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READMISSION RISK ASSESSMENT BASED
ON CHRONOBIOLOGICAL RHYTHMS

CLAIM OF PRIORITY

[0001] This application claims the benefit of priority under
35 US.C. §119(e) of U.S. Provisional Patent Application
Ser. No. 62/358,974, filed on Jul. 6, 2016, which is herein
incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] This document relates generally to medical
devices, and more particularly, to systems and methods for
monitoring patients having medical device.

BACKGROUND

[0003] Hospital readmission, especially for people with
chronic diseases, is a major contributor to high healthcare
costs and has a huge economic impact on the healthcare
system. Nearly 20 percent of Medicare patients discharged
from hospitals are readmitted within 30 days for an exac-
erbation of the diagnosed condition.

[0004] Congestive heart failure (CHF or HF) is a chronic
cardiac disease and a leading cause of death in the United
States. CHF occurs when the heart is unable to adequately
supply enough blood to maintain a healthy physiological
state. CHF may be treated by drug therapy, or by an
implantable medical device (1 MB) such as for providing
cardiac electrostimulation therapies, including resynchroni-
zation therapy (CRT) to correct cardiac dyssynchrony within
a ventricle or between ventricles.

[0005] Patients with worsened HF, such as decompensated
heart failure, may have a high hospital readmission rate
within six months following hospital discharge. Readmis-
sion is responsible for high cost of heart failure manage-
ment. An unplanned readmission occurs when a patient is
readmitted to a hospital within a certain period of time (e.g.,
30 days) after having been discharged from the hospital for
treatment of the same or related condition, such as heart
failure, pneumonia, or other comorbidities.

[0006] Chronic disease management can reduce hospital
readmissions and lower health care costs. For example,
reduction of unplanned readmissions for HF or HF comor-
bidities may be achieved through reliably identifying the
patients with worsened HF condition. Proper post-discharge
patient monitoring may lead to reliable and robust readmis-
sion decisions, thereby reducing the readmission rate and
providing timely treatment to those who require rehospital-
ization.

SUMMARY

[0007] This document discusses, among other things, a
patient management system for monitoring patients with a
chronic disease, such as CHF. The patient management
system may sense physiological signals from a patient using
one or more implantable or other ambulatory sensors, and
generate from the physiological signals a chronobiological
rhythm indicator (CRI) such as a circadian rhythm indicator.
A reference CRI associated with a prior hospital admission
event of the patient may be provided to the patient manage-
ment system that compares the CRI to the reference CRI and
generate a readmission risk score indicating the patient’s
risk of subsequent hospital readmission for a worsened
condition of the chronic disease. The readmission risk score
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may be provided to a user or a process. The readmission risk
score may be provided to a user or a process, or used to
initiate or adjust a therapy delivered to the patient.

[0008] Example 1 is a system for managing a patient with
a chronic disease. The system may comprise: a sensor circuit
including sense amplifier circuits to sense one or more
physiological signals; a signal processor circuit configured
to generate a chronobiological rhythm indicator (CRI) from
the one or more physiological signals; and a detector circuit
coupled to the signal processor circuit and configured to
determine a readmission risk score using the generated CRI
and a reference CRI associated with a prior hospital admis-
sion event of the patient, the readmission risk score indi-
cating a degree of risk of subsequent hospital readmission
for a worsened condition of the chronic disease.

[0009] In Example 2. the subject matter of Example 1 may
optionally include a therapy circuit adapted to initiate or
adjust a therapy delivered to the patient in response to the
readmission risk score satisfying a condition.

[0010] In Example 3, the subject matter of any one or
more of Examples 1-2 may optionally include the detector
circuit for detecting the chronic disease including a heart
failure, and the signal processor circuit is configured to
generate the CRI from the one or more physiological signals
including: a heart sound signal; an endocardial acceleration
signal; a heart rate signal; a thoracic impedance signal; a
respiration signal; a pressure signal; a chemical signal; an
activity intensity signal; or a posture signal.

[0011] InExample 4, the subject matter of any one or more
of Examples 1-3 may optionally include a sensor selector
circuit configured to select at least one physiological signal
from the two or more physiological signals according to the
reference CRI associated with the prior hospital admission
event. The detector circuit may be configured to determine
the readmission risk score using the generated CRI gener-
ated from the selected at least one physiological signal.
[0012] In Example S, the subject matter of Example 4 may
optionally include the sensor selector circuit configured to
select the at least one physiological signal according to a
change from a pre-admission CRI to a post-discharge CRI
associated with the prior hospital admission event.

[0013] In Example 6, the subject matter of any one or
more of Examples 1-5 may optionally include the signal
processor circuit that is configured to generate the reference
CRI from one or more physiological signals sensed during
a post-discharge period following the prior hospital admis-
sion event; and the detector circuit is configured to deter-
mine the readmission risk score in response to a relative
difference between the generated CRI and the reference CRI
falling below a threshold.

[0014] In Example 7, the subject matter of any one or
more of Examples 1-6 may optionally include the signal
processor circuit that is configured to generate the reference
CRI from one or more physiological signals sensed during
a pre-admission period preceding the prior hospital admis-
sion event. The detector circuit may be configured to deter-
mine the readmission risk score in response to a relative
difference between the generated CRI and the reference CRI
exceeding a threshold.

[0015] In Example 8, the subject matter of any one or
more of Examples 1-7 may optionally include the processor
circuit that is configured to generate a first CRI from a first
physiological signal and a second CRI from a different
second physiological signal. The detector circuit may be
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configured to generate a first reference CRI from the first
physiological signal during a first time period associated
with the prior hospital admission event, and a second
reference CRI from the second physiological signal during
a second time period associated with the prior hospital
admission event, and determine the readmission risk score
using both a comparison between the first CRT and the first
reference CRI and a comparison between the second CRI
and the second reference CRI.

[0016] In Example 9, the subject matter of any one or
more of Examples 1-8 may optionally include the detector
circuit that is configured to determine the readmission risk
score further using time elapsed from the prior hospital
admission event.

[0017] In Example 10, the subject matter of any one or
more of Examples 1-9 may optionally include the sensor
circuit that is configured to sense at least two physiological
signals. The signal processor circuit may include an ellip-
ticity analyzer circuit configured to form a multidimensional
data representation of the at least two physiological signals
in a multidimensional signal space, and determine an ellip-
ticity attribute from the multidimensional data representa-
tion; and the signal processor circuit is configured to gen-
erate the CRI using the ellipticity attribute.

[0018] In Example 11, the subject matter of Example 10
may optionally include the signal processor circuit that is
configured to generate the reference CRI including a refer-
ence ellipticity attribute from a multidimensional data rep-
resentation of at least two physiological signals during
respective time periods associated with the prior hospital
admission event. The detector circuit may be configured to
determine the readmission risk score including a relative
change of the ellipticity attribute from the reference ellip-
ticity attribute.

[0019] In Example 12, the subject matter of any one or
more of Examples 10-11 may optionally include the ellip-
ticity analyzer circuit that is configured to determine the
ellipticity attribute including a covariation pattern of the at
least two physiological signals in the multidimensional
signal space.

[0020] In Example 13, the subject matter of any one or
more of Examples 10-12 may optionally include the ellip-
ticity analyzer circuit that is configured to: compute a
covariance matrix using the at least two physiological sig-
nals; determine, from the covariance matrix, two or more
principal components in the multidimensional signal space
or a plurality of eigenvalues associated with the two or more
principal components; and determine the ellipticity attribute
using the two or more principal components, a projection of
the multidimensional data representation along at least one
of the two or more determined principal components, or a
relative measure among the plurality of eigenvalues.
[0021] In Example 14, the subject matter of Example 13
may optionally include the ellipticity analyzer circuit that is
configured to: compute a reference covariance matrix using
the at least two physiological signals during respective time
periods associated with the prior hospital admission event;
and determine two or more reference principal components
from the reference covariance matrix; determine a first
projection of the multidimensional data representation along
at least one of the reference principal components, and a
second projection of a multidimensional data representation
of the at least two physiological signals associated with the
prior hospital admission event along the at least one of the
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reference principal components; and generate the CRI from
first projection and generate the reference CRI from the
second projection; and wherein the detector circuit is con-
figured to determine the readmission risk score including a
relative change of the CRI from the reference CRI.

[0022] In Example 15, the subject matter of any one or
more of Examples 1-14 may optionally include a trending
circuit configured to generate a trend of CRI over time. The
detector circuit may be configured to determine the read-
mission risk score further using the trend of CRI. The
readmission risk score indicates a low readmission risk
corresponding to an increasing trend of CRI, or indicates a
high readmission risk corresponding to a decreasing trend of
CRL

[0023] Example 16 is a method for managing a patient
with a chronic disease. The method comprises steps of:
sensing one or more physiological signals; generating a
chronobiological rhythm indicator (CRI) from the one or
more physiological signals; and receiving a reference CRI
associated with a prior hospital admission event of the
patient; and determining a readmission risk score using the
generated CRI and the reference CRI, the readmission risk
score indicating a degree of risk of subsequent hospital
readmission for a worsened condition of the chronic disease;
and providing the readmission risk score to a user or a
process.

[0024] In Example 17, the subject matter of Example 12
may optionally include adjusting or initiating a therapy, via
a therapy delivery circuit, for delivery to the patient in
response to the readmission risk score satisfying a condition.
[0025] In Example 18, the subject matter of any one or
more of Examples 16-17 may optionally include selecting at
least one physiological signal from the two or more physi-
ological signals according to the reference CRI associated
with the prior hospital admission event. The readmission
risk score is determined using the CRI generated from the
selected at least one physiological signal.

[0026] In Example 19, the subject matter of any one or
more of Examples 16-18 may optionally include generating
one or more reference CRIs from one or more physiological
signals sensed during time periods including a post-dis-
charge period following the prior hospital admission event
or a pre-admission period preceding the prior hospital
admission event. The readmission risk score may be deter-
mined using a comparison between the generated CRI and
the one or more reference CRIs during the post-discharge
period or the pre-admission period.

[0027] In Example 20, the subject matter of any one or
more of Examples 16-19 may optionally include generating
the CRI including generating a first CRI from a first physi-
ological signal and a second CRI from a different second
physiological signal. The step of receiving the reference CRI
may include generating a first reference CRI from the first
physiological signal during a first time period associated
with the prior hospital admission event, and a second
reference CRI from the second physiological signal during
a second time period associated with the prior hospital
admission event; and determining the readmission risk score
includes a combination of both a comparison between the
first CRI and the first reference CRI and a comparison
between the second CRI and the second reference CRI.
[0028] In Example 21, the subject matter of any one or
more of Examples 16-20 may optionally include generating
the CRI that includes generating a multidimensional data
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representation of at least two physiological signals in a
multidimensional signal space, and determining an elliptic-
ity attribute from the multidimensional data representation.
The step of receiving the reference CRI may include gen-
erating a reference ellipticity attribute from a multidimen-
sional data representation of at least two physiological
signals during respective time periods associated with the
prior hospital admission event. The step of determining the
readmission risk score may include computing a relative
change of the ellipticity attribute from the reference ellip-
ticity attribute.

