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Description

FIELD OF THE INVENTION

[0001] The present invention is related to the field of
physiological monitoring, and in particular to methods
and systems sensitive to the cardiac status of a patient
with congestive heart failure (CHF). In preferred embod-
iments, the physiological monitoring system is non-inva-
sive and is sufficiently lightweight and unobtrusive so that
it can be carried by a patient without preventing normal
daily activities.

BACKGROUND OF THE INVENTION

[0002] Congestive heart failure (CHF), or simply heart
failure, is a condition in which a damaged heart muscle
is unable to pump sufficient blood to meet the body’s
demands, first in the early stages, only during exercise,
but later in advanced stages, even during rest. It is an
important and common disease having numerous etiol-
ogies and afflicting millions of Americans with up to
400,000 new cases yearly. It is the most common diag-
nosis in hospital patients over 65.
[0003] It is well known that CHF patients, although usu-
ally stable, can nevertheless decompensate from time-
to-time, even to the extent that their life may be threat-
ened by, e.g., hypotension or pulmonary edema. Decom-
pensation typically occurs because proper functioning of
the cardiovascular system requires that cardiovascular
parameters be in balance, and although this balance is
routinely maintained in health by normal physiological
controls, the normal controls can become inadequate in
CHF. Medical treatment is then necessary to restore the
cardiovascular system to balance and to maintain it in
balance. But balance achieved by medical treatment is
often not robust and can be easily disturbed. CHF pa-
tients have insufficient cardiovascular reserve with which
to compensate for unexpected or unpredicted variation
in their medical treatments. A CHF patient who is con-
trolled one week, may decompensate the following week.
[0004] Such variations in medical treatment can be all
too common events. According to current practice, CHF
treatment generally includes encouraging advantageous
nutritional and lifestyle habits along with prescribing car-
diovascular active drugs when necessary. It is well known
that patient behavior, such as nutrition and lifestyle, is
notoriously unpredictable and resistant to change. For
example, although a patient may be well aware that, be-
cause fluid overload readily occurs in CHF, it is advisable
to limit salt and water intake, that patient may from time
to time ingest excessive salt and decompensate. Also,
although the patient is aware that lower body weight and
cessation of smoking are highly desirable, the patient
may nevertheless from time-to-time overeat and smoke.
Both these behaviors, if continued over time, can lead to
decompensation.
[0005] Less well known, perhaps, is that maintaining

a proper dose of cardiovascular active drugs can be
equally difficult. Drugs, which at one dose usefully treat
CHF, can, at another dose, exacerbate CHF. For exam-
ple, diuretics can cause potassium deficiency which
leads to abnormal cardiac rhythms and decreased car-
diac output. Digitalis, an important drug in CHF, has a
narrow therapeutic range. If too much digitalis accumu-
lates in the blood, it can become toxic instead of thera-
peutic. A forgetful patient skipping a dose, doubling a
dose, or otherwise taking improper doses can decom-
pensate.
[0006] It is apparent, therefore, that automatic meth-
ods and systems that can monitor CHF patients for signs
of decompensation can be useful for managing their
treatments and maintaining their health. It is further ap-
parent that such monitoring methods and systems can
be even more useful if patient monitoring is possible with-
out expert assistance and while patients perform their
normal daily activities. Such cardiovascular monitoring
systems capable of useful monitoring of CHF patient dur-
ing their normal daily activities are not believed to be
known in the prior art.
[0007] Document US 2004/0116784 A1 describes an
apparatus, including a sensor, adapted to generate a
sensor signal indicative of biorhythmic activity of a user
of the apparatus, the sensor signal having a first charac-
teristic, indicative of a voluntary action of the user, and
a second characteristic, indicative of a benefitrelated var-
iable of the user.
[0008] Document US 6,047,203 describes a non-inva-
sive physiologic signs monitoring device includes a gar-
ment with electrocardiogram electrodes and various in-
ductive plethysmographic sensors sewn, embroidered,
embedded, or otherwise attached to the garment with an
adhesive. The garment is in the form of a shirt.
[0009] Further, document US 2002/0032386 A1 de-
scribes a physiological monitoring apparatus with an im-
proved monitoring apparel worn by a monitored individ-
ual, the apparel having attached sensors for monitoring
parameters reflecting pulmonary function, or parameters
reflecting cardiac function, or parameters reflecting the
function of other organ systems, and the apparel being
designed and tailored to be comfortable during the indi-
vidual’s normal daily activities. The apparel is preferably
also suitable for athletic activities. The sensors preferably
include one or more ECG leads and one of more inductive
plethysmographic sensor with conductive loops posi-
tioned closely to the individual to preferably monitor at
least basic cardiac parameters, basic pulmonary param-
eters, or both.
[0010] Document WO 2005/053532 A1 relates the
non-invasive monitoring and in particular it refers to a
wearable system for the monitoring of vital signals (car-
diovascular, respiratory and an index of movement) to
be used for the detection of potential pathologies via the
acquisition, elaboration and transmission of signals,
where the sensitive elements are done with knitted fabric,
in direct contact with the body and that could be, if nec-
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essary, elastic, where yarns, having characteristics that
allows the production of fabric piezoresistive regions and
fabric conductive regions working as electrodes or con-
nections, are integrated.
[0011] Finally, the document: Paradise R Gemignani
A Scilingo E P De Rossi D; PROCEEDINGS OF THE
25TH ANNUAL INTERNATIONAL CONFERENCE OF
THE IEEE ENGINEERING IN MEDICINE AND BIOLO-
GY SOCIETY. CANCUN, MEXICO, SEPT. 17 - 21, 2003;
[ANNUAL INTERNATIONAL CONFERENCE OF THE
IEEE ENGINEERING IN MEDICINE AND BIOLOGY SO-
CIETY. EMBS], 20030917; 20030917 - 20030921 NEW
YORK, NY: IEEE, US; relates to remote monitoring of
user vital signs. A system is presented, where conducting
and piezoresistive materials in form of fiber and yarn are
integrated and used as sensor and electrode elements.
The simultaneous recording of vital signs allows param-
eters’ extrapolation and inter-signal elaboration that con-
tribute to produce alert messages and synoptic patient
table.
[0012] Citation or identification of any reference in this
section or in any section of this application shall not be
construed as an admission that such reference is avail-
able as prior art to the present invention.

SUMMARY OF THE INVENTION

[0013] The invention is defined in independent claim 1.
[0014] Accordingly, objects of the present invention in-
clude systems for cardio-respiratory monitoring of pa-
tients with congestive heart failure (CHF) and for
processing cardio-respiratory monitoring data for signs
indicating likely decompensation of a patient. Further ob-
jects include such systems that can be used by patients
without expert assistance and during their normal daily
activities. The present invention provides such systems,
and accordingly, has considerable use in the care of CHF
patients.
[0015] This invention is based in part on the inventor’s
understanding that CHF effects a number of parameters
of a patient’s cardiac and respiratory functioning that can
be non-invasively measured, and further that measure-
ments of these parameters can be interpreted to provide
useful information concerning the patient’s CHF, e.g.,
concerning its severity and/or stability. Accordingly, this
invention provides methods that determine one or more
of these parameters from physiological monitoring data,
and methods that produce information concerning that
patient’s CHF by comparing and correlating determined
parameters. This invention also preferably includes am-
bulatory systems for gathering physiological monitoring
data that permit a monitored patient to engage in sub-
stantially all their normal daily activities, whatever these
activities might be. These systems preferably include one
or more computing devices that perform this invention’s
methods and make results available locally to the patient
and remotely to the patient’s caregiver.
[0016] Several such non-invasively measurable CHF

