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Number 10/897,856, filed on July 23, 2004, which application is herein

incorporated by reference.

Cross-Reference to Related Applications

This application is related to co-pending, commonly assigned, U.S.
Patent Application Serial No. 10/612,387, “IMPLANTABLE DEVICES AND
METHODS USING FREQUENCY-DOMAIN ANALYSIS OF THORACIC
SIGNAL,” filed July 2, 2003, U.S. Patent Application Serial No. 10/703,175,
“DUAL-USE SENSOR FOR RATE RESPONSIVE PACING AND HEART
SOUND MONITORING,” filed November 6, 2003, U.S. Patent Application
Serial No. 10/746,853, “METHOD AND APPARATUS FOR THIRD HEART
SOUND DETECTION,” filed on December 24, 2003, and U.S. Patent
Application Serial No. 10/746,874, “A THIRD HEART SOUND ACTIVITY
INDEX FOR HEART FAILURE MONITORING,” filed on December 24, 2003,

which are hereby incorporated by reference in their entirety.

Field of the Invention

This document generally relates to patient monitoring systems and
particularly, but not by way of limitation, to such systems monitoring treatment

of heart failure patients with cardiopulmonary comorbidities.

Background
The heart is the center of a person’s circulatory system. It includes an

electro-mechanical system performing two major pumping functions. The left
portions of the heart draw oxygenated blood from the lungs and pump it to the
organs of the body to provide the organs with their metabolic needs for oxygen.
The right portions of the heart draw deoxygenated blood from the organs and
pump it into the lungs where the blood gets oxygenated. In a normal heart, the

sinoatrial node, the heart’s natural pacemaker, generates electrical impulses,
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known as action potentials, that propagate through an electrical conduction
system to various regions of the heart to excite myocardial tissues in these
regions. Coordinated delays in the propagations of the electrical impulses in a
normal electrical conduction system cause the various regions of the heart to
contract in synchrony such that the pumping functions are performed efficiently.

A blocked or otherwise damaged electrical conduction system causes
irregular contractions of the myocardium, a condition generally known as
arthythmia. Arrhythmia reduces the heart’s pumping efficiency and hence,
diminishes the blood flow to the body. A weakened myocardium has decreased
contractility, also resulting in diminished blood flow. A heart failure patient
usually suffers from both a damaged electrical conduction system and a
weakened myocardium. The diminished blood flow results in insufficient blood
supply to various body organs, preventing these organs to function properly and
causing various symptoms. For example, in a patient suffering decompensated
heart failure, an insufficient blood supply to the kidneys results in abnormal fluid
retention and increased central vascular pressure, and hence, cardiogenic
pulmonary edema as well as edema in other organs.

Cardiogenic pulmonary edema shares common symptoms with
pulmonary diseases such as obstructive pulmonary diseases including asthma
and chronic obstructive pulmonary disease (COPD). Such common symptoms
include difficulty of breathing, wheezing, and shortness of breathing. Safe and
effective treatment for heart failure patients with cardiopulmonary comorbidities
depends on differentiation of cardiogenic pulmonary edema from pulmonary
diseases such as asthma and COPD. For example, beta-blockers (or beta-
adrenergic blockers, pharmaceutical agents) are used to treat heart failure by
reducing myocardial oxygen demand, resulting in improved cardiac functional
status. However, beta-blockers are also known for their side effects including
potential worsening of pulmonary conditions. Thus, heart failure patients who
also suffer from asthma or COPD should be monitored while taking beta-
blockers. While patient examinations in a doctor’s office provide for the
diagnosis of whether a heart failure patient also suffers asthma, biweekly
titration of beta-blockers presents a challenge to an efficient and effective

treatment.
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For these and other reasons, there is a need for an efficient method and
system to monitor the treatment of heart failure patients with cardiopulmonary

comorbidities.

Summary
A system receives signals indicative of cardiopulmonary conditions

sensed by a plurality of sensors and provides for monitoring and automated
differential diagnosis of the cardiopulmonary conditions based on the signals.
The cardiopulmonary conditions include cardiogenic pulmonary edema and
various pulmonary diseases.

In one embodiment, a system for detecting cardiopulmonary conditions
includes a parameter input, a pulmonary edema detector, a low forced vital
capacity (FVC) detector, and a pulmonary condition detector. The parameter
input receives parameters indicative of a plurality of cardiopulmonary
conditions. The parameters include an FVC parameter, a forced expiratory
volume (FEV) parameter, and one or more edema-indicating parameters. The
pulmonary edema detector detects cardiogenic pulmonary edema based on the
one or more edema-indicating parameters. If the cardiogenic pulmonary edema
is not detected, the low FVC detector detects a low FVC when the FVC
parameter is below a predetermined threshold FVC parameter value. If the low
FVC is detected, the pulmonary condition detector detects at least obstructive
pulmonary disease and restrictive pulmonary disease based on the FVC
parameter and the FEV parameter.

In one embodiment, a system includes an implantable medical device and
an external system communicating with the implantable medical device via
telemetry. The implantable medical device includes one or more sensors, an
implant processor, and an implant telemetry module. The one or more sensors
sense one or more signals indicative of a plurality of cardiopulmonary
conditions. The implant processor processes the one or more signals. The
implant telemetry module transmits the processed one or more signals to the
external system. The external system includes an external telemetry module and
an external processor. The external telemetry module receives the processed one
or more signals. An external processor includes a cardiopulmonary condition

detector that detects the plurality of cardiopulmonary conditions based on the
3
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processed one or more signals. The cardiopulmonary condition detector includes
at least a cardiogenic pulmonary edema detector, an obstructive pulmonary
disease detector, and a restrictive pulmonary disease detector.

In one embodiment, cardiopulmonary conditions are detected by
executing an automatic detection algorithm using signals indicative of the
cardiopulmonary conditions as inputs. According to the algorithm, cardiogenic
pulmonary edema is detected based on at least one edema-indicating signal. An
FVC parameter and an FEV parameter are measured from a respiratory signal.

If the cardiogenic pulmonary edema is not detected, obstructive pulmonary
disease and restrictive pulmonary disease are detected based on the measured
FVC parameter and the measured FEV parameter.

In one embodiment, a method for monitoring cardiopulmonary
conditions is provided. According to the method, signals indicative of a plurality
of cardiopulmonary conditions are sensed using implantable sensors. Parameters
are produced based on the signals. The plurality of cardiopulmonary conditions
is detected based on the parameters. The plurality of cardiopulmonary
conditions includes at least cardiogenic pulmonary edema, obstructive
pulmonary disease, and restrictive pulmonary disease.

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 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 equivalents.

Brief Description of the Drawings

The drawings illustrate generally, by way of example, but not by way of
limitation, various embodiments discussed in the present document. The
drawing are for illustrative purposes only and not to scale nor anatomically

accurate.
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FIG. 1 is a flow chart illustrating one embodiment of a method for
detecting cardiopulmonary conditions, including FIGS. 1A — C each showing
portions of the flow chart.

FIG. 2A is a graph illustrating a respiratory signal indicative of normal
pulmonary function.

FIG. 2B is a graph illustrating a respiratory signal indicative of
obstructive pulmonary diseases.

FIG. 2C is a graph illustrating a respiratory signal indicative of restrictive
pulmonary diseases.

FIG. 3 is a block diagram illustrating one embodiment of a
cardiopulmonary condition detector.

FIG. 4 is a block diagram illustrating one embodiment of a pulmonary
edema detector being part of the cardiopulmonary condition detector.

FIG. 5 is a block diagram illustrating one embodiment of a
cardiopulmonary condition detection system including the cardiopulmonary
condition detector.

FIG. 6 is an illustration of one embodiment of a system for monitoring
heart failure patients with cardiopulmonary comorbidities and portions of the
environment in which the system is used.

FIG. 7 is a block diagram illustrating one embodiment of a circuit of the
system of FIG. 6.

FIG. 8 is a flow chart illustrating one embodiment of a method for

monitoring heart failure patients with cardiopulmonary comorbidities.

Detailed Description

In the following detailed description, reference is made to the
accompanying drawings which form a part hereof, and in which is shown by
way of illustration specific embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail to enable those
skilled in the art to practice the invention, and it is to be understood that the
embodiments may be combined, or that other embodiments may be utilized and
that structural, logical and electrical changes may be made without departing

from the spirit and scope of the present invention. The following detailed
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description provides examples, and the scope of the present invention is defined
by the appended claims and their equivalents.

L1 1]

It should be noted that references to “an”, “one”, or “various”
embodiments in this disclosure are not necessarily to the same embodiment, and
such references contemplate more than one embodiment.

This document discusses, among other things, a method and system for
monitoring a heart failure patient with cardiopulmonary comorbidities using one
or more implantable sensors incorporated into, or coupled to, an implantable
medical device. The monitoring includes detection of the cardiopulmonary
disorders by differential diagnoses based on sensed signals on a continuous or
periodic basis. The result of the detection serves as a basis for making
therapeutic decisioné, such as starting, stopping, adjusting, and optimizing a
therapy.