[0029] In Example 22, the subject matter of Example 21
may optionally include the ellipticity attribute that includes
a covariation pattern of the intensities of the at least two
physiological signals in the multidimensional signal space.
[0030] In Example 23, the subject matter of any one or
more of Examples 21-22 may optionally include determin-
ing the ellipticity attribute, which may include: computing a
covariance matrix using the at least two physiological sig-
nals; determining, from the covariance matrix, two or more
principal components or a plurality of eigenvalues associ-
ated with the two or more principal components; and deter-
mining the ellipticity attribute using the two or more prin-
cipal components, a projection of the multidimensional data
representation along at least one of the two or more deter-
mined principal components, or a relative measure among
the plurality of eigenvalues.

[0031] The systems, devices, and methods discussed in
this document may improve the medical technology of
automated monitoring of patients with chronic disease, such
as heart failure. The readmission risk analysis based on
chronobiological thythm indicator (CRI) as discussed in this
document may enhance the performance and functionality of
a medical system or an ambulatory medical device for
detecting a chronic disease. In certain examples, the
enhanced device functionality may include more timely and
accurate detection of worsened HF condition at little to no
additional cost, thereby reducing unplanned readmissions
for HF or HF comorbidities. The improvement in system
performance and functionality can provide reliable and
robust readmission decisions, reduce the readmission rate
and thus the healthcare costs associated with hospitalization,
and provide timely treatment to those who require rehospi-
talization. The systems, devices, and methods discussed in
this document also allow for more efficient device memory
usage, such as by storing CRI that are clinically more
relevant to readmission risk. As fewer hospital readmissions
are resulted, device battery life can be extended, fewer
unnecessary drugs and procedures may be scheduled, pre-
scribed, or provided, and an overall system cost savings may
be realized.

[0032] Although much of the discussion herein focuses on
readmission of patients with worsened HF, this is meant only
by way of example but not limitation. Systems and methods
discussed in this document may also be suitable for moni-
toring patients who may be at risk of hospital readmission
for various sorts of chronic diseases including, for example,
coronary artery disease, chronic obstructive pulmonary dis-
ease, chronic kidney disease, among many others.

[0033] This Summary 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
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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

[0034] 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.

[0035] FIG. 1 illustrates generally an example of a patient
management system and portions of an environment in
which the patient management system may operate.

[0036] FIG. 2 illustrates generally an example of a chronic
disease monitoring system for monitoring a chronic disease
in a patient and determining the patient’s risk of hospital
readmission for the chronic disease.

[0037] FIG. 3 illustrates generally an example of a portion
of a system for generating a reference CRI from a patient’s
physiological signal associated with a prior medical event.
[0038] FIG. 4 illustrates generally an example of a multi-
sensor readmission risk assessment system.

[0039] FIGS. 5A-B illustrate generally examples of an
ellipticity analyzer circuit for determining a chronobiologi-
cal rhythm indicator using a plurality of physiological
signals or signal metric trends.

[0040] FIG. 6 illustrates generally an example of a method
for monitoring a chronic disease in a patient to determine a
risk of hospital readmission.

[0041] FIG. 7 illustrates generally an example of a method
for determining a chronobiological rhythm indicator based
on ellipticity analysis of a plurality of physiological signals
or signal metric trends.

DETAILED DESCRIPTION

[0042] Disclosed herein are systems, devices, and meth-
ods for monitoring patients with a chronic disease and
assessing a risk of hospital readmission. A system may sense
physiological signals from a patient using one or more
implantable or other ambulatory sensors, and generate from
the physiological signals a chronobiological rhythm indica-
tor (CRI) such as indicating a degree of circadian rhythm.
The patient management system may compare the CRI to a
reference CRI associated with a prior hospital admission
event of the patient, and generate a readmission risk score
indicating a risk of subsequent hospital readmission due to
a worsened condition of the chronic disease. The readmis-
sion risk score may be provided to a user or a process, or
used to initiate or adjust a therapy delivered to the patient.
[0043] FIG. 1 illustrates generally an example of a patient
management system 100 and portions of an environment in
which the patient management system 100 may operate. The
patient management system 100 may include an ambulatory
system 105 associated with a patient body 102, an external
system 125, and a telemetry link 115 providing for commu-
nication between the ambulatory system 105 and the exter-
nal system 125.

[0044] The ambulatory system 105 may include an ambu-
latory medical device (AMD) 110 and a therapy delivery
system such as a lead system 108. The AMD 110 may
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include an implantable device that may be implanted within
the body 102 and coupled to a heart 101 via the lead system
108. Examples of the implantable device may include, but
are not limited to, pacemakers, pacemaker/defibrillators,
cardiac resynchronization therapy (CRT) devices, cardiac
remodeling control therapy (RCT) devices, neuromodula-
tors, drug delivery devices, biological therapy devices, diag-
nostic devices such as cardiac monitors or loop recorders, or
patient monitors, among others. The AMD 110 may alter-
natively or additionally include subcutaneously implanted
devices such as a subcutaneous ICD or a subcutaneous
diagnostic device, wearable medical devices, or other extet-
nal monitoring or therapeutic medical devices such as a
bedside monitor.

[0045] The lead system 108 may include one or more
transvenously, subcutaneously, or non-invasively placed
leads or catheters. Each lead or catheter may include one or
more electrodes. The arrangements and uses of the lead
system 108 and the associated electrodes may be determined
based on the patient need and the capability of the AMD 110.
The lead system 108 and the associated electrodes may
deliver therapy to treat cardiac or pulmonary diseases. The
therapies may include pacing, cardioversion, defibrillation,
neuromodulation, drug therapies, or biological therapies,
among other types of therapies. In an example, the elec-
trodes on the lead system 108 may be positioned inside or on
a surface of at least a portion of the heart, such as a right
atrium (RA), a right ventricle (RV), a left atrium (LA), a left
ventricle (LV), or any tissue between or near the heart
portions. In an example, the lead system 108 and the
associated electrodes may be implanted subcutaneously or
wearable on the patient body. The associated electrodes on
the lead system 108 may be positioned at the patient’s thorax
or abdomen to sense intrinsic physiological signals indica-
tive of cardiac or pulmonary activities, or physiological
responses to diagnostic or therapeutic stimulations to a
target tissue.

[0046] The AMD 110 may house an electronic circuit for
sensing a physiological signal, such as by using a physi-
ological sensor or the electrodes associated with the lead
system 108. Examples of the physiological signal may
include one or more of electrocardiogram, intracardiac elec-
trogram, arrhythmia, heart rate, heart rate variability,
intrathoracic impedance, intracardiac impedance, arterial
pressure, pulmonary artery pressure, left atrial pressure, RV
pressure, LV coronary pressure, coronary blood temperature,
blood oxygen saturation, blood chemistry such as electro-
Iytes level, glucose level, creatinine level, blood pH level,
one or more heart sounds, intracardiac acceleration, physical
activity or exertion level, physiological response to activity,
posture, respiration rate, tidal volume, respiratory sounds,
body weight, or body temperature. The AMD 110 may
initiate or adjust therapies based on the sensed physiological
signals.

[0047] The AMD 100 may include a readmission risk
analyzer module 160 that may detect a chronobiological
rhythm from diagnostic data acquired by the ambulatory
system 105. The chronobiological rhythm may include a
circadian rhythm representing a daily oscillation of physical,
mental and behavioral activities following an approximate
24-hour cycle. Alternatively or additionally, the chronobio-
logical rhythm may include weekly, monthly, seasonal, or
other periodic changes in physiological activities. An
absence or presence, a pattern, or a change or rate of change
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from a reference chronobiological rhythm such as associated
with an event in the patient medical history, may provide
information of progression of a chronic disease or condition
such as heart failure, chronic pulmonary disease, or chronic
kidney disease, among others. The readmission risk analyzer
module 160 may generate, based at least on the detected
chronobiological rhythm, a readmission risk indicator that
indicates a degree of risk of subsequent hospital readmission
for a worsened chronic disease. The readmission risk ana-
lyzer module 160 may be substantially included in the AMD
110. Alternatively, the readmission risk analyzer module 160
may be substantially included in the external system 125, or
be distributed between the ambulatory system 105 and the
external system 125.

[0048] The external system 125 may be used to program
the AMD 110. The external system 125 may include a
programmer, or a patient management system that may
access the ambulatory system 105 from a remote location
and monitor patient status and/or adjust therapies. By way of
non-limiting example, the external system 125 may include
an external device 120 in proximity of the AMD 110, a
remote device 124 in a location relatively distant from the
AMD 110, and a telecommunication network 122 linking
the external device 120 and the remote device 124. The
telemetry link 115 may be an inductive telemetry link, a
capacitive telemetry link, or a radio-frequency (RF) telem-
etry link. The telemetry link 115 may provide for data
transmission from the AMD 110 to the external system 125.
This may include, for example, transmitting real-time physi-
ological data acquired by the AMD 110, extracting physi-
ological data acquired by and stored in the AMD 110,
extracting patient history data such as data indicative of
occurrences of arrhythmias, occurrences of decompensation,
and therapy deliveries recorded in the AMD 110, and
extracting data indicating an operational status of the AMD
110 (e.g., battery status and lead impedance). The telemetry
link 115 may also provide for data transmission from the
external system 125 to the AMD 110. This may include, for
example, programming the AMD 110 to perform one or
more of acquiring physiological data, performing at least
one self-diagnostic test (such as for a device operational
status), analyzing the physiological data to generate respi-
ratory diagnostics such as presence or worsening of a target
respiratory condition, or delivering at least one therapy to
treat a respiratory disease.

