additionally, the performance of a detector using one type of

sensor signal may change over time duc to patient’s discase progression or
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development of a new medical condition. Therefore, the present inventors have
recognized that there remains a considerable need for improving HF
decompensation cvents detection in CHF patients.

18867 Various embodiments described herein can help improve the
detection of target physiologic events such as events indicative of HF
decompensation status. For example, a medical device (such as an froplantable
raedical device or a wearable medical device) can detect an HF decompensation
event, such as using sensor signals or signal ruetrics selected in accordance with
patient chronic condition indicators. A signal analyzer circuit can receive a
patient status wput which can include at least a first chronic condition indicator
and a second chronic condition indicator non-identical to the first chronic
condition indicator. The signal analyzer can sense one or more physiologic
signals from the patient, and generate a plurality of signal metrics from the
physiologic signals. The signal metrics including a first sct of one or more signal
metrics when the first chronic condition indicator meets at least one first
specified criterion, and a sccond set of sigoal motrics when the second chronic
condition indicator meets at least one second specified criterion. The signal
analyzer circuit can sclect one or more patient-specific signal metrics from a
group including both the first and the second set of one or more signal metrics.
The medical device can include an HF decompensation event detector circuit
configured to detect a target event or condition of the patient using the selected
one or more patient-specific signal metrics.

[(6068] A voethod can include detecting a target physiologic event or
condition such as an event indicative of HF decompensation status. The method
can include receiving at least a first chronic condition indicator of the patient and
a second chronic condition indicator non~-tdentical to the first chronic condition
indicator, sensing one or more physiologic signals of the patient, and generating
a plurality of signal metrics from the one or wore physiologic signals. The signal
metrics can inchide a first set of one or more signal metrics when the first
chronic condifion indicator meets at least one first specified criferion, and a
second set of signal metrics when the second chronic condition indicator meets
at least one second specified criterion. The method can juclade selecting one or

more patient-specific signal metrics from a group inclading both the first and the
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second set of oue or roore signal metrics, and applying a target event detection
algorithm to the selected one or more patient-specific signal metrics to detect a
target ovent or condition of the paticut.

{1 B069] This Gverview is an overview of some of the teachings of the
present application and not intended to be an exclusive or exhaustive treatment
of the present subject matter. Further details about the present subject matter are
found in the detailed description and appended claims, Other aspects of the
iovention will be apparent to persouns skilled 1u the art upon reading and
understanding the following detatied description and viewing the drawings that
form a part thereof, each of which are not to be taken 1 a limiting sense. The
scope of the present invention is defined by the appended claims and their legal

equivalents,

BRIEF DESCRIPTION OF THE DRAWINGS
{618} Various embodiments are tustrated by way of example in the
figures of the accompanying drawings. Such cmbodiments are demonstrative and
not intended to be exhaustive or exclusive embodiments of the present subject
matter.
{6011} FIG. 1 dusirates an example of a cardiac thythm rwanagement
{CRM) system and portions of the environment in which the CRM system
operates,
18¢124 FI1G. 2 iHustrates an example of a patient chronic condition-based
target event detector.
{6013] FIG. 3 illustrates an example of a signal metrics generator circuit
and the patient-specific signal metrics sclector circuit.
18814] FIG. 4 iflustrates an example of a target event or condition
detector cirenit.
[6015] FIG. S tlustrates an example of a wocthod for detecting a target
event from one or more physiclogical signals.
{0016] FIG. 6 illustrates an example of a method for generating one or
more signal metrics from a physiologic signal.
{6017} FIG. 7 dlustrates an example of method for detecting a target

event from one or more physiclogical signals.
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DETAILED DESCRIPTION
{6418 Disclosed herein are systems, devices, and methods for detecting
ong or more physiclogic target events or conditions. The cvents can include carly
precursors of an HF decompensation episode. That is, these events can occur
well before the systematic manifestation of worsening of HF. Therefore, by
detecting the precursor events, the present document can provide a method and
device to detecting an impending HF decompensation episode. In particular, the
rocthods and devices described heremn can be applicable to detecting events that
can forecast an impending HF decompensation episode. Such events can include
accurnulation of intrathoracic fluid, changes 1u heart sounds, changes
breathing patterns, changes in physiologic response to activity, or changes in
posture. More generally, the systems, devices, and methods described herein
may be used to determine HI status and/or track HT progression such as
worsening and recovery from an event.
{6019] FIG. 1 tlustrates an example of a Cardiac Rhythm Management
{CRM) systera 100 and portions of an environment i which the CRM system
100 can operate. The CRM system 100 can inchude an ambulatory medical
device, such as an implantable medical device (IMD) 110 that can be clectrically
coupled to a heart 105 such as through one or more leads 108A-C, and an
external system {20 that can communicate with the IMD 110 suchasviaa
communication hok 103, The IMD 110 may include an implantable cardiac
device such as a pacemaker, an implantable cardioverter-defibrillator (JCD), or a
cardiac resynchronization therapy defibriliator (CRT-D). The BMD 10 can
include one or more monitoring or therapeutic devices such as a subcutancously
implanted device, a wearable external device, a neural stimulator, a drug
delivery device, a biological therapy device, or one or more other ambulatory
medical devices. The IMD 110 may be coupled to, or may be substituted by a
monitoring medical device such as a bedside or other external montior.
[6028] As tllustrated in FIG. 1, the IMD 110 can mnclude a hermetically
sealed can 1172 that can house an electronic circuit that can sense a physiological
signal i the heart 105 and can deliver one or more therapeutic clectrical pulses

to a target region, such as 1w the heart, such as through oue or more leads [0RA-
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C. The CRM systemn 100 can include only one lead such as 1088, or can include
two Ieads such as 108A and 108B.

16021} The lead 108A can include & proximal ond that can be configured
to be conngcted to IMB 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 T08A can have a first pacing-sensing electrode 141 that can be located at or
near its distal end, and 4 second pacing-sensing clectrode 142 that can be located
at or near the electrode 11, The electrodes 141 and 142 can be electrically
connected to the IMD 110 such as via separate conductors in the lead 108A, such
as to allow for sensing of the right atrial activity and optional delivery of atrial
pacing pulses. The lead 1088 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 1088 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 defibriilation cotl electrode 154 that can be located near the
electrode 133, and a second defibrillation cotl electrode 155 that can be located
at a distance from the distal end such as for superior vena cava (SVC) placement.
The clectrodes 152 through 155 can be clectrically 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 clectrodes 154 and 155
can alow for delivery of oue or more veniricular cardioversion/defibritlation
pulses. In an example, the lead 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 mchude 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 asina
left veotricle (LV) 134 of the heart 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 roore pacing pulses to the LV, The

fead 10RC can include an electrode 161 that can be located at a distal end of the
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lead 108C and another elecirode 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 LY
clectrogram and optionally allow delivery of one or more resynchronization
pacing pulses from the LV.

166221 The IMB 110 can include an electronic cireuit that can sense a
physiological signal. The physiological signal can include an clectrogram or a
signal representing mechanical function of the heart 103, The herroctically
scaled can 112 may function as an clectrode such as for sensing or pulse
dehivery. For exarople, an clectrode from one or more of the leads 108A-~C may
be used together with the can 112 such as for unipolar sensing of an clectrogram
or tor delivering onc or more pacing pulscs. A detibrillation clectrode from the
lead 108B may be used together with the can 112 such as for delivering one or
maore cardioversion/defibriliation pulses. In an cxample, the IMD 110 can sense
mpedance 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 voitage between the same or different pair
of electrodes, and determine impedance using Ohm’s Law. The impedance can
be sensed 1o a bipolar configuration in which the saroe pair of electrodes can be
used for injecting current and sensing voltage, 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 distinet from the electrodes used for
voltage sensing. In an example, the IMID 110 can be configured to inject current
between an clectrode 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 sensc a
physiological signal from one or more external physiologic sensors or one or
more external electrodes that can be coupled to the IMD 110, Examples of the
physiological signal can include one or more of heart vate, heart rate variability,

intrathoracic impedance, arterial pressure, pulmonary artery pressure, RY
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pressure, LV coronary pressure, coronary blood teraperature, blood oxygen
saturation, one or more heart sounds, physical activity or exertion level,
physiologic response to activity, posture, respiration, body weight, or body
temperature.