In this document, “cardiogenic pulmonary edema” refers to pulmonary
edema resulted from heart failure and includes cardiogenic pulmonary edema or
an indication of cardiogenic pulmonary edema.

In this document, a “user” includes a physician or other caregiver who
examines and/or treats a patient using one or more of the methods and
apparatuses discussed in the present document.

In this document, a “forced vital capacity (FVC) parameter” includes a
parameter being a measure of the FVC, and a “forced expiratory volume (FEV)
parameter” includes a parameter being a measure of the FEV. In one
embodiment, the FVC parameter is a direct measure of the FVC, and the FEV
parameter is a direct measure of the FEV. Such direct measures are obtained, for
example, by measuring respiratory volumes using a spirometer. In another
embodiment, the FVC parameter is an estimate of the FVC, and the FEV
parameter is an estimate of the FEV. Such estimates are obtained, for example,
by measurements performed on a thoracic impedance signal indicative of
respiratory pattern and activities. In this embodiment, the FVC parameter is
used to represent or indicate the FVC, and the FEV parameter is used to
represent or indicate the FEV. In another embodiment, the FVC parameter and
the FEV parameter are measured parameters providing for a calculation or
estimation of an FVC-to-FEV ratio or an FEV-to-FVC ratio. In the description
below, “FVC” includes an FVC or an FVC parameter, and “FEV” includes an

6
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FEV or an FEV parameter. The term “threshold FVC” includes a threshold FVC
parameter value.

FIGS. 1A — C show a flow chart illustrating one embodiment of a method
for detecting cardiopulmonary conditions. The method provides for detection of
cardiogenic pulmonary edema, obstructive pulmonary disease, and restrictive
pulmonary disease by a differential diagnostic process. In one embodiment, the
method of FIGS. 1A — C is implemented as an automatic detection algorithm. In
one specific embodiment, the automatic detection algorithm is executed by a
combination of hardware and software of a computer-based system. In another
specific embodiment, the automatic detection algorithm is implemented as a
program executable by a computer or other computerized device. In one
embodiment, the program is stored in a computer-readable medium to allow
installation in computerized medical device systems. In one embodiment, the
result of the execution of the automatic detection algorithm serves as a basis for
making therapeutic decisions, such as to start, stop, adjust, and optimize a
therapy. In a further embodiment, the therapy is optimized based on the result of
the execution of the automatic detection algorithm on a continuous basis. In
another further embodiment, the therapy is optimized based on the result of the
execution of the automatic detection algorithm on a predetermined schedule,
such as on a periodic basis. The therapy includes any therapy or combination of
therapies treating one or more of the detected cardiopulmonary conditions, such
as a drug therapy, an electrical therapy, a biological therapy, or any combination
of these.

Signals and/or parameters indicative of the cardiopulmonary conditions
are received at 100. In one embodiment, the signals are sensed by implantable
sensors. In one further embodiment, the implantable sensors are connected to or
included in an implantable medical device. The parameters are derived from the
signals for the detection of the cardiopulmonary conditions.

Dyspnea is to be detected at 102. In one embodiment, dyspnea is
detected based on a respiratory signal and an activity signal. The respiratory
signal, such as an impedance signal sensed by an implantable impedance sensor,
indicates a patient’s lung volume, which changes cyclically with respiratory
cycles (breaths) and hence the respiratory pattern. In one embodiment, the

respiratory signal is a minute-ventilation (MV) impedance signal that is a
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processed thoracic impedance signal indicative tidal volume and respiratory rate.
MYV is the product of the tidal volume (air expired during each respiratory cycle)
and respiratory rate (number of respiratory cycles per minute). The thoracic
impedance signal is sensed by the implantable impedance sensor. The activity
signal, such as an acceleration signal sensed by an implantable accelerometer,
indicates the patient’s gross physical activity level. Dyspnea is detected when
the respiratory signal indicates rapid and shallow breath and the activity signal
indicates that the rapid and shallow breath is substantially unrelated to the
patient’s physical activity. In one embodiment, to detect dyspnea, one or more
of a low tidal-volume/respiratory-rate ratio, a high inspiratory-time/total-
respiratory-time ratio, and a high respiratory rate are detected at 105. The tidal
volume is measured from the respiratory signal as the volume of the air expired
during each respiratory cycle. The respiratory rate is calculated from the number
of respiratory cycles per minute, as shown in the respiratory signal. The low
tidal-volume/respiratory-rate ratio is detected when a measured tidal-
volume/respiratory-rate ratio is below a predetermined threshold ratio. The
inspiratory time is measured from the respiratory signal as the time interval of
the inspiratory phase of the respiratory cycle. The expiratory time is measured
from the respiratory signal as the time interval of the expiratory phase of the
respiratory cycle. The high inspiratory-time/total-respiratory-time ratio, also
referred to as the high inspiration/expiration ratio, is detected when the
inspiratory-time/total-respiratory-time ratio exceeds a predetermined threshold
ratio. The high respiratory rate is detected when the measured respiratory rate
exceeds a predetermined threshold rate. If a detection of at least one of these
conditions is indicated at 105, a low tidal volume is to be detected at 106 by
comparing the measured tidal volume to a predetermined threshold tidal volume.
If a detection of the low tidal volume is indicated at 106, a detection of dyspnea
is indicated at 108. If no detection of the low tidal volume is indicated at 106, a
low activity level is to be detected at 107. The low activity level is detected
when the patient’s gross physical activity level, as indicated by the activity
signal, is below a predetermined threshold level representing a resting state. If a
detection of the low activity level is indicated at 107, which indicates that the

patient is substantially inactive, a detection of dyspnea is indicated at 108.
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In another embodiment, dyspnea is detected by receiving a command
triggering the process of detecting the cardiopulmonary conditions. For
example, the command is entered by the patient based on his/her physical feeling
or by another person observing or examining the patient. In one embodiment,
dyspnea is detected either automatically based on the respiratory signal and/or
the activity signal, as discussed above, or by a person based on feeling or
observation.

If the detection of dyspnea is indicated at 108, cardiogenic pulmonary
edema is to be detected at 110. In one embodiment, cardiogenic pulmonary
edema is detected based on one or more signals sensed by the implantable
sensors. The one or more signals each indicate one or more cardiopulmonary
conditions. In a further embodiment, cardiogenic pulmonary edema is detected
based on one or more parameters each produced based on the one or more
signals sensed by the implantable sensors. In one specific embodiment,
cardiogenic pulmonary edema is detected by detecting a low heart rate
variability (HRV), i.e., when a measured HRV is lower than a predetermined
threshold HRV, or when a decrease in the measured HRV exceeds a
predetermined margin, at 115. In another specific embodiment, cardiogenic
pulmonary edema is detected by detecting a high very-low-frequency (VLF)
HRYV, i.e., when a measured VLF HRYV is higher than a predetermined threshold
VLF HRV, at 115. The VLF HRV includes components of the HRV having
frequencies between about 0.0033 Hz and 0.04 Hz. A high VLF HRV is
suggestive of periodic breathing. In another specific embodiment, cardiogenic
pulmonary edema is detected by detecting a high ratio of low-frequency (LF)
HRV to high-frequency (HF) HRYV, i.e., when the LF-HRV/HF-HRYV ratio
exceeds a predetermined threshold ratio, at 115. The LF HRV includes
components of the HRV having frequencies between about 0.04 Hz and 0.15 Hz.
The HF HRYV includes components of the HRV having frequencies between
about 0.15 Hz and 0.40 Hz. The LF-HRV/HF-HRYV ratio is used to track trends
in shifts of autonomic balance. A substantial change in the LF-HRV/HF-HRV
ratio indicates a change in systemic stress that indicates the degree to which the
sympathetic nervous system is over-stimulated. In another specific
embodiment, cardiogenic pulmonary edema is detected by detecting a high very-
low-frequency (VLF) impedance, i.e., when a VLF impedance exceeds a