parameters are known, including periodic breathing (PB);
heart rate variability (HRV). Preferred embodiments de-
termine at least one of these parameters, preferably both.
Other preferred parameters are indices of cardiac output
(CO), activity and posture, blood oxygen saturation or
partial pressure, and spO2. This list is not limiting and
additional parameters can be determined in further em-
bodiments. These preferred parameters are now sum-
marized.
[0017] PB, also known as Cheyne-Stokes respiration
(CSR), refers to a breathing pattern characterized by pe-
riodically-occurring cycles during which a period of nor-
mal breathing or possible increased breathing (hyperp-
nea) is followed by a period of decreased breathing (hy-
popnea: a tidal volume (Vt) of 10 - 30% of a patient’s
recent average Vt). Breathing may even periodically
cease (apnea: a Vt of 0 - 10% of a patient’s recent aver-
age Vt). PB is known to be associated with CHF and also
known to be a risk factor for worsening CHF and reduced
survival. See, e.g., Brack, 2003, Cheyne-Stokes respi-
ration in patients with congestive heart failure, Swiss
Med. Wkly. 133:605-610. PB is particularly significant if
it occurs when a patient’s spO2 is substantially within
normal limits (normoxia).
[0018] Periodic breathing is preferably detected and
measured by analyzing the temporal sequence of a pa-
tient’s lung volumes, minute ventilation, or in particular,
their tidal volumes. An episode of PB can be character-
ized by its duration and by the amplitude and length of
the cycles of the patient’s Vt (or other respiratory meas-
ure). A patient can be characterized by the amount of
time during a day during which PB (of a selected degree
of severity) is detected.
[0019] Heart rate variability (HRV) refers to the beat-
to-beat alterations in heart rate. At rest, the ECG of
healthy individuals generally exhibits periodic variation
in R-R intervals in association with respiration, an effect
known as respiratory sinus arrhythmia (RSA). RSA re-
flects a balance of the autonomic nervous system with
parasymphathetic activity (carried via the vagal nerve)
predominates in comparison to sympathetic activity. Dur-
ing periods when the heart is subject to stress or greater
load, RSA decreases as sympathetic activity comes to
predominate in comparison to parasymphathetic activity.
[0020] During CHF, the heart is chronically stressed to
maintain needed levels of output; sympathetic activity
increases, and HRV (and RSA) typically decreases. See,
e.g., Camm et al., 1996, Heart rate variability - standards
of measurement, physiological interpretation, and clinical
use, Eur. Heart J. 17:354-381. Further, the degree of
HRV reduction in CHF has been found to correlate with
the severity of the CHF and to an increased risk of cardiac
death. See, e.g., Szabo et al.., 1997, Prognostic value
of heart rate variability in chronic congestive heart failure
secondary to idiopathic or ischemic cardiomyopathy, Am
J Cardiol. 79:978-80.
[0021] HRV can be detected and measured by analyz-
ing the temporal sequence of RR intervals observed in
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the electrocardiogram (ECG). Known analysis methods
include time-domain methods, which use directly the dis-
tribution of measured RR intervals. Also known are spec-
tral methods, which transform the sequence of measured
RR intervals into a frequency spectrum of the interval
distribution. It is important that cardiac rate data input to
an HRV determination be free of irregularities. This in-
vention provides methods that detect irregularities in
breathing and therefore induced cardiac irregularities.
The provided methods examine raw or filtered sensor
signals and not derived respiratory parameters, such as
tidal volumes.
[0022] Turning to the other preferred parameters, car-
diac output (CO), that is the volume of blood pumped by
the heart in a unit of time normalized by body size, is
particularly advantageous. For example, a typical CO for
a healthy adult is approximately 5 - 6 liters per minute
per square meter of body surface and during vigorous
exercise can increase by perhaps five-fold. It is well
known that chronically reduced cardiac output (CO) is a
hallmark of CHF. Its value reflects the severity of the dis-
ease, and decreases further as the disease progresses.
For example, in severe disease, CO may be only 2.5
liters/min/m2 without any exercise reserve. Further,
acute reductions of CO are known to often precipitate or
occur with acute decompensation of a patient’s CHF.
See, e.g., Kirk et al., 1997, Diastolic heart failure, Post-
graduate Medicine 101(1).
[0023] Although CO cannot be directly measured by
non-invasive means, it can be determined as the product
of stroke volume (SV) and heart rate (HR), or from indicia
of SV and HR. A suitable SV indicia should be non-inva-
sively measurable and also should be related with sta-
tistical significance to actual SV as determined by stand-
ard invasive clinical methods. Such an indicia can be
extracted from the amplitudes of the cardiac-related pul-
sations of the anterior chest, e.g., chest pulsation at the
level of the xiphoid process, and these pulsations can be
determined from the non-invasively measured sizes of
the anterior chest. The amplitude of these pulsations can
then be calibrated to provide an indicia of CO and/or ejec-
tion fraction. This process of providing an indicia of SV
from chest-size changes is referred to herein as thoraco-
cardiography (TCG).
[0024] Activity and posture and spO2 can be readily
measured by non-invasive means: activity and posture
and be extracted from accelerometer data; and spO2 da-
ta is output by a pulse oximeter at a selected location,
e.g., the thumb, the earlobe, and so forth. These pre-
ferred parameters provide useful patient baseline infor-
mation against which changes in the other parameters
can be assessed. For example, it is more ominous, e.g.,
for PB to be present even when the spO2 is normal, or
for spO2 to be decreased even when resting in a chair.
[0025] Next, preferred monitoring systems for use in
this invention can be used by monitored patients without
expert assistance and further permit monitored patient
to engage in substantially normal daily activities with few

or no restrictions (referred to herein as "ambulatory mon-
itoring"). However, it should be noted that although pri-
marily directed to ambulatory monitoring of CHF patients,
the methods of this invention are also useful for process-
ing physiological activity data from other types of moni-
toring systems, e.g., hospital systems that are not port-
able. It should also be noted that the functional signifi-
cance of the term "ambulatory monitoring", that is mon-
itoring during normal daily activities, varies widely from
patient to patient. Some CHF patients with early or mild
disease may be able to perform most activities other than
moderate exercise, while other CHF patients with late or
severe disease may require extensive bed rest. The term
"ambulatory monitoring" during normal daily activities is
to be understood as applying to both classes of CHF
patients. In the following, for compactness only and with-
out restriction or limitation, this invention will be described
in its preferred embodiments for ambulatory monitoring.
[0026] Suitable ambulatory monitoring systems can be
based on monitoring garments (generally, items of cloth-
ing) which directly incorporate physiological sensors into
their construction or which carry, support, or have at-
tached physiological sensors. Suitable garments are
preferably similar to everyday clothing items, are normal-
ly fitting, and are readily put-on or donned by patients.
For example, garments can be configured as vests,
shirts, pants, shorts, head bands, chest bands, straps,
and the like (and including shoes, watches, bracelets,
and so forth). The sensors incorporated or carried by a
garment are preferably ready for operation after the gar-
ment is donned and with little or no attention or adjust-
ment by the monitored patient. Preferred sensors are re-
sponsive to changes in chest volumes that are primarily
respiratory and/or cardiac in origin and to ECG signals.
Some sensors are responsive to spO2 and to patient
posture and activity (e.g., an accelerometer).
[0027] Preferred monitoring system also include a
lightweight, unobtrusive and autonomously operating
electronic module or processing device that can be car-
ried by a monitored patient, e.g., in a pocket or attached
to a belt, and is capable of processing sensor data and
wirelessly communicating this data for real-time use of
storing data for offline analysis. Preferred devices are
capable of performing some or all the methods of this
invention. Such a device will generally includes circuitry
to operate sensors, retrieve sensor data, and transmit
and/or retrieved data. Processing circuitry can include
microprocessors with storage for program code or con-
figurable circuits such as FPGAs loaded with configura-
tion firmware. Such a device is preferably battery pow-
ered.
[0028] A preferred ambulatory monitoring system is
capable of monitoring tidal volume, the relative contribu-
tions of rib cage and abdominal expansion to tidal vol-
ume, heart rate, ECG, motion, blood oxygen saturation,
posture, and activity. Such systems, for example the Life-
Shirt® system, are available from VivoMetrics, Inc., Ven-
tura, CA.
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[0029] Finally, in an exemplary patient monitoring sce-
nario, the duration of ambulatory monitoring will normally
vary depending of the severity and stability of the patient’s
CHF. If the patient has stable and mild CHF, it may be
sufficient to monitor two or three days per week. If the
patient has unstable or severe disease, ambulatory mon-
itoring may be nearly continuous monitoring, even during
sleep. The monitoring system gathers respiratory and
ECG and preferably also thoraco-cardiogram, SpO2, and
patient activity data. An accompanying autonomous
electronic module then processes the retrieved respira-
tory and spO2 data to identify PB, the number of PB ep-
isodes, the total duration of PB during, e.g., a day, and
characteristics of the PB pattern. The retrieved ECG data
(aided by the respiratory data) is then processed to iden-
tify HRV, the degree of HRV, and how HRV varies during,
e.g., a day. The retrieved thoraco-cardiogram data is also
processed to identify indicia of CO and any chronic or
acute changes in CO. The retrieved activity data is proc-
essed to obtain indicia of the patient’s activity levels and
optionally postures. Some of all of the processed data is
preferably made available online to the patient’s physi-
cian/caregivers by, e.g., wireless transmission. Raw data
can also be wirelessly transmitted or, alternatively, stored
on removable memory (optionally along with processed
data).
[0030] Therefore, it can be appreciated that ambulato-
ry monitoring systems, such as the LifeShirt system, can
be used to monitor and identify changes in congestive
heart failure. Raw and analyzed monitoring data can be
provided to physicians and other caregivers on a regular
basis and enable more rapid and targeted interventions
with patients. Rapid and appropriate intervention, espe-
cially in emergency situations, will generally improve the
quality of life for CHF patients and reduce costs of their
treatments.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] The present invention may be understood more
fully by reference to the following detailed description of
the preferred embodiment of the present invention, illus-
trative examples of specific embodiments of the invention
and the appended figures in which:

Figs. 1A-B illustrate examples of periodic breathing;
Figs. 2A-F illustrate results of periodic breathing
methods of this invention;
Fig. 3A-E illustrate results of additional periodic
breathing methods of this invention;
Fig. 4A-C illustrate lung volume data with and without
artifacts;
Fig. 5 illustrates an ambulatory monitoring system;
Fig. 6 illustrates an exemplary system employing the
techniques of this invention in order to determine
CHF status.