{0023} The arrangemoent and functions of these leads and electrodes are
described above by way of example and not by way of hmitation. Depending on
the need of the patient and the capability of the implantable device, other
arcangements and uses of these leads and electrodes are.

18024 As tllustrated, the CRM system 100 can include a patient chronic
condition-based target event detector 113, The patient chronic condition-based
target event detector 113 can be configured to receive patient chronic condition
idicators and one or rore physiologic signals from the patient, and sclect one
or more patient-specific signal metries from the physiologic signals using the
information of the pationt chronic condition indicators. The physiologic signals
from the patient can be sensed using the electrodes on one or more of the leads
10BA-C, or physiologic scusors deployed on or within the pationt and
communicated with the IMD 110, The patient chronic condition-based target
event detector 113 can detect a target cvent or condition of the patient such as an
HF decompensation event using the selected patient-specific signal metrics. The
HF decompensation event can include onc 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 the patient chronic condition-

based target event detection are described below, such as with reference to FIGS.

2-3.
{0025] The external systern 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 recetved via a commumnication link 103, The external system
120 can include a local external IMD programumer. The external systewn 120 can
include a remote patient management system that can monifor patient status or
adjust one or more therapies such as from a reroote location.

18026] The communication link 103 can include one or more of an
inductive telemetry huk, a radio-frequency teleroetry Tink, or a

telecommunication link, such as an internet connection. The communication link
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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 1o the IMD 110, one or more prograraming instructions to the IMD
110 such as to configure the IMD 10 to perform one ot more actions that can
mclude physiological data acquisition such as using programrnably specifiable
sensing electrodes and configuration, device sci-~diagnostic test, or delivery of
one or more therapies,

{6027} The patient chronic condition-based target event detector 13
may be implemented in the external system 120, The external system 120 can be
configured to perform HF decoropensation event detection such as using data
extracted from the IMD 110 or data stored in a memory within the external
systern 120. Portions of the patient chronic condition-based target event detector
113 may be distributed between the IMB 110 and the external system 120,
{B028] Portions of the IMD 110 or the external system 120 can be
implemented using hardware, software, or any combination 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
configured to perform one or more particular functions, or can be implemented
using a general-purpose circuit that can be programmed or otherwise configured
to perform one or more particular functions. Such a general-purpose circuit can
include a microprocessor or a portion thereof, a microcontroller or a portion
thereof, or a programmable logic circuit, or a portion thereof. For example, a
“comparator” can inchude, arnong other things, an clectronic circutt comparator
that can be constructed to perform the specific function of a comparison between
two signals or the comparator can be implemented as a portion of a general-
purpose circuit that can be driven by a code mstructing 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 {¢.g., subcutaneous ICD, subcutaneous diagnostic
device), wearable roedical devices {(e.g., patch based seusing device), or other

external medical devices.
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[6029] FIG. 2 dlustrates an example of a patient chronic condition-based
target event detector 200, which can be an embodiment of the patient chronie
condition-based target event detector 113, The patient chronic condition-based
target event detector 200 can include one or more of a signal analyzer circuit
220, a target event detector circuit 230, a controller 240, and an instruction
recetver 250.

{0038] The signal analyzer circuit 220 can include a patient status mput
unit 221, a signal recerver circut 222, a signal retrics generator circutt 223, and
a patient-specific signal metrics sclector circuit 224, The patient status input unit
22} can be configured to receive at least a fivst chrovic condition indicator and a
second chronic condition indicator of a patient. The second chronic condition
mdicator can be non-identical to the first chronic condition indicator. The patient
chronic condition imdicators can be descriptive of the patient characteristics or
sustained medical status that do not change or slowly change over a certain
specified time, such as approximately at least six months. The first and the
second chronic condition mdicators of the patient can respectively mchude at
least one of a chronic discase indicator of the patient, a prior medical procedure
indicator of the patient, or a demographic characteristic indicator of the patient.
Example of the chronic discase 1ndicator of the patient can include a patient’s
prior myocardial infarction (M), ischemic or dilated cardiomyopathy, valvular
disease, renal disease, chronic obstructive pulmonary discase (COPD),
peripheral vascular discase, cerebrovascular disease, hypertension, hepatic
discase, diabetes, asthma, ancmia, depression, pulmonary hypertension, sleep
disordered breathing, hyperlipidemia, among others. Examples of the prior
raedical procedure can include prior coronary arfery bypass graft (CABG)
surgery, thoracic surgery, valvualar surgery, or other surgical interventions.
Example of demnographic characteristic indicator can include a pationt’s age, sex,
race, hetght, ethnicity, blood type, past or current smoker, New York heart
association (NYHA) functional class, among others.

{0031 The paticut status 1oput unit 221 can be configared to receive at
least the first and the second chronic condition indictors from a system user (e.¢.,
a physician) such as via the instruction receiver 250, In an example, the paticnt

status input unit 221 can be configured to be coupled to a storage device,
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including an electronic medical record (EMR) systew that can store at least the
first and the second chrouic condition indicators of the patient. When receiving a
command from a system user such as via instruction receiver 250, the paticunt
status input unit 221 can retrieve from the storage device such as the EMR
systern at least the first chronic condition indicator and the second patient
chronic condition indicator non-identical to the first chronic condition indicator.
For exaraple, the first chronie condition indictor inchudes an indicator of the
patient’s prior thoracic surgery, and the second chronic condifion indicator
includes an indicator of patient’s having a renal disease.

{6032} The chronic condition indicators received by the paticot status
input unit 221 can include binary values indicating the presence or absence of a
specificd condition. Additionally or alternatively, the chronic condition
indicators can inchude categorical classification or progressive stage information
ot a demographic characteristic indicator or a chronie discase indicator. For
example, the chronic condition indicators can include symptomatic or functional
classification of heart failure {e.g., NYHA classes 1, 11, 1, and 1V), diabetes
mellitus type 1 and type 2, chrouie kidney disease (CKD) of stage 1 through
stage 5, among others. The chronic condition indicator can also include a
plurality of value ranges of a physiologic parameter that indicate functional
assessment of the patient’s chronic condition. For example, the chronic
conditions can wchude a plurality of value ranges of glomerular filtration rate
(GFR) indicating the progression of CKD, a plurality of value ranges of gjection
fraction (EF) indicating the progression of heart fathure, a plarality of value
ranges of blood glucose indicating the progression of diabetes, a plurality of
value ranges of apnea hypopnes index (AHI) indicating the progression of slecp
disordered breathing, a phurality of value ranges of forced expiratory volume in
onc second (FEV 1) indicating the progression of chrounic obstructive pulmonary
discases (COPD). The first and the second chromie condition indicators can
respectively include non-identical categorical classes from the same or different
chronic condition indicators of the patient.

{00331 The signal receiver circuit 222 can be configured to receive one
or more physiologic signals from the patient, such as for detecting a target event

or condition. The signal receiver circuit 222 can be coupled to one or more of
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one or more electrodes such as ¢lectrodes on one or more of the leads 108A-C or
the can 112; one or more physiologic sensors; or one or more patient monitors.
The physiological signals can be indicative of the target cvent or condition such
as HF decompensation status, including one or more electrograms such as sensed
from electrodes on one or more of the leads 108A-C or the can 112, heart rate,
heart rate variability, mtrathoracic irapedance, intracardiac impedance, arterial
pressure, pulmonary artery pressure, RV pressure, LV coronary pressure,
coronary blood temperature, 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 volurme signal. The signal
recetver circuit 222 can include one or more modules to perform signal
conditioning {c.g., signal amplification, digitization, or filtering) or parameter
extraction from the sensed physiological signal. Examples of extracted signal
paramcters can inchude: 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. In an example, the signal sensing circuit
can sense two or more physiological signals and can generate a composite signal
pararucter set such as using the two or rore physiological signals.