9
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predetermined threshold VLF impedance, at 115. The VLF impedance includes
VLF components of a thoracic impedance signal sensed by an implantable
impedance sensor and suggests periodic breathing. The VLF components are
within a frequency range of about 0.0033 Hz to 0.016 Hz. In another specific
embodiment, cardiogenic pulmonary edema is detected by detecting a high third
heart sound (S3) amplitude, i.e., when the S3 amplitude exceeds a predetermined
threshold amplitude, at 115. A substantial presence of S3 indicates heart failure.
In another specific embodiment, cardiogenic pulmonary edema is detected by
detecting an S3 index, i.e., when the S3 index exceeds a predetermined threshold
level, at 115. The S3 index is a ratio, or an estimate of the ratio, of the number
of S3 beats to the number of all heart beats, where the S3 beats are each a heart
beat during which an occurrence of S3 is detected. It is a measure of a frequency
of S3 presence used to indicate heart failure. In another specific embodiment,
cardiogenic pulmonary edema is detected by detecting a direct-current (DC)
impedance, i.e., when the DC impedance is below a predetermined threshold DC
impedance, at 115. The DC impedance includes DC (and/or ultra-low-
frequency) components of the thoracic impedance signal sensed by the
implantable impedance sensor and indicates a lung fluid status. In one
embodiment, cardiogenic pulmonary edema is detected by detecting one of the
low HRV, the high VLF HRYV, the high LF-HRV/HF-HRYV ratio, the high VLF
impedance, the high S3 amplitude, the high S3 index, and the low DC
impedance. A detection of cardiogenic pulmonary edema is indicated at 116
after the one of these conditions is detected at 115. In another embodiment,
cardiogenic pulmonary edema is detected by detecting two or more of the low
HRV, the high VLF HRV, the high LF-HRV/HF-HRYV ratio, the high VLF
impedance, the high S3 amplitude, the high S3 index, and the low DC
impedance at 115. In one specific embodiment, a unanimous or majority voting
determines whether to indicate a detection of cardiogenic pulmonary edema at
116. In one specific embodiment, a weighted voting determines whether to
indicate a detection of cardiogenic pulmonary edema at 116. A weighing
coefficient is assigned to each of the conditions including the low HRYV, the high
VLF HRV, the high LF-HRV/HF-HRV ratio, the high VLF impedance, the high
S3 amplitude, the high S3 index, and the low DC impedance. The detection of

each of these conditions is given a predetermined weight in the voting.
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If cardiogenic pulmonary edema is not detected at 115, a Jow FVCis to
be detected at 120. The low FVC is detected when a measured FVC is less than
a predetermined threshold FVC. In one embodiment, the FVC is measured from
a spirometry signal. In another embodiment, the FVC is measured from a
respiratory signal sensed by an implantable sensor, such as the MV impedance
signal.

If the low FVC is detected at 125, obstructive pulmonary disease is to be
detected at 130, and restrictive pulmonary disease is to be detected at 140.
Obstructive pulmonary disease is detected by detecting a low FEV/FVC ratio,
i.e., when the ratio of the measured FEVy (where N denotes that the FEV is
measured at N seconds after the expiration phase of a respiratory cycle starts) to
the measured FVC falls below a predetermined obstructive pulmonary disease
threshold ratio at 135. In one embodiment, the FVC and the FEVYy are both
measured from the spirometry signal. In another embodiment, the FVC and the
FEVy are both measured from measured from the respiratory signal sensed by
the implantable sensor, such as the MV impedance signal. If the low FEVN/FVC
ratio is detected at 135, a detection of obstructive disease is indicated at 136. In
one embodiment, the restrictive pulmonary disease is detected by detecting a
high FEV\/FVC ratio, i.e., when the ratio of the measured FEVy to the measured
FVC exceeds a predetermined restrictive pulmonary disease threshold ratio at
145. If the high FEV\/FVC ratio is detected at 145, a detection of restrictive
pulmonary disease is indicated at 146.

One or more of the thresholds used in the detection of dyspnea,
cardiogenic pulmonary edema, low FVC, obstructive pulmonary disease, and
restrictive pulmonary disease as described above with reference to steps 105,
106, 107, 115, 125, 135, and 145 are individually established and adjusted for
each patient. In one embodiment, all the thresholds are established based on
baseline data collected when the system is initially used with a patient and when
thé patient is in a stable condition. The baseline data represent the patient’s
baseline condition, which is used as a reference for future progress of the
conditions. In one embodiment, one or more of the thresholds are verified
periodically when a patient is known to be in a stable condition and adjusted

when appropriate.
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FIGS. 2A — C illustrate the measurement of the FVC and FEVy. FIG. 2A
is a graph illustrating a respiratory signal 200A indicative of normal pulmonary
function. FIG. 2B is a graph illustrating a respiratory signal 200B indicative of a
respiratory pattern seen in an obstructive pulmonary disease. FIG. 2C is a graph
illustrating a respiratory signal 200C indicative of a respiratory pattern seen in a
restrictive pulmonary disease. In FIGS. 2A — C, the respiratory signals are each
a signal indicative of lung volume, which changes cyclically with the respiration
cycles and shows the respiratory pattern. In one embodiment, respiratory signals
200A — C are spirometry signals sensed by a spirometer. In another
embodiment, respiratory signals 200A — C are respiratory signals sensed by an
implantable sensor, such as the MV impedance signal sensed by the implantable
impedance sensor. The FVC is measured as the changé of the lung volume from
the beginning of the expiratory phase to the beginning of the inspiratory phase in
a respiratory cycle. As illustrated in FIGS. 2A — C, the FVC for respiratory
signal 200A is measured as the change in lung volume between points 202A and
204A; the FVC for respiratory signal 200B is measured as the change in the lung
volume between points 202B and 204B; and the FVC for respiratory signal 200C
is measured as the change in the lung volume between points 202C and 204C.
The FEVy is measured as the change in the lung volume over a predetermined
time interval (N seconds) starting with the beginning of the expiratory phase. In
one specific embodiment, as illustrated in FIGS. 2A — C, the predetermined time
interval is 1.0 second, and FEV| is measured. The FEV, for respiratory signal
200A is measured as the change in the lung volume between points 202A and
206 A the FEV for respiratory signal 200B is measured as the change in the
lung volume between points 202B and 206B; and the FEV| for respiratory signal
200C is measured as the change in the lung volume between points 202C and
206C. In other embodiments, the FEVy are measured at other times such as 3 or
6 seconds after the beginning of the respiratory cycle (i.e., FEV3 or FEV), and
the thresholds for detecting the high FEVn/FVC ratio and the low FEVN/FVC
ratio are adjusted accordingly.

FIG. 3 is a block diagram illustrating one embodiment of a
cardiopulmonary condition detector 300 for detecting cardiopulmonary
conditions. Cardiopulmonary condition detector 300 includes a parameter input

310, a threshold input 312, a pulmonary edema detector 320, a low FVC detector
12
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330, and a pulmonary condition detector 340. Pulmonary condition detector 340
includes an obstructive pulmonary disease detector 342 and a restrictive
pulmonary disease detector 344. In one embodiment, cardiopulmonary
condition detector 300 includes a computerized circuit executing the automatic
detection algorithm discussed above with reference to FIGS. 1A —-C.

Parameter input 310 receives parameters indicative the cardiopulmonary
conditions. The parameters are used for the detections performed by
cardiopulmonary condition detector 300. In one embodiment, the parameters are
produced based on signals sensed by implantable sensors. In another
embodiment, the parameters are sensed by a combination of implantable and
external sensors.

Threshold input 312 receives threshold values used by detectors 320,
330, 342, and 344. In one embodiment, one or more of these threshold values
are programmable and adjusted for each individual patient.

Pulmonary edema detector 320 receives a parameter indicative of
pulmonary fluid status and detects cardiogenic pulmonary edema by comparing
the signal to a predetermined threshold. FIG. 4 is a block diagram illustrating a
circuit of pulmonary edema detector 420 as one embodiment of pulmonary
edema detector 320. Pulmonary edema detector 420 includes a low HRV
detector 421, a high VLF HRV detector 422, a high LF-HRV/HF-HRYV ratio
detector 423, a high VLF impedance detector 424, a high S3 amplitude detector
425, a high S3 index detector 426, a low DC impedance detector 427, and a
cardiogenic pulmonary edema indicator 429. Low HRYV detector 421 includes a
comparator having a first input receiving the HRV, a second input representing a
predetermined threshold HRV, and an output indicating a detection of
cardiogenic pulmonary edema when the HRV is lower than the predetermined
threshold HRV or when the decrease in the HRV exceeds the predetermined
margin. High VLF HRV detector 422 includes a comparator having a first input
receiving the VLF HRYV, a second input representing a predetermined threshold
VLF HRV, and an output indicating a detection of cardiogenic pulmonary edema
when the VLF HRV exceeds the predetermined threshold VLF HRV. High LF-
HRV/HF-HRV ratio detector 423 includes a comparator having a first input
receiving the LF-HRV/HF-HRYV ratio, a second input representing a

predetermined threshold ratio, and an output indicating a detection of
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cardiogenic pulmonary edema when the LF-HRV/HF-HRYV ratio exceeds the
predetermined threshold ratio. High VLF impedance detector 424 includes a
comparator having a first input receiving the VLF impedance signal, a second
input representing a predetermined threshold VLF impedance, and an output
indicating a detection of cardiogenic pulmonary edema when the VLF
impedance exceeds the predetermined threshold VLF impedance. High S3
amplitude detector 425 includes a comparator having a first input receiving the
signal indicative of the S3 amplitude, a second input representing a
predetermined threshold amplitude, and an output indicating a detection of
cardiogenic pulmonary edema when the S3 amplitude exceeds the predetermined
threshold amplitude. High S3 index detector 426 includes a comparator having a
first input receiving the signal indicative of the S3 index, a second input
representing a predetermined threshold index level, and an output indicating a
detection of cardiogenic pulmonary edema when the S3 index exceeds the
predetermined threshold index level. Low DC impedance detector 427 includes
a comparator having a first input receiving the DC impedance signal, a second
input representing a predetermined threshold DC impedance, and an output
indicating a detection of cardiogenic pulmonary edema when the DC impedance
is below the predetermined threshold DC impedance. Cardiogenic pulmonary
edema indicator 429 indicates a detection of cardiogenic pulmonary edema
based on results of detection by the one or more of detectors 421 —427. When
two or more of the detectors 421 — 427 produce results of detection, in one
embodiment, cardiogenic pulmonary edema indicator 429 indicates a detection
of cardiogenic pulmonary edema if detected by any of detectors cardiogenic. In
another embodiment, cardiogenic pulmonary edema indicator 429 indicates a
detection of cardiogenic pulmonary edema based on a unanimous or majority
voting. In another embodiment, cardiogenic pulmonary edema indicator 429
indicates a detection of cardiogenic pulmonary edema based on a weighted
voting, for which predetermined weighing coefficients are assigned to each of
the low HRV, high VLF HRV, high LF-HRV/HF-HRYV ratio, high VLF
impedance, high S3 amplitude, high S3 index, and low DC impedance
detections. In one embodiment, pulmonary edema detector 420 is programmable
for selective activation of one or more of detectors 421 —427. The selection is

based on the availability of the parameters (the HRV, VLF HRV, LF-HRV/HF-
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HRYV ratio, VLF impedance, S3 amplitude, S3 index, and DC impedance) and/or
a medical judgment on the reliability of detection. In other embodiments,
pulmonary edema detector 420 includes any subset of detectors 421 — 427 and
cardiogenic pulmonary edema indicator 429.