DETAIL DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0032] Preferred embodiments of the invention are
now described in more detail. This section describes first
methods for the analysis of periodic breathing (PB), then
methods of analysis of heart rate variability (HRV), and
finally system implementations of the methods of this in-
vention. Alternative embodiments also include data from
thoraco-cardiogram signals (TCG). In the following (and
in the application as a whole), headings and legends are
used for clarity and convenience only.

ANALYSIS OF PERIODIC BREATHING (PB)

[0033] Figs. 1A-B illustrate two examples of PB meas-
ured in monitored subjects. The horizontal scale in Figs.
1A-B is time. Fig. 1A illustrates significant periodic
breathing in a CHF patient over a 2 minute period. Here,
the upper trace represents moment-by-moment lung vol-
umes (Vt), and the lower trace represents minute venti-
lation (VE). From the upper trace, it is apparent that vol-
umes of individual breaths waxes and wanes in a manner
characteristic for PB. Also, this subject’s residual lung
volumes increase during periods of increased breathing
and decrease during periods of decreased breathing.
From the lower trace, it is apparent that VE also varies
regularly between an upper value and a lower value that
is approximately zero. Fig. 1B illustrates pronounced PB
in a healthy patient at high altitude and acutely hypoxic
(reduced SaO2). The upper trace, representing Vt, re-
veals that this subject actually ceases breathing (apnea)
between periods of reduced breathing. The other traces
in this figure represent the parameters: RC and AB rep-
resent rib case size and abdominal size; VT (Vt) is the
lung volume which here is a combination of the RC and
AB traces; RR represents respiration rate; Ti/Tot repre-
sents the inspiratory time (Ti) divided by the total breath
time (Tot); SaO2 represent blood oxygen saturation; and
HR represents heart rate. Vt can be closely estimated as
a linear combination of RC and AB, and VE is then Vt
times respiration rate.
[0034] This disclosure provides multiple PB analysis
methods. All embodiments implement at least one PB
method, while preferred embodiments implement two or
more methods and compare their output for increased
accuracy. Output can be combined by a voting scheme,
by finding a median or average, and the like. Input res-
piratory signals can represent moment-by-moment lung
volumes known (referred to as tidal volume (Vt) signals).
Other respiratory input can be derived from Vt signals on
a breath-by-breath basis. For example, the volumes of
an individual breath (also referred to as a "tidal volume"
and abbreviated "Vt") can be derived by subtracting the
end-inspiratory lung volume from the following end-ex-
piratory lung volume as observed in moment-by-moment
Vt signals. Then, a sequence of VE values can be derived
from the sequence of Vt values by multiplying by the
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breath rate. Input signals to most analysis methods are
preferably resampled to a fixed, common rate. Also, sig-
nals are divided into successive overlapping windows,
and the presence or absence of PB is determined win-
dow-by-window. For example, windows can include tens
to hundreds to thousands of individual breaths and can
be periodically placed at intervals of 10% to 90% of the
window width.
[0035] Provided PB analysis methods process can be
categorized as time-domain methods, frequency-domain
methods, or non-linear methods. Time domain methods
generally process derived respiratory data such as tidal
volumes or minute ventilation (VE), which is a product of
tidal volume of individual breaths and the rate of individual
breaths (e.g., the inverse of the time interval between
adjacent breaths), and the durations of individual breaths
(Tot). Minute ventilation is an advantageous input since
it depends on both breath volumes and breath durations.
Frequency-domain methods generally process primary
respiration signals, i.e., RC and AB signals.
[0036] Simple time domain methods use statistical
techniques to represent the variability of tidal volumes of
individual breaths. For example, values of coefficients of
variation, or standard deviations, or root mean squares,
or the like can be determined for each window of data. It
is then expected that PB can be distinguished from reg-
ular respiration by larger values of such variability meas-
ures.
[0037] Preferred time domain methods include meth-
ods based on autocorrelation. Autocorrelation methods
correlate the data in each window with the same data
that is shifted by multiples of a selected time interval (e.g.,
5, 15, 30, 60, and more seconds). The breath data can
be used as measured, or can be resampled to an even
rate. Correlation involves computing the sum of the prod-
ucts of each data value in a window with the data value
occurring at the selected time interval (shift) earlier or
later, and then normalizing by the unshifted correlation,
i.e., the data in the window is correlated (multiplied) with
itself. The resulting normalized correlations are bounded
between -1 and +1. The significance of a particular cor-
relation value can be estimated with reference to the
probability distribution (e.g., a normalized histogram) of
the computed correlation values. For example, the sig-
nificance of a computed correlation is determined by how
many standard deviations it differs from the average cor-
relation value. The probability distribution can represent
correlation data from many or all windows, or can be lim-
ited to data from a single window. A 95% significance
threshold is used herein; other thresholds can be chosen
as necessary.
[0038] Fig. 2A illustrates the results of an exemplary
autocorrelation method applied to a VE signal, where nor-
malized correlation values from multiple data windows
are plotted against their corresponding shifts in minutes
(a correlogram). Briefly, an individual VE value is deter-
mined breath by breath, e.g., as the product of the tidal
volume time and the respiratory rate, and then the indi-