{6034] The signal metrics generator circuit 223 can be configured to
generate a plurality of sigoal voetrics from the one or rore physiologic signals,
A signal metric can include a sensor signal acquired by a physiologic sensor or
from one or more electrodes on one or wore of the leads H08A-C or the can 112,
A signal metric can also include a signal feature extracted from the sensor signal
such as a statistical measure (¢.g., mean, median, standard deviation, variance,
correlation, covariance, or other statistical value over a specified time segment),
a morphological measure {¢.g., peak, trough, slope, arca under the curve), ora
feature indicative of a physiologic activity {¢.g., P wave and QRS complexes
an electrogram signal, or 81, 82, 83 or 54 components of a heart sound signal,
an inspiration phase and expiration phase of a respiration signal}. The sigoal
metrics generated by the signal metrics generator circuit 223 can include at least
a first set of ove or roore signal wetrics and a second set of signal metrics. The

first set of signal metrics can be generated in response to the first chronic
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condition indicator meeting a first specified criterion, and the second set of
stgnal metrics can be generated in response to the second chronic condition
mdicator meeting 8 sccond specified criterion. For exarmple, the first st of signal
metrics can include a five-day average of intracardiac impedance signal and a
datly maxirourn respiration rate { MRR) signal when the paticent has a chronic
condition of renal disease, and the second set of sigoal wetrics can include a
standard deviation of R-R interval signal (such as calculated from an clectrogram
or a intracardiac electrogram signal) and a five-day average of transthoracic
impedance signal when the patient has a chronic condition of diabetes. The
signal metrics with respect to the chronic condition indicator can be selected
using the population-based information. Examples of the signal metrics
generator circuit 223 are described below, such as with reference to FIG. 3.
{3035] The patient-specific signal metric selector circnit 224 can be
configured to sclect one or more patient-specitic signal metrics from the plurality
of signal metrics generated by the signal metrics generator circuit 223. The
patient-specific signal metrics can be used to detect the target event or condition
such as an [{F decompensation event. The patient-specific signal metrics can
include one or more signal metrics selected from a group including both the first
set of oue or roore signal wetrics and the second set of oue or ruore signal
metrics. In an example, if there is at least one signal metric shared by the first
and the second set of the signal metrics (L.¢., the intersection of the fivst and the
second scts of the signal metrics are not empty), the patient-specific signal
metrics can include at least one signal metric from an intersection of the fivst set
and the second set of signal metrics. In another example, the patient-specific
stgnal metrics selector circuit can include at least one signal mctric fror the first
set of signal metrics and at least one signal metric from the second set of signal
metrics.

[80336] The target event or condition detector circuit 230 can receive
input from the patient-specific signal metrics selector circuit 224 and be
configured to detect a target event or condition using the selected one or more
patient-specific signal metrics. A target event or condition can include a
physiclogic event indicative of an ounset of a discase, worsening of a disease

state, recovery of a discase state, a response to an intervention, or a change of a
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discase state. fn an example, the target event or condition detector circuit 230
can detect the presence of an event indicative of HF decompensation status.
Examples of target cvent can also include a worsening HF, pulmonary cderma,
pulmonary condition exacerbation such as COPD, asthma and pneumonia, or
myocardial infarction, among others.

{6037} The controller curenit 240 can control the operations of the signal
analyzer circuit 220 and the subcomponent circuits 221 through 224, the target
event or condition detector circuit 230, and the data and mstruction flow between
these components. The controlier circuit 240 can receive external programming
input from the mstruction receiver circuit 250 to control oue or ruore of the
receiving patient status, signal sensing, signal metrics gencration, patient-
spectfic signal metrics sclection, or the target event detection. Examples of the
instructions received by the instruction receiver 250 may inchide: selection of
electrodes or sensors used for sensing physiologic signals, selection of chronic
conditions of the patient, or configuration of the target event and condition
detector 230. The mstruction receiver circutt 250 can include a user interface
configured to present programming options to the user and receive user’s
programming input. The instruction receiver circuit 250 can be coupled to the
patient status wput unit 221 to receive the paticot chronic condition indicators
such as via the user interface. Inn an example, at least a portion of the instruction
receiver circuit 250, such as the user interface, can be iroplemented in the
external system 120,

{6038} FIG. 3 illustrates an exarople of the signal metrics generator
circutt 223 and the patient-specific signal metrics selector circuit 224, as part of
the patient chronic condition-based target event detector 200, The signal metrics
generator circuit 223 can include one or more of a signal metrics extractor 310, a
signal metrics performance analyzer circuit 320, and a signal metrics
performance comparator 330. The patient-specific signal metrics selector circuit
224 can include a chronic-condition indexed signal metrics performance
comparator 341 and a chronic-condition indexed signal metrics selector 342,
183394 The signal metrics extractor 310 can receive one or more
processed physiologic signals sensed from the patient and exiract signal features

from the physiologic signals. The extracted signal metrics can include a
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statistical signal feature, a worphological signal feature, or a signal feature
indicative of a physiologic activity. Examples of the extracted signal features can
include mean, median, standard deviation, variance, correlation, covariance, or
other statistical value over a specified time segment; peak, trough, slope, area
S under the curve of a sensor signal, P wave and QRS complexes in an electrogram

signal, or S1, 82, S3 or S4 compouents of a heart sound signal, juspiration and
expiration phase of a rospiration signal, among others.
{0040] The signal metrics extractor 310 can extract sigual featares when
a patient chronic condition indicator such as that received by the patient status

10 input unit 227 voeets a specified condition. For example, when a patient chronic
condition of having a chronic kidney discase is received by the patient status
mput unit 221, the signal metrics extractor 310 can extract signal features
including daily maximum respiration rate (MRR)}, transthoracic impedance, and
datly S3 heart sound araplitude. When two or more patient chronic condition

1S indicators are received, the signal metrics extractor 310 can extract signal
features with respect to cach of the paticut chronic condition indicator. The
association between a chronic condition indicator and the respective signal
metrics can be stored in a machine-readable medium such as a memory device.
The association can be created in a form of searchable data structure such as a

20 lookup table or association map to facilitate antomatic selection of signal metrics
for any given chrouic condition mdicator. The data structure can contain a
plurality of chronic condition indicators or categorical classifications of a
chronic condition indicator, cach of which can be associated to the respective

one or more signal metrics.
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{0041} The signal metrics performance analyzer circuit 320 can be
configured to generate, for one or more of the signal metrics from the signal
metrics extractor 310, respective performance measures indicative of reliability
or accuracy of detecting a target event or condition. As illustrated 1 FIG. 3, the
signal metrics performance analyzer cirenit 320 can include at least one of a

30 signal seositivity calculator circuit 321, a signal specificity calculator circuit 322,

e 1]

or a signal quality calculator circuit 323, Hach of the calculator circuits 321

through 323 alone or in any cornbination can be used to evaluate the
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performance of the one or more signal metrics provided by the signal metrics
extractor 310,

10042} The sensitivity calculator circnit 321 can be configured to
determine the seunsitivity of a signal metric in respouse to a physiologic change
associated with the target event or condition, such as using comparison of
measurements of the signal metric at two non-identical states. The first and the
second states can include non-identical temporal information. In an example, the
sensitivity calculator civcunt 321 can caleulate for a signal metnie (X)) a relative
change (such as a difference AX) between the signal metric at a first state (Xg;)
and the signal metric at the second state (X gy ), that is, AX = Xg - Xg. The
relative change can include a rate of change {(AX/At) of the signal metric over the
duration between the first and the second state, that s, AX/At= (Xg -