Low FVC detector 330 detects a low FVC if pulmonary edema detector
320 does not indicate a detection of cardiogenic pulmonary edema. Low FVC
detector 330 includes a comparator having a first input receiving a measured
FVC, a second input representing a predetermined threshold FVC, and an output
indicating a low FVC when the measured FVC is less than the predetermined
threshold FVC.

If low FVC detector 330 indicates a detection of the low FVC,
obstructive pulmonary disease detector 342 detects an obstructive pulmonary
disease, and restrictive pulmonary disease detector 344 detects a restrictive
pulmonary disease, both based on a ratio of the FEVN/FVC ratio. Obstructive
pulmonary disease detector 342 includes a comparator having a first input
receiving the FEVN/FVC ratio, a second input representing a predetermined
obstructive pulmonary disease threshold ratio, and an output indicating a
detection of obstructive pulmonary disease when the FEVN/FVC ratio is below
the predetermined obstructive pulmonary disease threshold ratio. Restrictive
pulmonary disease detector 344 includes a comparator having a first input
receiving the FEVN/FVC ratio, a second input representing a predetermined
restrictive pulmonary disease threshold ratio, and an output indicating a
detection of restrictive pulmonary disease when the FEVN/FVC ratio exceeds the
predetermined restrictive pulmonary disease threshold ratio.

In one embodiment, cardiopulmonary condition detector 300 includes a
command receiver to receive a command triggering the process of detecting
cardiogenic pulmonary edema, low FVC, obstructive pulmonary disease, and
restrictive pulmonary disease. In one embodiment, the command is entered by a
person such as the patient or a physician or other caregiver. In another
embodiment, cardiopulmonary condition detector 300 includes a dyspnea
detector to produce the command upon a detection of dyspnea. In one
embodiment, the dyspnea detector receives a respiratory parameter and an
activity level parameter to detect rapid and shallow breath when the patient is at

a substantially resting state. In one specific embodiment, the respiratory
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parameter is the MV impedance sensed by the implantable impedance sensor,
and the activity level parameter is derived from the acceleration signal sensed by
the implantable accelerometer.

FIG. 5 is a block diagram illustrating one embodiment of a
cardiopulmonary condition detection system 500 including cardiopulmonary
condition detector 300. System 500 includes a signal input 502 that receives
signals sensed by one or more sensors and a signal processor 504 that produces
the parameters used by cardiopulmonary condition detector 300 based on the
received signals. A threshold circuit 506 provides cardiopulmonary condition
detector 300 with the thresholds used in the detection of the cardiopulmonary
conditions. In one embodiment, signal input 502 receives signals from the
implantable sensors. In one specific embodiment, the implantable sensors are
included in, and/or connected to, one implantable medical device. In another
embodiment, signal input 502 receives signals from both implantable and
external sensors.

In one embodiment, system 500 operates by executing an automatic
detection algorithm that includes signal processing and parameter production, in
addition to the functions of the automatic detection algorithm discussed above
with reference to FIGS. 1A — C. System 500 receives signals indicative of
cardiopulmonary conditions and detects the cardiopulmonary conditions by
executing the automatic detection algorithm using the received signals as inputs.
The cardiopulmonary conditions include at least cardiogenic pulmonary edema,
obstructive pulmonary disease, and restrictive pulmonary disease.

Signal input 502 includes, but is not limited to, one or more of a cardiac
signal input, an impedance signal input, a heart sound signal input, an activity
signal input, and a spirometry signal input, depending on which parameters are
used for the detections performed by cardiopulmonary condition detector 300.
The cardiac signal input receives one or more signals indicative of HRV. In one
embodiment, the cardiac signals include one or more electrograms sensed by an
implantable medical device having an electrogram sensing circuit. In another
embodiment, the cardiac signals include event markers representing cardiac
depolarizations detected from the one or more electrograms. The impedance
signal input receives one or more impedance signals each indicative of one or

more of minute ventilation (lung volume, respiratory pattern), periodic
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breathing, and pulmonary fluid status. In one embodiment, the one or more
impedance signals include a thoracic impedance signal sensed by an implantable
impedance sensor. The heart sound input receives one or more heart sound
signals indicative of at least S3. In one embodiment, the one or more heart
sound signals include an acceleration signal indicative of cardiac mechanical
activities sensed by an implantable accelerometer. In another embodiment, the
one or more heart sound signals include an acoustic signal sensed by an
implantable microphone. The activity signal input receives an activity signal
indicative of the patient’s gross physical activity level. In one embodiment, the
activity signal includes an acceleration signal sensed by an implantable
accelerometer. The spirometry signal input receives a spirometry signal
indicative of the lung volume sensed by an external spirometer.

Signal processor 504 produces the parameters selected for the detections
performed by cardiopulmonary condition detector 300 by processing the signals
received by signal input 502. Signal processor 504 includes one or more of an
HRYV processor, an impedance processor, a heart sound processor, an activity
signal processor, and a respiratory signal processor.

The HRV processor produces one or more of the HRV, the VLF HRYV,
and the LF-HRV/HF-HRYV ratio. In one embodiment, the HRV processor
includes an HRV measurement module, a VLF HRV generator, an LF HRV
generator, an HF HRV generator, and an LF-HRV/HF-HRYV ratio calculator.
The HRV measurement module measures the HRV based on the one or more
electrograms. The VLF HRV generator produces the VLF HRV by extracting
the components of the HRV within a VLF frequency band of about 0.0033 —
0.04 Hz. In one embodiment, the VLF HRV generator includes a filter to
produce the VLF HRYV as a time-domain signal. In another embodiment, the
VLF HRV generator includes a spectral analyzer to produce the VLF HRV as
the power distributed in the VLF frequency band. The LF HRV generator
produces the LF HRV by extracting the components of the HRV within an LF
frequency band of about 0.04 — 0.15 Hz. In one embodiment, the LF HRV
generator includes a filter to produce the LF HRV as a time-domain signal. In
another embodiment, the LF HRV generator includes a spectral analyzer to
produce the LF HRV as the power distributed in the LF frequency band. The HF
HRYV generator produces the HF HRV by extracting the components of the HRV
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within an HF frequency band of about 0.15 — 0.40 Hz. In one embodiment, the
HF HRYV generator includes a filter to produce the HF HRYV as a time-domain
signal. In another embodiment, the HF HRV generator includes a spectral
analyzer to produce the HF HRYV as the power distributed in the HF frequency
band. The LF-HRV/HF-HRYV ratio calculator calculates the LF-HRV/HF-HRV
ratio by dividing the LF HRV by the HF HRV.

The impedance processor produces the MV impedance, DC impedance,
and VLF impedance based on the one or more impedance signals. In one
embodiment, the impedance processor includes an MV impedance generator to
produce an MV impedance indicative of minute ventilation, a VLF impedance
signal generator to produce a VLF impedance suggestive of periodic breathing,
and an DC impedance generator to produce an DC impedance indicative of
pulmonary fluid status, all from a thoracic impedance signal sensed by the
implantable impedance sensor. The VLF impedance generator produces the
VLF impedance by extracting the components of the thoracic impedance signal
within a VLF frequency band of about 0.0033 — 0.016 Hz. In one embodiment,
the VLF impedance generator includes a filter to produce the VLF impedance as
a time-domain signal. In another embodiment, the VLF impedance generator
includes a spectral analyzer to produce the VLF impedance as the power
distributed in the VLF frequency band. The DC impedance generator produces
the DC impedance by extracting the DC (or ultra-low-frequency) components of
the thoracic impedance signal. In one embodiment, the VLF impedance
generator includes a filter to produce the VLF impedance as a time-domain
signal. In another embodiment, the VLF impedance generator includes a
spectral analyzer to produce the VLF impedance as the power distributed in the
VLF frequency band.