[0049] Portions of the AMD 110 or the external system
125 may be implemented using hardware, software, or any
combination of hardware and software. Portions of the AMD
110 or the external system 125 may be implemented using
an application-specific circuit that may be constructed or
configured to perform one or more particular functions, or
may be implemented using a general-purpose circuit that
may be programmed or otherwise configured to perform one
or more particular functions. Such a general-purpose circuit
may include a microprocessor or a portion thereof, a micro-
controller or a portion thereof, or a programmable logic
circuit, or a portion thereof. For example, a “comparator”
may include, among other things, an electronic circuit
comparator that may be constructed to perform the specific
function of a comparison between two signals or the com-
parator may be implemented as a portion of a general-
purpose circuit that may be driven by a code instructing a
portion of the general-purpose circuit to perform a compari-
son between the two signals.
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[0050] FIG. 2 illustrates generally an example of a chronic
disease monitoring system 200 for monitoring a chronic
disease in a patient, such as a chronic heart disease (e.g.,
heart failure decompensation, or coronary artery disease), a
chronic pulmonary disease (e.g., asthma, bronchoconstric-
tion, COPD, pulmonary fibrosis, pneumoconiosis), or a
chronic kidney disease, among others. The chronic disease
monitoring system 200 may be configured to monitor a
progression of the chronic disease following patient’s prior
discharge from the hospital, and assess a readmission risk
such as due to worsening of the chronic disease.

[0051] The chronic disease monitoring system 200 may
include one or more of a sensor circuit 210, a signal
processor circuit 220, a detector circuit 230, a controller
circuit 240, and a user interface 250. The chronic disease
monitoring system 200 may include a reference chronobio-
logical rhythm indicator (CRI) generator 260 for generating
the reference CRI for use in determining a readmission risk.
In some examples, the chronic disease monitoring system
200 may additionally include a therapy circuit 270 config-
ured to deliver therapy to the patient to treat or to prevent
further worsening of the chronic disease. At least a portion
of the chronic disease monitoring system 200 may be
implemented within the AMD 110, distributed between two
or more implantable or wearable medical devices, or dis-
tributed between the AMD 110 and the external system 125.

[0052] The sensor circuit 210 may include one or more
sense amplifier circuits to sense one or more physiologic
signals indicative of spontaneous physiologic activities or
evoked physiologic activities when a part of the patient body
(such as the heart or a nerve tissue) is stimulated. The
physiological sensor circuit 210 may be coupled to one or
more electrodes such as on the lead system 108, or one or
more implantable, wearable, holdable, or other ambulatory
sensors, to sense the physiological signal(s). Examples of
physiological sensors may include pressure sensors, flow
sensors, impedance sensors, accelerometers, microphone
sensors, respiration sensors, temperature sensors, or chemi-
cal sensors, among others. Examples of the physiological
signals sensed by the physiological sensor circuit 210 may
include electrocardiograph (ECG), an electrogram (EGM),
an intrathoracic impedance signal, an intracardiac imped-
ance signal, an arterial pressure signal, a pulmonary artery
pressure signal, a RV pressure signal, a LV coronary pres-
sure signal, a coronary blood temperature signal, a blood
oxygen saturation signal, blood chemistry signals such as
blood electrolytes level signal, glucose level signal or crea-
tinine level signal, central venous pH value, a heart sound
(HS) signal, an endocardial acceleration signal, an angular
momentum sensor, a posture signal, a physical activity
signal, or a respiration signal, among others. The physiologi-
cal sensor circuit 210 may additionally or alternatively be
coupled to a storage device that stores the physiologic
information, such as an external programmer, an electronic
medical record (EMR) system, or a memory unit, among
other data storage devices.

[0053] The sensor circuit 210 may process the one or more
physiological signals, including, for example, amplification,
digitization, filtering, or other signal conditioning opera-
tions, and generate one or more signal metrics from the
processed physiological signals. The one or more signal
metrics may be trended over time to produce respective
signal metric trends. In an example, the physiological sensor
circuit 210 may receive a thoracic or cardiac impedance
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signal from the electrodes on the lead system 108, and
generate a signal metric of impedance magnitude within a
specified frequency range. In another example, the physi-
ological sensor circuit 210 may sense a HS signal from an
accelerometer, a microphone, or an acoustic sensor coupled
to the AMD 110, and generate a HS metric. Examples of the
HS metrics may include intensities of S1, S2, S3, or S4 heart
sounds, or timing of the S1, S2, S3, or S4 heart sound with
respect to a fiducial point such as a P wave, Q wave, or R
wave in an ECG. In another example, the physiological
sensor circuit 210 may be coupled to a respiratory sensor
including one of an accelerometer, a microphone, an imped-
ance sensor, or a flow sensor. Examples of respiration
metrics may include one or more of a tidal volume, a
respiration rate, a minute ventilation, a respiratory sound, or
a rapid-shallow breathing index (RSBI) computed as a ratio
of a respiratory rate measurement to a tidal volume mea-
surement. In an example, the physiological sensor circuit
210 may receive multiple physiological signals from mul-
tiple sensors. For example, the physiological sensor circuit
210 may receive a pressure signal from a pressure sensor and
generate two or more cardiovascular blood pressure signal
metrics which may include systolic blood pressure, diastolic
blood pressure, mean arterial pressure, and the timing met-
rics of these pressure measurements with respect to a
fiducial point. The pressure sensor may alternatively or
additionally sense thoracic pressure or abdominal pressure.

[0054] The signal processor circuit 220 may include a
sensor selector circuit 222 and a chronobiological rhythm
indicator (CRI) generator 224. The sensor selector circuit
222 may select at least one physiological signal or signal
metric for use by the CRI generator 224 to generate the CRI.
The selection may be based on the physiological signal or
signal metric’s sensitivity to the patient’s chronobiological
rhythms, such as an oscillatory pattern shown in a physi-
ological signal or a signal metric trend. As illustrated in FIG.
2, the sensor selector circuit 222 may be coupled to a
reference CRI generator 260 that may generate a reference
indication of chronobiological rhythm associated with the
patient’s prior hospital admission event, or other events in
the patient’s medical history. The sensor selector circuit 222
may select at least one physiological signal or signal metric
based on the reference indication of chronobiological
rhythm. Compared to a signal or signal metric trend that
manifests no or a weak chronological oscillatory pattern, a
signal or signal metric trend that manifests a strong daily,
weekly, monthly, or seasonal oscillatory pattern is more
sensitive to the patient’s chronobiological rhythm, and
therefore may be selected by the sensor selector circuit 222
for generating the CRI. The strength of the oscillatory
pattern may be determined using an intensity difference of
the physiological signal or signal metric trend during an
oscillation period, such as a maximum-to-minimum signal
intensity difference during approximately 24-hour period for
measuring a degree of circadian rhythm, or during other
specified oscillation period. In some examples, information
about physiological signals or signal metrics’ sensitivities to
chronobiological thythms, including reference CRI or oscil-
latory patterns associated with prior hospital admission or
other medical events, may be stored in a memory circuit
included within the chronic disease monitoring system 200
or in a separate storage device such as the EMR system. The
sensor selector circuit 222 may be communicatively coupled
to the memory circuit, and select the physiological signals or
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signal metrics based on the oscillatory patterns of the
physiological signals or signal metrics. Examples of the
reference CRI generator are discussed below, such as with
reference to FIG. 3.

[0055] The CRI generator 224 may generate a chronobio-
logical rhythm indicator (CRI) from the selected physiologi-
cal signals or signal metric trends. The CRI may include a
statistical measure of daily, weekly, monthly, or other peri-
odic maximum-to-minimum intensity (denoted by X, ) dif-
ference of a physiological signal or signal metric trend X
over a specified time period. In an example, the CRI includes
a circadian rhythm indicator computed as a statistical mea-
sure of daily X, within one day. In another example, the
CRI may be computed as a statistical measure of X,,, over
a period of approximately 5-10 days. Examples of the
statistical measure may include a first-order statistic such as
mean, median, mode, or other central tendency measure, or
a second-order statistic such as variance, standard deviation,
range, inter-quartile range, or other variability or spreadness
measure. The variability of the circadian rhythm may indi-
cate a regularity of the circadian rhythm. For example, a
larger variability indicates a less regular circadian rhythm,
and a smaller variability indicates a more consistent and
regular circadian rhythm. Additionally or alternatively, the
CRI generator 224 may perform a spectral analysis of the
selected physiological signals or signal metric trends, and
generate a spectral peak of the chronobiological rhythm. The
CRI may include one or more spectral parameters, such as
a power, a center frequency, or a bandwidth of the spectral
peak. In some examples, the CRI may be determined using
an ellipticity attribute represented in a multidimensional
signal space spanned by two or more selected physiological
signals or signal metrics. Examples of the CRI based on
ellipticity analysis are discussed below, such as with refer-
ence to FIGS. 5A and 5B.

[0056] Similar to the CRI generator 224, the reference
CRI generator 260 may generate, for the candidate physi-
ological signals or signal metric trends, respective reference
CRI (denoted by “rCRI”) over a specified time period such
as associated with prior hospital admission. In an example,
the rCRI may include reference statistical measure of daily
maximum-to-minimum signal intensity difference (denoted
by “rX,,”) over a specified time peried, such as approxi-
mately 5-10 days. In another example, the rCRI may include
reference spectral parameters derived from a spectral peak
of the physiological signals or signal metric trends over a
specified time period such as associated with prior hospital
admission. In yet another example, the rCRI may include
reference ellipticity attribute represented in a multidimen-
sional signal space spanned by two or more selected physi-
ological signals or signal metrics. In some examples, the
rCRI may be predetermined and stored in a memory or other
storage device included within or otherwise communica-
tively coupled to the chronic disease monitoring system 200.

[0057] The detector circuit 230 may include a readmission
risk generator 232 coupled to the signal processor circuit
220 and the reference CRI generator 260. The readmission
risk generator 232 may use the CRI and the rCRI corre-
sponding to the selected physiological signals or signal
metrics to generate a readmission risk score that indicates a
degree of risk of subsequent hospital readmission due to
worsening of the chronic disease. For example, if CRI
generator 224 generates the CRI from the selected thoracic
impedance signal, then the rCRI corresponding to the tho-
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racic impedance signal associated with a prior hospital
admission may be used in readmission risk generation. The
readmission risk score may be determined as a difference,
ratio, or other relative measure between the CRI and the
rCRI. In an example, the readmission risk score is computed
as a difference between the statistical measures of X, , and
the statistical measure of rX,,, or between the spectral
parameter (such as the center frequency or bandwidth of the
spectral peak) and the reference spectral parameter. In
another example, the readmission risk score may be deter-
mined as a similarity measure between an ellipticity attribute
and a reference ellipticity attribute, which is discussed below
with reference to FIGS. 5A and 5B. The readmission risk
score may take continuous values. Alternatively, the read-
mission risk score may be compared to one or more thresh-
old values or ranges, and categorized into discrete categori-
cal levels such as high, medium, or low risk of readmission.
In some examples, the readmission risk generator 232 may
generate a composite risk score using multiple physiological
signals or signal metric trends, such as discussed below with
reference to FIG. 4.