vidual VE values are assembled into a sequence of VE
values, each value in the sequence representing VE is
determined at the time of successive breaths. This se-
quence is then resampled at a selected, fixed sampling
rate to form a VE signal. The periodic peaks in the cor-
relogram occur at shifts corresponding to the period of
the PB pattern, i.e., the interval between two periods of
increased (or decreased) breathing. Here three correla-
tion values are significant, the unshifted correlation and
the correlations for shifts 60.9 (arbitrary units). It can be
concluded that significant PB is occurring during these
data windows, and that the PB has a period of approxi-
mately 0.6 sec.
[0039] Figs. 2B-E illustrate examples of processing
minute ventilation (VE) signals by preferred frequency
domain methods. It should be noted that a VE signal pri-
marily represents changes in overall respiration. Chang-
es accompanying each breath, e.g., inhalation and ex-
halation, are suppressed because each breath is repre-
sented solely by it’s tidal volume. Accordingly, spectral
analysis of a VE signal should show larger components
at frequencies at which overall respiration changes, e.g.
PB frequencies, but show smaller components as base
respiration frequencies. Further, it should be noted that
the horizontal scale of Fig. 2D, 0 - 0.25 Hz, is expanded
in comparison to the scales of Fig. 2B, 2C, and 2E, which
are 0 - 0.35 Hz, 0 - 0.45 Hz and 0 - 0.4 Hz, respectively.
[0040] Preferred frequency domain methods also in-
clude methods employing spectral transformation meth-
ods, such as a fast Fourier transform (FFT), and methods
not employing such transforms. A first frequency-domain
transform method applies an FFT to windowed data and
then forms a periodogram from the transform coefficients
by the Welch method. Input data is preferably resampled
to a constant, periodic rate chosen to avoid aliasing. Ap-
propriately resampled data is then de-trended and
grouped into Hamming windows having 65% overlap
(other overlaps and known windowing schemes are also
applicable). Preferable window sizes accommodate the
chosen transform method, e.g., a power of 2 for the FFT.
Fig. 2B illustrates the results of an exemplary FFT-Welch
method. In Figs. 2B-E, the vertical scale is spectral power
and the horizontal scale is frequency in Hertz. The high-
amplitude transform coefficients at a frequency of ap-
proximately 0.03 Hz clearly indicate the presence of sig-
nificant PB. The much smaller peaks at frequencies of
about 0.06 Hz and 0.08 - 0.09 Hz are thought to represent
the frequencies of individual breaths (or harmonics of the
fundamental PB period).
[0041] As a control, Fig. 2C illustrates an exemplary
FFT-Welch method applied to normal respiratory VE sig-
nal without PB. It is seen that the only significant trans-
form coefficient is at approximately zero frequency. The
coefficients between 0 and 0.03 Hz have amplitudes less
than about 7% of the amplitude of the 0.03-Hz peak in
Fig. 2B and do not separate into identifiable discrete fre-
quencies. Fib. 2C readily indicates there is no periodic
component to this breathing. Therefore, the presence or
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absence of PB can be ascertained from the FFT-Welch
method applied to VE signals by the presence or absence
of a spectral power (proportional to the square of the FFT
coefficients) limited to a relatively small frequency band
about a principal frequency that is likely to be a PB fre-
quency. If PB is present, the position of the principal (larg-
est amplitude) coefficient indicates the principal PB fre-
quency, and its value indicates the PB amplitude.
[0042] It should be noted that the spectral power during
PB is limited to a relatively small frequency band, while
spectral power during normal breathing decreases
across a relatively broad band. These behaviors gener-
ally mean that PB is more ordered and more regular while
normal breathing is less ordered and less regular.
[0043] Another frequency-domain transform method,
the Lomb-Scargle method (as known in the art), does not
require that input data be sampled at a regular, constant
rate, and thereby avoids the smoothing and biasing in-
evitably introduced by resampling. Briefly, the Lomb-
Scargle method fits sinusoids to the irregularly sampled
input data by the method of least squares. Fig. 2D illus-
trates the results of an exemplary Lomb-Scargle method
applied to a VE signal. Comparing Figs. 2D with 2B, it is
apparent that both figures identify the PB frequency, with
this frequency being more precisely identified in Fig. 2D
as expected in the absence of data resampling. The much
smaller peak at about 0.06 Hz (thought to represent the
frequencies of individual breaths or harmonics of the fun-
damental PB period)is also more sharply defied in Fig.
2D that in Fig. 2B. Again, the presence or absence of PB
can be ascertained from the Lomb-Scargle method ap-
plied to VE signals by the presence or absence of a spec-
tral power limited to a relatively small frequency band
about a principal frequency that is likely to be a PB fre-
quency.
[0044] Preferred non-transform, frequency-domain
methods include implementations of auto-regression
techniques. Auto-regression based methods are advan-
tageous for respiratory data series that are of relatively
short duration or that have relatively fewer individual
samples. Also, auto-regression based methods are ad-
vantageous for shorter the window length in comparison
to transform methods. These techniques also can proc-
ess irregularly sampled data and therefore do not require
resampling of breath-by-breath data. Their disadvantage
is that shorter window lengths or data series necessarily
lead to decreased frequency resolution that may cause
finer details to be missed. Fig. 2E illustrates spectral es-
timates provided by an auto-regression technique known
as the Burg method (using order estimation according to
information criterion due to Akaike) (both as known in the
art) applied to a VE signal. It can be appreciated that the
fundamental PB frequency is identified with an accuracy
comparable to that of Fig. 2B. However, the small peak
at about 0.06 Hz is almost smeared. Again, the presence
or absence of PB can be ascertained from the auto-re-
gression applied to VE signals by the presence or ab-
sence of a spectral power limited to a relatively small

frequency band about a principal frequency that is likely
to be a PB frequency. Therefore, where applicable,
Lomb-Scargle method and similar methods are preferred
where applicable for VE data, otherwise an auto-regres-
sion can be used.
[0045] Further preferred frequency domain methods
are useful for analysis of primary respiratory signals
which reflect moment-by-moment respiratory activities.
Examples of such primary signals, in preferred embodi-
ments, include signals returned by respiratory sensors
that reflect the moment-by-moment rib cage (RC) and/or
abdominal (AB) sizes which vary due to respiratory ac-
tivities. Further examples include moment-by-moment
lung volumes (referred to as a tidal volume (Vt) signal),
which can be determined by combining RC and AB sig-
nals. Sequences of breath-by-breath Vt and VE signals
can be derived from these primary signals.
[0046] Primary signals represent both changes due to
individual breaths as well as changes due to waxing and
waning of overall respiration. Accordingly, spectral anal-
ysis of primary signals includes spectral energy compo-
nents at the respiratory frequency and components at
the rate of overall changes. In the healthy subject, PB is
absent and overall respiration is changes little (absent
changes in exertion and so forth), so primary signals typ-
ically have spectral energy components only at respira-
tory frequencies, which are typically < 0.1 Hz. If PB is
present in a subject, primary signals typically have spec-
tral energy components at both the respiratory frequency
and at the PB (envelope) frequency. Such subjects typ-
ically have a higher base respiration rate so that the res-
piratory frequency components are now usually > 0.2Hz.
PB frequency components typically are at lower frequen-
cies, typically < 0.1Hz.
[0047] Fig. 3A-E illustrate spectra of primary Vt signals
sampled at approximately 50Hz. (These input signals are
different from the input analyzed in Figs. 2A-F, and the
spectra do not necessarily match.) In Figs. 3A-E, the ver-
tical scale is spectral power and the horizontal scale is
frequency in Hertz. Figs. 3A and 3B illustrate a subject
with periodic breathing analyzed according to the above-
described Welch periodogram method and the auto-re-
gression method, respectively, applied to a ten minute
sample of primary Vt signals. Clearly visible in both fig-
ures are two spectral-power peaks. The first peak at ap-
proximately 0.05 Hz represents the PB envelope fre-
quency (or PB frequency). The second peak at approx-
imately 0.5 Hz representing represents the underlying
frequency of individual breaths (the respiratory rate or
frequency).
[0048] Preferred frequency-domain methods directed
to analyzing primary respiratory sensor data utilize a
method referred to as signal "rectification". Rectification
is advantageous because it can both enhance actual fre-
quency components present in the respiratory signal
while limiting spurious frequency components represent-
ing artifact. To rectify a sampled signal, the signal is first
de-trended by removing the local mean value of the input
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signal, and the absolute value of the de-trended input
signal is found. Next, the absolute value signal is spec-
trally analyzed by, e.g., any of the above-described meth-
ods, for example, by the auto-regression method or by
the Welch periodogram method. See e.g., Myers et al.,
2003, Rectification and non-linear pre-processing of
EMG signals for cortico-muscular analysis, J. Neurosci.
Methods. Apr 15;124(2):157-65.
[0049] Figs. 3D compared with Figs. 3A-B illustrate
how rectification enhances actual frequency components
present in the input primary Vt signal. Fig. 3D illustrates
the auto-regression spectrum of the rectified input signal
already illustrated in Figs. 3A-B. It is apparent that both
frequency components are clear and distinct and that the
second peak at approximately 0.5 Hz (representing the
respiration frequency) is enhanced relative to the first
peak at approximately 0.05 Hz (representing the waxing
and waning of PB). Thus, by rectifying the input signal,
the presence of two actual frequency components in the
input signal, and therefore the presence of PB, can there-
fore be more readily and more reliably recognized.
[0050] Fig. 3C compared with Fig. 3E illustrates how
rectification limits spurious frequency components
present in the input primary Vt signal. Fig. 3C illustrates
the auto-regression spectrum of normal breathing with-
out any PB components. And even in the absence of PB,
a low amplitude secondary peak is present at about 0.4
Hz is present in Fig. 3C. The presence of two peaks could
be incorrectly interpreted as indicated the presence of
PB. Fig. 3E illustrates the auto-regression spectrum of
the rectified normal breathing (no PB) signal. It is seen
that the possibly-confusing secondary component
present in Fig. 3C at about 0.4 Hz is absent in Fig. 3E.
Thus, by rectifying the input signal, the presence of only
one actual frequency component in the input signal, and
therefore the absence of PB, can therefore be more read-
ily and more reliably recognized.
[0051] In summary, rectification of the input signal
makes the presence or absence of two actual and valid
peaks more readily and reliably recognized. Spectral
power peaks can be recognized by various known tech-
niques such as thresholding. If PB is present, there must
be 2 valid peaks; if there is only one valid peak, then PB
is absent. It should be noted that rectification will distort
frequencies slightly, especially lower frequencies. There-
fore, once PB has been established to be present, the
non-rectified input signal should spectrally analyzed to
better determine actual frequencies without distortion.
[0052] Among the non-linear analysis techniques,
methods based on entropy are preferred. It is well known
that entropy is a measure of structure present in data.
Data with higher the entropy has more disorder, less
structure, and less predictability (but greater information
content), while data streams with lower entropy have
more order, more structure, and less predictability (but
lower information content).
[0053] Comparing normal respiration and PB, it is ex-
pected that PB is more structured, less disordered, and