The heart sound processor includes an S3 detector and an S3 analyzer.
The S3 detector detects S3 from the one or more heart sound signals. An
example of an S3 detector is discussed in U.S. Patent Application Serial No.
10/746,853, “METHOD AND APPARATUS FOR THIRD HEART SOUND
DETECTION,” filed on December 24, 2003, assigned to Cardiac Pacemakers,
Inc., which is incorporated herein by reference in its entirety. The S3 analyzer
includes one or more of an S3 amplitude measurement module and an S3 index

trending module. The S3 amplitude measurement module measures the S3
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amplitude based on detected occurrences of S3. In one embodiment, the S3
amplitude measurement module measures amplitudes of a predetermined
number of S3 and calculates the S3 amplitude as an average S3 amplitude. In
another embodiment, the S3 amplitude measurement module measures
amplitudes of S3 over a predetermined time interval and calculates the S3
amplitude as an average S3 amplitude. The S3 index trending module produce
the S3 index as a ratio, or an estimate of the ratio, of the number of S3 beats to
the number of all heart beats, where the S3 beats are each a heart beat during
which an occurrence of S3 is detected. An example of a system trending S3
index is discussed in U.S. Patent Application Serial No. 10/746,874, “A THIRD
HEART SOUND ACTIVITY INDEX FOR HEART FAILURE
MONITORING,” filed on December 24, 2003, assigned to Cardiac Pacemakers,
Inc., which is incorporated herein by reference in its entirety.

The activity signal processor derives the activity level from the activity
signal. In one embodiment, a dual-use sensor senses both the heart sound signal
and the activity signal using a single accelerometer. One example of such a
dual-use sensor that includes a single accelerometer is discussed in U.S. Patent
Application Serial No. 10/703,175, “DUAL-USE SENSOR FOR RATE
RESPONSIVE PACING AND HEART SOUND MONITORING,” filed
November 6, 2003, assigned to Cardiac Pacemakers, Inc., which is incorporated
herein by reference in its entirety. '

The respiratory parameter generator includes an FVC measurement
module, an FEV measurement module, and a respiratory ratio calculator. The
FVC measurement module measures the FVC, and the FEV measurement
module measures the FEVy, both from a respiratory signal being at least one of
the MV impedance signal and the spirometry signal. The FEV measurement
module is programmable for measuring the FEVy in a predetermined time (N)
referenced to the beginning of an expiratory phase. In one embodiment, the
FVC measurement module and the FEV measurement module receive the
activity level from the activity signal processor and perform the measurements
when the activity level is below a predetermined threshold level representing a
substantially resting state. The respiratory ratio calculator calculates the

FEVW/FVC ratio.
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Threshold circuit 506 provides the threshold values used by
cardiopulmonary condition detector 300. In one embodiment, threshold circuit
506 includes an initial threshold storage circuit, a threshold receiver, and a
current threshold register. The initial threshold storage circuit stores a complete
set of default values for all thresholds required for the detections performed by
cardiopulmonary condition detector 300. The threshold receiver receives
threshold values entered for each individual patient. The current threshold
register is initialized with the complete set of default values and updated with the
threshold values received by the threshold receiver for the individual patient.
The threshold values for each individual patient are entered by the user and/or an
automated threshold evaluation system. In one embodiment, the automated
threshold evaluation system dynamically adjusts one or more thresholds when
such a need is detected or otherwise indicated.

FIG. 6 is an illustration of one embodiment of a system 600 for
monitoring heart failure patients with cardiopulmonary comorbidities and
portions of the environment in which system 600 is used. System 600 includes
an implantable system 605, an external system 655, and a telemetry link 640
providing for communication between implantable system 605 and external
system 655.

Implantable system 605 includes, among other things, implantable
medical device 610 and lead system 608. In various embodiments, implantable
medical device 610 is an implantable cardiac thythm management (CRM) device
including one or more of a pacemaker, a cardioverter/defibrillator, a cardiac
resynchronization therapy (CRT) device, a cardiac remodeling control therapy
(RCT) device, a drug delivery device or a drug delivery controller, and a
biological therapy device. In one embodiment, implantable medical device 610
includes implantable sensors for sensing the signals used in the detections
performed by cardiopulmonary condition detector 300. In another embodiment,
implantable medical device 610 and lead system 608 each include one or more
of the implantable sensors. As shown in FIG. 6, implantable medical device 610
is implanted in a body 602. Lead system 608 provides connections between
implantable medical device 610 and a heart 601. In various embodiments, lead
system 608 includes leads for sensing physiological signals and delivering

pacing pulses, cardioversion/defibrillation shocks, and/or pharmaceutical or
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other substances. In one embodiment, at least one implantable sensor is
incorporated into a lead of lead system 608 for placement in or about heart 601.

In one embodiment, external system 655 is a patient management system
including external device 650, network 660, and remote device 670. External
device 650 is within the vicinity of implantable medical device 610 and
communicates with implantable medical device 610 bi-directionally via
telemetry link 640. Remote device 670 is in a remote location and
communicates with external device 1650 bi-directionally via network 660, thus
allowing a user to monitor and treat a patient from a distant location. In another
embodiment, external system includes a programmer communicating with
implantable medical device 610 bi-directionally via telemetry link 640.

System 600 includes cardiopulmonary condition detection system 500 for
monitoring the heart failure patients with cardiopulmonary comorbidities. The
treatment includes, but is not limited to, one or more of a drug therapy, an
electrical therapy (such as pacing, CRT, and RCT), and a biological therapy.
The distribution of system 500 in system 600 depends on design and patient
management considerations, such as the size and power consumption of each
system component and the ability of monitoring the patient in various settings
from various locations. In one embodiment, implantable medical device 610
includes the entire system 500. In another embodiment, external system 655
includes the entire system 500. In another embodiment, implantable medical
device 610 includes signal input 502, and external system 655 includes signal
processor 504, threshold circuit 506, and cardiopulmonary condition detector
300. In another embodiment, implantable medical device 610 includes signal
input 502 and signal processor 504, and external system 655 includes threshold
circuit 506 and cardiopulmonary condition detector 300. In another
embodiment, implantable medical device 610 includes signal input 502 and
portions of signal processor 504, and external system 655 includes the other
portions of signal processor 504, threshold circuit 506, and cardiopulmonary
condition detector 300. In another embodiment, implantable medical device 610
includes signal includes portions of signal input 502 and signal processor 504,
and external system 655 includes the other portions of signal input 502 and
signal processor 504, threshold circuit 506, and cardiopulmonary condition

detector 300. In one specific embodiment, in which external system 655 is the
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patient management system, remote device 650 includes the cardiopulmonary
condition detector 300.

FIG. 7 is a block diagram illustrating one embodiment of a circuit of
system 600. The circuit includes various embodiments of system 500.

Implantable system 605 includes sensors 720, implant processor 730, and
implant telemetry module 742. In one embodiment, sensors 720, implant
processor 730, and implant telemetry module 742 are included in implantable
medical device 610. In another embodiment, at least one sensor of sensors 720
is external to implantable medical device 610. External system 780 includes
external telemetry module 744 and external processor 780. External processor
780 includes cardiopulmonary condition detector 300. In one embodiment, in
which the spirometry signal is used as the respiratory signal, system 600 further
includes an external spirometer to sense the spirometry signal. In one
embodiment, the external spirometer is electrically connected to external
processor 780. In another embodiment, the external spirometer is wirelessly
connected to external processor 780 via telemetry.

Sensors 720 include one or more of a sensing circuit, an impedance
sensor, a heart sound sensor, and an activity sensor. The sensing circuit senses
one or more electrograms indicative of HRV. The impedance sensor senses
thoracic impedance. The heart sound sensor detects a heart sound signal
indicative of at least S3. In one embodiment, the heart sound sensor includes an
accelerometer. In another embodiment, the heart sound sensor includes a
microphone. In one embodiment, the heart sound sensor is included in
implantable medical device 610. In another embodiment, the heart sound sensor
is incorporated into a lead of lead system 608. The activity sensor senses an
activity signal indicative of the patient’s gross physical activity level. In one
embodiment, the activity sensor includes an accelerometer. In another
embodiment, a single accelerometer functions as a dual-use sensor that senses
both the heart sound signal and the activity signal.

Implant processor 730 and external processor 780 include system 500.
The specific distribution of the component of system 500 in implant processor
730 and external processor 780 depends on specific design and patient
management considerations. In one embodiment, implant processor 730

includes signal input 502 and signal processor 504, and external processor 780
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includes threshold circuit 506 and cardiopulmonary condition detector 300. In
another embodiment, implant processor 730 includes signal input 502, and
external processor 780 includes signal processor 504, threshold circuit 506, and
cardiopulmonary condition detector 300. In another embodiment, implant
processor 730 includes signal input 502 and portions of signal processor 504,
and external processor 780 includes the other portions of signal processor 504,
threshold circuit 506, and cardiopulmonary condition detector 300. In another
embodiment, implant processor 730 includes portions of signal input 502 and
signal processor 504, and external processor 780 includes the other portions of
signal input 502 and signal processor 504, threshold circuit 506, and
cardiopulmonary condition detector 300. In one specific embodiment in which
both implant processor 730 and external processor 780 both include portions of
signal processor 504, implant processor 730 includes one or more of the HRV
measurement module, the impedance processor, the heart sound processor, and
the activity signal processor; external processor includes one or more of the S3
analyzer and the respiratory parameter generator.