[0058] In an example, the detector circuit 232 may include
a trending circuit for generating a trend of CRI over time.
The readmission risk generator 232 may determine the
readmission risk score further using the CRI trend. In an
example, the readmission risk score may be inversely pro-
portional to the CRI trend, such that an increasing trend of
CRI may correspond to a low readmission risk score, and a
decreasing trend of CRI may correspond to a high readmis-
sion risk.

[0059] One or more of the signal processor circuit 220 or
the detector circuit 230 may be implemented as a part of a
microprocessor circuit. The microprocessor circuit may be a
dedicated processor such as a digital signal processor, appli-
cation specific integrated circuit (ASIC), microprocessor, or
other type of processor for processing information including
the physiological signals received from the sensor circuit
210. Alternatively, the microprocessor circuit may be a
general purpose processor that may receive and execute a set
of instructions of performing the functions, methods, or
techniques described herein.

[0060] The signal processor circuit 220 or the detector
circuit 230 may include circuit sets comprising one or more
other circuits or sub-circuits. These circuits may, alone or in
combination, perform the functions, methods, or techniques
described herein. In an example, hardware of the circuit set
may be immutably designed to carry out a specific operation
(e.g., hardwired). In an example, the hardware of the circuit
set may include variably connected physical components
(e.g., execution units, transistors, simple circuits, etc.)
including a computer readable medium physically modified
(e.g., magnetically, electrically, moveable placement of
invariant massed particles, etc.) to encode instructions of the
specific operation. In connecting the physical components,
the underlying electrical properties of a hardware constituent
are changed, for example, from an insulator to a conductor
or vice versa. The instructions enable embedded hardware
(e.g., the execution units or a loading mechanism) to create
members of the circuit set in hardware via the variable
connections to carry out portions of the specific operation
when in operation. Accordingly, the computer readable
medium is communicatively coupled to the other compo-
nents of the circuit set member when the device is operating.
In an example, any of the physical components may be used
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in more than one member of more than one circuit set. For
example, under operation, execution units may be used in a
first circuit of a first circuit set at one point in time and
reused by a second circuit in the first circuit set, or by a third
circuit in a second circuit set at a different time.

[0061] The controller circuit 240 may control the opera-
tions of the sensor circuit 210, the signal processor circuit
220, the detector circuit 230, the user interface 250, and the
data and instruction flow between these components. The
user interface 250 may include an output unit to generate a
human-perceptible presentation of diagnostic information,
such as a display of readmission risk score. The output unit
may generate an alert if readmission risk score satisfies a
specified condition, such as if the difference between the
CRI and rCRI exceeds a threshold, or if the readmission risk
score 1s categorized as a “high” risk. The output unit may
also display information including the physiological signals
or signal metric trends. The information may be presented in
a table, a chart, a diagram, or any other types of textual,
tabular, or graphical presentation formats, for displaying to
a system user. The presentation of the output information
may include audio or other human-perceptible media for-
mat. The output unit may provide the readmission risk score
to another process such as to recommend or titrate a therapy.
The user interface 250 may also include input device such as
akeyboard, on-screen keyboard, mouse, trackball, touchpad,
touch-screen, or other pointing or navigating devices. The
input device may enable a system user such as a clinician to
program the parameters used for sensing the physiological
signals, generating trends of signal metrics, or generating the
CRI or the rCRI for estimating readmission risk. In an
example, at least a portion of the user interface 250 may be
implemented in the external system 125.

[0062] In some examples, the chronic disease monitoring
system 200 may additionally include a therapy circuit 270
configured to deliver a therapy to the patient. The therapy
may be triggered by a command signal in response to the
readmission risk score satisfying a specified condition.
Examples of the therapy may include electrostimulation
therapy delivered to cardiac or pulmonary tissue, heart, a
nerve tissue, other target tissues in response to the detection
of the target physiological event, or drug therapy including
delivering drug to a tissue or organ. In some examples,
therapy circuit 270 may be adjust an existing therapy based
at least on the readmission risk score, such as adjusting a
stimulation parameter or drug dosage.

[0063] FIG. 3 illustrates generally an example of a portion
of a system 300 for generating a reference CRI (rCRI) from
a patient’s physiological signal associated with a prior
medical event. The system portion 300 may include a
reference CRI generator 360, which may be an embodiment
of the reference CRI generator 260 in FIG. 2. The reference
CRI generator 360 may be coupled to the sensor circuit 210
for sensing a physiological signal or generating a trend of a
signal metric, and a timing circuit 320 for timing different
periods associated with prior hospital admission for chronic
cardiac, pulmonary, or renal diseases. In an example, the
timing circuit 320 may receive input from a user, such as via
the user interface 250, about the beginning, end, or duration
of a time period before, during, or after a prior hospital
admission.

[0064] The reference CRI generator 360 may include a
sampling circuit 361 that may sample the sensed physiologi-
cal signal or signal metric trend during the specified time
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period. In an example, the sampled physiological signal or
signal metric trend may include a post-discharge period
following the prior hospital admission event. The post-
discharge period may begin at around the hospital discharge
date and last for approximately 2-5 days. In another
example, a delayed post-discharge period may be used,
which does not begin until after a post-discharge transition
period when the patient’s health status is improved and
stabilized. The post-discharge transition period may be
provided by a system user such as via the user interface 250.
Alternatively or additionally, one or more physiological
sensors may be used to detect post-discharge health status
improvement and stability. The detection of the stable and
improved health status may trigger the sampling circuit 361
to initiate data sampling in the delayed post-discharge
period. In an example, the sampled physiological signal or
signal metric trend may include a pre-admission period
preceding the prior hospital admission event. The pre-
admission period may have a duration of approximately 2-5
days and end just prior to hospital admission.

[0065] As previously discussed with reference to FIG. 2,
the rCRI may be computed as a statistical measure of daily
(or other periodic) maximum-to-minimum signal intensity
difference, a spectral parameter from spectral analysis, or an
ellipticity attribute in a multidimensional signal space
spanned by two or more selected physiological signals or
signal metrics. For a particular physiological signal or signal
metric, one or more rCRI corresponding to different time
periods may be generated, such as post-discharge rCRI 362,
delayed post-discharge rCRI 363, or pre-admission rCRI
364 as illustrated FIG. 3. During the post-discharge period,
the patient may be in recovery from a prior hospitalization
for the chronic disease (such as worsening HF). During the
delayed post-discharge period, the patient may be in a state
of improved and stabilized health status. The post-discharge
rCRI 362 and delayed post-discharge rCRI 363 therefore
represent chronobiological rhythm when the patient is in an
improved health status. When the readmission risk score is
computed as a difference between the CRI (such as deter-
mined by the CRI generator 224) and the rCRI (such as
either the post-discharge rCRI 362 or the delayed post-
discharge rCRI 363), a low readmission risk score may be
generated if the CRI substantially resembles the rCRI,
indicating the presence of a strong chronobiological rhythm.
During the pre-admission period, the patient health status
may be significantly deteriorated. The pre-admission rCRI
364 may thus correspond to worsened chronic disease state.
A low readmission risk score may be generated if the CRI
substantially improves from the pre-admission rCRI 364
(such as when the difference between the CRI and the
pre-admission rCRI 364 exceeds a threshold value), indi-
cating the presence of a strong chronobiological rhythm.

[0066] The readmission risk generator 232 may generate
the readmission risk score using a combination of two or
more of a comparison between the CRI and post-discharge
CRI 362, a comparison between the CRI and the delayed
post-discharge rCRI 363, and a comparison between the CRI
and the pre-admission rCRI 364. The combination may
include weighted sum or other linear or nonlinear combi-
nation.

[0067] The reference CRI generator 360 may generate, for
each of a plurality of candidate physiological signals or
signal metrics {X,, X,, . . ., X}, respective post-discharge
rCRI 362, delayed post-discharge rCRI 363, or pre-admis-
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sion rCRI 364. The sensor selector circuit 222 may select a
physiological signal or signal metric based on a comparison
of the rCRIs, associated with a particular time period of the
prior hospital admission, for all the signals or signal metrics
{X,X,, ..., Xy} In an example, a physiological signal or
signal metric X, corresponding to the largest post-discharge
rCRI among {X,,X,, . ... X,} may be selected. Chrono-
biological rhythm may recover following patient discharge,
resulting in an increase in post-discharge rCRI value. The
signal metric X, with the largest post-discharge rCRI is more
sensitive to a post-discharge recovery of chronobiological
rhythm, and may therefore be preferred over a signal metric
having a smaller post-discharge rCRI for assessing readmis-
sion risk. In another example, the chronobiological rhythm
may diminish or become irregular just prior to hospital
admission such as due to worsening of the chronic disease.
A signal metric X, having a smaller corresponding pre-
admission rCRI may be selected, as it may be more sensitive
to pre-admission deterioration of chronobiological rhythm
than a signal metric having a larger pre-admission rCRI for
assessing readmission risk estimation value. In another
example, the sensor selector circuit 222 may select a physi-
ological signal or signal metric using a relative change (such
as a difference) from a pre-admission rCRI to a post-
discharge rCRI. Among {X,, X,, . . ., Xy}, a signal metric
X, with the largest change from pre-admission to post-
discharge rCRI value may be more sensitive to a recovery
process of chronobiological rhythm from pre-admission to
post-discharge recovery period, and may therefore be
selected for assessing readmission risk.

[0068] FIG. 4 illustrates generally an example of a multi-
sensor readmission risk assessment system 400, which may
be an embodiment of the chronic disease monitoring system
200. The multi-sensor readmission risk assessment system
400 may be configured to determine a patient’s readmission
risk based on the CRIs respectively generated from multiple
sensor signals. The multi-sensor readmission risk assess-
ment system 400 may include a sensor circuit 410 that
includes a plurality of sensors configured to sense respective
physiological signals from the patient. By way of non-
limiting examples and as illustrated in FIG. 4, the sensors
may include a heart rate sensor 411, a heart sound sensor
412, a thoracic impedance sensor 413, a respiration sensor
414, a pressure sensor 415, a physical activity/posture sensor
416, or a chemical sensor 417.

[0069] The heart rate sensor 411 may detect a heart rate
(HR) signal, or a statistical measurement from the heart rate
signal, such as a heart rate variability (HRV). Circadian
rhythms (or oscillatory patterns at other periods) of HR or
HRYV, when lost, diminished, or otherwise changed from a
reference level such as during a time period associated with
a prior hospital admission, may indicate a change of chronic
disease status, such as a worsening or improvement of HF
status. For example, a healthy subject’s HR manifests a daily
oscillatory pattern with a lower HR during sleep than during
an awake state. HRV of a healthy subject generally is lower
during daytime or an awake state, and increases during
nighttime or sleep. This circadian rhythms of HR or HRV
may become less pronounced, more irregular, or otherwise
change several hours to several days before the onset of a
disease state, such as a worsening heart failure.