more predictable than normal breathing. Normal breath-
ing consists of a sequence of similar breaths space apart
by an interval that randomly varies in a small range about
an average breath-breath interval. PB, on the other hand,
includes additional order, namely that the breath ampli-
tude regularly vary at the PB frequency. This has been
discussed above in view of frequency domain data.
Therefore, it can be expected that the presence or ab-
sence of PB in a window of breath data can be estimated
from its entropy. And the occurrence of PB over time can
be estimated from the entropy of successive windows of
respiratory data.
[0054] However, a single entropy value may not ade-
quately reflect the order present in PB data. At the scale
of the breath rate, the order in both normal breathing and
PB are similarly dominated by the random variation of
breath-breath interval about their average. It is only at
the longer scale of the PB frequency that PB appear more
orderly than normal breathing. Therefore, at a short
scale, PB and normal breathing can be expected to have
similar entropies. But at longer scales, PB can be expect-
ed to have less entropy than normal breathing. Therefore,
it can be further expected that the presence or absence
of PB in a window of breath data can be better estimated
from entropy at two of more scales.
[0055] For these reasons, preferred non-linear, time-
domain methods determine two or more entropies sen-
sitive to different scales in the data. One preferred meth-
od is referred to as multi-scale entropy. In exemplary im-
plementations, multiscale methods first determine the
entropy of the input data time series. Then, from the input
data time series, they construct one or more derivative
time series that are increasingly coarsely grained in time
and determine their entropies. The entropies of the input
data time series and of the more coarsely grained deriv-
ative data time series are taken to represent the relative
order or structure present in the input data series at
scales from the scale of the input data series to the longer
scales of the derivative data series.
[0056] Many techniques known for coarsely-graining
a data series are suitable in this invention. In exemplary
preferred embodiments, an original time series is coarse
grained by dividing the original data series into a se-
quence of non-overlapping blocks, each block having the
same number, T, of data points from the original series,
and then, by combining the data values in each block
into a single value representative of that block. The re-
sulting derivative data series is shorter than the original,
having data points only for the sequential blocks of the
original data series, and is taken to represent a scale T
times larger than the scale of the original data series.
Data values in a block can be combined by, e.g., aver-
aging. according to the following equation:
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[0057] Here, xi are the N input data values of the orig-

inal data series; these are divided into a sequence of M
blocks, M = N / T , each block having T input data points;
the data points in the j’th block averaged to form repre-

sentative values  and  1<= j <= T are the output

values of the derivative series. The derivative data series
is considered to have a scale T times the scale of the
input data series. See, e.g., Costa et al., 2002, Multiscale
analysis of complex physiological time series, Phys. Rev.
Lett. 89(6). Data values can also be combined according
to other statistical techniques for constructing represent-
ative values. Also, data blocks can be partially overlap-
ping. Instead of analyzing data time series, multiscale
entropy can also be applied to the transform coefficients
of time series.
[0058] There are many known methods for computing
the entropies of the input data series and of the derivative
data series in the multiscale method. These methods in-
clude simple entropy, Kolmogorov-Sinai (KS) entropy,
Eckmann-Ruelle (ER) entropy, Fourier entropy, Wavelet
entropy, Renyi entropy, Lyapunov spectra, Hausdorff di-
mension, correlation dimension etc. See, e.g., Pincus,
1991, Approximate entropy as a measure of system com-
plexity, Proc. Natl. Acad. Sci. USA 88:2297-2301. Simple
entropy at scale T, HT, is determined according to the
formula:

where  is the probability of occurrence of value

 in the data set (e.g., a normalized histogram of the

data set. Although readily determined, simple entropy is
less preferred because it is easily distorted by noise and
artifact in the input data series. The KS entropy is a useful
parameter to characterize the dynamics of a system and
represents the mean rate of creation of information. Sim-
ilar to this, but computationally easier, is the approximate
entropy (ApEn), which is essentially an estimate of KS
entropy on a finite duration series. Heuristically, E-R en-
tropy and ApEn measure the (logarithmic) likelihood that
runs of patterns that are close remain close on the next
incremental comparisons.
[0059] The preferred entropy is known as sample en-
tropy (SampEn), and is a modification of the approximate
entropy that corrects certain bias (due to including self-
matches) present in approximate entropy. See, e.g.,
Richman et al., 2000, Physiological time-series analysis
using approximate entropy and sample entropy, Am. J.
Physiol. Heart Circ. Physiol. 278: H2039-H2049. Sample
entropy is more readily calculated and is less dependent
on the length of the time-series. Briefly, this entropy is
the negative natural logarithm of an estimate of the con-
ditional probability that two or more sub-series (epochs)

of length m, which are selected from the input data series
beginning at different data points of the input data series
and which match pointwise within a tolerance r, also
match at the next (m+1’st) data point. Alternatively, other
entropies could be used in the multiscale method.
[0060] In more detail, the sample entropy method con-
structs consecutive runs (groups) of successive signal
points all of which match each other within a specified
tolerance, r. The method finds consecutive groups of
matches (runs) by finding all points that match a first sig-
nal point within the tolerance, r. The signal points that
first match begin runs of initial length 1, and the signal
points that don’t match begin runs of initial length 0. If
those signal points following runs of length 1 also match
the second point, the runs are now of length 2; otherwise,
the run is ended. If those signal points following runs of
length 0 match the second point, the runs are now of
length 1. This procedure of finding runs is continued until
the end of the data.
[0061] Next, the length of template matches are re-
corded in counters A(k) and B(k) for all group lengths, k,
up to maximum length, m. (When a run ends at the last
point in the data, the A(k) counters are incremented but
the B(k) counters are not.) Once all template matches
have been recorded, sample entropy values are calcu-
lated according to the equation:

for k=0,1,...,m-1 with B(0)=N, the length of the input se-
ries.
[0062] The preferred multi-scale entropy method then
computes the sample entropies (multiscale sample en-
tropy) of the input data series and of the derivative, more
coarsely-grained data series, which entropies are the en-
tropies at the different time scales. Preferred parameters
are: the tolerance r is preferably approximately 20% of
the standard deviation of the input data series; and the
length m is set to approximately 2.
[0063] However, the presence of outlier values in the
input data series may distort multiscale sample entropy.
Thus, it is preferred, before determining multiscale sam-
ple entropy, to first identify and delete outlier values from
the input data series. In preferred embodiments, a data
value is considered as outlier value if it differs from the
mean of the input data series by more than approximately
two standard deviations (of the input data series). Multi-
scale sample entropy with outlier rejection has been
found to be more robust than those prior methods that
identify outliers by searching for outlier values in the
breath rate or volume data and then by interpolating res-
piratory and/or cardiac to remove only these identified
outliers. These prior methods are limited because unde-
sired artifacts often do not appear as outliers, and also
because interpolation may introduce bias in certain res-
piratory measurements.
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[0064] Fig. 2F illustrates the results of an exemplary
multiscale entropy method applied to the same data as
that processed in Fig. 1A. In Fig. 2F the vertical scale is
sample entropy and the horizontal scale is entropy scale.
Here, the horizontal scale represents entropy varying
from 0 to 1, and the vertical scale represent the scale of
the multiscale entropy method. The upper curve in the
figure is the multiscale entropy for normal breathing, and
the lower curve is the multiscale entropy from PB. It is
apparent that, as expected, PB and normal breathing
have similar entropies at shorter scales, so that entropy
at these scales does not clearly differentiate between PB
and normal breathing. However, at longer entropy scales,
the entropy of PB is distinguishably less than the entropy
of normal breathing. Also the entropy curve has a smaller
slope. Therefore, multiscale entropy can differentiate
normal breathing and PB. For the cited analysis methods,
see, e.g., Manolakis D.G. et al, 2005, Statistical and
Adaptive Signal Processing Spectral Estimation, Signal
Modeling, Adaptive Filtering and Array Processing,
Artech House Signal Processing Library; and Brillinger
DR, 1981 2nd ed., Time Series - Data Analysis and The-
ory, Holden Day, San Francisco. See, also, Press et. al,
1992, Numerical Recipes in C, Cambridge University
Press.