X5 Y {(Ts1-Ts2), where Ts; and Ts; respectively represents occurrence time of
the first and the second states. In an exaraple, Tgy can be approximately 14-28
days prior to patient’s developing a target event such as an HF decompensation
event, and Tygp can be a time preceding Ty by specified time duration of
approximately 1-6 months or approximately1-3 months. The second state can be
a bascline state representing the historical trend of the signal metric when the
patient does not develop the target event. The signal metric at the basehne state
can be computed using a lincar or nonlincar combination of a plurality of
historical measurements of the signal metric. The relative change in the signal
metric from the first state (such as the state prior to an HF decompensation
event) to the second state (such as a state preceding the first state or a baseline
state) thus can indicate predictive content in the signal metric in response to the
progression of 4 target event. A signal metric with high scusitivity preserves high
predictive content in detecting a target event such as an HF decompeunsation
event. In an exarple, the sensitivity caleulator civcuit 321 can calculate a
statistical significance of relative change AX or AX/Xg2. The significavce can be
computed as a p-value obtained by fitting relative change data from a group of
patients to a statistical model. The sensitivity of a signal metric can be computed
using both the p-value as discussed above and the relative change AX or AX/Xg;.
A signal wetric having a large and significant change, such as large AX or

AX/ X and small p vakae, is more desirable for detecting a target ovent such as
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a HF decompensation event. In an exarople, a sensttivity score can be compuied
as a product of a relative change AX/X g and a negative logarithm of the p-
value, 1.¢., -log{p-valuey® AX/Xq . A higher sensitivity score preserves high
predictive content in detecting the target event.

10043] The specificity calculator circuit 322 can be configured to
determine the specificity of a signal metric i respouse to a physiclogic or von-
physiologic change not associated with the target event or condition. For
example, in detecting the target eveunt of HF decompensation event, confounding
events such as noise, inference, patient activity, lead fracture, lead revision,
change of pacing configuration, or a replacement of the device are not
physiologic changes associated with an impending HF decompensation cvent.
The specificity can characterize the accuracy of the signal metric in recognizing
the confounding events as non-target event. The specificity calculator circuit
322 can determine the specificity using coraparison of measurements of the
signal metric at two non-identical states. The first and the second states can
iclude non-identical teraporal information. The specificity calculator circuit 322
can calculate a relative change tn a signal metric (X)) from a first state to a
second state. The first state can occur at a time such as approximately 14-28 days
prior to patient’s developing a target event such as an HF decompensation event,
The second state can occur at a time preceding the first state by at least specified
time duration, such as approximately 1-6 wouths or approximately -3 voonths.
The sccond state can be a bascline state representing the historical trend of the
signal wetric. The relative change in the signal wetric from the first state (such
as the state prior to an HF decompensation event} to the second state (such as a
state preceding the first state or a basehine state) thus can indicate response of the
signal metric in the absence of the target event. A signal metric with high
specificity therefore reduces the rate of false detection of non-target event as 4
target event,

{044} The signal quality calculator circuit 323 can be configured to
determine the sigonal quality of the signal metnie. Signal quality can mclude
signal strength, signal variability, or signal-to-noise ratio, among others.
Examples of the signal variability can include range, inter-quartile range,

standard deviation, variance, sample variance, or other first-order, second-order,
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or higher-order statistics representing the degree of variation. For exaraple, in
determining the quality of a signal metric of 81 heart sound intensity, the signal
quality calculator circuit 323 can perform a plurality of mucasurcrents of the S1
heart sound intensity such as from a plurahity of cardiac cycles during a specified
pertod of time. The signal quality calculator circuit 323 can determine the
variability of the S1 intensity by computing a variaoce of the plurality of
racasurcments of the S1 intensity. A high signal gquality, such as indicated by one
or more of a high signal-to-noise ratio, a high signal strength, or a low signal
variability, is desirabic for detecting the target event.

[(6045] The signal seusitivity calculator circnit 321, the signal specificity
calculator circuit 322, or the signal quality caleunlator circuit 323 can determine
respective signal performance measures {(e.g., signal sensitivity, specificity, or
quality} using population-based statistics. For example, the signal metric of daily
maxirurn respiration rate {MRR) can be measurced in a cohort of patients with
the chronic condition (such as renal discase) identical or similar to the present
patient. Statistics such as the signal scusitivity, signal specificity, or signal
quality with regard to the population-based daily MRR can be determined from
the population-based data. These statistical data can be retrieved from a database
or otherwise provided to the signal wetrics performance avalyzer circuit 320 and
used by one or more of the signal sensitivity calculator circuit 321, the signal
specificity caleulator circuit 322, or the signal guality calculator circuit 323, In
an example, the signal metrics performance analyzer circuit 320 can determine
respective signal perforrance easures using both the population-based
statistics {e.g., population-based sensitivity of daily MRR)} and the performance
racasure of the patient (c.g., sensttivity of daily MRR).

{3046 The signal metrics performance comparator 330 can be coupled to
the signal ractrics performance analyzer circuit 320, and configured to select one
or more signal ruetrics from a plurality of sigonal roetrics based at least n part on
a comparison of the performance measures inchuding the signal sensitivity, the
signal specificity, or the sigual quality, or any combination thereof. In an
example, the signal metrics performance comparator 330 can compute a
composite performance score for a signal metric using a hinear combination or

nonlincar combination of one or more of performance measures. The composite
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performance score can then be corpared to a specified threshold to deterroine
whether the signal metric can be selected. For example, a composite
performance score {Fugre ) for the signal metric of daily maximum respiration
rate (MRR} can be computed as Fygmg = a™Ss+ 5*Sp+ ¢*0, where a, b, ¢ are
scalar weights to respective performance racasures sensitivity (Ss), specificity
{(Sp}, and quality {@). The signal metrics performance comparator 330 can select
datly MRR for detecting the target event of HF decompensation event if Fygs
exceeds a specified threshold, e.g., Fume > Fureoi. Inanother example, the
signal metrics performance comparator 330 can select the signal metric when
one or more performance measures roeet specified critenia. For example, the
signal metrics performance comparator 330 can select daily MRR for detecting
HF decompensation event if sensitivity, specificity, or quality cach exceeds
respective threshold, e.g., S5 > Ss-v0, Sp> Sp-1w, or > O

{0047} When the signal moctrics extractor 310 generates and provides
more than one signal metric to the performance analyzer circuit 320, the signal
ractrics performance comparator 330 can organize the signal metrics such as
prioritizing the signal metrics. The signal metrics performance comparator 330
can prioritize the signal metrics based at least in part on their respective
performance measures. For example, corresponding to a chronic condition
indicator of patient having diabetes, the signal metrics extractor 310 can gencrate
a set of sigual roetrics wncluding standard deviation of average normal RR
interval (SDANN), 24-hour max intracardiac impedance (Zmax), daily
maxirourn of respiration rate (MRR), and daily voaximum of tidal volame (TV).
The signal metrics performance analyzer circuit 320 can compute composite
performuance score {(F) for cach of the signal metrics. If the comparison of the
performance measures at the signal metrics performance comparator 330
indicates that Fyrg > Frv > Fruux = Fapane, then the prioritized signal metrics
can be in the order of (MRR, TV, Zmax, SDANN).