Implant telemetry module 742 and external telemetry module 744
supports telemetry link 640. Telemetry link 640 is a wireless bi-directional data
transmission link. In one embodiment, telemetry link 640 is an inductive couple
formed when two coils—one connected to implant telemetry module 742 and the
other connected to external telemetry module 744—are placed near each other.
In this embodiment, the patient or the user places the coil connected to external
device 650 on body 602 over implantable medical device 610. In another
embodiment, telemetry link 640 is a far-field radio-frequency telemetry link
allowing implantable medical device 610 and external device 650 to
communicate over a telemetry range that is at least ten feet. In one embodiment,
implant telemetry module 742 transmits one or more signals and/or parameters
indicative of cardiopulmonary conditions, and external telemetry module 744
receives these signals and/or parameters.

FIG. 8 is a flow chart illustrating one embodiment of a method for
monitoring heart failure patients with cardiopulmonary comorbidities. In one
embodiment, the method is performed by system 600.

Signals indicative of a plurality of cardiopulmonary conditions are sensed

at 800. Based on the sensed signals, parameters indicative of the plurality of
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cardiopulmonary conditions are produced at 810. An automatic detection
algorithm is executed to detect the plurality of cardiopulmonary conditions based
on the parameters at 820. The plurality of cardiopulmonary conditions includes
at least cardiogenic pulmonary edema, obstructive pulmonary disease, and
restrictive pulmonary disease. In one embodiment, the automatic detection
algorithm performs the method discussed above with reference to FIGS. 1A - C.

In one specific embodiment using system 600, sensors 720 senses the
signals at 800. Implant processor 730 and/or external processor 780 produce the
parameters at 810. Cardiopulmonary condition detector 300 executes the
automatic detection algorithm to detect cardiogenic pulmonary edema,
obstructive pulmonary disease, and restrictive pulmonary disease based on the
parameters.

It is to be understood that the above detailed description is intended to be
illustrative, and not restrictive. For example, the method for detecting the
cardiopulmonary conditions including cardiogenic pulmonary edema,
obstructive pulmonary disease, and restrictive pulmonary disease may be
implemented without using implantable sensors. The method of using a
combination of implantable and external systems for differential diagnostic
purposes is not limited to diagnosis of cardiopulmonary conditions. Other
embodiments, including any possible permutation of the system components
discussed in this document, will be apparent to those of skill in the art upon
reading and understanding the above description. The scope of the invention
should, therefore, be determined with reference to the appended claims, along

with the full scope of equivalents to which such claims are entitled.
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What is claimed is:

1. A system for detecting cardiopulmonary conditions, comprising:

a parameter input to receive parameters indicative of a plurality of
cardiopulmonary conditions, the parameters including a forced vital capacity
(FVC) parameter, a forced expiratory volume (FEV) parameter, and one or more
edema-indicating parameters indicative of cardiogenic pulmonary edema;

a pulmonary edema detector coupled to the parameter input, the
pulmonary edema detector adapted to detect the cardiogenic pulmonary edema
based on the one or more edema-indicating parameters;

a low FVC detector coupled to the pulmonary edema detector, the low
FVC detector adapted to detect a low FVC when the FVC parameter is below a
predetermined threshold FVC parameter value if the cardiogenic pulmonary
edema is not detected; and

a pulmonary condition detector coupled to the low FVC detector, the
pulmonary condition detector adapted to detect at least an obstructive pulmonary
disease and a restrictive pulmonary disease based on the FVC parameter and the

FEV parameter if the low FVC is detected.

2. The system according to claim 1, wherein the pulmonary condition
detector comprises an obstructive pulmonary disease detector adapted to detect
the obstructive pulmonary disease when a ratio of the FEV parameter to the FVC
parameter is below a predetermined obstructive pulmonary disease threshold

ratio.

3. The system according to any of the preceding claims, wherein the
pulmonary condition detector further comprises a restrictive pulmonary disease
detector adapted to detect the restrictive pulmonary disease when the ratio of the
FEV parameter to the FVC parameter exceeds a predetermined restrictive

pulmonary disease threshold ratio.

4. The system according to according to any of the preceding claims,
further comprising a respiratory parameter generator coupled to the parameter

input, the respiratory parameter generator including:
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an FVC measurement module to measure the FVC parameter from a
respiratory signal; and
an FEV measurement module to measure the FEV parameter from the

respiratory signal.

5. The system according to claim 4, wherein the respiratory signal
comprises a spirometry signal, and further comprising a spirometry signal input,
coupled to the respiratory parameter generator, to receive the respiratory signal

from a spirometer.

6. The system according to claim 4, wherein the respiratory signal
comprises an impedance signal, and further comprising an impedance signal
input, coupled to the respiratory parameter generator, to receive the impedance

signal from an implantable impedance sensor.

7. The system according to any of claims 4 to 6, further comprising an
activity signal input, coupled to the respiratory parameter generator, to receive
an activity signal indicative of a physical activity level from an implantable
activity sensor, and wherein the FVC measurement module is adapted to
measure the FVC parameter when the activity level is below a predetermined
threshold level representing a substantially resting state, and the FEV
measurement module is adapted to measure the FEV parameter when the activity
level is below the predetermined threshold level representing the substantially

resting state.

8. The system according to any of the preceding claims, further comprising:
a cardiac signal input to receive one or more electrograms from an
implantable sensing circuit; and
a heart rate variability (HRV) processor, coupled to the cardiac signal
input and the parameter input, to produce one or more parameters of the one or
more edema-indicating parameters based on the one or more electrograms, the
HRYV processor including an HRV measurement module to measure the HRV

based on the one or more electrograms.
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9. The system according to claim 8, wherein the pulmonary edema detector
comprises a low HRV detector adapted to indicate a detection of the cardiogenic

pulmonary edema when the HRV is lower than a predetermined threshold HRV.

10.  The system according to claim 8, wherein the pulmonary edema detector
comprises a low HRV detector adapted to indicate a detection of the cardiogenic

pulmonary edema when a decrease in the HRV exceeds a predetermined margin.

11.  The system according to claim 8, wherein the HRV processor further
comprises a very-low-frequency (VLF) HRV generator to produce a VLF HRV
having a frequency band of about 0.0033 Hz to 0.04 Hz based on the HRV, and
wherein the pulmonary edema detector comprises a high VLF HRV detector
adapted to indicate a detection of the cardiogenic pulmonary edema when the

VLF HRYV exceeds a predetermined threshold VLF HRV.

12.  The system according to claim 8, wherein the HRV processor further
comprises:

a low-frequency (LF) HRV generator to produce an LF HRV having a
frequency band of about 0.04 Hz to 0.15 Hz based on the HRV;

a high-frequency (HF) HRV generator to produce an HF HRV having a
frequency band of about 0.15 Hz to 0.40 Hz based on the HRV; and

a LF-HRV/HF-HRY ratio calculator to calculate a ratio of the LF HRV
to the HF HRV,

wherein the pulmonary edema detector comprises a high LF-HRV/HF-
HRYV ratio detector adapted to indicate a detection of the cardiogenic pulmonary
edema when the ratio of the LF HRV to the HF HRV exceeds a predetermined
threshold ratio.

13.  The system according to any of claims 1 to 7, further comprising:

an impedance signal input to receive at least one impedance signal from
an implantable impedance sensor; and

an impedance processor, coupled to the impedance signal input and the
parameter input, to produce one or more parameters of the one or more edema-

indicating parameters based on the at least one impedance signal.
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14.  The system according to claim 13, wherein the impedance processor
comprises a very-low-frequency (VLF) impedance signal generator to produce a
VLF impedance having a frequency band of about 0.0033 Hz to 0.016 Hz based
on the impedance signal, and wherein the pulmonary edema detector comprises a
high VLF impedance detector adapted to indicate a detection of the cardiogenic
pulmonary edema when the VLF impedance exceeds a predetermined threshold

VLF impedance.

15.  The system according to claim 13, wherein the impedance processor
comprises a direct current (DC) impedance signal generator to produce a DC
impedance from the impedance signal, and wherein the pulmonary edema
detector comprises a low DC impedance detector adapted to indicate a detection
of the cardiogenic pulmonary edema when the DC impedance is below a

predetermined threshold DC impedance.

16. The system according to any of claims 1 to 7, further comprising:

a heart sound input to receive a heart sound signal from an implantable
heart sound sensor; and

a third heart sound (S3) processor coupled to the heart sound input and
the parameter input, the S3 processor including an S3 detector to detect
occurrences of S3 and an S3 analyzer to produce one or more parameters of the
one or more edema-indicating parameters based on the detected occurrences of

S3.

17.  The system according to claim 16, wherein the S3 analyzer comprises an
S3 amplitude measurement module to measure an S3 amplitude, and wherein the
pulmonary edema detector comprises a high S3 amplitude detector adapted to

indicate a detection of the cardiogenic pulmonary edema when the S3 amplitude

exceeds a predetermined threshold amplitude.