ANALYSIS OF HEART RATE VARIABILITY (HRV)

[0065] This disclosure provides methods for more re-
liable and accurate determination of HRV by recognizing
and eliminating irregularities in input data that would oth-
erwise distort the HRV determination. By way of intro-
duction, HRV determination and known methods for rec-
ognizing input data irregularities are briefly described.
First, standard methods are known for HRV determina-
tion, both by time-domain analysis and by frequency-do-
main analysis of cardiac rate data. See, e.g., Camm et
al., 1996, (cited above). Input cardiac rate data is usually
determined as the time intervals between successive R
waves (R-R intervals) in a concurrent electrocardiogram
(ECG) record. R wave occurrences are readily recog-
nized in the ECG by known methods, and R-R intervals
are then the sequence of time intervals between succes-
sive R wave occurrences. Irregularities in the input RR-
interval data can seriously distort HRV, and particular
care is needed in selecting "clean" data sufficiently free
of such irregularities. Different "cleaning" methods have
been applied in cases of different types of irregularities.
[0066] RR interval irregularities known to arise from
non-cardiac causes, such as motion and other artifacts
arising especially in ambulatory monitoring. Therefore,
HRV determination can be limited to periods when the
subject is not moving as determined from, e.g., concur-
rent accelerometer data. Alternatively, HRV is deter-
mined during subject motion but using data that has been
filtered to limit or remove recognized motion artifacts.
Methods for limiting motion artifacts are known. See, e.g.,
U.S. patent application 10/991,877 filed November 18,

2004. RR interval irregularities known to arise from in-
trinsic cardiac causes, such as arrhythmias. A confound-
ing arrhythmia is known as ectopic ventricular beats or
ventricular premature beats (VPB). Because, VPBs are
more or less spontaneous ventricular contractions occur-
ring during an otherwise normal diastole, they can distort
a portion of R-R interval data following the VPB. Again,
HRV determination can be limited to data free of VPBs
occurrences, or can be performed with data that has been
filtered and corrected to correct for any VPBs that did
occur. Such correction methods are known in the art and
are advantageously employed in this invention. See, e.g.,
Lippman et al., 1994, Comparison of methods for removal
of ectopy in measurement of heart rate variability, Am J
Physiol. 1994 Jul;267(1Pt 2):H411-8.
[0067] RR interval irregularities also arise from breath-
ing irregularities. Cardiac rate is known to very during
breathing (e.g., respiratory sinus arrhythmia), and
breathing irregularities can thereby lead to RR interval
irregularities. For example, breathing irregularities can
arise from intrinsic respiratory process such as speaking,
coughing, sighing, sneezing, and so forth. Methods are
known for recognizing these respiratory events. See,
e.g., U.S. patent application nos. 10/822,260 filed April
9, 2004; and 10/991,877 filed November 18, 2004. Sim-
ilarly, PB can cause low frequency (e.g. the PB frequen-
cy) cardiac rate variations. The methods of this invention
can recognize PB, so that periods with PB can be ex-
cluded from HRV determination. Optionally, HRV can be
determined from RR interval data from a period during
which PB was occurring and then optionally corrected
for PB-induced variations.
[0068] However, the inventors have found further
classes of breathing irregularities, perhaps not hereto-
fore appreciated, that the just-described methods are in-
capable of recognizing, and have provided methods for
recognizing these further classes of breathing irregular-
ities. The just-described methods generally search for
irregularities in respiratory data, such as tidal volumes
(Vt) or breath rates (RR), that have previously been de-
rived from raw respiratory sensor data. The methods pro-
vided here, instead, examine raw signals as directly re-
ceived from respiratory sensors. The provided methods
are particularly advantageous for respiratory monitoring
systems with respiratory sensors that are directly sensi-
tive to time varying volumes, areas, sizes, circumferenc-
es, lengths, and the like of portions, of a subject’s thorax.
Respiratory inductive plethysmographic ("respiratory IP"
or "RIP") is a preferred monitoring system of this type.
RIP sensors are often configured to be directly sensitive
to the time-varying size of a subject’s rib cage (RC), or
to the time-varying size of a subject’s (AB), or to the size
of both the RC and the AB. When applied to RIP systems,
the provided methods preferably examine the raw RC
signals and/or the raw AB signals.
[0069] The provided methods search the raw respira-
tory sensor signals for unusual variability that reflect
breathing irregularities that can lead to RR interval irreg-
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ularities. In detail, the provided methods search input
sensor data to identify the position and values of signal
peaks or maxima (occurring at end inspiration) and signal
troughs or minima (occurring at begin inspiration). During
stable breathing without artifacts, it has been found that
there is no significant variation between either succes-
sive signal maxima or successive signal minima. It has
been found that significant changes in the sensor signal
minima or sensor signal maxima are associated with var-
ious irregularities and artifacts. For example, sensor sig-
nal baseline commonly shifts during postural changes or
sudden activity, and that these baseline changes change
the values of signal maxima or minima. Significant
breath-by-breath changes in signal maxima or minima
commonly accompany continuous activity, speech,
coughs, and so forth. However, certain respiratory events
have been found to be commonly associated with signif-
icant changes only in signal maxima or only in signal
minima. For example, sighs or apneas have been found
to lead to changes in signal maxima only. Therefore, in
many situations, stable signal minimum are sufficient for
a determination of stable breathing.
[0070] Unusual signal variability is determined by com-
paring recent or current sensor signal input in a current
window with sensor signal input received during a pre-
ceding period or window. In a preferred embodiment, sig-
nificant changes in signal maxima or minima are deter-
mined finding values representative of signal maxima
and minima observed during a preceding window, and
then by thresholding the differences in the current win-
dow’s sensor signal maxima or minima from the repre-
sentative values. Finding representative values and
thresholding are preferably performed data window by
data window. An exemplary thresholding method using
the following formulas:

and

and

Here, Vpeak(Vtrough) are Boolean variables that are set to

False according to the above equation if there is a sig-
nificant change in any signal maxima (minima) in the cur-
rent window from the representative value. N is the

number of breaths in the current window  is repre-

sentative of N signal maxima;  is representative of

the N signal minima;  is representative of the N tidal

volumes (end inspiration volume minus the previous end
expiration volume). In this exemplary implementation,
representative value are determined as medians. Fur-
ther, BIj is the value of the j’th minima; and EIj is the value

of the j’th maxima. Vthresh is a selected threshold above

which differences between current values and represent-
ative values (as normalized by the representative values
for the tidal volume) are considered significant (alterna-
tively, different thresholds can be selected for signal
maxima and minima). Vpeak and Vtrough are Boolean val-

ued computed according to the above equation. Vr is a

Boolean variable set to True when stable breathing is
detected. In alternative embodiments, Vr is True when

stable troughs are detected, or when stable troughs and
peaks are detected.
[0071] In alternative implementations, representative
values can be chosen by other statistical techniques,
e.g., averages. Also, Vpeak(Vtrough) can depend on the
differences of successive signal maxima (minima), and
threshold used for evaluating peaks and troughs may be
different. For example,

and

Other related methods for determining Vpeak and Vtrough
will be apparent and are within the scope of this invention.
Also the Boolean threshold test can be replaced by other
test schemes. For example, Vpeak(Vtrough) can be set to
False only if a certain fraction of the maxima (minima)
exceed the threshold.
[0072] This provided methods are preferably per-
formed data window by data window, each window many
be from several seconds to many minutes. If a particular
window on first examination contains only one or two
unstable breaths, this window can be shortened so as to
exclude the unstable breaths and the shortened window
can be checked again for additional unstable breaths. If
no additional unstable breaths are found, HRV analysis
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can then be performed on the shortened window, cor-
recting for changes in window duration. Alternatively, es-
pecially where short windows are used, the entire window
can be rejected if any unstable breaths are found.
[0073] Figs. 4A-C are examples of the above-de-
scribed method. For these example, N = 10 and Vthresh
= 0.2 have been chosen as suitable parameters. First,
Fig. 4A illustrates a period of irregular breathing during
which neither the peaks nor the troughs are stable. Con-
sequently, the tidal volumes, the distance from the peaks
to their succeeding troughs, are widely varying. Both al-
ternative embodiments will determine that such a breath-
ing pattern is not stable and optionally exclude it from
HRV analysis.
[0074] Next, Fig. 4B illustrates more regular breathing
in which, although the tidal volumes are substantially sta-
ble, both the peaks and the troughs are briefly (for a few
breaths) substantially below their recent baseline. It
should be noted that this brief instability was associated
with a shift in posture so slight as to not be detected by
a concurrent accelerometer that records the subject’s ac-
celerations due to posture and activity. Both alternative
embodiments will again determine that such a breathing
pattern is not stable and optionally exclude it from HRV
analysis. The above described prior methods will prob-
ably not detect this irregularity.
[0075] Lastly, Fig. 4C illustrates a further example of
more regular breathing. Here, the troughs remains stable
near their recent baseline. However, the peaks, and con-
sequently the tidal volumes, are widely varying from
baseline. The first alternative embodiment determines
that such a breathing pattern is not stable because it re-
quires that both the peaks and the troughs be stable. In
contrast, the second alternative embodiment determines
that such a breathing pattern is stable because it requires
that only the troughs be stable.