[0070] The HS sensor 412 may sense HS information
indicative of acoustic or mechanical activity of a heart,
which may include S1, S2, S3 or S4 heart sounds. Examples
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of the HS sensor may include an accelerometer, an acoustic
sensor, a microphone, a piezo-based sensor, or other vibra-
tional or acoustic sensors. The HS sensors may be implant-
able, wearable, holdable, or otherwise ambulatory sensor,
and placed external to the patient or implanted inside the
body. The HS sensor may be included in at least one part of
an ambulatory system, such as the AMD 110, or a lead
coupled to the ambulatory medical device such as for
sensing endocardial acceleration. In a health subject, inten-
sity of HS components such as S1, S2, S3, or S4 heart
sounds, or cardiac timing intervals, may manifest circadian
rhythm or oscillatory patterns at other periods. The intensity
of HS component may be measured as peak amplitude of HS
component, or signal energy within a time window for
detecting a HS component. The cardiac timing intervals may
include pre-ejection period or left ventricular ejection time
that may be measured from a cardiac event (such as Q or R
wave in an ECG signal) to a HS component (such as S1 or
S2 heart sounds). This HS circadian rhythm may be lost,
diminished, or otherwise changed from a reference level
such as at a time period during a prior hospital admission, a
change of HF status is indicated.

[0071] The thoracic impedance sensor 413 may sense
thoracic impedance such as by using one or more implanted
electrodes on the lead system 108 and the can housing of the
AMD 110. The thoracic impedance may reflect thoracic fluid
status. In a healthy subject, distribution of thoracic fluid may
follow a circadian rhythm. Accordingly, the thoracic imped-
ance may also manifest an oscillatory pattern in which the
impedance is lower during night or sleep at least due to more
thoracic fluid accumulation, and higher during daytime or
upright position at least due to less thoracic fluid accumu-
lation. This circadian rhythm of thoracic impedance, how-
ever, may begin to shift, become less pronounced, or oth-
erwise change several hours to several days before the onset
of a disease state, such as a worsening heart failure.

[0072] The respiration sensor 414 may include an implant-
able, wearable, holdable, or otherwise ambulatory sensor for
sensing a respiration signal. Examples of the respiration
sensor may include an accelerometer, a microphone, an
impedance sensor, or a flow sensor. The respiratory sensor
414 may detect one or more respiration parameters such as
one or more of a tidal volume (TV), a respiration rate (RR),
a respiration rate variability (RRV), a minute ventilation
(MV), or a rapid-shallow breathing index (RSBI) computed
as a ratio of a respiratory rate measurement to a tidal volume
measurement, among others. In a healthy subject, respiration
parameters such as RR, RRV, MV, or RSBI may manifest a
pronounced, regular circadian rhythm or oscillatory pattern
at other periods. This circadian rhythm of respiration param-
eters, however, may become lost, diminish, or otherwise
change from several hours to several days before the onset
of a disease state, such as a worsening heart failure. The loss
of diminish of the circadian rhythm of the respiration
parameters may include a decrease in low-frequency com-
ponent of the RR (as the subject is less likely to be active),
and an increase in high-frequency component of the RR.

[0073] The pressure sensor 415 may include an implant-
able, wearable, holdable, or otherwise ambulatory sensor for
sensing a cardiovascular blood pressure or a pressure within
a heart chamber or a surround vascular structure. In healthy
subjects, cardiovascular pressure follows a circadian
rhythm. For instance, the blood pressure typically rises in
the morning and stays elevated until late afternoon, at which
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time it drops off and hits its lowest point during the night.
This circadian thythm of cardiovascular pressure, however,
may become less pronounced or otherwise change several
hours to several days before the onset of a disease state, such
as a worsening heart failure. Monitoring the circadian
rhythm of cardiovascular pressure in such instances provides
a tool to predict, monitor, or treat an occurrence of impend-
ing heart failure.

[0074] The physical activity/posture sensor 416 may
include an implantable, wearable, holdable, or otherwise
ambulatory sensor for sensing an intensity of physical
activity or a posture state of the subject. The physical
activity/posture sensor may include a single-axis or a multi-
axis accelerometer configured to sense an acceleration signal
of at least a portion of the subject’s body. The strength of the
acceleration signal can be indicative of the physical activity
level. In another example, the activity sensor can include a
respiratory sensor configured to measure respiratory param-
eters correlative or indicative of respiratory exchange, i.e.,
oxygen uptake and carbon dioxide output. In an example,
posture can be represented by, for example, a tilt angle
sensed by a tilt switch. In another example, patient posture
or physical activity information can be derived from thoracic
impedance information. In healthy subjects, physical activ-
ity and posture may each follow a circadian rhythm. For
instance, physical activity intensity is typically higher dur-
ing the day and reduces at night, and a standing or upright
posture usually occurs during the day and a lying posture
occurs at night. This circadian rhythm of physical activity or
posture, however, may become less pronounced or other-
wise change several hours to several days before the onset
of a disease state, such as a worsening heart failure. Moni-
toring the circadian rhythm of physical activity or posture in
such instances provides a tool to predict, monitor, or treat an
occurrence of impending heart failure.

[0075] The chemical sensor 417 may include an implant-
able, wearable, holdable, or otherwise ambulatory sensor for
sensing level or change of blood chemistry. By way of
non-limiting example, the chemical sensor 417 may sense
blood electrolyte level such as one or more of potassium (K),
sodium (Na) calcium (Ca), glucose, or creatinine. In an
example, the chemical sensor 417 may sense a level, or a
change of, blood pH. An example of an approach to pro-
viding a chemical sensor is disclosed in the commonly
assigned Kane et al., U.S. Pat. No. 7,809,441, entitled
“IMPLANTABLE MEDICAL DEVICE WITH CHEMI-
CAL SENSOR AND RELATED METHODS,” filed May
17, 2006, which is hereby incorporated by reference in its
entirety, including its disclosure of implantable sensors and
sensing methods associated with changes in the blood elec-
trolytes or pH in healthy subjects, blood chemistry such as
levels of one or more electrolytes may follow a circadian
rhythm. This circadian rhythm may be less pronounced or
otherwise change prior to an onset of a disease state, such as
a worsening heart failure. Monitoring the circadian rhythm
of the blood chemistry in such instances provides a tool to
predict, monitor, or treat an occurrence of impending heart
failure.

[0076] The CRI generator 420, which may be an embodi-
ment of the CRI generator 224, may receive the sensor
signals sensed by various sensors in the sensor circuit 410,
and generate respective CRIs from the sensor signals. The
reference CRI generator 260 may generate, for the various
sensor signals, respective rCRI associated with a prior
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hospital admission event. In an example, as previously
discussed with reference to FIG. 3, the rCRI may be gen-
erated during a specified time period such as a pre-admission
period, a post-discharge period, or a delayed post-discharge
period associated with prior hospital admission.

[0077] The readmission risk generator 430, which may be
an embodiment of the readmission risk generator 232, may
include a comparator circuit 432 to compare the CRIs with
the corresponding rCRIs, and a fusion circuit 434 to deter-
mine a readmission risk using a combination of the com-
parisons between the CRIs and the corresponding rCRIs. In
an example, the comparator circuit 432 may compute pait-
wise difference or other similarly measure between the CRI
and the corresponding rCRI for each of the sensor signals or
of a subset of the sensor signals such as selected by the
sensor selector circuit 222, and the fusion circuit 434 may
determine the readmission risk score (R) as weighted com-
bination, or other linear or nonlinear combination, of the
pair-wise differences for all or the selected subset of the
sensor signals, such as according to Equation (1) below:

R=Sw(i)[CRIG)-rCRI)] %)

where w(i) is a weight factor for sensor signal X;. In another
example, the readmission risk generator 430 may compute a
composite CRI as a weighted combination of the CRIs for all
or a selected subset of the sensor signals, and compute a
composite rCRI as a weighted combination of the rCRIs for
all or a selected subset of the sensor signals. The readmission
risk may be determined as a difference, ratio, or similarly
measure between the composite CRI and the composite
rCRI, such as according to Equation (2) below:

R=Su(i)-CRI()-Ev(j) rCRI() ")

where u(i) is a weight factor for CRI(i) and v(j) is a weight
factor for rCRI(j).

[0078] In some examples, the readmission risk generator
430 may determine the readmission risk score using time
elapsed (AT) from the prior hospital admission event. A
more recent hospital admission event (corresponding to a
smaller AT) may put the patient at a higher readmission risk
than a more remote hospital admission in the past (corre-
sponding to a larger AT). In an example, the weight factors,
such as the weight factors w, u or v in Equations (1) and (2)
for computing the readmission risk R, may be determined
based on the elapsed time AT. In an example, the rCRIs are
computed using signals or signal metric trends in a post-
discharge period. The weight factors w, u or v may be
inversely proportional to the elapsed time AT. This may be
useful when different sensor signals are measured at differ-
ent time. For example, if CRI(i) is measured from sensor
signal X(i) at a time closer to the prior hospital admission
event (i.e., a smaller AT), while CRI(j) is measured from
sensor signal X(j) at a time more distant away from the prior
hospital admission event (i.e., a larger AT), then in Equation
(1), the weight w(i) for difference [CRI(1)-rCRI(1)] would be
larger than the weight factor w(j) for the difference [CRI
(O)-rCRIG)].

[0079] FIGS. 5A-B illustrate generally examples of an
ellipticity analyzer circuit for determining a chronobiologi-
cal rhythm indicator using a plurality of physiological
signals or signal metric trends. The ellipticity analyzer
circuit 510 in FIG. 5A and the ellipticity analyzer circuit 520
in FIG. 5B may each be an embodiment of the CRI generator
224 for generating the CRI from a physiological signal or
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signal metric trend, or an embodiment of the reference CRI
generator 260 for generating the rCRI associated with a prior
hospital admission event.

[0080] As illustrated in FIG. 5A, the ellipticity analyzer
circuit 510 may include a multidimensional signal represen-
tation circuit 512 for receiving two or more physiological
signals or signal metric trends from the sensor circuit 210,
and representing the signals or signal metric trends in a
multidimensional signal space. In an example, the multidi-
mensional signal space may be spanned by a heart rate in a
first axis, a HS metric such as S1 intensity in a second axis,
and a thoracic impedance magnitude in a third axis. Multiple
measurements of heart rate, S1 intensity and thoracic imped-
ance magnitude may be represented as a cloud of data points
in the multidimensional signal space, where each data point
represents the heart rate, the S1 intensity, and the thoracic
impedance magnitude measured substantially simultane-
ously, such as during the same cardiac cycle or within the
same data acquisition window.

