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7) ABSTRACT

This invention provides methods and systems for the analy-
sis of data returned from monitoring multiple physiological
parameters of a subject, especially from ambulatory multiple
parameter monitoring. The methods and systems remove
motion artifacts from signals and separate multiple compo-
nents of single signals due to two or more physiological
systems or processes. Each output signal is are preferably
free from motion artifacts and reflects primarily functioning
of only a single physiological system or process.
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METHOD AND SYSTEM FOR PROCESSING DATA
FROM AMBULATORY PHYSIOLOGICAL
MONITORING

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 60/523,495, filed Nov. 18, 2003
(titled: Systems and Methods for Improved Determination of
Cardiac Rate Parameters), and U.S. Provisional Application
60/586,347, filed Jul. 8, 2004 (titled: Method and System for
Extracting Cardiac Parameters From Plethysmographic Sig-
nals Using Adaptive Signal Processing). Both of these
provisional applications are included by reference herein in
the entireties for all purposes.

1. FIELD OF THE INVENTION

[0002] The present invention relates to the field of pro-
cessing signals obtained from non-invasive physiological
monitoring, and especially from non-invasive monitoring
which gathers multiple physiological parameters while per-
mitting relatively free subject motion. The present invention
provides improved, robust systems and methods for pro-
cessing such signals.

2. BACKGROUND OF THE INVENTION

[0003] Monitoring a subject’s physiological parameters is
routine in the clinic and in the hospital. Because of the
interdependence of physiological and other bodily pro-
cesses, monitoring of multiple related physiological param-
eters (referred to herein as “multiple parameter monitoring”
or “MPM”) is advantageous is known in these environ-
ments.

[0004] Recent developments in sensors and sensor sys-
tems now increasingly allow single and multiple parameter
physiological monitoring to move out of the controlled
environments of the clinic or hospital and into less con-
strained environments where the subject may engage in
normal activities. MPM is now possible in the subject’s
normal environments where the subject is carrying out
normal activities with little or no constraint. “Ambulatory
monitoring”, as such monitoring is known in the art, thereby
encompasses the monitoring of physiological parameters
during normal daily activities, including work activities, and
also encompasses monitoring during unconstrained sleep.
For example, during “ambulatory monitoring”, a subject
may be walking, running, generally exercising, engaging in
athletics, and the like; a subject may also be working at
either sedentary or active tasks; a subject may also be
resting, sitting, reclining, sleeping, and the like. In this
application, the term “ambulatory monitoring” is used and
understood to refer to monitoring physiological parameters
during the broad range of subject activities, and the term
“ambulatory multiple parameter monitoring” (or “ambula-
tory MPM”) is used to refer monitoring multiple physiologi-
cal parameters during such activities.

[0005] A recent example of an ambulatory monitoring
system is described in U.S. Pat. No. 6,551,252 B1, issued
Apr. 23,2003. This patent describes monitoring systems and
methods comprising comfortable garments that serve as
platforms for sensors of multiple physiological parameters.
Ambulatory monitoring then merely requires a subject to
wear such a comfortable garment.

[0006] However, processing signals recorded during
ambulatory MPM signals to extract useful physiological
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information during is considerably often more difficult than
similar processing of signals obtained during in-clinic or
in-hospital monitoring. For example, characteristics such as
frequency spectrum and amplitude of the signals recorded
during ambulatory monitoring can vary unpredictably as the
monitored subject’s activity varies unpredictably. Process-
ing must be capable of handling such unpredictable signal
characteristics. In addition, unconstrained subject activities
can introduce considerable artifact and noise in ambulatory
monitoring signals which is also of variable characteristics.
Further, non-invasive sensors usually used for ambulatory
monitoring often output signals sensitive to multiple physi-
ological systems or processes. In contrast, few is any of
these problems arise during controlled in-clinic or in-hos-
pital monitoring. Signal recording during the latter moni-
toring usually have only limited variability with limited
artifact and noise, and sensors used can be designed for
sensitivity to single physiological systems or processes.

[0007] A recent example of the complexities of ambula-
tory signal processing is U.S. Pat. No. 6,783,498 B2. This
patent describes systems and methods for determining car-
diac function from signals obtained using non-invasive
sensors during ambulatory monitoring. Because the cardiac
signals of interest are usually have small amplitude and are
usually obscured by considerably larger amplitude respira-
tory and other undesired signals, careful processing is
required to extract useful cardiac information.

[0008] Accordingly, the art is in need of improved pro-
cessing techniques broadly applicable to signals from ambu-
latory MPM monitoring that provide robust and reliable
extraction of useful physiological information from such
signals.

[0009] A number of references are cited herein, the entire
disclosures of which are incorporated herein, in their
entirety, by reference for all purposes. Further, none of these
references, regardless of how characterized above, is admit-
ted as prior to the invention of the subject matter claimed
herein.

3. SUMMARY OF THE INVENTION

[0010] Objects of this invention include systems and
methods for improved robust and reliable extraction of
physiological information from signals gathered during con-
current monitoring of multiple physiological (MPM) param-
eters of a subject, especially MPM monitoring when the
subject is carrying out normal waking and sleeping activi-
ties.

[0011] Concurrent monitoring of multiple physiological
parameters is advantageous (even if only one physiological
system is of interest) because of the known interdependence
of the body’s physiological systems. And if two or more
physiological systems or their interactions are of interest,
monitoring multiple parameters is necessary. Ambulatory
monitoring is also advantageous. For patients with disease,
ambulatory monitoring can aid a physician in their tracking
and treatment. Ambulatory monitoring is also useful in
diagnosis of, for example, sleep disorders. Also, even for
subjects without disease, minute-by-minute physiological
monitoring can be useful. For example, monitoring of indi-
viduals or workers exposed to physiological stress or danger,
such as rescue personnel, emergency response personnel,
military personnel, and the like, can help prevent their
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injury. For athletes and for those secking general fitness,
ambulatory monitoring can track the progress of training
programs and guide future effort. Additional applications are
known in the art and are likely to be developed in the future.

[0012] However, processing ambulatory signals presents
novel problems arising in part because these signals can be
far from the ideal that normally expected in controlled and
sedentary in-clinic or in-hospital monitoring. For example,
monitoring during normal subject activities without the
attention of specialized personnel requires that sensors and
monitoring systems generally be chosen or designed to meet
subject concerns, such as subject acceptability, unobtrusive-
ness (to the extent that a subject can become unaware of
their presence), ease of use (so that the subject can use them
without trained assistance), and the like. Meecting these
subject concerns may preclude the use of technically optimal
but often invasive sensors.

[0013] Therefore ambulatory MPM signals often include
significant artifact and/or noise, such as motion artifacts
generated during subject activity. Further, a single ambula-
tory MPM sensor signal often includes mixed contributions
from several physiological systems or processes. Extracting
useful physiological information then requires separation of
such mixed components, which is often difficult because the
contributing components may have differing amplitudes
and/or overlapping frequency spectrums. Moreover, MPM
signal characteristics, such as frequency spectra are usually
not stationary, but vary with subject activity level. Signal
processing techniques with fixed parameters selected for
signals with expected characteristics, for example a bank of
fixed frequency filters, may work only at a few activity
levels but not at most other activity levels.

[0014] This invention solves these problems by jointly
processing signals from multiple (two or more) sensors
using signal processing techniques that adapt to unpredict-
able and changing signal characteristics. Multiple input
signals each with mixed physiological components are
jointly processed into output signals each with a single
physiological component. Motion and other artifacts are
minimized by jointly processing sensor signals and “arti-
fact” signals correlated with the artifact sources. Adaptive
techniques also avoid the need to know signal characteristics
in advance, as these characteristics may instead be learned
during a brief initialization period. It has been found impor-
tant for improved adaptive processing performance that the
signals being jointly processed by periodically sampled and
the same frequency, and even coincidentally sampled if
possible. Further, the adaptive techniques used in this inven-
tion are preferably configured with response times to vary-
ing signal characteristics adequate to physiological systems
being monitored. Signals arising from normal ambulatory
activities generally vary over periods from several seconds
(15 secs or 30 secs) to minutes (1 min or 2 min) or more.
Since adaptation rates depend on sampling frequency, filter
memory times, rates of convergence, and the like, the signal
and filter characteristics are selected in individual cases for
adequate physiological response.

[0015] The present invention may be applied to monitor-
ing in sedentary, or controlled, environments, as well as to
monitoring which does not constrain subject activities. Such
non-constraining monitoring systems allow substantially
free subject motion during waking and sleeping. The present
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invention may be applied to signals generated by a variety
of sensors, preferably non-invasive sensors suitable for
ambulatory, unassisted monitoring in a variety of environ-
ments. Sensors are preferably sufficiently accurate and pre-
cise so that contributions of the multiple physiological
systems and/or processes each have useful signal to noise
ratios. For example, if one input signal includes a first
system’s signals with only 5% of the amplitude of a second
system, then a useful sensor will have a relative accuracy
and/or precision of 1%, and preferably 0.5%, and more
preferably 0.1% or 0.05% or lower. For input to the present
invention, sensor signals are digitized at periodic, preferably
fixed. Sample rates, amplitude quantization, and the like are
chosen as is known in the arts so that the digitized signal
represents measured signal in a predictable and fixed man-
ner, preferably without aliasing spectra or amplitudes.