18.  The system according to claim 16, wherein the S3 analyzer comprises an
S3 index trending module to produce an S3 index being a ratio, or an estimate of
the ratio, of a number of S3 beats to a number of all heart beats over a

predetermined time interval, where the S3 beats are each a heart beat during
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which an occurrence of S3 is detected, and wherein the pulmonary edema
detector comprises a high S3 index detector adapted to indicate a detection of the
cardiogenic pulmonary edema when the S3 index exceeds a predetermined

threshold index level.

19. The system according to any of claims 1 to 7, wherein the one or more
edema-indicating parameters comprise two or more of:

a heart rate variability (HRV);

a very-low-frequency (VLF) HRV suggestive of periodic breathing;

a ratio of low-frequency (LF) HRV to high-frequency (HF) HRV;

a very-low-frequency (VLF) impedance suggestive of periodic breathing;

a third heart sound (S3) amplitude;

an S3 index being a ratio, or an estimate of the ratio, of a number of S3
beats to a number of all heart beats over a predetermined time interval, where the
S3 beats are each a heart beat during which an occurrence of S3 is detected; and

a DC impedance indicative of pulmonary fluid status,

wherein the pulmonary edema detector comprises two or more of:

alow HRV detector adapted to indicate a detection of the cardiogenic
pulmonary edema when a measured HRV is lower than a predetermined
threshold HRYV;

ahigh VLF HRYV detector adapted to indicate a detection of the
cardiogenic pulmonary edema when the VLF HRV exceeds a predetermined
threshold VLF HRV;

a high LF-HRV/HF-HRY ratio detector adapted to indicate a detection of
the cardiogenic pulmonary edema when the ratio of the LF HRV to the HF HRV
exceeds a predetermined threshold ratio;

a high VLF impedance detector adapted to indicate a detection of the
cardiogenic pulmonary edema when the VLF impedance exceeds a
predetermined threshold VLF impedance;

a high S3 amplitude detector adapted to indicate a detection of the
cardiogenic pulmonary edema when the S3 amplitude exceeds a predetermined

amplitude;
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a high S3 index detector adapted to indicate a detection of the
cardiogenic pulmonary edema when the S3 index exceeds a predetermined
amplitude; and

a low DC impedance detector adapted to indicate a detection of the
cardiogenic pulmonary edema when the DC impedance is below a

predetermined threshold DC impedance.

20.  The system according to claim 19, wherein the pulmonary edema
detector further comprises a cardiogenic pulmonary edema indicator coupled to
the two or more of the low HRV detector, the high VLF HRV detector, the high
LF-HRV/HF-HRV ratio detector, the high VLF impedance detector, the high S3
amplitude detector, the high S3 index detector, and the a low DC impedance
detector, the cardiogenic pulmonary edema indicator adapted to indicate a
detection of the cardiogenic pulmonary edema based on one or more detections
of the cardiogenic pulmonary edema indicated by the two or more of the low
HRV detector, the high VLF HRV detector, the high LF-HRV/HF-HRYV ratio
detector, the high VLF impedance detector, the high S3 amplitude detector, the
high S3 index detector, and the low DC impedance detector.

21.  The system according to any of the preceding claims, further comprising
a dyspnea detector coupled to the pulmonary edema detector, the dyspnea
detector adapted to receive at least one dyspnea-indicating signal and detect
dyspnea based on the at least one dyspnea-indicating signal, and wherein the
pulmonary edema detector is adapted to detect the cardiogenic pulmonary edema

after each detection of the dyspnea.

22. A system, comprising:
an implantable medical device including:
one or more sensors adapted to sense one or more signals
indicative of a plurality of cardiopulmonary conditions;
an implant processor, coupled to the one or more sensors, to
proceés the one or more signals; and
an implant telemetry module, coupled to the implant processor, to

transmit the processed one or more signals; and
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an external system communicatively coupled to the implantable medical
device via telemetry, the external system including:

an external telemetry module to receive the processed one or
more signals; and

an external processor coupled to the external telemetry module,
the external processor including a cardiopulmonary condition detector
adapted to detect the plurality of cardiopulmonary conditions based on
the processed one or more signals, the cardiopulmonary condition
detector including at least a cardiogenic pulmonary edema detector, an
obstructive pulmonary disease detector, and a restrictive pulmonary

disease detector.

23.  The system according to claim 22, wherein the implantable medical

device comprises an implantable cardiac rhythm management (CRM) device.

24.  The system according to any of claims 22 and 23, wherein the external

system comprises a programmer.

25.  The system according any of claims 22 and 23, wherein the external
system comprises a patient management system including:

an external device communicatively coupled to the implantable medical
device;

a telecommunication network coupled to the external device; and

a remote device, coupled to the telecommunication network, to allow

access to the implantable medical device from a remote location.

26.  The system according to claim 25, wherein the remote device comprises

the cardiopulmonary condition detector.

27.  The system according to any of claims 22 to 26, wherein the
cardiopulmonary condition detector comprises a dyspnea detector adapted to
detect dyspnea based on at least one dyspnea-indicating signal of the processed
one or more signals, and wherein the pulmonary edema detector is adapted to

detect a cardiogenic pulmonary edema after the dyspnea is detected.
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28.  The system according to any of claims 22 to 27, wherein the on¢ or more
sensors comprise a sensing circuit to sense one or more electrograms, and the
implant processor comprises a heart rate variability (HRV) processor adapted to
measure an HRV from the one or more electrograms and adapted to produce one
or more parameters indicative of cardiogenic pulmonary edema based on the

HRV.

29.  The system according to any of claims 22 to 27, wherein the one or more
sensors comprise an impedance sensor to sense a thoracic impedance, and the
implant processor comprises a impedance processor adapted to produce one or
more parameters indicative of cardiogenic pulmonary edema based on the

thoracic impedance.

30.  The system according to any of claims 22 to 27, wherein the one or more
sensors comprise a heart sound sensor to sense a heart sound signal indicative of
at least third heart sounds (S3), and the implant processor comprises an S3
processor adapted to detect occurrences of S3 and adapted to produce one or
more parameters indicative of cardiogenic pulmonary edema based on the

detected occurrences of S3.

31.  The system according to any of claims 22 to 30, wherein the obstructive
pulmonary disease detector is adapted to detect an obstructive pulmonary disease
based on a forced vital capacity (FVC) parameter and a forced expiratory
volume (FEV) parameter, and the restrictive pulmonary disease detector is
adapted to detect a restrictive pulmonary disease based on the FVC parameter

and the FEV parameter.

32.  The system according to claim 31, wherein the cardiopulmonary
condition detector further comprises a low FVC detector, coupled to the
cardiogenic pulmonary edema detector, to detect a low FVC when the FVC
parameter is less than a predetermined threshold FVC parameter value if the
cardiogenic pulmonary edema is not detected, and wherein the obstructive

pulmonary disease detector is adapted to detect the obstructive pulmonary

32



WO 2006/028575 PCT/US2005/025235

10

15

20

25

30

disease if the low FVC is detected, and the restrictive pulmonary disease detector

is adapted to detect the restrictive pulmonary disease if the low FVC is detected.

33.  The system according to any of claims 31 and 32, further comprising an
external spirometer, coupled to the external system, to sense a spirometry signal
indicative of lung volume, and wherein the external processor comprises:

an FVC measurement module adapted to measure the FVC parameter
from the spirometry signal; and

an FEV measurement module adapted to measure the FEV parameter

from the spirometry signal.

34.  The system according to any of claims 31 and 32, wherein the one or
more sensors comprise an impedance sensor to sense an impedance signal
indicative of minute ventilation, and the external processor comprises:

an FVC measurement module adapted to measure the FVC parameter
from the impedance signal; and

an FEV measurement module adapted to measure the FEV parameter

from the impedance signal.

35.  The system according to claim 34, wherein the one or more sensors
further comprise an activity sensor to sense an activity signal indicative of a
physical abtivity level, and wherein:

the FVC measurement module is adapted to measure the FVC parameter
from the MV impedance signal when the activity signal indicates a substantially
resting state; and

the FEV measurement module is adapted to measure the FEV parameter
from the MV impedance signal when the activity signal indicates a substantially

resting state.

36. A method for detecting cardiopulmonary conditions, comprising:
receiving signals indicative of a plurality of cardiopulmonary conditions;
executing an automatic detection algorithm, the executing including:

detecting cardiogenic pulmonary edema based on at least one

edema-indicating signal of the received signals;
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measuring a forced vital capacity (FVC) parameter and a forced
expiratory volume (FEV) parameter from at least one signal of the
received signals;

detecting an obstructive pulmonary disease based on the
measured FVC parameter and the measured FEV parameter if the
cardiogenic pulmonary edema is not detected; and

detecting a restrictive pulmonary disease based on the measured
FVC parameter and the measured FEV parameter if the cardiogenic

pulmonary edema is not detected.