{6048] The patient-specific signal metrics selector cirenit 224 can be
coupled to the signal metrics generator civcutt 223 and receive therein at least a
first set of one or more signal metrics corresponding to the first chronic
condition indicator and a second set of signal metrics corresponding to the

second chronic condition indicator. The chronic-condition indexed signal metrics

19



WO 2014/189884 PCT/US2014/038719

16

20

[ )
(92

performance comparator 341 can compare the signal metuies in the fivst set to the
stgnal metrics in the second set, such as to identity one or more common signal
ractrics shared by the first and the second sets of the signal metrics. The chronic-
condition indexed signal metrics performance comparator 341 can also compare
the performance measures such as the signal sensitivity, signal specificity, or
signal quality of the signal metrics 1 the first and the second sets.

{0049} The chronic-condition indexed signal metrics selector 342 can be
configured to select frorn the plurality of signal metrics oue or wore patient-
specific signal metrics selected from a group including both the first set of one or
more signal metrics and the second set of one or more signal metrics. In an
example, the chronic-condition indexed signal metrics selector 342 can select at
icast one signal roctric from an intersection of the first set and the second set of
signal metrics, where the intersection includes at least one common signal metric
shared by both the first and the sccond set of signal roetrics. The chronic-
condition indexed signal metrics selector 342 can select at least one signal metric
from the first sct of signal metrics and at least one signal metric from the second
set of signal metrics. For example, the chronic-condition indexed signal metrics
selector 342 can use the prioritized signal metrics such as provided by the signal
metrics performance comparator 330, and select a signal metric with the highest
composite performance from the first set, and a signal metric with the highest
composite performance score from the secoud set. Other approaches of selecting
patients-specific signal metrics from the first and the sccond sets based at least in
part on the performance weasures have also been coutemplated.

{6058] FIG. 4 dlustrates an example of target event or condition detector
circuit 400, which can be an cmbodiment of the target event or condition
detector circuit 230. The target event or condition detector circuit 400 can
recetve the chronie-condition indexed signal ractrics from the patient-specific
signal metrics selector circuit 224, and detects the target event from the received
signal metrics. The target event or condition detector circuit 400 can include a
target event detector 401, a target event report generator 402, and a signal
metrics sclection and performance report generator 403,

{6051} The target cvent detector 401 can detect the target event from the

chronic-condition indexed signal metrics. In an example, the target event can be
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an event indicative of HF decompensation status, and the target event detector
401 can be configured to compute an HF decompensation index such as using
the chronic-condition indexed signal metrics, and determine whether the HF
decompensation index meets a specified criterion such as by comparing the HF
decompensation index to a threshold value. Exaraples of target HF
decompensation event detection using the chronic-condition indexed signal
metrics are discussed below, such as with reference to FIGS. 5-7.

{00521 The target event report generator 402 can generate a report to
inform, warn, or alert the user the detected target event. The report can include
recornrnendations such as confirmative testing, diagnosis, or treatroent options.
The report can include one or more formats of media including, for example, a
textual or graphical rocssage, g sound, an image, or 8 combination thercof. In an
example, the target event report generator 402 can be coupled to the instruction
recetver cireuit 250 and the report can be presented to the user via an intcractive
user interface on the mstruction receiver circuit 250, The target event report
generator 402 can be coupled to the external device 120, and be configured fo
present to the user the detected target event via the external device 120.

{30534 The signal metrics selection and performance report generator
403 can generate, and present to the systern user, one or more of a report
including the chronic condition indicators such as received from the patient
status nput unit 22 1, signal metrics and the respective performance rocasures
such as generated by the signal metrics generator circuit 223, or the chronic-
condition indexed signal metrics such as generated by the patient-specific signal
metrics selector circuit 224, The signal metrics selection and performance report
generator 403 can be coupled fo the external device 120 or the mstruction
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
programming mstructions to operate on the patient-specific signal metrics or
patient chronic condition indicators.

{30584} FIG. 3 illustrates an example of a method 500 for detecting a
target event from one or more physiclogical signals. The method 300 can be
implemented and operate 1n an arbulatory roedical device or 1n a remote paticot

managenent system. In an example, the method 500 can be performed by the
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patient chronic condition-based target event detector civcut 13 implernented in
IMD 110, or the external device 120 which can be in communication with the
IMD 0.

B35S At 501, at least two chronic condition indicators of a patient can
be received. The patient chronic condition indicators can be descriptive of the
patient characteristics or sustained wedical status that do not change or slowly
change over a certain specified time, such as approxirnately at least six months,
The at least two chronic condition indicators, including a first and a second
chronic condition indicator of the patient, can be non-identical. For example, the
first and the secoud chrouic condition mdicators can respectively include at least
one of a chronic discase indicator of the patient (¢.g., prior M, ischemic or
dilated cardiomyopathy, valvular disease, renal discase, COPD), s prior medical
procedure indicator of the patient {e.g., CABQG, thoracic surgery), or a
demographic characteristic indicator of the patient {¢.g., age, sex, race, height,
NYHA classifications). The chronie condition indicators can inchade binary
values indicating the presence or absence of a specified condition, a plurality of
categorical classifications or progressive stages of a particular chronic condition,
or a plurality of value ranges of a physiologic parameter.

[(6056] At 502, one or more physiological signals can be sensed from the
patient. The physiological signal may represent electrical or mechanical
activities 1o the body. Exaroples of the physiological signal include: heart rate,
heart rate variation, conduction times, arrhythmias, intrathoracic impedance,
intracardiac impedance, arterial pressure, pulmonary artery pressure, RV
pressure, 1.V coronary pressure, heart sounds, respiration signals inchiding
respiration rate or tidal volume, posture, activity, physiologic response to
activity; coronary blood terperature, blood oxygen saturation, electrolyte
concentrations, or other mcasures descriptive of the patient’s physiology. The
physiological signal can be received frow a signal sensing circutt coupled to the
clectrodes on one or more of the leads such as [08A-C, or implanted or external
physiologic seusors associated with an ambulatory wedical device. The
physiologic signal can also be recetved from a signal memory where the

physiological data are stored.
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{6057} At 503, a plurality of signal metrics can be generated from the
one or more physiclogic signals. A signal metric can include signal feature
extracted from the one or more physiologic signals, such as a statistical measure,
a morphologic measure, or a portion of the physislogic signal indicative of a
physiologic activity. Examples of the signal metrics can include: mean, racdian,
or other central tendency of a portion of a physiologic signal; variance, standard
deviation, or other second-order or higher-order statistical measure of a portion
of a physiologic signal; peak, trough, slope or other morphological features of'a
portion of a physiologic signal; P wave and QRS complexes in an electrogram
signal; St, 82, 83 or 84 cormponents of a heart sound sigonal; inspivation phase
and expiration phasc of a respiration signal.

{0058] The generated signal ractrics can include a first set of one or more
signal metrics when the first chronic condition indicator meets a first specified
criterion, and a second sct of one or more signal roctrics when the second
chronic condition indicator meets a second specified criterion. Since the first and
the second chronic condition indicators can be non-identical to cach other, the
first set of the signal metrics may not be identical to the second set of signal
metrics. i an example, the first chronic condition indicator is CKD and the
second chronic condition ndicator is diabetes. When the fivst chrouie condition
indicator meets the criterion of “CKD of stage 3 or above”, the first set of signal
metrics {Megp) can inchude: Megp = {daily maximum respiration rate signal
(MRR), average of infracardiac impedance signal (AvgZ1), S3 heart sound
amphiode (83Amp)}. When the second chronic condition indicator meets the
criterion of “patient having diabetes within the past 5 years”, the second set of
signal metrics {(Mpiabetes ) can include: Mpiabetes = {standard deviation of average
R-R intervals (SBANN), average of intracardiac impedance signal {AvgZ1)}.
Examples of the sclection of signal metrics in accordance with the patient
chronic condition indicator is discussed below, such as with reference to FIG. 6.
{6059] At 504, onc or more patient-specific signal metrics can be
selected from the plarality of signal metrics such as generated at 503, The
patient-specific signal metrics can inchudes at least one signal metric from an
intersection of the fivst set of signal metrics corresponding to the first chronic

condition indicator and the second sct of signal metrics corresponding to the
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second chronic condition wndicator. In an exarople where the fivst set of signal
metrics corresponding to CKD meludes Mogn = {MRR, AvgZl, S3Amp} and
the second set of signal metrics includes Mpiapees = {SDANN, AvgZli}, the
intersection of the two sets Mexp and Mpimews namely Avgdl, can be selected
as the patient-specific signal metrics, that is, M, = {AvgZ1}. In another
exaruple, the patient-specific signal metrics can include at least ove signal metric
from the first sct of signal metrics and at least one signal metric from the second
set of signal metrics. Using the example of Mexp and Mpisbees a8 discussed
above, the patient-specific signal metrics can be selected as M, = {MRR,
SDANNY. The selection of the signal metric from each set to be a patient-
specific signal metrics can be performed using performance measure of
respective signal metrics in cach set. Examples of the performance racasure of
the signal metrics is discussed below, such as with reference to FIG 6.