[0016] In one embodiment the invention includes a
method for processing sensor signals arising from a plurality
of sensors sensitive to a plurality of physiological systems or
processes of a monitored subject, the method comprising
adaptively enhancing desired physiological components
relative to undesired artifact components in one or more
sensor signals monitored from said subject during periods
comprising unconstrained activity; and adaptively enhanc-
ing components sensitive to desired physiological systems
or processes relative to components sensitive to other undes-
ired physiological systems or processes in one or more of the
sensor signals that have adaptively enhanced physiological
components.

[0017] Further aspects of this embodiment include:
retrieving one or more sensor signals from a wearable
construction comprising one or more sensors; that the physi-
ological systems or processes include one or more of res-
piratory activity, or cardiac mechanical activity, or cardiac
electrical activity, or electroencephalographic activity, or
motion activity; that the physiological systems or processes
include one or more of temperature activity, or blood satu-
ration activity, or vocal activity, or electro-oculogram activ-
ity, or electro-myogram activity; that enhancing components
in sensor signals further includes processing said sensor
signals jointly with one or more reference sensor signals,
wherein said sensor signals and said reference sensor signals
are sampled and/or re-sampled at a single common sampling
rate; and that the one or more reference signals include
signals sensitive to subject motion activity.

[0018] Further aspects of this embodiment include: that
the one or more reference signals sensitive to said undesired
physiological systems or processes; that the reference sensor
signals include components correlating with said undesired
components in said sensor signals, and said sensor signals
and said reference signals being sampled and/or re-sampled
at a single common sampling rate; further including re-
sampling one or more sensor signals at a single common
sampling rate; that enhancing components sensitive to said
desired physiological systems or processes includes joint
processing with one or more reference signals sensitive to
said undesired other physiological systems or processes; and
that enhancing components sensitive to desired physiologi-
cal components or processes in one or more sensor signals
further includes generating additional signals in which are
enhanced components sensitive to said other undesired
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physiological systems or processes, whereby said desired
and said undesired physiological components are enhanced
in separate output signals.

[0019] Inoneembodiment the invention includes a system
for processing physiological sensor signal data comprising:
a wearable construction comprising one or more sensors
sensitive to one or more physiological systems or processes
including motion activity; and computer memory compris-
ing computer instructions to retrieve a plurality of physi-
ological sensor signals from said wearable construction
when worn by a monitored subject during periods compris-
ing unconstrained activities, said retrieved sensor signals
comprising reference signals sensitive to subject motion
activity; and to enhance desired physiological components
relative to undesired motion artifact components in one or
more retrieved sensor signals, said enhancing comprising
adaptively processing said sensor signals jointly with one or
more of said reference signals in order to reduce an error
signal.

[0020] Further aspects of this embodiment include: that
the reference sensors include one or more accelerometers;
further including de-trending one or more of said sensor
signals and/or said reference signals; and that the error
signal is a difference between processed retrieved sensor
signals and processed reference sensor signals.

[0021] Inone embodiment the invention includes a system
for processing physiological sensor signal data comprising a
wearable construction comprising one or more sensors sen-
sitive to physiological systems or processes comprising
cardiac pulsation activity and respiratory activity; and com-
puter memory comprising computer instructions to retrieve
sensor signals from said wearable construction when worn
by a monitored subject during periods comprising uncon-
strained activities, said retrieved sensor signals comprising
cardiac signals with cardiac pulsation components and res-
piratory signals with respiratory activity components; and to
enhance desired cardiac components relative to undesired
respiratory components in said cardiac signals, said enhanc-
ing comprising adaptively processing said cardiac signals
jointly with said respiratory signals in order to reduce an
error signal.

[0022] Further aspects of this embodiment include: that
the said cardiac signals include cardiac pulsation compo-
nents and respiratory activity components with relative
amplitudes larger than relative amplitudes of cardiac pulsa-
tion components and respiratory activity components in said
respiratory signals; that the error signal is a difference
between processed cardiac signals and processed respiratory
signals; that the instructions further time domain filter said
enhanced cardiac signals; that the time domain filtering
includes ensemble averaging timed by electrocardiographic
R waves; that a value of said ensemble averaged signal at a
current time sample includes an average of a current value
of said cardiac signal and of values of said cardiac signal at
one or more prior time samples, all averaged samples having
the same relative position in the cardiac cycle; that the
relative position in the cardiac cycle is determined from R-R
intervals; that the sensors include at least one size sensor for
monitoring respiratory signals and at least one size sensor at
a pre-cordial mid-thorax level for monitoring cardiac pul-
sation signals; that the instructions further extract one or
more indicia of cardiac functioning from said enhanced
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cardiac signal; and that the indicia of cardiac functioning
include stroke volume, or cardiac output, or pre-ejection
period, or peak ejection rate, or time to peak ejection rate.

[0023] Inoneembodiment the invention includes a system
for processing physiological sensor signal data comprising a
wearable construction comprising one or more sensors sein-
sitive to physiological systems or processes comprising
electroencephalographic (EEG) activity and respiratory
activity; and computer memory comprising computer
instructions to retrieve sensor signals from said wearable
construction when worn by a monitored subject during
periods comprising unconstrained activities, said retrieved
sensor signals comprising EEG signals and respiratory sig-
nals; to estimate respiratory components in said EEG signal
by adaptively processing said EEG signals jointly with said
respiratory signals in order to reduce an error signal; and to
enhance desired EEG components relative to undesired
respiratory components in said EEG signals in dependence
on said estimated respiratory components.

[0024] Further aspects of this embodiment include: 63.
The system of claim 61 wherein said joint processing
includes low pass filtering said EEG signals using a low pass
filter that passes at least those frequencies in the range of
frequencies present in respiratory signals; and that enhanc-
ing includes removing said estimated respiratory compo-
nents from said retrieved and unprocessed EEG signal; that
removing includes subtraction.

[0025] Inoneembodiment the invention includes a system
for processing physiological sensor signal data comprising:
a wearable construction comprising one or more Sensors
sensitive to physiological systems or processes comprising
electrocardiographic (ECG) activity and respiratory activity;
and computer memory comprising computer instructions to
retrieve sensor signals from said wearable construction
when worn by a monitored subject during periods compris-
ing unconstrained activities, said retrieved sensor signals
comprising ECG signals and respiratory signals; to generate
an RR interval signal from said ECG signal comprising data
describing successive intervals between successive
R-waves; and to estimate respiratory components in said
ECG signal by adaptively processing said ECG signals
jointly with said respiratory signals in order to reduce an
error signal, wherein a high frequency heart rate variability
(HF HRV) signal includes said estimated respiratory com-
ponents, a low frequency heart rate variability (LF HRV)
signal includes said error signal.

[0026] Further aspects of this embodiment include: that
the instructions further de-trend said HF HRV signal and
de-trend said LF HRV signal or further de-trend said HF
HRV and de-trend said RR interval signal prior to said
estimating; that the instructions further spectrally analyze
said LF HRV signal and/or said HF HRV signal; that the
respiratory signal includes a tidal volume (Vt) signal; that
the retrieved respiratory signals include at least one signal
from a size sensor at a rib cage (RC) level and at least one
signal from a size sensor at an abdominal (AB) level, and
wherein the instructions further determine said Vt signal by
combining said RC signal and said AB signal; that the
instructions further low pass filter said respiratory signal
using a low pass filter that passes at least those frequencies
in the range of frequencies normally present in respiratory
signals, for example, passing signals less than approximately
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1.5 Hz; that the error signal is a difference between said
processed ECG signals and said processed respiratory sig-
nals.

[0027] Inoneembodiment the invention includes a system
for processing physiological sensor signal data comprising:
a wearable construction comprising one or more Sensors
sensitive to physiological systems or processes comprising
electrocardiographic (ECG) activity and respiratory activity;
and computer memory comprising computer instructions to
retrieve sensor signals from said wearable construction
when worn by a monitored subject during periods compris-
ing unconstrained activities, said retrieved sensor signals
comprising ECG signals and respiratory signals; to generate
an RR interval signal from said ECG signal comprising data
describing intervals between successive R-waves; to esti-
mate respiratory components in said ECG signal by adap-
tively processing said ECG signals jointly with said respi-
ratory signals in order to reduce an error signal, wherein a
low frequency heart rate variability (LF HRV) signal
includes said error signal; and to estimate one or more
corrected QT intervals independence on QT intervals mea-
sured in said ECG signal and on said LF HRV signal.

[0028] Further aspects of this embodiment include: that
the respiratory signal includes a tidal volume (Vt) signal;
that the error signal is a difference between said processed
ECG signals and said processed respiratory signals; and that
the corrected QT intervals are estimated using a formula
substantially similar to:

or
T = =
or, N3
[0029] or substantially similar to:
OT, (=Q++0.154(1-RR);
[0030] In one embodiment the invention includes a com-

puter memory comprising computer instructions for pro-
cessing sensor signals arising from a plurality of sensors
sensitive to a plurality of physiological systems or processes
of a monitored subject, by performing: adaptively enhancing
desired physiological components relative to undesired arti-
fact components in one or more sensor signals monitored
from said subject during periods comprising unconstrained
activity; and adaptively enhancing components sensitive to
desired physiological systems or processes relative to com-
ponents sensitive to other undesired physiological systems
or processes in one or more of the sensor signals that have
adaptively enhanced physiological components. In further
aspects the computer memory further includes one or more
CD-ROMS or memories accessible to one or more proces-
SOrs.