ANALYSIS OF ADDITIONAL INPUTS

[0076] Thoraco-cardiography (TCG) non-invasively
provides indicia of cardiac output (CO) from moment-by-
moment measurements of the anterior chest size. Car-
diac pulsations, which reflect cardiac diastoles and sys-
toles, can affect the size (e.g., the length of a transverse
segment at the level of the xiphoid process) of the over-
lying anterior chest. Although respiration dominates
changes in anterior chest size, cardiac activity and car-
diac pulsations change anterior chest size albeit with an
amplitude much less than that of inhalation and exhala-
tion. Filtering and averaging techniques (e.g., ensemble
averaging) have been developed to extract clearly car-
diac activity from the larger respiratory activity. See, e.g.,
U.S. patent nos. 5,178,151 issued 1993 and 6,783,498
issued 2004; and U.S. application 10/991,877 filed No-
vember 18, 2004. These techniques provide indices of
cardiac output that reflect (or are monotonically related
to, or approximately proportional to) actual cardiac output
data measured by standard and invasive techniques.

[0077] CO is an important parameter defining CHF.
Acute changes in TCG output data in the absence of
other signs can alone indicate decompensation, and in
the presence of other above-described signs, can con-
firm decompensation. It is possible that chronic changes
in TCG output data can indicate the progress of a sub-
ject’s CHF.
[0078] Other advantageous inputs include data from
one to three axis accelerometers; blood oxygen satura-
tion (spO2) data from pulse oximeters; subject temper-
ature, and the like. Acceleration data can be processed
as known in the art to provide indicia of the subject’s
posture and activity level. Pulse oximeters are often in-
clude a processing module that directly outputs spO2
information.
[0079] Posture, activity, and spO2 provide useful ref-
erences for the cardio-respiratory signs concurrently rec-
ognized by above-described signs. For example, appar-
ent CHF decompensation occurring only during exercise
is of less concern the apparent CHF decompensation
occurring intermittently at rest.

PREFERRED SYSTEM IMPLEMENTATIONS

[0080] The monitoring data input to and analyzed by
the above-described methods of this invention can be
gathered by a wide variety of monitoring systems, e.g.,
systems designed for in-hospital use, or for in-clinic use,
or for ambulatory use, or for use in other environments.
Preferred embodiments of this invention are directed to
ambulatory monitoring where monitoring data is gath-
ered while subject’s perform their normal daily activities
in a substantially unrestrained manner. Also, the meth-
ods described wherein can implemented on a wide-range
of computer systems, from handheld-type systems to
server-type systems. Preferred embodiments of this in-
vention implement the methods of this invention on an
portable processing device that can readily be carried by
an ambulatory subject. In such preferred embodiments,
a subject’s CHF status can be immediately available to
the subject, and can also be remotely transmitted to car-
egivers for later review.
[0081] An example of the preferred embodiments in-
cludes a garment (generally, any comfortable, unobtru-
sive wearable item) having incorporated physiological
sensors, and an easily-carried processing device. When
the garment is worn by a subject, the sensors return sig-
nals to the accompanying processing device; the
processing device converts sensor signals into respira-
tory, cardiac, and other physiological parameters. This
processing device (or another similar processing device)
then performs the methods of this invention, which ex-
tract information describing the status of the wearer’s
CHF from the physiological parameters. CHF status and
other monitoring information can be made available or
displayed to the wearer in real time, or transferred or
transmitted for off-line review by caregivers and others.
[0082] In more detail, suitable wearable items can in-
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clude garments, jackets, bands, patches, and the like,
made from a variety of materials, particularly elastic ma-
terials to insure a snug fit; they can be donned in one
piece or include zippers, Velcro, snaps, and the like, that
are joined after donning. Sensors can be incorporated
into garments in many ways, for example, by weaving,
or knitting, or braiding into a garment’s fabric; or by being
sewn or carried on, or mounted in, or attached to the
garment; also flexible sensors can be glued, printed,
sprayed and so forth onto inner or outer garment surfac-
es. See, e.g., U.S. patent 6,551,252.
[0083] The incorporated sensors preferable include
respiratory IP sensors. Briefly, IP sensors comprise spe-
cially-configured conductive elements having inductanc-
es varying with their sizes. An IP sensor is included in an
oscillator circuit so that it oscillates at a frequency varying
with the IP sensor size. The oscillator frequency is then
converted into digital data representing the size of the IP
sensor. See, e.g., U.S. patent 6,551,252. IP sensor sen-
sitive to RC and AB size can be calibrated and combined
into a tidal volume (Vt) that accurately reflects the results
of comparable clinical measurements. See, e.g., Sack-
ner, M. A., 1996, A simple and reliable method to calibrate
respiratory magnetometers and Respitrace, J. Appl.
Physiol. 81:516-7; and Tabachnik et al., 1981, Measure-
ment of ventilation in children using the respiratory in-
ductive plethysmograph, J. Pediatrics 99:895-9. IP sen-
sors at the anterior chest at the level of the xiphoid proc-
ess on the anterior chest provide signals that can be proc-
essed to extract cardiac pulsation signal and indexes of
CO. Wearable items also incorporate accelerometers,
pulse oximeters, and other sensors.
[0084] Fig. 5 illustrates an exemplary ambulatory im-
plementation of this invention. A subject is shown wear-
ing a garment-like item 125 that incorporates IP sensors
127 arranged at the RC and AB and ECG electrodes 129.
The garment may incorporate other sensors. Associated
processing device 131 is easily carried by the subject,
and receives and processes sensor signals, performs
the methods of this invention, and displays results and
data to the subject. Device 131 can also transmit sensor
signals and data to remote systems 121 by, e.g., wireless
transmission or by physical transport. The remote sys-
tems include user interface devices 123 at which caregiv-
ers can review data in real time or at a later time.
[0085] In preferred ambulatory embodiments, two or
more of the methods of this invention are brought togeth-
er so that their individual indications concerning subject
CHF status can pooled. Fig. 6 illustrates an exemplary
system embodiment in which all methods are brought
together in order to processes data from the multiple data
sources 157, 159, 161, 163, and 165 (assumed to be
concurrently available). Pulse oximeter data 157 is con-
verted 167 into an spO2 value by, e.g., methods that are
part of the pulse oximeter itself. Indices of cardiac output,
e.g., liters of blood pumped per minute, are extracted 173
from TCG data 163. Indices of posture and activity are
extracted 175 from accelerometer data 165. These three

types of data are generally used as a context in which to
assess the cardiac and respiratory indices.
[0086] Respiratory data 159 has multiple uses. First,
respiratory data 159 it is processed 169 alone in order
to detect the presence of PB. Joint indications 179 are
formed from the PB and spO2 results, because it is known
that the concurrent presence of PB and of a normal spO2
is more significant than PB with a reduced spO2. Alter-
natively, both data items are considered individually.
Next respiratory data 159 and cardiac (ECG) data 161
are jointly processed in order to properly detect 181 HRV.
Respiratory data is first processed 171 to determine pe-
riods of stable breathing. If breathing is not currently sta-
ble, HRV processing is blocked 177. If breathing is cur-
rently stable, HRV processing proceeds 177 and is com-
pleted in step 181.
[0087] The five items bearing on subject CHF status -
spO2, PB, HRV, cardiac output, and posture and activity
- are combined 183 into a summary CHF status.. The
five indications can be also output individually. These
items and indications can be combined by known medical
decision methods. For example, rules can encode the
medical evaluation processes for these indications.
Weights can optionally be attached to rules so that a de-
gree of likelihood of the evaluation results can be deter-
mined. Alternatively, current indications and their values,
e.g., the period and amplitude of PB, can be combined
according to a discriminant function into a single estima-
tion of CHF status. This estimation can be thresholded
or otherwise converted into the statistically most likely
CHF status. Bayesian methods can also be used.
[0088] Summary CHF status and/or the individual
items and indications are output 185 to the subject and/or
to caregivers.
[0089] This methods of this invention are performed
on software or firmware programmable systems. In the
case of software programming, methods are coded in
standard computer languages, such as C, C++, or in high
level application languages, such as Matlab and associ-
ated toolboxes (Math Works, Natick, MA). Code is then
translated or compiled into executable computer instruc-
tions for controlling a microprocessor or similar. In the
case of firmware programming, higher level method
specifications written in software languages or hardware
languages such as VHDL, are generally translated into
bit codes by tools supplied by the manufacturer of the
hardware part that is being programmed. For example,
manufacturer’s tools prepare bit-streams for configuring
FPGAs. The invention also includes software distribu-
tions, e.g., on computer-readable media, having encod-
ed the method of this invention for execution on a com-
puter or for programming a firmware device.
[0090] The preferred embodiments described herein
are not intended to limit the scope of the invention. Al-
though specific features of the invention are shown in
some drawings and not in others, this is for convenience
only as each feature may be combined with any or all of
the other features in accordance with the invention.
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Claims