[0081] The covariation pattern generator 514 may deter-
mine an ellipticity attribute from the multidimensional data
representation. In an example, the covariation pattern gen-
erator 514 may generate a multidimensional ellipse based on
the statistical distribution of the multidimensional data. The
multidimensional ellipse is a graphical representation of the
covariation pattern among multiple signal metrics. If mul-
tiple signal metrics strongly covariate with one another, then
there is a high likelihood of an underlying chronobiological
rhythm such that different sensor signals or signal metrics
represent similar physiology. The multidimensional data
representation with strong covariation may graphically
manifest in the multidimensional signal space more of an
ellipse than a circle. If multiple signal metrics weakly
covariate with one another, then there is a low likelihood of
an underlying chronobiological rhythm. The multiple signal
metrics may represent dissimilar physiology. The multidi-
mensional data representation with weak covariation may
graphically manifest in the multidimensional signal space
less of an ellipse, but more of a circle.

[0082] The readmission risk generator 232 may compare
the CRI represented as the covariation pattern (CP) among
multiple signals or signal metrics to the rCRI represented as
the reference covariation pattern (rCP) among multiple
signals or signal metrics associated with a prior hospital
admission event. The readmission risk generator 232 may
determine the readmission risk using a similarity measure
between CP and rCP. Examples of the similarity measure
may include Euclidian distance, correlation coefficient, or
mutual information, among others. In an example, the rCP
is determined using signals or signal metrics during a
post-discharge period when the patient is recovered from
hospitalization for a chronic disease. The rCP may have a
graphical pattern more of an ellipse. If the CP has a graphical
pattern of an ellipse and is substantially similar to rCP (such
as if the similarity measure exceeds a threshold), then a high
chronobiological thythm is indicated, and a low readmission
score may be generated. If the CP has a graphical pattern
more of a circle than an ellipse, such that it is substantially
dissimilar to rCP (such as if the similarity measure falls
below a threshold), then it indicates the chronobiological
rhythm has been lost or substantially diminished, and the
patient’s chronic disease state deteriorates and a high read-
mission risk score may be determined.
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[0083] As illustrated in FIG. 5B, the ellipticity analyzer
circuit 520 may include the multidimensional data repre-
sentation circuit 512 a covariance matrix calculator 522, a
principal component analyzer circuit 524, and one or both of
an eigenvalue dominance analyzer 526 and a projection
circuit 528. The covariance matrix calculator 522 may
receive two or more physiological signals or signal metrics
and compute a covariance matrix. For N signals or signal
metrics, the covariance matrix would be an N-by-N matrix.
The principal component analyzer circuit 524 performs
principal component analysis (PCA), such as by using a
Karhunen Loeve Transform (KLT), on the covariance
matrix. The PCA analysis may result in a plurality of
principal components and corresponding eigenvalues for the
principal components. The principal components are
orthogonal dimensions or uncorrelated directions in the
multidimensional signal space, and can be viewed as a
subset of all possible eigenvectors. For a N-by-N covariance
matrix, up to N principal components (e.g., V|, V,, ... V,)
and corresponding N eigenvalues (e.g., A}, A,, . .. ) can be
obtained. In some examples, the principal components may
be sorted (e.g., in descending order) according to the vari-
ance of the projections of the multidimensional data along
the principal components. The first principal component
may have as high a variance as possible. Each succeeding
principal component has the next highest variance possible
and is constrained to be orthogonal to the preceding prin-
cipal components.

[0084] In an example where two signals or signal metrics,
X and Y, are involved, the ellipticity analyzer circuit 520
may generate a 2-by-2 matrix:

2
Tx Py
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y

Cxy =

where 0,7 is the variance of the first signal X, o,” is the
variance of the second signal Y, and p,, is the covariation
between the signals X and Y. By applying the KLT, the
covariance matrix Cxy may be transformed into a diagonal
matrix of eigenvalues A, and A,
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[0085] By way of example and not by limitation, the

eigenvalue dominance analyzer 526 and the projection cir-
cuit 528 provide two approaches for assessing readmission
risk, either or both of which may be included in the
ellipticity analyzer circuit 520. The eigenvalue dominance
analyzer 526 may determine a relative measure among the
plurality of eigenvalues. The relative measure may indicate
dominance of the maximum eigenvalue (,,,,.) among all the
eigenvalues. A more dominant A _may indicate a higher
ellipticity of the multidimensional data representation in the
multidimensional signal space, or a graphical pattern more
of an ellipse than a circle. Conversely, a less dominant A,
may indicate a lower ellipticity of the multidimensional data
representation, or a graphical pattern more of a circle than an
ellipse. In an example, the relative measure may be calcu-
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lated using a ratio of A, to a sum of all the eigenvalues Th,,
as provided in Equation (3) below:

. ©)
“T3n
[0086] Alternatively, the ellipticity L may be determined

based on a statistical distribution of the eigenvalues, such as
a range, spreadness, skewness, variance of the eigenvalues.
In an example, the ellipticity may be determined as a
difference between 2., and the minimum eigenvalue A,
A greater difference (A ,,.—A,,,,) may indicate greater domi-
nance of A, and thus higher ellipticity. In another example,
the ellipticity may be determined as a different, or a ratio,
between A, and a mean, median, mode or other central
tendency measure of all the eigenvalues. A greater ratio of
Mo and the central tendency of eigenvalues, or a greater
difference between A, and the central tendency of eigen-
values, may indicate greater dominance of A __and thus
higher ellipticity.

[0087] The readmission risk generator 232 may determine
the readmission risk based on a relative change of the
ellipticity (L) such as given in Equation (3) above from the
reference ellipticity (r[) associated with a prior hospital
admission event. In an example, the rl. may be determined
using two or more signals or signal metrics acquired during
a post-discharge period when the patient is recovered from
hospitalization for a chronic disease. If the ellipticity L is
greater than or substantially equal to the reference ellipticity
attribute rL, then a high chronobiological rhythm is indi-
cated, and a low readmission score may be generated.
However, if the ellipticity L falls below the reference
ellipticity attribute rL by a specified margin, then it indicates
the chronobiological rhythm has been lost or substantially
diminished, the chronic disease state has deteriorated, and a
high readmission risk score may be generated.

[0088] The projection circuit 528 may generate a projec-
tion of the multidimensional data received from the sensor
circuit 210 along at least one of the principal components.
The projection is a transform that reduces the dimension of
the multidimensional data to a dimension determined by the
principal components. The multidimensional data may be
represented by a data matrix, and each principal component
represented as a vector. The projection may involve matrix-
matrix multiplication or matrix-vector multiplication. In an
example, the projection circuit 528 may project the multi-
dimensional data along one principal component such as
corresponding to A, resulting in one-dimensional trans-
formed data. In another example, the projection circuit 528
may project the multidimensional data along two principal
components such as corresponding the maximal and second
maximal eigenvalues, resulting in a two-dimensional trans-
formed data.

[0089] In an example, the ellipticity analyzer circuit 520
may be an embodiment of the reference CRI generator 260,
and configured to generate ellipticity attributes associated
with a prior hospital admission event. The covariance matrix
calculator may compute a reference covariance matrix using
a plurality of physiological signals or signal metric trends
during respective time periods (such as a pre-admission
period or a post-discharge period) associated with the prior
hospital admission event. The principal component analyzer
circuit 524 may determine two or more reference principal

min®

Jan. 11,2018

components from the reference covariance matrix. At least
one of the reference principal components may be used for
data transformation. The projection circuit 528 may deter-
mine a first projection of the multidimensional data along at
least one of the reference principal components. The first
projection represents transformed data from which a read-
mission risk is to be assessed. The projection circuit 528 may
determine a second projection of a multidimensional data
associated with the prior hospital admission event along the
at least one of the reference principal components. The
second projection represents transformed data associated
with prior hospital admission. A CRI may be generated from
first projection, and a reference CRI (rCRI) may be gener-
ated from the second projection. The CRI (or rCRI) may be
calculated as a statistical measure of daily (or other periodic)
maximum-to-minimum intensity difference of a respective
projection, or a spectral parameter obtained from the spectral
analysis of the respective projection. The readmission risk
generator 232 may determine the readmission risk score
including a relative change from rCRI to CRL

[0090] FIG. 6 illustrates generally an example of a method
600 for monitoring a chronic disease in a patient, such as a
chronic heart disease such as heart failure or coronary artery
disease, a chronic pulmonary disease such as asthma, bron-
choconstriction, COPD, or pulmonary fibrosis, pneumoco-
niosis, or a chronic kidney disease, among others. The
method 600 may be used to monitor the patient’s chronic
disease state following patient’s discharge from the hospital,
and to determine a risk of hospital readmission for worsen-
ing of chronic disease. The method 600 may be implemented
and operate in an ambulatory medical device such as an
implantable, wearable, or holdable medical device, or in a
remote patient management system. In an example, the
method 500 may be executed by the readmission risk
analyzer module 160 or by the external system 125. In an
example, the method 600 may be implemented in, and
executed by, the chronic disease monitoring system 200 or
any embodiments thereof.

[0091] The method 600 begins at 610 by sensing one or
more physiological signals such as via implantable, wear-
able, holdable, or otherwise ambulatory sensors, which may
include, by way of example and not limitation, pressure
sensors, flow sensors, impedance sensors, accelerometers,
microphone sensors, respiration sensors, temperature sen-
sors, or chemical sensors, among others. Examples of the
physiological signals sensed by the physiological sensor
circuit 210 may include electrocardiograph (ECG), an elec-
trogram (EGM), an intrathoracic impedance signal, an
intracardiac impedance signal, an arterial pressure signal, a
pulmonary artery pressure signal, a RV pressure signal, a LV
coronary pressure signal, a coronary blood temperature
signal, a blood oxygen saturation signal, a blood chemistry
signal such as a blood electrolyte level signal, glucose level
signal or creatinine level signal, central venous pH value, a
heart sound (HS) signal, an endocardial acceleration signal,
an angular momentum signal, a posture signal, a physical
activity signal, or a respiration signal, among others. One or
more signal metrics may be generated from the sensed
physiological signals, and trended over time to form respec-
tive signal metric trends.

[0092] At 620 a chronobiological rhythm indicator (CRI)
may be generated from the sensed physiological signals. The
CRI may be determined using multiple measurements of
daily (or other periodic) maximum-to-minimum intensity
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difference of'signal X (denoted by X,,,) over a specified time
period, such as approximately 5-10 days. Alternatively, the
CRI may include one or more spectral parameters obtained
from a spectral analysis of the selected physiological signals
or signal metric trends, such as power of a spectral peak
corresponding to the circadian rhythm, a center frequency of
the spectral peak, or a bandwidth of the spectral peak. In
some examples, the CRI may be an ellipticity attribute
represented in a multidimensional signal space spanned by
two or more selected physiological signals or signal metrics,
as to be discussed below with reference to FIG. 7.