[0031] Further aspects of most embodiments includes one
of more of: that the wearable construction includes a band
for encircling a body part, or a garment for all or part of the
trunk, or a garment for all or part of the trunk and all or part
of one or more extremities, or two or more of said bands or
said garments, and/or includes one or more inductive
plethysmographic sensors; that said activities include one or
more of standing, or walking, or running, or climbing, or
sitting, or lying, or sleeping, normal daily activities of said
subject, or unconstrained by said monitoring; that the func-
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tioning of one or more physiological systems or processes
varies during subject activity, and wherein sensor signals
sensitive to said varying physiological systems or processes
have varying signal characteristics; that the sensor signals
include size sensor signals sensitive 1o a rib cage size, or to
a mid-thorax size, or to an abdominal size, or to an extremity
size; that artifact components include motion artifacts aris-
ing from subject activity or electromagnetic interference
artifacts;

[0032] Further aspects of adaptively enhancing includes
one of more of: joint processing of two or more sensor
signals sampled and/or re-sampled at a single common
sampling rate; re-sampling one or more sensor signals to a
common sampling rate; reducing an error signal that is a
difference between said processed sensor signals and said
processed reference sensor signals; adjusting weights of a
finite impulse response filter by a least means squares
technique; joint processing with one or more reference
signals sensitive to subject motion activity.

[0033] Further aspects of most embodiments includes one
of more of: that the functioning of one or more physiological
systems or processes varies during subject activity, and
wherein sensor signals sensitive to said varying physiologi-
cal systems or processes have varying signal characteristics;
that the retrieved sensor signals are adaptively processed to
enhance desired components relative to artifact components;
that the instructions further determine an R-R interval signal
by detecting R waves in an electrocardiogram signal sensi-
tive to cardiac electrical activity; discarding detected R
waves that occur in an ectopic temporal location; determin-
ing said R-R interval signal, and/or interpolating a con-
structed R wave at the expected temporal position of a
discarded ectopic R wave.

[0034] Specific embodiments of this invention will be
appreciated from the following detailed descriptions and
attached figures, and various of the described embodiments
are recited in appended claims. In the following, and in the
application as a whole, headings are used for clarity and
convenience only.

4. BRIEF DESCRIPTION OF THE DRAWINGS

[0035] The present invention may be understood more
fully by reference to the following detailed description of
preferred embodiments of the present invention, illustrative
examples of specific embodiments of the invention, and the
appended figures in which:

[0036] FIGS. 1A-D illustrate exemplary ambulatory mul-
tiple parameter monitoring systems of this invention,

[0037]

[0038] FIGS. 3A-B illustrate methods of motion artifact
removal and an example of motion artifact removal;

[0039] FIG. 4 illustrates methods of separating respiratory
and cardiac signals;

FIG. 2 illustrates methods of this invention,

[0040] FIGS. 5A-F illustrate an example separating res-
piratory and cardiac signals;

[0041] FIGS. 6A-B illustrate methods of separating res-
piratory and EEG signals and an example of separating
respiratory and EEG signals;
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[0042] FIG. 7 illustrates methods of analysis of heart rate
variability (HRV),

[0043] FIGS. 8A-B illustrate an example of HRV analysis;

[0044] FIGS. 9A-B illustrate a further example of HRV
analysis;

[0045] FIGS. 10A-B illustrate a further example of HRV
analysis; and

[0046] FIG. 11 illustrates an exemplary ECG.
5. DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0047] Preferred and/or illustrative embodiments of the
present invention are described herein. However, the inven-
tive principles of the present invention are not limited to
these preferred and/or illustrative embodiments. These prin-
ciples can be applied more broadly and/or adapted to future
technological developments as will be apparent to one of
ordinary skill in the art. The present should be understood to
include such additional embodiments.

[0048] This section describes, first, preferred classes of
ambulatory MPM signals input to this invention and illus-
trative systems for their capture, described next are preferred
processing methods, beginning with a preferred integration
of individual methods and followed by the individual meth-
ods and examples.

5.1 Preferred Signals

[0049] Preferred embodiments of the present invention
monitor a subject moment-by-moment cardiac and pulmo-
nary functioning, activity level, and associated or other
physiological systems or processes. Particular embodiments
may monitor fewer physiological systems, while other
embodiments may monitor additional physiological systems
depending on the availability of ambulatory, non-invasive
SEensors.

[0050] Respiratory sensors gather signals sensitive to res-
piratory rate and/or tidal volume. Such sensors may directly
measure air flows or volumes at the mouth and nose using
one of the many known technologies for such measure-
ments. Preferably, the respiratory sensors are less intrusive.
A preferred class of such sensors, relying on the known
two-compartment model of breathing, measure indicia of
thorax and abdominal sizes, such as volumes, cross sectional
areas, circumferences, diameters, and the like, and obtain an
overall tidal volume signal from combinations of these two
size signals. These sizes can be measuring by sensors based
on one of the many known technologies for such measure-
ments, such plethysmography and especially inductive
plethysmography (“IP”). Illustrative IP respiratory sensors
are subsequently described.

[0051] Cardiac sensors gather signals sensitive to the
electrical and/or mechanical functioning of the heart. Elec-
trical functioning can be routinely recorded by one, two, or
more electrocardiographic (ECG) leads conductively affixed
to the subject. Mechanical functioning is extracted from
non-invasively gathered signals sensitive to moment-by-
moment volumes of one or more of the cardiac chambers
(“cardiac pulsation” signals). A preferred class of such
sensors measures chest pulsations arising chiefly from func-
tioning of the left ventricle. Such chest pulsations are known
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to clinicians and are usually maximum in the mid-thorax at
the level of the xiphoid process, and can accordingly be
measured by sensors sensitive to indicia of mid-thorax size,
such as volume, a cross sectional area, circumference,
diameter, and the like. However, most chest wall motion is
produced by respiration, and cardiac-derived pulsations rep-
resent no more that 1-5% of total signal amplitude. Ilustra-
tive cardiac sensors based on IP technology are subsequently
described.

[0052] Activity level signals can be processed for the
physiological content. In this invention, they also advanta-
geously provide a reference for artifacts in signals from
other sensors generated by subject motion. Subject accel-
erations are often reflected in non-invasive sensor signals,
especially in signals from sensors sensitive to indicia of
subject sizes such as thorax or abdominal sizes. Accordingly,
moment-by-moment activity levels signals preferably gath-
ered by one or more accelerometers sensitive to total subject
acceleration provide a usefully accurate reference for such
motion artifacts. Alternatively, individual sensors can
include individual accelerometers sensitive to accelerations
local to the sensor, and the reference signal generated will
more accurately remove motion artifacts present in the
individual sensor signals. Additional sources of artifacts
may be present in some environments, and if sensors sen-
sitive to these additional artifact sources are available, their
output can provide a reference for such additional artifact
signals. For example, electromagnetic interference can gen-
erate artifacts, and may possibly be monitored by signals
gathered by conducting or magnetic “antenna” arrange-
ments.

[0053] Many associated or other physiological systems or
processes may be useful in particular embodiments, and
their sensors can be useful in MPM monitoring. For
example, temperatures measured by thermistors or similar
devices and/or blood oxygen saturation (or blood saturation
activity) measured by pulse oximeters can often usefully
associated with parameters of cardio-respiratory function-
ing. Additionally, electroencephalogram (“EEG”) signals (or
cerebral electrical activity) are often useful, and can be
measured by one, two, or more leads conductively affixed to
the patient’s head. EEG signals can be used to monitor
general subject alertness, to monitor sleep stages during
sleep studies, and for other purposes. Electro-oculogram
(“*EOG”) signals or electro-myogram (“EMG”) signals can
be usefully gathered along with EEG signals.

[0054] Additional input signals can be selected from the
variety of known preferably non-invasive physiological sen-
sors, and include, without limitation, skin conductance sig-
nals, and electrical and./or magnetic impedance signals
sensitive to the functioning of internal systems such as
respiratory or cardiac systems, sound and ultrasound signals,
and the like.

5.2 Exemplary Systems

[0055] Exemplary systems can be conceptually divided
for descriptive purposes into monitoring subsystems, which
include the sensors that gather signals for processing, and
processing subsystems, which provide platforms for execut-
ing this invention’s processing methods.

[0056] Turning first to exemplary monitoring subsystems,
and in particular to their included sensors, one of ordinary
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skill will appreciate that these sensors can be constructed
according to the many known technologies useful for non-
invasive physiological sensing. It is routine that selected
sensors should have sufficient accuracy and precision, both
in amplitude and response time (bandwidth), so that signals
gathered actually reflect the physiological systems and pro-
cesses of interest in an embodiment. Preferably, the sensors
have clinically confirmed accuracies and precisions.

[0057] Specifically, several signals gathered in preferred
embodiments of this invention arise from sensors measuring
indicia of subject sizes, such as cross sectional areas, cir-
cumferences, diameters, or geometrically similar indicia, of
selected portions of the subject’s torso, neck, extremities, or
other body part. Such sensors are simply referred to herein
as “cross sectional size sensors” or as “size sensors”. Size
sensors are known that are based on diverse technologies,
including magnetometers; strain gauges using magnetic,
mechanical or optical means; optical techniques including
interferometry; electrical impedance; surface electrical or
magnetic activity; plethysmography, inductive plethysmog-
raphy, ultrasonic and doppler measurements of body wall
motions or body diameters; and so forth. Such sensors are
useful for the present invention. Exemplary size sensors
based on inductive plethysmographic (IP) technology are
summarized subsequently.

[0058] This invention is directed to monitoring sub-
systems configured so that a subject is not constrained and
can perform their normal daily waking and sleeping activi-
ties (referred to herein as “ambulatory monitoring sub-
systems”). Preferably, the monitoring subsystems are also
configured for subject use without assistance by medical or
other trained personnel. An exemplary monitoring sub-
system configuration is as a wearable item, for example, a
garments, a bands, a patch, and the like, into which sensors
are incorporated.