{8864 At 508, a target event or condition detection algorithm can be
applied to the selected patient-specific signal metrics, such as that determined at
504, to detect a target event. The method of target event detection can be
performed by the target event detector circuit 400,

{3061} The target cvent detection algorithm can include an algorithm for
detecting an event indicative of HF decompensation status of the paticut. The HF
decompensation event detection algorithm includes computing a decompensation
index such as using the patient-specific signal roetrics. The decompensation
index can be a quantitative parameter indicating the presence or severity of a
physiologic condition precipitating an HF decompensation episode, such as
excessive intrathoracic fluid accumulation, increased heart sounds, increased
heart rate, increased respiratory rate, decreased tidal volume, or reduction in
activity. In an example, an HF decompensation event is detected if the
decompensation index is greater than a threshold, Examples of the target event
detection algorithm 1s discussed below, such as with reference to FIG. 7.

{062} FIG. 6 illustrates an example of a method 600 for generating a
plurality of signal metrics from the one or roore physiologic signals. The roethod
600 can be an example of 503, The method can take the input of a plurality of
chronic condition wdicators juctuding at least a first and a second chronic

condition indicators from a patient and one or more physiologic signals sensed
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from the paticnt such as using one or more physiologic sensors, and generate a
set of signal metrics corresponding to each respective chronic condition
mdicator. The method 600 can also generate performance measure of cach signal
metric, which can be used to select one or more patient-specific signal metrics
such as at 504, In an cxample, the method 600 can be performed by the signal
metrics generator circuit 223 as tustrated in FIG. 2.

[0063] At 601, for each received chronic condition indicator, a respective
set of candidate signal metrics can be generated when the chronic condition
indicator mects a specified criterion, such as being categorized as a specitfied
class of status, stage of disease, or a value range of a physiologic parameter. The
candidate signal metrics associated with each chronic condition indicator,
mcluding the number, type, or mcthods of gencerating the candidate signal
metrics, can be pre-determined such as using the population-based data. For
exaraple, for paticnt with CKD of stages 3 or above, various signal roctrics can
be evalnated in a cohort of patients with the similar chronic condition {e.g., CKD
of stage 3 or above) and another cohort of patients absent of similar chronic
condition. If a signal metric (e.g. daily maximum respiration rate, or MRR)
shows a desirable level of difference between the two cohorts of patients, then
the signal metric can be determined as a candidate signal metric associated with
the chronic condition of CKD.

{0064] At 602, a signal sensitivity measure can be generated for each
candidate signal metric. A sensitivity measure can be indicative of the ability of
a signal ruetric n predicting a progression of a target event or condition. The
sensitivity measure can be computed as a relative change of the respective signal
metric from a first state to a second state. In an example, the second state
includes temporal information non-~identical to that of the first state. For
exaraple, 1n detecting an HE decompensation ovent, the first state can occur at a
tivoe prior to patient’s developing a target event such as an HF decompensation
cvent, and the second state can occur at a time preceding the first state by at least
specified tume duration, such as approxamately -6 roonths or approximately 1-3
months. In another example, the sccond state can be a bascline state computed
using a plurality of historical macasurements of the signal wetric. The sensitivity

measure can include a false negative rate of detecting a target event or condition.
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A low false negative rate can correspond to a high sensitivity measure. The
sensitivity measure can also include a posttive predictive value (PPV) which
represents likelihood of correctly recognizing 4 target event or condition. A
signal metric with high sensitivity preserves predictive content in detecting a
target event such as an HF decormpensation event.

G065} The coroputed signal sensitivity rucasure can be used to deterrone
a performance measure for the respective signal metrie at 603, The performance
rocasure can indicate how well the signal metric can predict the progression or
detect the occurrence of a target cvent or condition. In an example, the
performance measure can juclade the sensitivity measure of the signal metric
and the population-based statistics of the signal metrics. While the sensitivity
racasure can include “intra-patient” relative change of the signal metrics between
two states with non-identical temporal information, the population-based
statistics can inchude “inter-patient” consistency of the signal metric in
preserving the predictive content in detecting a target event. For example,
population-based statistics, such as average, variance, or statistical distribution
of the sensitivity measure of daily MRR across a cohort of patients with similar
type of chronic condition {¢.g., CKD of stage 3 and above), can be retrieved
from the patient database, and further be used 1o deterroining the performance
INCAsure.

{3066] The performance measure for the respective signal metric can be
determined using other parameters either in conjunction with or as an alternative
to the sensitivity measure of the respective sigual roetric. In one exaruple, the
performance measure can include a specificity measure of a signal metric in
response to a physiologic or non-physiologic change not associated with the
target event or condition. The specificity measure can be calculated as a relative
change in a signal metric from a first state {such as the state prior to an HF
decompensation event) to the second state (such as a state preceding the first
state or a baseline state) in the absence of the target event. The specificity
rocasure can include a false positive rate of detecting a target event or condition.
A low false positive rate can correspond to a high specificity measure. The
specificity rocasure can also mclude a negative predictive value (NPV) which

represents likelthood of correctly recognizing a non-target event or condition. In
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another example, the performance measure can include a signal quality measure
such as signal strength, signal variability, or signal-to-noise ratio. In various
examples, population-based statistics of the specificity measure or of the signal
quality measure, such as central tendency or statistical distribution computed
using data of a cohort of patient with similar type of chronic condition, can be
retrieved from a database and used 1n determining the performance measure.
{0067} At 604, candidate signal metrics with respect to cach chronic
condition jndicator nput can be compared and prionitized using at least their
respective performance measures. In an example, for cach candidate signal
metric, a composite performance score can be computed sach as a linear
combination or nonlinear combination of one or more of the sensitivity measure,
the specificity measure, or the signal quality racasure. The candidate signal
metrics with respect to each chronic condition indicator can be prioritized such
as being organized in a descending order at lcast based on the thetr respective
composite performance scores. The prioritized candidate signal metrics and the
respective composite performance scores can be to select one or more patient-
specific signal metrics such as at 504.

{3068 FIG. 7 illustrates an example of a method 700 for detecting a
target event from one or more physiological signals such as using information of
the patient chronic condition indicators. The method 700 can be an embodiment
of the wethod 500. In an example, the method 700 can be performed by the
target event detector 200

[(6069] At 701, one or more physiological signals of a patient can be
recetved. The physiologic signals may be received from a signal sensing circuit
coupled to electrodes or external or implanted physiologic sensors associated
with an ambulatory medical device or a physiological monitor, or from a signal
NICIoTY.