[0093] At 630, areference CRI (rCRI) may be provided by
a system user, or generated from physiological signals or
signal metric trends over a specified time period such as
associated with prior hospital admission. In an example, the
rCRI may be determined from physiological signals or
signal metric trends during a post-discharge period of
approximately 2-5 days following the prior hospital admis-
sion event. In another example, the rCRI may be determined
from physiological signals or signal metric trends during a
delayed post-discharge period that does not begin until after
a post-discharge transition when the patient’s health status is
improved and stabilized. In an example, the rCRI may be
determined from physiological signals or signal metric
trends during a pre-admission period of approximately 2-5
days preceding the prior hospital admission event.

[0094] At 640, a readmission risk score may be generated
using the CRI and the rCRI. The readmission risk score may
indicate a degree of risk of subsequent hospital readmission
due to a worsened condition of the chronic disease. The
readmission risk score may be determined as a difference,
ratio, or other relative measure between CRI and rCRI, or a
similarity measure between an ellipticity attribute and a
reference ellipticity attribute based on ellipticity analysis of
multidimensional data of the physiological signals or signal
metrics, as to be discussed below with reference to FIG. 7.
The readmission risk score may take continuous values. The
readmission risk score may be compared to one or more
threshold values or ranges, and categorized into discrete
categorical levels such as high, medium, or low risk of
readmission.

[0095] In an example, the readmission risk score may be
calculated using a relative change of CRI from a post-
discharge rCRI or a delayed post-discharge rCRI. The post-
discharge rCRI or the delayed post-discharge rCRI may
represent a chronobiological rhythm indicating improved
health status. If the difference between CRI and post-
discharge rCRI or delayed post-discharge rCRI falls below
a threshold value, then a strong chronobiological rhythms is
indicated, and a low readmission risk score is generated. In
another example, the readmission risk score may be calcu-
lated using a relative change of CRI from a pre-admission
rCRI. The pre-admission rCRI may correspond to worsened
chronic disease state prior to hospital admission. If the
difference between the CRI and the pre-admission rCRI
exceeds a threshold value, then a strong chronobiological
rhythm is indicated, and a low readmission risk score is
generated. In an example, the readmission risk score may be
determined using a weighted combination of a difference
between CRI and the pre-admission rCRI and a difference
between the CRI and the post-discharge CRI or the delayed
post-discharge rCRI.

[0096] In various examples, the CRI at 620 may be
generated from a subset of the plurality of candidate physi-
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ological signals or signal metrics selected based on the
physiological signal or signal metric’s sensitivity to patient
chronobiological rhythms. Generally, a signal or signal
metric that manifests a higher level of daily, weekly,
monthly, or seasonal oscillatory pattern may be more sen-
sitive to chronobiological rhythms than a signal or signal
metric showing no or lower level of chronological oscilla-
tory pattern, and may thus be selected for generating the
CRI. In an example, the subset of physiological signals or
signal metrics may be selected based on the reference CRIs
(rCRIs) associated with a particular time period of the prior
hospital admission. For example, a signal metric having a
larger post-discharge rCRI or a smaller pre-admission rCRI,
has a higher sensitivity to a post-discharge recovery of
chronobiological rhythm, and may therefore be preferred
over a signal metric having a smaller post-discharge rCRI or
a larger pre-admission rCRI. In another example, a signal or
signal metric having a larger change from pre-admission to
post-discharge rCRI value is more sensitive to a recovery
process of chronobiological rhythm from pre-admission to
post-discharge recovery period, and may therefore be
selected for use in readmission risk estimation.

[0097] In some examples, the readmission risk score may
be determined using chronobiological rhythm indicators
(CRIs) generated from multiple physiological signals or
signal metrics. Examples of the physiological signals may
include heart rate signal, heart rate variability signal, heart
sound signal, endocardial acceleration signal, angular
momentum signal, thoracic impedance signal, respiration
signal, pressure signal such as cardiovascular blood pressure
signal or thoracic pressure signal, physical activity intensity
signal, or posture signal. Circadian rhythms (or oscillatory
patterns at other periods) of one or more of these physi-
ological signals, when lost, diminished, or otherwise
changed from a reference level such as at a time period
during a prior hospital admission, may be associated with a
change of chronic disease status. CRIs for the multiple
signals or signal metrics may be generated at 620, and the
corresponding rCRIs for the multiple signals or signal
metrics may be generated at 630. A readmission risk score
may be generated at 640, such as via the fusion circuit 434,
using a weighted combination of the difference, ratio, or
similarly measure between the CRI and the corresponding
rCRI for all or a selected subset of the physiological signals.

[0098] At 650, the readmission risk score may be provided
to a user or a process. At 552, a human-perceptible presen-
tation of the readmission risk score, or the CRI and the rCRI,
may be generated, and displayed such as on the user
interface 250. The information may be presented in a table,
a chart, a diagram, or any other types of textual, tabular, or
graphical presentation formats. An alert may be generated in
response to the respiratory restriction/obstruction indicator
satisfying a specified condition, such as exceeding an alert
threshold. Additionally or alternately, at 654, the readmis-
sion risk score may be used to trigger or adjust a therapy
delivered to the patient. Examples of the therapy may
include electrostimulation therapy delivered to the heart, a
nerve tissue, other target tissues in response to the detection
of the target physiological event, or drug therapy including
delivering drug to a tissue or organ. In some examples, the
detection or the classification of the restrictive or obstructive
respiratory condition may be used to modify an existing
therapy, such as to adjust a stimulation parameter or drug
dosage.
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[0099] FIG. 7 illustrates generally an example of a method
700 for determining a chronobiological rhythm indicator
based on ellipticity analysis of at least two physiological
signals or signal metric trends. The method 700 may be
executed by the ellipticity analyzer circuits 510 or 520 as
illustrated in FIGS. 5A-B, or any embodiments thereof.
[0100] The method 700 may include steps 712-718 for
determining a reference ellipticity attribute, and steps 722-
728 for determining an ellipticity attribute. At 712, at least
two physiological signals or signal metric may be sensed
during a time period associated with a specified event in the
patient’s medical history, such as a pre-admission period or
a post-discharge period associated with a prior hospital
admission event. At 714, a multidimensional data represen-
tation of the two or more signals or signal metrics may be
generated in a multidimensional signal space. Each dimen-
sion (or axis) of the multidimensional signal space may be
represented by a physiological signal or signal metric. For
example, the multidimensional signal space may be spanned
by a heart rate in a first axis, a S1 heart sound intensity in
a second axis, and a thoracic impedance magnitude in a third
axis. A multidimensional data representation may be repre-
sent as a cloud of data points in the multidimensional signal
space, including multiple measurements of the heart rate, the
S1 intensity, and the thoracic impedance magnitude during
the prior hospital admission event.

[0101] At 716, a covariance matrix may be generated
using the multidimensional data representation, and a prin-
cipal component analysis (PCA) may be performed on the
covariance matrix. As previously discussed with reference to
FIG. 5B, the PCA may include a Karhunen Loeve Transform
(KLT) of the covariance matrix that produces a plurality of
reference principal components and corresponding reference
eigenvalues for the reference principal components. The
reference principal components are orthogonal dimensions
or uncorrelated directions in the multidimensional signal
space.

[0102] At 718, a reference ellipticity attribute may be
determined using the eigenvalues or the principal compo-
nents. In an example, the reference ellipticity attribute (rL)
may include a measure of dominance of the maximum
reference eigenvalue (Amax) among all the reference eigen-
values, such as determined according to Equation (3). A
more dominant A, may indicate a higher ellipticity of the
multidimensional data representation in the multidimen-
sional signal space, or a graphical pattern more of ellipse
than circle. Conversely, a less dominant A, may indicate a
lower ellipticity of the multidimensional data representation,
or a graphical pattern more of circle than ellipse. In another
example, the reference ellipticity attribute (rL.) may include
a projection of the multidimensional data, as generated at
714, along one or more reference principal components. The
projection may be performed using matrix-matrix multipli-
cation or matrix-vector multiplication, where the multidi-
mensional data is represented by a matrix and each reference
principal component may be represented as a vector. The
projection represents transformed data associated with the
prior hospital admission event.

[0103] Similar to steps 712-718, an ellipticity attribute
may be generated from at least two physiological signals or
signal metrics. In contrast to 712 where the signals or signal
trends are sensed during a time period associated with prior
hospital admission, at 722 the signals or signal trends may
be sensed during a time period subsequent to the prior
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hospital admission and an assessment of patient’s risk of
readmission is needed. A multidimensional data representa-
tion of the two or more physiological signals or signal metric
trends may be generated at 724, and at 726 PCA may be
performed on a covariance matrix generated from the mul-
tidimensional data representation. An ellipticity attribute
may be generated at 728, which may include a dominance
measure of the maximum eigenvalue A, among all the
eigenvalues obtained from PCA of the covariance matrix,
such as determined according to Equation (3).

[0104] In an example, the ellipticity attribute at 728 may
include a projection of the multidimensional data, as gen-
erated at 724, along one or more reference principal com-
ponents generated at 716 through PCA of the covariance
matrix of the multidimensional data associated with the prior
hospital admission event. If the ellipticity attribute is rep-
resented only by the projection onto one or more reference
principal components, the step 726 may be omitted. The
projection represents transformed data from which the
patient’s readmission risk is to be assessed.

[0105] At 730, a readmission risk score may be generated
using the reference ellipticity attribute and the ellipticity
attribute. In an example, the reference ellipticity attribute
includes a dominance of the maximum reference eigenvalue,
which is computed from signals acquired during a post-
discharge period when the patient is recovered from hospi-
talization for a chronic disease. The ellipticity attribute
includes a dominance of the maximum eigenvalue. If the
ellipticity (L) is greater than or substantially equal to the
reference ellipticity attribute (rL), then a high chronobio-
logical rhythm is indicated, and a low readmission score
may be generated. However, if the ellipticity L falls below
the reference ellipticity attribute rL. by a specified margin,
then it indicates the chronobiological rhythm has lost or
substantially diminished, and the patient’s chronic disease
state deteriorates and a high readmission risk score is
determined.