[0059] Exemplary wearable monitoring subsystems are
illustrated in FIGS. 1A-C. FIG. 1A illustrates band 19 that
can be worn about a subject’s torso permitting vigorous,
unconstrained activity, and that can incorporate size sensors
sensitive to respiratory and/or cardiac pulsation activity,
accelerometers, ECG sensors, temperature sensors, and so
forth. Signals gathered by band 19 are locally transmitted to
and buffered in wrist-mounted local unit 21. From unit 21
they are transmitted for analysis. Local unit 21 may also
perform methods of this invention.

[0060] FIG. 1B illustrates shirt 11 that incorporates two or
more size sensors 13 two lead ECG 15, and optionally
additional sensors, such as accelerometers, pulse oximeters,
CO, sensors, EEG (and EOG and EMG) sensors, tempera-
ture sensors, and the like. The size sensors are preferably
sensitive at least to rib cage (RC) and abdomen (AB) sizes
so that tidal volume may be determined according to a
two-component lung model. Local unit 17 is a handheld
computer for buffering signals, re-transmitting signals, per-
forming certain methods, allowing user feedback and inter-
action, and the like.

[0061] Finally, FIG. 1C illustrates garment 23 equipped
with a more extensive array of size capable of measuring
venous and arterial pulsations, individual lung function, and
the like, as well as other sensors. In particular, size sensor 29
at the mid-thorax level of the xiphoid process returns signals
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with cardiac pulsation components. This embodiment is
provided with two buffering and/or processing units, local
unit 25 and nearby unit 27.

[0062] Signals gathered by monitoring systems for use by
this invention are processed according to the method’s of
this invention on the processing subsystem, which can
include one or more analysis computers providing process-
ing capability that may be variously located or distributed.
In one embodiment, basic signal processing, €.g., filtering
and digitization, is performed on units local to the monitor-
ing subsystem, such as local units 17, 21, and 25. Complete
processing by this invention’s methods generally requires
processing capabilities similar to those of a modern desktop
PC with, for example, a 2 Ghz or more processor, 256 Mb
or more of main memory, 10 Gb or more of peripheral
storage, standard interface units, and the like. In one
embodiment, nearby unit 27 provides this capability in the
vicinity of the monitored subject, while in another embodi-
ment illustrated in FIG. 1D this capability is provided by
remotely located system 33. Signal data gathered is trans-
ferred system 31 (and to unit 27) by routine means, for
example, wirelessly using private wireless networks or the
public cellular phone system; by means of a memory device
such as a micro hard disk or a flash memory card, and the
like.

[0063] This invention’s methods are routinely coded in
standard computer languages, such as C++, or in known
higher level languages, such as Matlab and Matlab tool-
boxes (Math Works, Natick, Mass.), and then translated or
compiled into executable computer instructions. These
instructions are typically loaded into the processing sub-
systems from computer readable media (such as CD ROMS,
flash cards, etc.), across network connections, and the like.

[0064]

[0065] Anexemplary (non-limiting) technology for imple-
menting size sensors is inductive plethysmography (IP), and
the following summarize IP technology. IP sensors deter-
mine indicia of size by measuring the self-inductance of a
conductive loop configured about the subject in a plane of
interest. The conductive loop is wearably configured, such
as by incorporation in elastic band, to closely follow size
changes of the enclosed body part by corresponding changes
in the loop’s self-inductance, which is then measured by
incorporating the loop in a resonant circuit and measuring
changes in resonant frequency, for example, by counting
oscillating current pulses in known periods of time.

[0066] Respiration data is preferably gathered by two IP
size sensors about the ribcage (“RC”) and abdomen (“AB”).
This data can be combined to yield a lung volume and/or
tidal volume signal. Clinical studies comparing IP deter-
mined tidal volumes with pneumo-tachographic airflow
measurements have reported correlation accuracies of
r=0.96 and greater. Cardiac pulsation data may be gathered
by an IP sensor about the mid-thorax that returns signals,
although dominated by respiratory components does include
extractable cardiac components, from which indicia of
moment-by-moment cardiac volumes, cardiac output, and
ventricular wall motion, and the like can be extracted. IP
sensors about extremities or neck return signals reflecting
arterial and venous pulses.

Summary of Inductive Plethysmography

[0067] Details of IP technologies may be found in numer-
ous issued US patents and pending US patent applications,
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all of which are incorporated herein by reference in their
entireties for all purposes. See, for example, U.S. Pat. No.
6,783,498 issued Aug. 31, 2004 for determining ventricular
volumes; U.S. Pat. No. 6,551,252 issued Apr. 22, 2003 for
an ambulatory IP system; U.S. Pat. No. 6,413,225 issued Jul.
2, 2002 for calibrating tidal volumes; U.S. Pat. No. 6,341,
504 issued Jan. 29, 2002 for stretchable conductive fabric;
U.S. Pat. No. 6,047,203 issued Apr. 4, 2000 for an ambu-
latory IP system. Also see, for example, U.S. Pat. No.
5,331,968 issued Jul. 26, 1994 for IP sensors and circuitry;
U.S. Pat. No. 5,301,678 issued Apr. 12, 1994 for IP trans-
ducer; U.S. Pat. No. 5,178,151 issued Jan. 12, 1993 for IP
measurement of cardiac output; U.S. Pat. No. 5,159,935
issued Nov. 3, 1992 for IP measurement of measuring
individual lung function; U.S. Pat. No. 5,040,540 issued
Aug. 20, 1991 for IP measurement of central venous pres-
sure.

[0068] Additional less current information may be found
in US. Pat. No. 4,986,277 issued Jan. 22, 1991 for IP
measurement of central venous pressure; U.S. Pat. No.
4,834,109 issued May 30, 1989 for calibrating tidal vol-
umes; U.S. Pat. No. 4,815,473 issued Mar. 28, 1989 for
monitoring respiration; U.S. Pat. No. 4,807,640 issued Feb.
28, 1989 for IP transducer; U.S. Pat. No. 4,456,015 1ssued
Jun. 26, 1984 for IP measurement of neck volume; U.S. Pat.
No. 4,452,252 issued Jun. 5, 1984 for IP measurement of
cardiac parameters from neck volumes); U.S. Pat. No.
4,373,534 1ssued Feb. 15, 1983 for calibrating tidal volumes;
U.S. Pat. No. 4,308,872 issued Jan. 5, 1982 for monitoring
respiration.

[0069] Monitoring subsystems based on IP sensor tech-
nology useful in the present invention are available from
VivoMetrics, Inc., Ventura, Calif.

5.3 Preferred Processing Methods

[0070] In preferred embodiments, several of this inven-
tion’s individual processing methods are linked into an
integrated system that processes MPM signal from a moni-
toring subsystem primarily directed to cardio-respiratory
monitoring. The integrated arrangement is described first,
and is followed by detailed descriptions of its component
steps.

[0071] In particular embodiment gathering fewer signals,
portions of the integrated system are not needed and may be
dispensed with. In other particular embodiments, additional
classes of physiological signals may be gathered, and the
integrated system may be expanded to process the additional
classes in a manner analogous to the cardio-respiratory
classes. Further, one of skill in the art will appreciate that the
detailed interconnections to be described may be altered
while still achieving the intent of this invention.

5.3.2 Integration of Processing Steps

[0072] FIG. 2 illustrates a preferred processing arrange-
ment useful for cardio-respiratory, ambulatory, MPM moni-
toring. In this figure, processing steps are indicated by
boxes; data flow is indicated by lines; and steps that may be
eliminated or bypassed are indicated in dashed outline.
Ambulatory monitoring subsystem 43 gathers a basic (and
exemplary) set of cardio-respiratory monitoring signals
(MPM) from monitored subject 41. Respiratory signals
gathered include two size sensor signals preferably from the
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subject’s RC and AB (labeled “respiration” in FIG. 2);
cardiac signals gathered include size sensor signal from the
mid-thorax having a cardiac component (labeled “thorax™);
activity level signals include a one to three axis accelerom-
eter signal used in part as a reference for motion artifacts
(labeled “motion”); and an EEG signal from a single EEG
sensitive lead (labeled “EEG”).

[0073] Filtering and preprocessing 45 generally represents
the preliminary processing of raw sensor signals, such as
analog filtering, sampling and re-sampling, digital filtering,
and the like. This pre-processing is configured as known in
the arts in order to output digital signals free of aliasing and
with a bandwidth and quantization sufficient to represent
intended physiological systems and/or processes. Some sub-
stantive processing may also be performed at this stage, for
example, the two-component respiratory signals can be
combined to yield a third respiratory signals sensitive to
tidal volume (Vt). Alternatively, all substantive processing
may be delayed until after motion artifact removal. IP-
derived signal preprocessing is described in detail in the
previously referenced patents relating to IP technology.

[0074] Experience with ambulatory MPM has taught that
sufficiently vigorous subject activity usually generates sig-
nificant motion artifact in many of all sensor signals, espe-
cially in size respiratory and cardiac size sensor signals.
Motion artifact may also be occasionally present even in
EEG signals. Because the motion artifact component may
almost completely swamp physiological components, it is
preferably removed prior to any further processing by, e.g.,
step 53 for respiratory signals, by step 55 for thorax (car-
diac) signals, and by optional step 57 for EEG signals.