{8678 At 702, a first chronic condition indicator of the patient can be
received such as from a system user {¢.g., a physician) via a user interfacc on a
transceiver wn comrnunication with the ambulatory medical device. The chronic
condition indicator can include a chronic discase indicator of the patient, a prior
medical procedure indicator of the patient, a demographic characteristic

indicator of the patient, or any other condition descriptive of the patient
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characteristics or sustained medical status that do not change or slowly change
over a certain specified time, such as approximately at least six months. The first
chronic condition indicator can be compared to g specified criterion at 703, such
as determining if the first chronic condition indicator falls under a categorical
class or a progressive stage of a chronic disease. When the first chronic
condition indicator meets the specified criterion, a first set of signal metrics can
be generated using the one or more physiologic signals at 703, The signal
raetrics can be generated according to specified 1ustructions and methods stored
in the ambulatory medical device. For cach signal metric a respective
performance measure can be computed, which includes a sensitivity, a
specificity, or a signal quality measure such as the signal-to-noise ration of the
stgnal metric.

{8071 At 704, a second chronic condition indicator of the patient can be
recetved. The second chronic condition indicator can be non-identical to the first
chronic condition indicator. A second set of signal metrics can be generated at
705 using a similar approach of signal mactrics generation for the first chronic
condition indicator at 703, Because the second chronic condition indicator is not
identical to the first chronic condition indicator, the second sct of signal metrics
can be non~-identical to the first set of signal metrics.

{6672] At 706, onc or more patient-specific signal metrics can be
selected from a group including both the first and second sets of signal roetrics.
in an example, if there is at least one signal metric shared by the first and the
second set of the signal metries, the patient-specific signal metuies can include at
least one signal metric from an intersection of the first set and the second set of
stgnal metrics, Alternatively or additionally, the patient-specific signal metrics
can include at least one signal metric from the first set of signal metrics and at
icast one signal metric from the second set of signal metrics. For exaraple, the
signal metrics with respect to each chronic condition indicator can be organized
according fo their respective performance measure such as the sensitivity to the
progression of target event. The patient-specific signal metrics can nclude the
signal metric with the highest performance score from the first set and the signal

metric with the highest performance score from the second set.
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[6073] At 707, a target event risk index can be generated using the one or
more patient-specific signal metrics. The target event risk index can be a
quantity mdicating the presence or severity of a physiologic condition
precipitating the target event, such as excessive intrathoracic fluid accurulation
in a target cvent indicative of HE decompensation status.

{6074} For cach patient-specific signal metric selected at 706, a
corresponding risk index can be computed such as an accurmulated deviation of
the signal metric intensity from a refercoce value over time. The intensity of the
signal metric can include a central tendency measure {¢.g. a mean or a median}
of the signal wetric over a specified tivoe such as 3-10 days. The reference value
can be a moving average of the signal metric, a low-pass or band-pass filtered
stgnal metric with pre-determined filter cocthicients, or other measures
representing the trend of the intensity of the signal metric. In some examples, the
deviation of the signal metric mtensity from a reference value can be
accunulated only if a certain criterion is met, such as the difference between the
mtensity of the signal metric and the decompensation index being greater than a
specified threshold. Other examples of decompensation index can inclade the
cunulative sum in detecting persistent shifts in the trended signal found in
Brockway et al., U.S, Pat, No. 7,761,1 5%, entitled “Detection of Heart Failure
Decompensation Based on Cunmilative Changes in Sensor Signals,” filed Dec.
20, 20035, which 1s incorporated herein by reference in tis entirety.

1BG75] The target cvent risk index at 707 can be a linear or nonlinear
combination of the judividual risk 1udex associated with each patient-specific
signal metric. In an example, the target event risk index can be computed as a
sum of individual risk index cach scaled by a weight factor. The weight factor
can be proportional to the performance measure of the respective signal metric.
For example, if at 706 two patient-specific signal metrics, namely daily MRR
and SDDANN, are selected with respective performance measure Fagr and
Fspany, and the respective individual risk index is Rype and Repany, then the
target event risk at 707 can be determned as B = Raume *Fure/(Fures Feparad) +
Rg})ANN *FSDANN/(F MREA+ Fg}) ANN:)' The target event risk index can also be
determined as a pararoetric or non-parametnic roodel using the individual risk

index, such as decision trees, neural network, Bayesian network, among other
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machive learning rethods. In an example, the target event risk wdex can be
computed using a probability model p(B) = 1/{1+exp{x}}, where p(D}) represents
a probability of the target cvent such as a HE decompensation (D) cvent, and x
represents a linear or nonlinear combination of individual risk indices, or a linear
or nonlinear cormbination of measurements of the selected patient-specific signal
metrics.

16076} At 708, the target event risk index 18 checked against a specified
criterion, such as corapared to a specified threshold value, to determine if a
target event is detected. A target event is deemed detected if the target risk index
meets the specified criterion, and at 710 a report is generated to inform the user
the detected target event. The report can include a textual or graphical message,
a sound, an image, or any combination thercof.

{88774 H the target event risk index does not meet the specified criterion,
then at 709 a decision is made as to whether a new sct of patient-specific signal
metrics is to be used for computing a target event risk index. The new set of the
patient-specific signal metrics can be different than the patient-specific signal
metrics used at 706. For example, if at 706 the patient-specific signal metrics
include only the intersection between the first set of signal metrics such as
generated at 703 and the second set of signal metrics such as generated at 705,
then at 709 the patient-specific signal metrics can inchade the signal metric with
the highest performance score from the first set and the signal metric with the
highest performance score from the second set. In another example, if at 706 the
patient~-specific sigual voetrics wchude the signals roetrics with the highest
performance score from the first and the second sets, then at 709, the patient-
specific signal metrics can include the signals metrics with the second highest
performance score from the first and the second sets. The decision at 709 can be
recetved from a systom uscr, or automatically exccuted in response to the target
event risk index as determined at 708 {ails to voeet the criterion (e.g., falling
below the detection threshold) by a narrow margin. If a different set of patient-
specific signal metrics 18 decided to be used, then a new target event risk 1ndex
can be generated at 707; otherwise, no target event is deemed detected, and the

detection can continue with receiving the physiological signals at 701,
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{6478 The above detailed description includes references to the
accompanying drawings, which form a part of the detailed description. The
drawings show, by way of illustration, specific embodiments in which the
invention can be practiced. These embodiments are also referred to herein as
“exaraples.” Such exaraples can include clernents in addition to those shown or
described. However, the present tnventors also contemplate exarnples in which
only those elements shown or described are provided. Moreover, the present
ioventors also conterplate exarples using any combination or perroutation of
those clements shown or described {or one or more aspects thercof), either with
respect to a particular example (or one or wore aspects thereof), or with respect
to other examples {or onc or more aspects thereot) shown or described herein.
{6079] In the event of inconsistent usages between this document and
any documents so incorporated by reference, the usage in this document
controls.

{6088 In this document, the terms ““a” or “an” are used, as is common in
patent docuraents, 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” imncludes 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, i the
following claims, the terms “inchuding” and “comprising” are open-ended, that
is, a system, device, article, composition, formulation, or process that includes
elements in addition to those listed after such a term in a claim are still deemed
to fall within the scope of that clatm. Morcover, in the following claims, the
terms “first,” “second,” and “third,” ete. are used merely as labels, and are not
intended to impose numerical requirements on their objects.

G081} Method examples described herein can be machine or computer-
implemented at lcast in part. Some examples can include a computer-readable
roedium or machime-readable medium encoded with instructions operable to
configure an clectronic device to perform methods as described in the above
examples. An mmplernentation of such methods can include code, such as

microcode, assembly language code, a higher-level language code, or the like.
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Such code can include computer readable nstructions for performing various
methods. The code may form portions of computer program products. Further,
in an cxample, the code can be tangibly stored on one or more volatile, non-
transitory, or non-volatile tangible computer-readable media, such as during
execution or at other tirnes. Examples of these tangible computer-readable
media can include, but are not himited to, hard disks, rernovable magoetic disks,
removable optical disks (¢.g., compact disks and digital video disks), magnetic
cassettes, memory cards or sticks, random access memories {RAMs), read only
memorics (ROMs), and the like.