[0106] Inanother example, the readmission risk score may
be determined at 730 using a first projection of the multi-
dimensional data generated at 724 along one or more
reference principal components, and a second projection of
the multidimensional data generated at 714 along the same
one or more reference principal components. A CRI may be
generated from first projection, such as a statistical measure
of daily (or other periodic) maximum-to-minimum intensity
difference of the first projection, or spectral parameters
obtained from the spectral analysis of the first projection. A
reference CRI (rCRI) may be generated from the second
projection, such as a statistical measure of daily (or other
periodic) maximum-to-minimum intensity difference of the
second projection, or spectral parameters obtained from the
spectral analysis of the second projection. The readmission
risk generator may then be calculated using a relative change
of the CRI from the rCRI.

[0107] In some examples, the ellipticity attribute at 718
may include a reference covariance pattern (rCP) generated
from the multidimensional data representation at 714, and
the ellipticity attribute at 728 may include a covariance
pattern (CP) generated from the multidimensional data rep-
resentation at 724. The rCP and CP may each have a
graphical representation in the multidimensional signal
space. The multidimensional data representation with strong
covariation among signal metrics may have a graphical
pattern more of an ellipse than a circle, while the multidi-
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mensional data representation with weak covariation may
have a graphical pattern more of a circle than an ellipse. At
730, the readmission risk score may be determined based on
a similarity measure between the rCP and CP. Examples of
the similarity measure may include Euclidian distance, cor-
relation coefficient, or mutual information, among others. If
the similarity measure exceeds a threshold, then a high
chronobiological thythm is indicated, and a low readmission
score may be generated. If the similarity measure falls below
a threshold, then it indicates the chronobiological rhythm
has been lost or substantially diminished, and the patient’s
chronic disease state deteriorates and a high readmission risk
score may be determined.

[0108] The above detailed description includes references
to the accompanying drawings, which form a part of the
detailed description. The drawings show, by way of illus-
tration, specific embodiments in which the disclosure may
be practiced. These embodiments are also referred to herein
as “examples.” Such examples may 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.

[0109] In the event of inconsistent usages between this
document and any documents so incorporated by reference,
the usage in this document controls.

[0110] 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 butnot 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 “compris-
ing” 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 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.

[0111] Method examples described herein may be
machine or computer-implemented at least in part. Some
examples may include a computer-readable medium or
machine-readable medium encoded with instructions oper-
able to configure an electronic device to perform methods as
described in the above examples. An implementation of such
methods may include code, such as microcode, assembly
language code, a higher-level language code, or the like.
Such code may include computer readable instructions for
performing various methods. The code may form portions of
computer program products. Further, in an example, the
code may be tangibly stored on one or more volatile,
non-transitory, or non-volatile tangible computer-readable
media, such as during execution or at other times. Examples
of these tangible computer-readable media may include, but
are not limited to, hard disks, removable magnetic disks,
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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.

[0112] 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 may 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 CER. §1.72(b), to allow the reader to
quickly ascertain the nature of the technical disclosure. It is
submitted with the understanding that it will not be used to
interpret or limit the scope or meaning of the claims. Also,
in the above Detailed Description, various features may be
grouped together to streamline the disclosure. This should
not be interpreted as intending that an unclaimed disclosed
feature is essential to any claim. Rather, inventive subject
matter may lie in less than all features of a particular
disclosed embodiment. Thus, the following claims are
hereby incorporated into the Detailed Description as
examples or embodiments, with each claim standing on its
own as a separate embodiment, and it is contemplated that
such embodiments may be combined with each other in
various combinations or permutations. The scope of the
disclosure 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 for managing a patient with a chronic disease,
comprising:

a sensor circuit including sense amplifier circuits to sense

one or more physiological signals;

a signal processor circuit configured to generate a chro-
nobiological rhythm indicator (CRI) from the one or
more physiological signals; and

a detector circuit coupled to the signal processor circuit
and configured to determine a readmission risk score
using the generated CRI and a reference CRI associated
with a prior hospital admission event of the patient, the
readmission risk score indicating a degree of risk of
subsequent hospital readmission for a worsened con-
dition of the chronic disease; and

an output circuit configured to provide the readmission
risk score to a user or a process.

2. The system of claim 1, comprising a therapy circuit
adapted to initiate or adjust a therapy delivered to the patient
in response to the readmission risk score satisfying a con-
dition.

3. The system of claim 1, wherein the chronic disease
includes a heart failure, and the signal processor circuit is
configured to generate the CRI from the one or more
physiological signals including:

a heart sound signal,

a heart rate signal;

a thoracic impedance signal;

a respiration signal;

a pressure signal;

a chemical signal,

an activity intensity signal; or

a posture signal.

4. The system of claim 1, further comprising a sensor
selector circuit configured to select at least one physiological
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signal from the two or more physiological signals according
to the reference CRI associated with the prior hospital
admission event; and

wherein the detector circuit is configured to determine the

readmission risk score using the generated CRI gener-
ated from the selected at least one physiological signal.

5. The system of claim 1, wherein:

the signal processor circuit is configured to generate one

or more reference CRIs from one or more physiological
signals sensed during one or more time periods includ-
ing a post-discharge period following the prior hospital
admission event or a pre-admission period preceding
the prior hospital admission event; and

the detector circuit is configured to determine the read-

mission risk score using a comparison between the
generated CRI and the one or more reference CRIs
during the post-discharge period or the pre-admission
period.

6. The system of claim 1, wherein:

the processor circuit is configured to generate a first CRI

from a first physiological signal and a second CRI from

a different second physiological signal; and

the detector circuit is configured to:

generate a first reference CRI from the first physiologi-
cal signal during a first time period associated with
the prior hospital admission event, and a second
reference CRI from the second physiological signal
during a second time period associated with the prior
hospital admission event; and

determine the readmission risk score using both a
comparison between the first CRI and the first ref-
erence CRI and a comparison between the second
CRI and the second reference CRI.

7. The system of claim 1, wherein detector circuit is
configured to determine a readmission risk score further
using time elapsed from the prior hospital admission event.

8. The system of claim 1, wherein:

the sensor circuit is configured to sense at least two

physiological signals; and
the signal processor circuit includes an ellipticity analyzer
circuit configured to form a multidimensional data
representation of the at least two physiological signals
in a multidimensional signal space, and determine an
ellipticity attribute from the multidimensional data rep-
resentation; and
the signal processor circuit is configured to generate the
CRI using the ellipticity attribute.

9. The system of claim 8, wherein:

the signal processor circuit is configured to generate the
reference CRI including a reference ellipticity attribute
from a multidimensional data representation of at least
two physiological signals during respective time peti-
ods associated with the prior hospital admission event;
and

the detector circuit is configured to determine the read-

mission risk score including a relative change of the
ellipticity attribute from the reference ellipticity attri-
bute.

10. The system of claim 8, wherein the ellipticity analyzer
circuit is configured to determine the ellipticity attribute
including a covariation pattern of the at least two physi-
ological signals in the multidimensional signal space.

11. The system of claim 8, wherein the ellipticity analyzer
circuit is configured to:
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compute a covariance matrix using the at least two

physiological signals;

determine, from the covariance matrix, two or more

principal components in the multidimensional signal
space or a plurality of eigenvalues associated with the
two or more principal components; and

determine the ellipticity attribute using the two or more

principal components, a projection of the multidimen-
sional data representation along at least one of the two
or more determined principal components, or a relative
measure among the plurality of eigenvalues.

12. The system of claim 11, wherein the ellipticity ana-
lyzer circuit is configured to:

compute a reference covariance matrix using the at least

two physiological signals during respective time peri-
ods associated with the prior hospital admission event;
and

determine two or more reference principal components

from the reference covariance matrix;
determine a first projection of the multidimensional data
representation along at least one of the reference prin-
cipal components, and a second projection of a multi-
dimensional data representation of the at least two
physiological signals associated with the prior hospital
admission event along the at least one of the reference
principal components; and
generate the CRI from first projection and generate the
reference CRI from the second projection; and

wherein the detector circuit is configured to determine the
readmission risk score including a relative change of
the CRI from the reference CRI.

13. A method for managing a patient with a chronic
disease, comprising:

sensing one or more physiological signals;

generating a chronobiological rhythm indicator (CRI)

from the one or more physiological signals; and
receiving a reference CRI associated with a prior hospital
admission event of the patient; and

determining a readmission risk score using the generated

CRI and the reference CRI, the readmission risk score
indicating a degree of risk of subsequent hospital
readmission for a worsened condition of the chronic
disease; and

providing the readmission risk score to a user or a process.

14. The method of claim 13, further comprising adjusting
or initiating a therapy, via a therapy delivery circuit, for
delivery to the patient in response to the readmission risk
score satisfying a condition.

15. The method of claim 13, further comprising selecting
at least one physiological signal from the two or more
physiological signals according to the reference CRI asso-
ciated with the prior hospital admission event; and

wherein the readmission risk score is determined using

the CRI generated from the selected at least one physi-
ological signal.

16. The method of claim 13, comprising generating one or
more reference CRIs from one or more physiological signals
sensed during time periods including a post-discharge period
following the prior hospital admission event or a pre-
admission period preceding the prior hospital admission
event; and

wherein the readmission risk score is determined using a

comparison between the generated CRI and the one or
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more reference CRIs during the post-discharge period
or the pre-admission period.

17. The system of claim 13, wherein:

generating the CRI includes generating a first CRI from a
first physiological signal and a second CRI from a
different second physiological signal; and

receiving the reference CRI includes generating a first
reference CRI from the first physiological signal during
a first time period associated with the prior hospital
admission event, and a second reference CRI from the
second physiological signal during a second time
period associated with the prior hospital admission
event; and

determining the readmission risk score includes a com-
bination of both a comparison between the first CRI
and the first reference CRI and a comparison between
the second CRI and the second reference CRI.

18. The method of claim 13, wherein:

generating the CRI includes generating a multidimen-
sional data representation of at least two physiological
signals in a multidimensional signal space, and deter-
mining an ellipticity attribute from the multidimen-
sional data representation;

receiving the reference CRI includes generating a refer-
ence ellipticity attribute from a multidimensional data
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representation of at least two physiological signals
during respective time periods associated with the prior
hospital admission event; and

determining the readmission risk score including comput-

ing a relative change of the ellipticity attribute from the
reference ellipticity attribute.

19. The method of claim 18, wherein the ellipticity
attribute includes a covariation pattern of the intensities of
the at least two physiological signals in the multidimen-
sional signal space.

20. The system of claim 18, wherein determining the
ellipticity attribute includes:

computing a covariance matrix using the at least two

physiological signals;

determining, from the covariance matrix, two or more

principal components or a plurality of eigenvalues
associated with the two or more principal components;
and

determining the ellipticity attribute using the two or more

principal components, a projection of the multidimen-
sional data representation along at least one of the two
or more determined principal components, or a relative
measure among the plurality of eigenvalues.
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