[0075] Motion artifacts are removed from an individual
signal by jointly processing the individual signal along a
motion artifact reference signal that represents the causative
subject motions. In a preferred embodiment, the motion
artifact reference signal is derived from one or more accel-
erometers worn by the subject. This signal can optionally be
high and low pass filtered to separate out motion signals
from posture signals, respectively (described in detail in
several of the IP patent previously included). The filtered
motion signals are used as the motion artifact reference,
while the posture signals can be separately useful physi-
ological data. Alternately, separate accelerometers may be
mounted with sensors and their signals used to remove
motion artifacts only from the associated sensors.

[0076] In certain embodiments, sensor signals may con-
tain additional artifacts, and if a representative “artifact”
signal, e.g., signal 47, is available, it can be combined 49
with the motion artifact signal so that these additional
artifacts may also be removed. Alternately separate process-
ing steps may be dedicated to removing additional artifacts
using their reference signals. Electromagnetic interference is
a frequent source of such an additional artifacts.

[0077] Experience with ambulatory MPM has also taught
that the non-invasive sensors used often return signals
having contributions from two or more physiological sys-
tems or processes. It is usually physiological useful to
separate these signals into data primarily reflective of the
functioning of individual physiological systems or pro-
cesses. But separation by inspection or even by conventional
filtering of single signals fails is often not possible because
the individual contributions combined in the sensor signals
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have widely differing amplitudes and/or overlapping spec-
trums. However, it has been discovered that separation of
such signals is usefully possible by joint processing of two
or more such signals, each signal having different relative
contributions of each of the two or more physiological
systems or processes using adaptive processing techniques.
Accordingly, such signal separation steps are additionally
included following artifact removal.

[0078] In particular, respiration often produces large
amplitude movements, and sensors often return signals
including undesired respiration components along with
components of interest. Signals are often mixed with signals
from other physiological systems. Accordingly, processing
step 61 jointly processes respiration and thorax signals to
separate signals primarily reflective of actual cardiac pulsa-
tion activity. Respiration components can also be present in
EEG signals and can optionally be removed by processing
step 59. Further, signals from other sensors (not illustrated)
may be similarly processed if undesired respiration compo-
nents are present. In other embodiments, sensor signals may
include combinations of other physiological processes and/
or systems, and if so, their joint processing is advantageous
to produce more useful physiological data. Methods used are
similar to those to be subsequently described for removing
respiratory components.

[0079] Furthermore, joint processing of two or more such
signals, each signal having different relative contributions of
each of two or more physiological systems or processes
using adaptive processing techniques is useful in cases
where two or more physiological systems or processes
interact with each other in physiologically significant man-
ners (instead of simply leading to sensor signals with
undesired components). Joint processing in such cases can
produce data in which such interactions are more clearly
apparent. In particular, heart rate variability (“HRV”) and/or
respiratory sinus arrhythmia (“RSA”) is an example such an
interaction arising in cardio-respiratory monitoring, and its
identification 63 is subsequently described in detail. These
interactions can be clearly identified in the spectra output
from this step. Joint processing of other physiological inter-
actions often must be specially designed in view of the
particular interaction to be identified, but such design is
routine in view of principles to be described in connection
with HRV and RSA.

5.3.3 Individual Processing Steps

[0080] Individual processing steps 53, 55, 57, 59, 61, and
63 (FIG. 2), and examples of their functioning, are now
described in detail.

[0081] Removal of Motion Artifacts from Respiratory
Signals
[0082] FIGS. 3A-B illustrate separating respiratory sig-

nals from motion artifacts by adaptive processing of the
respiratory signals along with a reference signal sensitive to
subject motion. These figures illustrate RC signal process-
ing; processing of other respiratory signals, e.g., AB or Vt
signals, is closely similar.

[0083] For improved separation, it has been discovered
advantageous that all signals being jointly processed in a
single filtering step be sampled at the same sampling rate
and/or at coincident sampling times. Since input (prepro-
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cessed) sensor signals are often sampled at rates specific to
the different sensor types, re-sampling steps are advanta-
geously precede filtering. Preferably, this re-sampling is to
the lowest sampling rate among the input signals as long as
any down-sampling of any input signal does not result in
loss of relevant information. In the illustrated embodiment,
“RC in” (rib cage size signals) signals are sampled at 50 Hz,
while “ACC in” (accelerometer motion reference signals)
are sampled at 10 Hz. Thus, step 71 down-samples “RC in”
by a factor of 5 to 10 Hz to the sampling rate of “ACC in”.

[0084] Further, removal of signal mean values from cer-
tain signals has also been discovered to improve separation.
For respiratory processing, removal of the mean from the
RC and the ACC signals is advantageous, and steps 73 and
79 are interposed to remove these means. In this case, signal
means have been found to only slowly vary when the subject
maintains a single posture, and can removed by simply
subtracting a running average for a time typical of a single
posture, €.g., 30 sec.

[0085] Steps 77 and 83 actually separate motion artifacts
present in “RC in”. Adaptive filtering is used in many
individual methods of this invention, and is now generally
described in detail. Specific implementations of adaptive
filtering for the separate methods are described in connec-
tion with the methods themselves.

[0086] Adaptive filtering process a primary signal having
desired components mixed with undesired components in
order to enhance the desired components at the expense of
the undesired components. Preferably, an output signal from
an adaptive filter is dominated by the desired components.
Importantly, the filter does not need to be adjusted in
advance to the expected characteristics of the desired and
undesired components, but instead “learns” these character-
istics from the input signals. The reference signal specifi-
cally “teaches” characteristics of the undesired components,
and therefore preferably (strongly) correlates with these
component in the primary signal.

[0087] Specifically, the input reference signal is linearly
filtered so that it is similar to the undesired components in
the primary signal, and then combined with (subtracted
from) the primary signal to yield an error signal. The
adaptive filer adjusts the linear filter coefficients (weights),
preferably sample-by-sample, to minimize the error signal.
Since the minimized error signal is the primary signal from
which the filtered reference signal has been removed, it
contains the desired signal components with enhanced
amplitude. Conversely, the filtered reference signal, as
stated, closely resembles the undesired components present
in the input primary signal. Either the filtered reference
signal or the error signal (that is the corrected primary
signal) can be further processed. See, e.g., Widrow et al.,
1985, Adaptive Signal Processing, Pearson Education Inc.
(included herein by reference in its entirety for all purposes).

[0088] The linear filter may be finite impulse response
(FIR) type or infinite impulse response type (IIR); in this
invention FIR filters are preferred because, compared to IIR
filters, FIR filters are phase linear and allow weight adjust-
ment that are more stable with less computational require-
ments. However, IIR filters may be used in other embodi-
ments where the computational resources are adequate.
Although IIR filters are not usually phase linear, they can
provide sharper filtering with fewer coefficients than FIR
filters.
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[0089] Many methods are known for adjusting FIR filter
coefficients (weights). See, ¢.g., Widrow et al., chaps. 6 and
8. A preferred but non-limiting method is known as the least
mean square (LMS) method, which is a practical approach
to adjusting filter coefficient in real-time without computa-
tionally-intensive matrix inversions (and without requiring
any prior statistical knowledge of the signals). Specifically,
the LMS method computes filter coefficients that minimize
the mean squared error (MSE) of the error signal by a
steepest decent method where all filter weights are updated
time-sample-by-time-sample. At each iteration, the LMS
method reduces the MSE. The LMS method determines
coefficients that both converge from an initial estimate and
also adjust to time variations in primary and reference signal
characteristics.

[0090] In detail, the LMS method proceeds as follows. At
each time sample, k, k>0, the filtered reference signal, yk, is
determined as usual for a FIR filter:

N-1 o8]

Vi = Z wik); i

[0091] Here, the input reference signal at time k—i<k is
fy_;, W(K); are the coefficients, i=1 . . . N, at time k, and N is
the filter length. The filtered reference signal is then sub-
tracted from the primary signal, p,, to yield the error signal,
7.

Zx=PxVx @
[0092] Either of both of p, and z, is then further processed.
The set of N filter coefficients is usually initialized to zero

at the first time sample: ,, where N is the length of FIR filter,
are initialized usually to zero:

w(0)=0 ©)

[0093] At subsequent time samples, all filter coefficients
are then updated according to:

Wt 1)=w(R)+2 i ©)

[0094] where u is a convergence parameter that controls
the rate of convergence and stability of the LMS method.

[0095] Generally, filter length, N, is chosen in dependence
on the amount of memory available for the filter, the desired
convergence rate, the desired filter characteristics (sharp-
ness, etc.), signal bandwidths, and the like. Longer filters
take longer to converge and can excessively smooth the
desired signal component, whilst shorter filters may not
properly filter a reference signal to remove a sufficient
amount of the undesired signal component. In this invention,
filter length are generally from approximately 15 to 140
depending on the signals being jointly processed. A typical
filter length for respiratory signals is approximately 20,
which can be adjusted but was found to me more than
adequate. The convergence parameter, 4, can be manually
chosen based on observing adaptive filter performance or
can be chosen automatically by methods known in the art. It
has been found that once the convergence parameter is
properly chosen, the adaptive filter is stable and converges
in a number of sampling times approximately 1.3 times the
length of the FIR filter. The parameter y can be as small as
approximately 10™° when processing signal that have not
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been normalized to comparable ranges. When the input and
reference signals are normalized by dividing the signal by its
maximum sample for that time segment, convergence fac-
tors of ©=0.01 to 0.001 provided good convergence rates.

[0096] Continuing now with the details of motion artifact
removal from respiratory signals, respiratory signal 75
including motion artifact resulting from the subject’s motion
is the primary input signal, and accelerometer 81 signal
(motion signal) is the reference signal. The reference signal
is filtered by adaptive filter 83, and then filtered reference
signal 85 is combined 77 with primary signal 75 resulting in
error signal 87. The filter weights are adapted so that the
error signal is minimized, in other words, so that as much as
possible of the motion artifact is subtracted from the primary
signal. The error signal with enhanced respiratory compo-
nents is as “RC out”.