166821 The above description 18 mntended to be dlustrative, and not
restrictive. For example, the above-described examples {or one or more aspects
thereot) may be used in combination with cach other. Other erabodiracnts can
be used, such as by one of ordinary skill in the art upon reviewing the above
description. The Abstract 1s provided to comply with 37 CF.R. §1.72(b), to
alow the reader to quickly ascertain the nature of the technical disclosure. Itis
submitted with the understanding that it will not be used to interpret or limit the
scope or meaning of the clatms. Also, m the above Detailed Description, various
featurcs may be grouped together to streamline the disclosure. This should not
be interpreted as mtending that an unclairoed disclosed feature 18 essential to any
claim. Rather, inventive subject matter may lic in less than all features of a
particular disclosed exobodivoent. Thus, the following claims are herchy
incorporated into the Detailed Description as examples or embodiments, with
each claim standing on its own as a separate erobodiment, 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 entitied.
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What is claimed is:
i. A medical device, comprising:
a signal analyzer circutt, mncluding:

a patient status input unit configured to receive at least a first
chronic condition indicator and a second chronic condition indicator of a
patient, the second chronic condition indicator non-identical to the first
chronic condition indicator;

a signal receiver circuit configured to receive one ot more
physiologic signals of the patient;

a signal metrics generator circuit configared to generate a
plurality of signal metrics from the one or more physiologic signals, the
plurality of signal metrics including a first sct of one or more signal
metrics when the first chronic condition indicator meets at least one first
specified eriterion, and a scoond sct of signal mctrics when the sccond
chronic condition indicator meets at lecast one second specified criterion;
and

a patient-spectfic signal metric selector circuit configured to
sclect from the plurality of signal metrics one or more patient-specific
signal metrics selected from a group including both the first set of one or
more signal metrics and the second set of one or more signal metrics; and
a target event or condition detector circuit configured to detect a target

event or condition of the patient using the selected one or more patient-specific

signal metrics.

2. The device of claim 1, wherein the target cvent or condition detector
circuit 18 configured to detect an event indicative of heart failure decompensation

status of the patient.

3. The device of any one of claims 1 or 2, wherein the first and the second
chronic condifion indicators of the patient respectively include at least one of a
chronic discase indicator of the patient, a prior medical procedure indicator of

the paticot, ot a demographic charactenistic indicator of the paticnt.

)
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4. The device of claim 3, wherein the first chronic condition indicator
mcludes a renal disecase indicator, and the second chronic condition indicator

mcludes a prior thoracic surgery indicator.

5. The device of any once of clairms 1 or 4, wherein the paticnt status input
untt 1s configured to be coupled to an electronic medical record (EMR) systern
storing at least the first and the sccond chronic condition indicators of the
patient, and is configared to retrieve at least the first and the second chronic

condition indicators from the EMR system.

6. The device of any one of claims | through 5, wherein:

the signal recetver circnit 15 configured to be coupled to at least one
physiologic sensor configured to sense the one or more physiclogic signals from
the patient;

the signal metrics generator circuit comprises a signal metrics
performance analyzer circuit configured to generate, for the plurality of signal
metrics, respective signal metrics performance measures inchuding at least one of
a signal quality measure, a signal sensitivity measure, or a signal specificity
measure; and

the patient-specific signal metrics sclector circuit 18 configured to sclect
from the plurality of signal metrics one or roore patient~-specific sigoal yoetrics

using the respective signal metric performance measurcs.

7. The device of claim 6, wherein the signal metrics performance analyzer
circuit is configured to generate the signal scusitivity measure including a
relative change of the respective signal metric from a first state to a second state,
the second state including ternporal information non-identical to that of the first

state.

8. The device of claim 7, wherein the signal metrics performance analyzer
5 & o

circuit 18 configured to generated a sensitivity of a daily maximum respiration

rate (MRR} indicative of a relative change frovo a baseline dailly MRR, and

wherein the signal metrics generator circuit 18 configured to generate a set of
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signal mwetrics cluding the daily MRR when the patient has no prior veoal

disecase.

8. The device of any one of claims 1 through 8, wherein the patient-specific
signal metrics selector circuit 1s configured to select at least one signal metric

from an intersection of the first set and the second set of signal metrics.

10, The device of any one of claims 1 through 8, wherein the patient-specific
signal metrics selector circuit is configured to select at least one signal metric
from the first set of signal metrics and at least one signal metric from the secound

set of signal metrics.

1. A method, comprising:

receiving at least a first chronic condition mndicator and a second chronic
condition indicator of a patient, the second chronic condition indicator non-
identical to the first chronic condition indicator;

seusing one or more physiologic signals of the patient,

generating a plurality of signal metrics from the one or more physiologic
signals, the plurality of signal roetrics 1ncluding a first set of one or more signal
metrics when the first chronic condition indicator meets at least one first
specified criterion, and a second set of sigoal wetrics when the second chronic
condition indicator meets at least one second specified criterion;

selecting froma the plurality of signal metrics one or more patient-specific
signal metrics selected from a group including both the first set of one or more
stgnal metrics and the second set of one or more signal metrics;

applying a target eveunt detection algorithm to the selected one or more

patient-specific signal ructrics to detect a target cvent or condition of the patient.

12, The method of claim 11, wherein applying a target event detection
algorithm to detect a target event or condition mchudes detecting an event

indicative of heart failure decompensation status of the patient.

(9]
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13, The method of any one of claims 11 or 12, wherein receiving the fist and
the second chronic condition indicators of the patient respectively includes
receiving at least one of & chronic discase indicator of the patient, a prior medical
procedure indicator of the patient, or a demographic characteristic indicator of

S the patient.

14, The method of any one of claims 11 through 13, wherein receiving the

first and the second chronic condition wmdicators of the patient respectively

includes retrieving the first and the second chronic condition indicators from an
10 electronic medical record (EMR) system, the EMR systern configured to store at

icast the first and the second chronic condition mdicators of the patient.

I5.  The method of any one of claims 11 through 14, wherein:
generating the plurality of signal metrics includes generating, for the
15 plurality of signal metrics, respective signal metrics performance measures
mcluding at lcast one of a signal quality measure, a signal sensitivity measure, or
a signal specificity measure; and
sclecting the patient-specific signal metrics includes selecting from the
plurality of signal metrics the one or more patient-specific signal metrics using

20 the respective signal metric performance measures.

16.  The method of claim 15, wherein generating the signal sensitivity
measure cludes calculating a relative change of the respective signal metric

from a first state to a second state, the second state including temporal

25 information non-identical to that of the first state.
17.  The method of claim 11 through 16, wherein sclecting the one or roore
patient-specific signal roetrics wcludes selecting at least one signal roetric from
an intersection of the first set and the second set of signal metrics.

30

I8, The method of any one of claims 11 through 16, wherein selecting the

one or more patieni-specific signal metrics inchudes selecting at least one sigoal
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metric from the first set of signal metrics and at least one signal metric from the

second set of signal metrics.

19, The method of any one of claims 11 through 18, wherein applying the
S target event detection algorithm includes:
generating a target eveunt risk mdex using the one or more paticot-specific
signal metrics;
determining a detection criterion associated with the target event or
condition using the at least one chronic condition; and
10 detecting the target event or condition when the target event risk wndex

meets the detection criterion.

28, The method of claim 19, wherein generating the target event risk index

mcludes generating, for cach of the one or more patient-specific signal metrics, a
15 respective weight factor, and calculating the target event risk index using a

combination of the one or more paticnt-specific signal roetrics cach being

weighted by the respective weight factor,
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