1. A system for automatically monitoring of congestive
heart failure (CHF) in a subject comprising:

a wearable item (125) having non-invasive sen-
sors (127, 129) configured to monitor respiratory
and cardiac physiology of the subject and pro-
vide signals conveying information concerning
at least the subject’s breath rate and volume and
the subject’s cardiac rate;
an accelerometer for determining (175) indica-
tions of activity and posture;
a computing device (131) operatively coupled
to the sensors (127, 129) adapted to
examining (169) the sensor signals for indica-
tions of periodic breathing (PB);
examining (181) the sensor signals for indica-
tions of reduced heart rate variability (HRV); and
indicating (185) the status of CHF in the subject
in dependence on the indications of PB, on the
indications of HRV, and on the indications of ac-
tivity and posture.

2. The system of claim 1 wherein the wearable item
(125) is sized and configured as a portion of a shirt
or as one or more bands.

3. The system of claim 1 wherein the computing device
(131) has a size and configuration similar to that of
a portable digital assistant.

4. The system of claim 1 wherein the system is sized
and configured to be unobtrusively worn and/or car-
ried by an ambulatory subject.

5. The system of claim 1 wherein the non- invasive sen-
sors (127, 129) comprise one or more of an electrode
sensor (129) sensitive to electrocardiogram (ECG)
signals or an inductive plethysmographic sensor
(127) sensitive to a time-varying size of a subject.

6. The system of claim 1 wherein the non- invasive sen-
sors comprise one or more sensors sensitive to the
time-varying sizes of a subject’s thorax (RC) or of a
subject’s abdomen (AB) of the subject, and wherein
the computing device is adapted to determine a time-
varying lung volume signal in dependence on the RC
and/or the AB signals.

7. The system of claim 1 wherein the provided sensor
signals include one or more signals sensitive to time-
varying pulsations of the subject’s heart (TCG), and
wherein the computing device is adapted to deter-
mine indications of cardiac output (CO) from the TCG
signals and to indicate the status of CHF further in
dependence on the CO indications.

Patentansprüche

1. System zum automatischen Überwachen von kon-
gestiver Herzinsuffizienz (congestive heart failure,
CHF) in einem Patienten aufweisend:

ein tragbarer Gegenstand (125), welcher nicht-
invasive Sensoren (127, 129) aufweist, welche
eingerichtet sind, um die Atmungs- und Herz-
physiologie des Patienten zu überwachen und
um Signale bereitzustellen, welche Information
betreffend zumindest die Atemfrequenz und das
Atemvolumen des Patienten und die Herzfre-
quenz des Patienten übermitteln;
ein Beschleunigungsmessgerät zum Ermitteln
(175) von Anzeichen von Aktivität und Körper-
haltung;
ein Computergerät (131), welches operativ mit
den Sensoren (127, 129) gekoppelt und einge-
richtet ist zum
Untersuchen (169) der Sensorsignale auf An-
zeichen von periodischem Atmen (periodic bre-
athing, PB);
Untersuchen (181) der Sensorsignale auf An-
zeichen von reduzierter Herzfrequenzvariabili-
tät (heart rate variability, HRV); und
Anzeigen (185) des Status von CHF in dem Pa-
tienten in Abhängigkeit von den Anzeichen von
PB, von den Anzeichen von HRV, und von den
Anzeichen von Aktivität und Körperhaltung.

2. System nach Anspruch 1, wobei der tragbare Ge-
genstand (125) bemaßt und eingerichtet ist als ein
Teil eines Hemds oder als eines oder mehrere Bän-
der.

3. System nach Anspruch 1, wobei das Computergerät
(131) eine Größe und Konfiguration hat, welche ähn-
lich ist zur Größe und Konfiguration eines portablen
digitalen Assistenten.

4. System nach Anspruch 1, wobei das System bemaßt
und eingerichtet ist, um unauffällig von einem am-
bulanten Patienten getragen und/oder gehalten zu
werden.

5. System nach Anspruch 1, wobei die nicht-invasiven
Sensoren (127, 129) eines oder mehrere von einem
Elektrodensensor (129), welcher empfindlich ist für
Elektrokardiogramm- (electrocardiogram-, ECG-) si-
gnale, oder einem induktiven Plethysmographiesen-
sor (127), welcher empfindlich ist für eine zeitverän-
derliche Größe eines Patienten.

6. System nach Anspruch 1, wobei die nicht-invasiven
Sensoren einen oder mehrere Sensoren aufweisen,
welche für die zeitveränderlichen Größen eines Tho-
rax (RC) eines Patienten oder eines Abdomen (AB)
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des Patienten empfindlich sind, und wobei das Com-
putergerät eingerichtet ist, um ein zeitveränderliches
Lungenvolumensignal in Abhängigkeit von den RC-
und/oder AB-Signalen zu ermitteln.

7. System nach Anspruch 1, wobei die bereitgestellten
Sensorsignale ein oder mehrere Signale beinhalten,
welche für zeitveränderliches Pulsieren des Herzens
des Patienten (TCG) empfindlich sind, und wobei
das Computergerät eingerichtet ist, um Anzeichen
von Herzleistung (cardiac output, CO) aus TCG-Si-
gnalen zu ermitteln und den Status von CHF weiter
in Abhängigkeit von den CO-Anzeichen anzuzeigen.

Revendications

1. Un système de surveillance automatique de l’insuf-
fisance cardiaque (CHF) chez un patient,
comprenant :

un article qui peut être porté (125), muni de cap-
teurs non invasifs (127, 129) configurés pour
surveiller la physiologie respiratoire et cardia-
que du patient et délivrer des signaux véhiculant
des informations concernant au moins le volume
et la fréquence respiratoires du patient et la fré-
quence cardiaque du patient ;
un accéléromètre pour déterminer (175) des in-
dications d’activité et de posture ;
un dispositif calculateur (131) couplé de maniè-
re opérante aux capteurs (127, 129), apte à
examiner (169) les signaux de capteur à la re-
cherche d’indications d’une respiration périodi-
que (PB) ;
examiner (181) les signaux de capteur à la re-
cherche d’indications d’une variabilité de la fré-
quence cardiaque (HRV) réduite ; et
indiquer (185) l’état de CHF chez le patient en
fonction des indications de PB, des indications
de HRV, et des indications d’activité et de pos-
ture.

2. Le système de la revendication 1, dans lequel l’arti-
cle qui peut être porté (125) est dimensionné et con-
figuré en tant que partie d’une chemise ou en tant
qu’un ou plusieurs bandages.

3. Le système de la revendication 1, dans lequel le dis-
positif calculateur (131) présente une dimension et
une configuration semblables à celles d’un assistant
numérique portatif.

4. Le système de la revendication 1, dans lequel le sys-
tème est dimensionné et configuré pour être porté
et/ou transporté sans entrave par un patient ambu-
latoire.

5. Le système de la revendication 1, dans lequel les
capteurs non invasifs (127, 129) comprennent un ou
plusieurs d’entre un capteur à électrodes (129) sen-
sible à des signaux d’électrocardiogramme (ECG)
ou un capteur pléthysmographique inductif (127)
sensible à une dimension variant dans le temps d’un
patient.

6. Le système de la revendication 1, dans lequel les
capteurs non invasifs comprennent un ou plusieurs
capteurs sensibles aux dimensions variant dans le
temps d’un thorax du patient (RC) ou d’un abdomen
du patient (AB) du patient, et dans lequel le dispositif
calculateur est apte à déterminer un signal de volu-
me du poumon variant dans le temps en fonction
des signaux RC et/ou AB.

7. Le système de la revendication 1, dans lequel les
signaux de capteur délivrés comprennent un ou plu-
sieurs signaux sensibles à des pulsations variant
dans le temps du coeur du patient (TCG), et dans
lequel le dispositif calculateur est apte à déterminer
des indications de débit cardiaque (CO) à partir des
signaux TCG et à indiquer le statut de CHF égale-
ment en fonction des indications de CO.
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