[0097] FIG. 3B illustrates motion artifact removal from
respiratory signals monitored from a strenuously sprinting
subject. Here, the subject is sprinting at approximately 3
steps per second and taking approximately 3 steps per breath
(approximately 1 breath per second). The first signal band in
FIG. 3B illustrates a portion of the “RC in” signal 75 in
which motion artifact virtually completely swamps the res-
piration signal. Clearly, manually separating the respiratory
component from the motion artifact is difficult if not impos-
sible. The second signal band illustrates a corresponding
portion of input accelerometer signal 81 reflecting subject
motion. Each positive spike in this signal identifies each step
of the subject as the subject’s foot leaves the ground and
causes a sudden upward acceleration.

[0098] The third signal band illustrates adaptively filtered
acceleration signal 85. Close examination show that the
adaptive filter has caused a varying phase lag from of the
filtered reference signal from the input reference signal, but
has left signal spectrum largely unchanged. The fourth
signal band illustrates signal 87 the “RC out” signal, which
is the input primary signal with the filtered reference signal
subtracted. It can be appreciated that most of the undesired
motion artifact has been eliminated leaving a resulting signal
with the subject’s respiratory rib cage motions considerably
enhanced and clearly apparent. The fifth signal band, with
“RC in” and “RC out” superimposed, illustrates how the
respiratory component is almost completely swamped by
motion artifact component.

[0099] This example illustrates the effectiveness of this
motion artifact removal method.

[0100]

[0101] Motion artifacts are removed from other signals, in
particular the thorax signal in step 55 and the EEG signal in
step 57, with techniques substantially similar to those
described above for motion artifact removal from respiratory
signals.

[0102] In situations of less strenuous subject motion,
motion artifacts may have such a reduced amplitude in EEG
signal that their removal in step 57 may be bypassed.
Bypassing motion artifact removal can be automatically
controlled. For example, if a running average of power in the
motion reference signal falls below a predetermined thresh-
old value, artifact removal can be bypassed. If the power is
above the threshold, artifact removal is performed. The
threshold can be pre-determined differently for different
monitoring signal inputs.

Removal of Motion Artifacts from Other Signals
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[0103] Cardiac Signal Extraction

[0104] Thorax signals, “THORAX in” preferably from a
mid-thorax size sensor, often have desired cardiac pulsation
components with amplitudes no more 1% to 5% of the
amplitudes of the undesired respiratory components. It has
been discovered that reliable extraction of this relatively
small cardiac component requires consideration of two
reference signals: a respiratory reference signal and an ECG
reference signal. The respiratory reference signal is “RC in”,
because signals from a rib cage size sensor have been to
correlate most closely with the undesired respiratory com-
ponent in “THORAX in”. The ECG signal is processed to
extract an R wave signal.

[0105] The rightmost portion of FIG. 4 illustrates ECG
signal processing. First, R waves are identified 113 using
software or hardware means known in the art, for example,
the Pan and Tomkins QRS detection algorithm. Prior to R
wave identification 113, the “ECG in” signal, which can
arise from one or more ECG leads, is interpolated and
up-sampled to 1 kHz from its input sampling rate, which is
often 200 Hz.

[0106] Next, it is preferred but optional to discard R waves
115 that can be identified as ectopic or artifact. An R wave
is identified as ectopic if it occurs in an unexpected temporal
relation with respect to the adjacent R waves by being, e.g.,
more than a threshold time interval before or after the
expected time of R wave occurrence determined from a
recent mean heart rate. Mean heart rate can be determined
from a running average of R-R interval lengths, e.g., from an
average of the prior 10 sec of R-R intervals lengths. A
preferred threshold time interval threshold is approximately
100 msec. If motion artifact is not removed from “ECG in”
signals, an R wave is also identified as ectopic if it occurs
during sufficiently intense subject motion, e.g., when an
accelerometer motion sensor signal exceeds a threshold
value, preferably 0.5-1.5 g. Alternatively, motion artifact
may be removed from the ECG as described above (either at
all times, or only when the acceleration exceeds the above
threshold). Identified ectopic R wave are discarded from the
R wave signal. Optionally a synthetic R wave is interpolated
into the R wave signal at the expected R wave occurrence
time.

[0107] Lastly, an output R wave signal is constructed. For
cardiac filter extraction, the output R wave signal preferably
identifies the times of R wave occurrences. For HRV analy-
sis, the output R wave signal preferably identifies time
intervals between sequential R waves. Both output signal are
advantageously sampled at 50 Hz.

[0108] The leftmost portion of FIG. 4 illustrates cardiac
signal extraction. Pre-processing 45 of the thorax signal
preferably includes band pass filtering with a lower corner
frequency of approximately 0.4 Hz (range 0.2-0.5 Hz) and
an upper corner frequency of approximately 10-15 Hz
(range 10-30 Hz). This filtering rejects low and high fre-
quency non-cardiac components. Next, motion artifact is
removed (55 in FIG. 2) from the thorax signal (and from the
respiratory signal) generating “THORAX in”.

[0109] Since it again has been found that filtering is
improved if all signals are sampled at the same rate and/or
coincidently, re-sampling step 101 performs any necessary
re-sampling. In the illustrated embodiment, “THORAX in”
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is down-sampled to 50 Hz from an original 200 Hz sampling
rate in order to match “RC in” and the processed R wave
signal which are both sampled at 50 Hz. Optionally, the
extracted cardiac signal can be re-sampled 107, e.g., back to
200 Hz, prior to output. Other common re-sampling fre-
quencies, e.g., 100 Hz instead of 50 Hz, may be also be used.

[0110] After any necessary re-sampling, adaptive filter
103 processes the “THORAX in” primary signal using “RC
in” as a reference signal. The adaptive filter is preferably a
FIR filter with length approximately 120 (range 60-140) and
weights adjusted according to the LMS method as previ-
ously described in detail. Different embodiment employ
alternative adaptive filters (IIR filters, lattice filters, and the
like) and different weight adaptation methods. Filter output
is the error signal in which differences between the primary
thoracic size sensor signal and the filtered motion reference
signal are minimized so that desired cardiac components are
enhanced while undesired respiratory components are
decreased. In many situations, the cardiac components in the
error signal have been sufficiently enhanced so that the error
signal is useful without additional processing. In these
situations, further processing 105 may be bypassed, and the
error signal itself may be up-sampled, output, and/or input to
cardiac feature extraction 111.

[0111] In many other situations, the error signal must be
further processed because it still contains significant artifact.
Because this remaining artifact often does not strongly
correlate, or correlate at all, with available reference signals,
e.g., motion signals, other artifact signals, respiratory sig-
nals, other sensor signals, and so forth, further adaptive
processing as described is not advantageous. However,
although the remaining undesired artifact components also
do not correlate with the R-wave occurrence signal output
by ECG processing, the desired cardiac components natu-
rally do strongly correlated with these R wave occurrence
times. Thus, the R-wave signal may be used to identify and
select the cardiac components from the artifact components
(instead of, as in the adaptive processing above, using a
reference signal to identify and select the undesired artifact
components). A preferred identification and selection
method is ensemble averaging, which has been found to
usually largely eliminate all remaining artifact.

[0112] In detail, ensemble averaging 105 uses the R-wave
occurrence signal output by ECG processing as a reference
“clock” according to which physiologically corresponding
times in previous cardiac cycles can be identified and the
signals at these corresponding times selected and averaged.
Since the undesired artifact at these times are not correlated
while the desired cardiac signal is strongly correlated at
these times, ensemble averaging will further enhance the
desired cardiac components while minimizing remain arti-
fact components. Relatively simple ensemble averaging
over 5-50 prior cardiac cycles with constant weights is
preferred when its performance is adequate. The following
equation describes the preferred ensemble averaging:

M1
fon= 1/MZ fle—Ru-1-1)
Py
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[0113] where R, is the R-wave occurrence nearest to
sample time t, and Ry,_;_; are the M-1 previous R-waves in
reverse temporal order.

[0114] Lastly, the processed signal may be re-sampled 107
to the desired output sampling frequency. Since the extracted
cardiac signal usually closely corresponds to the actual
cardiac volume, parameters of cardiac functioning can be
determined 111. For example, the amplitude of the extracted
cardiac signal is an indicia of stroke volume; the amplitude
times heart rate provides an indicia of cardiac output. The
time from an R-wave peak to the subsequent amplitude
maximum of the extracted cardiac signal provides an indicia
pre-ejection period. The minimum of the derivative of the
extracted cardiac signal (remembering that as heart con-
tracts, its volume decreases) provides an indicia of the peak
ejection rate. Other cardiac parameters known in the art may
similarly be determined. Further, the extracted cardiac signal
can be used to detect and track ventricular motion abnor-
malities, and changes in detected ventricular motion over
time can provide much of the same clinical information now
detectable only with imaging techniques such as ultrasound.

[0115] FIGS. 5A-F illustrate an actual example cardiac
signal extraction. FIGS. SA-C and F are 25 sec concurrent
samples of the “THORAX in” signal (prior to adaptive
filtering), the “RC in” signal, the “ECG in” signal, and the
“CARDIAC out” signal (subsequent to ensemble averag-
ing), respectively. FIG. 5D is a 150 sec. trace of respiratory
signal after filtering by the adaptive FIR filter; and FIG. S5E
is a 35 sec. trace of the output of adaptive filter 103 (prior
to ensemble averaging) output. In this example, the TCG
signal was down-sampled to 50 Hz prior to adaptive filter-
ing; the adaptive FIR filter had 120 stages; the convergence
factor was u~2x107%; and the filter coefficients converged
from zero initial values in about 150 time cycles, or 3 sec at
50 Hz.