37.  The method according to claim 36, wherein executing the automatic
detection algorithm further comprises detecting a low FVC if the cardiogenic
pulmonary edema is not detected, and wherein detecting the obstructive
pulmonary disease comprises detecting the obstructive pulmonary disease if the
low FVC is detected, and detecting the restrictive pulmonary disease comprises

detecting the restrictive pulmonary disease if the low FVC is detected.

38.  The method according to any of claims 36 and 37, further comprising
detecting dyspnea based on at least one dyspnea-indicating signal of the received
signals, and wherein detecting the cardiogenic pulmonary edema comprises

detecting the cardiogenic pulmonary edema after the dyspnea is detected.

39.  The method according to claim 38, wherein receiving the signals
comprises receiving a respiratory signal and an activity signal, and wherein
detecting the dyspnea comprises detecting dyspnea when the respiratory signal
indicates rapid and shallow breath and the activity signal indicates that the rapid

and shallow breath is substantially unrelated to physical activity.

40.  The method according to any of claims 36 to 39, wherein receiving the
signals comprises receiving at least one signal indicative of heart rate variability
(HRYV), and wherein detecting the cardiogenic pulmonary edema comprises

detecting the cardiogenic pulmonary edema based on the HRV.
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41.  The method according to claim 40, further comprising:
sensing one or more electrograms indicative of the HRV; and
measuring the HRV from the one or more electrograms,
wherein detecting the cardiogenic pulmonary edema based on the HRV
comprises detecting the cardiogenic pulmonary edema when the HRV is lower

than a predetermined threshold HRV.

42.  The method according to any of claims 36 to 39, wherein receiving the
signals comprises receiving a signal indicative of a very-low-frequency heart
rate variability (VLF HRV), and wherein detecting the cardiogenic pulmonary
edema comprises detecting the cardiogenic pulmonary edema based on the VLF
HRV.

43.  The method according to claim 42, further comprising:

sensing one or more electrograms indicative of HRV; and

producing the VLF HRV including components of the HRV in a
frequency band of about 0.0033 Hz to 0.04 Hz,

wherein detecting the cardiogenic pulmonary edema based on the VLF
HRYV comprises detecting the cardiogenic pulmonary edema when the VLF
HRV exceeds a predetermined threshold VLF HRV.

44.  The method according to any of claims 36 to 39, wherein receiving the
signals comprises receiving a signal indicative of a ratio of low-frequency heart
rate variability (LF HRV) to a high-frequency heart rate variability (HF HRV),
and wherein detecting the cardiogenic pulmonary edema comprises detecting the

cardiogenic pulmonary edema based on the ratio of the LF HRV to the HF HRV.

45.  The method according to claim 44, further comprising:

sensing one or more electrograms indicative of HRV;

producing a low-frequency (LF) HRV including components of the HRV
in a frequency band of about 0.05 Hz to 0.15 Hz;

producing a high-frequency (HF) HRV including components of the
HRYV in a frequency band of about 0.15 Hz to 0.40 Hz; and

calculating a ratio of the LF HRV to the HF HRV,

35



WO 2006/028575 PCT/US2005/025235

10

15

20

25

30

wherein detecting the cardiogenic pulmonary edema based on the ratio of
the LF HRV to the HF HRV comprises detecting the cardiogenic pulmonary
edema when the ratio of the LF HRV to the HF HRV exceeds a predetermined
threshold ratio.

46.  The method according to any of claims 36 to 39, wherein receiving the
signals comprises receiving a signal indicative of a very-low-frequency (VLF)
impedance suggestive of periodic breathing, and wherein detecting the

cardiogenic pulmonary edema comprises detecting the cardiogenic pulmonary

edema based on the VLF impedance.

47.  The method according to claim 46, further comprising:

sensing a thoracic impedance; and

producing the VLF impedance based on the thoracic impedance,

wherein detecting the cardiogenic pulmonary edema based on the VLF
impedance comprises detecting the cardiogenic pulmonary edema when the VLF

impedance exceeds a predetermined threshold VLF impedance.

48. The method according to claim 47, wherein producing the VLF
impedance comprises extracting VLF components of the thoracic impedance
signal, the VLF components having a frequency band of about 0.0033 Hz to
0.016 Hz.

49.  The method according to any of claims 36 to 39, wherein receiving the
signals comprises receiving a signal indicative of a direct current (DC)
impedance indicative of pulmonary fluid status, and wherein detecting the
cardiogenic pulmonary edema comprises detecting the cardiogenic pulmonary

edema based on the DC impedance.
50.  The method according to claim 49, further comprising:

sensing a thoracic impedance; and

producing the DC impedance based on the thoracic impedance,
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wherein detecting the cardiogenic pulmonary edema based on the DC
impedance comprises detecting the cardiogenic pulmonary edema when the DC

impedance exceeds a predetermined threshold DC impedance.

51.  The method according to any of claims 36 to 39, wherein receiving the
signals comprises receiving a signal indicative of a third heart sound (S3)
amplitude, and wherein detecting the cardiogenic pulmonary edema comprises

detecting the cardiogenic pulmonary edema based on the S3 amplitude.

52.  The method according to claim 51, further comprising:
sensing a heart sound signal indicative of at least S3;
detecting occurrences of S3 from the heart sound signal; and
producing the S3 amplitude based on the detected occurrences of S3,
wherein detecting the cardiogenic pulmonary edema based on the S3
amplitude comprises detecting the cardiogenic pulmonary edema when the S3

amplitude exceeds a predetermined threshold amplitude.

53.  The method according to any of claims 36 to 39, wherein receiving the
signals comprises receiving a signal indicative of a third heart sound (S3) index
being a ratio, or an estimate of the ratio, of the number of S3 beats to the number
of all heart beats detected during a predetermined period of time, the S3 beats
each being a heart beat during which an occurrence of S3 is detected, and
wherein detecting the cardiogenic pulmonary edema comprises detecting the

cardiogenic pulmonary edema based on the S3 index.

54.  The method according to claim 53, further comprising:
sensing a heart sound signal indicative of at least S3;
detecting occurrences of S3 from the heart sound signal; and
producing the S3 index based on the detected occurrences of S3,
wherein detecting the cardiogenic pulmonary edema based on the S3
index comprises detecting the cardiogenic pulmonary edema when the S3 index

exceeds a predetermined threshold index level.
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55.  The method according to any of claims 52 and 54, wherein sensing the

heart sound signal comprises sensing an acceleration signal.

56.  The method according to any of claims 36 to 39, wherein receiving the
signals comprises receiving an impedance signal indicative of minute ventilation
from an implantable impedance sensor, and wherein measuring the FVC
parameter and the FEV parameter comprises measuring the FVC parameter and

the FEV parameter from the impedance signal.

57.  The method according to claim 56, further comprising:

sensing a thoracic impedance; and

producing a minute ventilation (MV) impedance signal based on the
thoracic impedance, the MV impedance signal indicative of minute ventilation;

wherein measuring the FVC parameter and the FEV parameter from the
impedance signal comprises measuring the FVC parameter and the FEV

parameter from the MV impedance signal.

58.  The method according to any of claims 56 and 57, wherein receiving the
signals comprises receiving an activity level signal indicative of a physical
activity level, and wherein measuring the FVC parameter and the FEV parameter
comprises measuring the FVC parameter and the FEV parameter when the

activity level is below a predetermined threshold level.

59. The method according to claim 58, wherein the activity level signal is an

acceleration signal, and further comprising sensing the acceleration signal.

60.  The method according to any of claims 36 to 39, wherein receiving the
signals comprises receiving a spirometry signal indicative of respiratory volumes
from a spirometer, and wherein measuring the FVC parameter and the FEV
parameter comprises measuring the FVC parameter and the FEV parameter from

the spirometry signal.

61.  The method according to any of claims 36 to 60, wherein executing the

automatic detection algorithm further comprises calculating a ratio of the FEV
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parameter to the FVC parameter, and wherein detecting the obstructive
pulmonary disease comprises detecting the obstructive pulmonary disease when
the ratio of the FEV parameter to the FVC parameter is below a predetermined
obstructive pulmonary disease threshold ratio, and detecting the restrictive
pulmonary disease comprises detecting the restrictive pulmonary disease when
the ratio of the FEV parameter to the FVC parameter exceeds a predetermined

restrictive pulmonary disease threshold ratio.

62.  The method according to any of claims 36 to 61, wherein measuring the
FEV parameter comprises measuring the FEV parameter at about 1.0 second

after the beginning of an expiratory phase of a respiratory cycle.
63.  The method according to any of claims 36 to 62, further comprising
starting, stopping, or adjusting a therapy based on a result of the executing the

automatic detection algorithm.

64.  The method according to claim 63, further comprising optimizing the

-therapy based on the result of the executing the automatic detection algorithm on

a continuous basis.

65.  The method according to claim 63, further comprising optimizing the
therapy based on the result of the executing the automatic detection algorithm on

a periodic basis.

66.  The method according to claim 63, wherein the therapy comprises one or

more of a drug therapy, an electrical therapy, and a biological therapy.
67.  The method according to any of claims 36 to 66, further comprising

sensing one or more of the signals indicative of the plurality of cardiopulmonary

conditions using one or more implantable sensors.
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