[0116] First, comparing the “THORAX in” signal of FIG.
5A with the “RESP. (RC) in” signal of FIG. 5B it is apparent
that: the cardiac motion component appears at most as small
irregularities in the “THORAX in” signal superimposed on
the considerably larger respiratory motion component and
roughly coincident with the R-waves in the ECG signal; and
the respiratory motion components of the “THORAX in”
and “RC in” signals are similar. Comparing the unfiltered
“RC in” signal of FIG. 5B with the FIR filtered “RC in”
signal of FIG. 5D, it is apparent that the adaptive FIR filter
makes the “RC in” more similar to “THORAX in” signal’s
respiratory component.

[0117] Next, comparing the adaptive-filter output of FIG.
5E with the input “THORAX in” signal of FIG. 5A, it is
apparent that: the adaptive filter has removed nearly all of
the undesired respiratory component, leaving artifact, noise,
and residual respiratory component; and cardiac motion
(particularly systolic contractions) is more readily apparent.
Comparing the adaptive-filter output of FIG. SE with the
ensemble average output of FIG. 5F, it is apparent that the
ensemble average has eliminated nearly all of the remaining
undesired components. The cardiac component can be seen
to generally comprise periodic beats with slower diastolic
inflow followed by rapid systolic outflow. Even finer details
of the cardiac motion component are also apparent.

[0118] For ease of further comparison, temporally coinci-
dent gridlines have been placed in FIGS. SA-C and F at
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approximately 14 secs. In the “THORAX in” signal of FIG.
5A at 121, a very small, but perceptible, irregularity due to
the cardiac motion component in superimposed on the
respiratory motion component. However, close examination
of the “RC in” signal of FIG. 5B at 123 reveals that no
cardiac motion component is apparent. The extracted car-
diac motion signal of FIG. 5F illustrates peak of systolic
ejection at coincident time 127, while the ECG of FIG. 5C
at 125 shows that an R wave, representing ventricular
depolarization, slightly precedes mechanical ejection at
coincident time 508, measuring the delay between the R
wave and mechanical systole known in the art.

[0119]

[0120] Studying subject sleep is one application of ambu-
latory multiple parameter physiological monitoring systems.
Although a sleeping subject is not “ambulatory” in the sense
of actively walking, etc., monitoring during unconstrained,
normal sleep can provide a more realistic record of sleep
activities. Thus, ambulatory MPM system are of use even in
sleep monitoring.

[0121] Sleep monitoring (also other monitoring tasks) is
benefited by data from which a subject’s mental state can be
classified as either awake, or drowsy, or sleep, and sleep can
be classified as either stage I or I or III sleep or REM sleep.
Since mental state monitoring is routinely performed be
examining electroencephalogram (EEG) records (and
optionally electro-oculogram (EOG) electro-myogram
(EMG) records), processing EEG signals from ambulatory
MPM systems is described. Processing of EOG and EMG
signal is similar to EEG signal processing.

[0122] Such processing is preferably configured in view of
the following EEG signal characteristics. EEG signals fre-
quently contain undesired artifact at least because the
recorded electrical activity has small amplitudes, often no
more than 10°s of micro-volts, more readily contaminated
with undesired components such as noise and influences
from other physiological systems. In particular, EEG signals
often contain respiratory components of amplitudes similar
to or greater than the EEG signal amplitudes. On the other
hand, EEG signals processing should be substantially ampli-
tude and phase linear over the range of physiologically
significant frequencies from less than 4 Hz to greater than 30
Hz (referred to in order of increasing frequency as delta,
theta, alpha, and beta waves). Additionally, mainly during
sleep, EEG signals may include brief higher frequency
bursts (spindles, K complexes, and the like) that should be
linearly processed.

[0123] FIG. 6A illustrates one preferred method for sepa-
rating undesired respiratory components from desired EEG
components in signals recorded from one or more EEG
leads. To preserve frequencies, amplitudes, and phases,
“EEG in” signal 161 passes directly without processing to
output stage 157 where “EEG out” signal 159 is constructed
by subtracting estimated respiratory components 153. Adap-
tive FIR filter 151 determines the estimated respiratory
components by filtering respiratory reference signal 149,
and the adaptive filter weights are adjusted to minimize an
error signal 155 determined as the difference between EEG
primary signal 143 and filtered reference signal 153. When
error signal 155 is minimized, the filtered respiratory refer-
ence signal represents the respiratory components as closely
as possible. In summary, the respiratory components, rep-

EEG Signal Extraction
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resented by the adaptively filtered respiratory reference
signal, are used to construct the adaptive filter error signal
from a filtered EEG primary signal and also to construct
“EEG out” from an unfiltered EEG reference signal. The
error signal, representing the respiratory components in the
filtered EEG reference signal, is not output. Adaptive pro-
cessing is preferred to fixed bandwidth filters because the
frequency spectrum of the undesired respiratory component
can overlap the lower end of the EEG signal frequency
spectrum.

[0124] The primary are reference signal are processed
before use by adaptive filter 151. The respiratory reference
signal preferably arises from a rib cage size sensor, as the
RC signal best correlates with the undesired respiratory
components in the EEG signal. In the illustrated embodi-
ment, the “RC in” is sampled at 50 Hz and the “EEG in”
signal is sampled at 128 Hz. To have adaptive filter inputs
coincidently sampled as is preferred, the “RC in” is up-
sampled 147 to 128 Hz; down-sampling “EEG in” is unde-
sirable since significant high frequency information can be
lost. The up-sampled respiratory reference signal 149 is then
input to the adaptive filter.

[0125] It has been found that filter performance is
improved by low-pass filtering 141 the primary EEG signal
to block higher frequency EEG components while passing
all components in the frequency range of the respiratory
reference signal. Accordingly, the “EEG in” is first passed
through low pass filter 141 that allows most of the respira-
tory signal to pass while blocking much of the EEG signal.
Filter 141 preferably has an upper corner frequency at
approximately 1.4 Hz (range 1-2 Hz). Such low pass filter-
ing of the primary signal is believed to improve filter
performance because, first, it increases the power of the
undesired respiratory component in the primary input signal,
and second, such increased power permits the adaptive filter
to more accurately minimize the error signal because the
relative decrease of the error signal is greater

[0126] FIG. 6B is an example of removing respiratory
components from an EEG signal. The first signal band in
FIG. 6B is “EEG in” signal 161, which is seen to contain
lower-amplitude, higher-frequency components superim-
posed on larger-amplitude, lower-frequency components.
The second signal band is RC reference signal 149, which is
seen to reflect largely steady breathing at about 15 breaths
per minute. The third signal band is the adaptively filtered
RC reference signal 153 which predicts the actual respira-
tory component in “EEG in”. The fifth signal band super-
imposes the “EEG in” signal with predicted respiratory
component 153. It can now be appreciated that much of the
larger-amplitude, lower-frequency components in “EEG in”
are of respiratory origin, while all the lower-amplitude,
higher-frequency components are of EEG origin. The fourth
band is “EEG out” signal 159 which include the higher-
frequency EEG components without detectable respiratory
components.

[0127] Analysis of HRV and RSA

[0128] Heart rate variability (HRV) refers to alterations in
heart rate often measured from variations of RR intervals.
HRV has many physiological uses, and is further useful in
assessing cardiovascular disease. Generally, heart rate is
influenced by the autonomic nervous system (ANS), in
particular by the fluctuating balance between the sympa-
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thetic and parasympathetic (vagal) branches of the ANS.
Chemoreceptor processes, thermoregulation, and the rennin-
angiotensin system are believed to cause very low frequency
HRYV, below approximately 0.04 Hz. A low frequency (LF)
component between 0.04 Hz and 0.15 Hz is believed to
reflect the balance of sympathetic and parasympathetic
branches of the ANS. Finally, direct vagal (parasympathetic)
modulation of the sino-atrial node causes high-frequency
band (HF) HRV between approximately 0.15 to approxi-
mately 0.4 Hz or higher. Vagal activity is usually strongly
influenced by respiration, and the resulting HF modulation
found predominantly at respiratory frequencies is known as
respiratory sinus arrhythmia (RSA).

[0129] Heretofore, HRV and RSA amplitude have deter-
mined by time domain, phase domain, and frequency
domain approaches. In time-domain approaches, maximum
and minimum values of R-R time intervals are measured
within the bounds of each breath. In phase domain
approaches, RSA is determined by analyzing heart rate
dynamics with respect to respiratory phase. Finally, HRV is
often spectrally analyzed by Fourier transforming appropri-
ately windowed time R-R interval time series (windows
reduce spectral leakage and filter random noise). None of
these approaches is entirely satisfactory, often because
absence of respiratory reference signals makes difficult
determining the origin of measured HRV components.

[0130] FIG. 6A illustrates improved HRV and RSA analy-
sis methods and systems of this invention which adaptively
filter and R-R interval primary signal using a respiratory
reference signal. The primary signal is “RR in”173, an R-R
interval signal derived, e.g., by processing an ECG signal by
methods described with respect to FIG. 4. An RR interval
signal is piecewise constant, each constant piece represent-
ing the length immediately previous R-R interval. In the
illustrated embodiment, “RR in” is sampled at 50 Hz and
down-sampled (decimated) 175 by a factor of 10 to 5 Hz.
Since HRV frequencies of interest are generally less than 0.5
Hz of less, a 5 Hz sampling rate provides an adequate signal
representation. It has been found that the adaptive filter
convergence is improved if its baseline (zero frequency
component) is at zero. Accordingly, the baseline may be
removed 177 (also referred to as “de-trending™) after down-
sampling and prior to the adaptive filter by subtracting the
mean of a preferably 5 minute signal segment using a best
straight line fit. However, for particular uses, it may be
advantageous to retain the average RR interval value (zero
frequency component). In these cases, de-trending 177 is
bypassed.

[0131] The preferred secondary reference signal is the
tidal volume, Vt, which has been found to correlate most
closely with respiratory modulation of heart rate. This signal
can be derived, as explained in one or more of the above
referenced US patent relating to IP technology, from a
combination of signals of rib cage and abdomen size sensor
signals, and in the embodiment is sampled at 50 Hz. Adap-
tively filtered signals are preferably sampled coincidently on
at the same frequency, and Vt in is accordingly down-
sampled (decimated) 185 to 5 Hz to match the RR sampling
frequency. Prior to down-sampling extraneous signal com-
ponents are removed by low pass filter 171, which has
preferred upper corner frequency of approximately 1.4 Hz
(range 1-2 Hz). As above, this processing does not lose
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physiological information as frequencies of interest in HRV
analysis are generally less than 0.5 Hz of less.

[0132] Next, signals 179 and 187 are adaptively filtered
189 and 181, preferably with a FIR type filter employing
LMS method for weight adjustment. Error signal 191 results
from subtracting the adaptively filtered Vt signal from the
RR signal. An adaptive filter length of approximately 20 has
been found adequate for the illustrated HRV analysis. Vary-
ing filter length from 20 did not significantly improve HRV
analysis. The filter convergence parameter, 4, was advanta-
geously in the range of approximately 2.5x10™° to approxi-
mately 2x107%, the low values resulting from use non-
normalized input signals. As input signal characteristics
change, filters parameters can be adjusted either manually or
automatically (here and in the previously described LMS
adaptive-filtering examples) with programmable features
common in most signal processing software packages.

[0133] As explained, the highest frequency (HF) compo-
nents in the HRV spectra are usually due to respiratory
modulation (RSA), the other components are usually of
lower frequencies LF) and are due to other influences. Since
adaptively filtered Vit signal 193 is as close as possible to the
respiratory components in the RR signal, this signal prima-
rily contains the HF HRV components, that is the RSA
components. Conversely minimized error signal 191, having
had the HF components subtracted 181, primarily contains
the LF HRV components believed to be due to other than
respiratory influences.

[0134] In embodiments where an RR interval signal
retaining the LF components of variability including the
zero frequency component, the average RR interval, pre-
liminary de-trending 177 is bypassed, and signal 191 is
output. Then de-trending is performed 177" just prior to
spectral analysis. In other embodiments, de-trending 177 is
performed since is often results in more rapid filter conver-
gence, while de-trending 177" is bypassed. In all cases, RR
signal de-trending is preferably prior to spectral analysis
(and may be entirely bypassed if spectral analysis is omit-
ted).

[0135] Spectral analysis of the LF signal 195 and the HF
signal 197 may be performed by many of the spectral
analysis techniques known in the art. A preferred techniques
is Welch’s averaged, modified periodogram method, which
analyzes a signal section-by-section with adjacent sections
overlapping by 50% overlap. Prior to Fourier transforming,
each section is windowed, preferably with a Hamming
window although other known window functions may be
used, e.g., Blackman-Harris, or Nutal, or the like. Rectan-
gular windows are not preferred as they normally introduce
spectral leakage. The combined results of the LF and HF
spectra, signals 199 and 201, respectively, jointly represent
the full spectrum of HRYV, and the HF spectra alone repre-
sents RSA. Optionally, the power in the LF and HF fre-
quency bands may be calculated across the ranges 0.04-0.15
and 0.14-0.4 Hz, respectively.

[0136] FIGS. 8A-10B illustrate three examples of the
above described HRV analysis. Each example has an analy-
sis of separate 6-7 min segments of data extracted from a
continuous 16 hour ambulatory MPM record obtained with
LifeShirt™ (VivoMetrics, Inc., Ventura, Calif.). For 8 hours
of the 16 hour period, the subject was awake, ambulatory,
and performing normal daily tasks. For the remaining 8
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hours, the subject was sleeping without any constraint on
motions during sleep. A tidal volume signal, Vt, was
obtained from monitored RC and AB signals and an RR
signal was derived as described above.

[0137] FIGS. 8A-B, FIGS. 9A-B, and 10A-B all illustrate
similar signals. In FIGS. 8A, 9A, and 10A, the first two
signal bands are input Vt signal 183 and input RR signal 173
sampled at 50 Hz (and, for the Vt signal, low pass filtered),
respectively, while the second two signal bands are these
signals down-sampled to 5 Hz, that is signals 187 and 179
(and, for the RR signal, linearly de-trended), respectively.
The fifth signal band is adaptively filtered Vt signal, which
is the component of the RR signal predicted to correlate with
breathing, that is the RSA component. The sixth signal band
is RR signal 191 with the HF component subtracted but
retaining the LF HRV components. In FIGS. 8B, 9B, and
10B, the top two spectra are of RR signal 179 and Vt signal
187, while the bottom two spectra are of HF (RSA) com-
ponent 201 and of LF component 199.

[0138] It can be appreciated by examining the illustrated
spectra that HRV differs in each of the three examples; in
particular, the relative amount of RSA compared to LF
variability can vary considerably. Further, it is readily appar-
ent that in all examples RSA has been cleanly separated from
the LF HRV due to other causes. In fact, except for perhaps
a few percent of spectral leakage, the RSA and LF variability
have been completely separated. Additionally, little or no
smoothing has occurred; the spectral details of the separated
signals preserve well the details of the spectra of the original
RR signal.

[0139] QT Interval Correction

[0140] Turing to FIG. 11, which is a schematic of an ECG
cardiac cycle, the QT interval in the ECG is the time interval
(usually specified in milliseconds) between a Q wave (the
first component of the QRS complex) and the immediately
following T wave. Electro-physiologically, the QRS com-
plex represent systolic depolarization of the ventricles; the T
wave represents ventricular re-polarization; and the QT
interval is the represents an approximate plateau period of
ventricular depolarization. This interval is of considerable
importance: its prolongation is associated with increased
risk for malignant ventricular arrhythmia and sudden cardiac
death in post myocardial infarction patients; and new drug
evaluations must now include assessment of a drug’s effects
on the QT length.

[0141] Determining the QT interval is complicated by its
strong dependence upon the length of the preceding cardiac
cycle (e.g., the preceding RR interval). A useful determina-
tion of the QT interval should correct for this RR interval
effects and many techniques for making this correction and
determining a corrected QT interval, QTc, have been
described in the art. One common technique is due to Bazett
and is simply expressed by the following equation:

QTC = £7 (6)
vV RR
[0142] where: QTc is the QT interval corrected for heart

rate; QT is the measured interval between the Q wave and
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the following T wave; and RR is the measured RR interval
(specified in seconds). See, e.g., Bazett, 1920, An analysis of
time-relations of electrocardiogram. Heart 7:353-370.
Another common technique for QT interval correction uses
a linear regression model expressed by the following equa-
tion:

QT =Q+0.154(1-RR), )

[0143] where: QT is the linearly corrected QT interval,
and RR is the measured RR interval. See, e.g., Sagie et al,,
1992, An improved method for adjusting the QT interval for
heart rate (the Framingham Heart Study). Am J Cardiol;
70:797-801. Limitations of these techniques include over-
correction of the QT interval at high heart rates, or lack or
verification in ambulatory conditions or limited predictive
power (the linear regression model accounting for only
approximately 46%, r=0.68, of QT interval variance).

[0144] This invention provides improved systems and
method for QT correction that utilize the results of the
previously described HRV and RSA analysis. Although
direct parasympathetic (vagal) modulation of the QT inter-
val is believed to be relatively unimportant, indirect effects
due to the variations in heart rate (HRV) because of para-
sympathetic input to the sino-atrial node are significant,
often to the extent of obscuring the baseline QT interval and
its changes. As described, a major component of HRV is due
to respiratory influences (RSA), and this invention’s meth-
ods and systems clearly separate HRV into RSA and non-
respiratory LF components.

[0145] In a first improved correction method, the QT
interval is corrected according to the known corrections
techniques but previous RR interval measures are replaced
by RR interval signal 203 (FIG. 7) with LF HRV but
excluding HF RSA variability. Thereby, QTc reflects LF
HRV with obscuring effects from RSA eliminated. For
example, the previously mentioned QTc correction tech-
niques become:

or- 2 ®
V RRy3
[0146] and
OT; =0t+0.154(1-RR, ) ©
[0147] where RR,,; refers to signal 203 in FIG. 7.

[0148] Inanother improved correction method, the QT can
be corrected by performing on a QT interval signal the same
processing as illustrated in FIG. 7 for the RR interval signal.
A QT interval signal may be derived from an ECG signal in
the same manner as the RR signal is derived. The LF QT
variability spectra represents slower variations in the QT
interval not related to respiratory influences on heart rate.
The HF QT variability spectra represents the indirect respi-
ratory influences on the QT interval. Also, use of respiratory
variables in addition to RSA will allow for a more informed
and accurate estimation of the QTc correction.

[0149] Use of cither of these improved QT correction
techniques permits a more accurate QTc estimate, and
accordingly a more accurate estimate of other influences,
e.g., an administered drug, on the QT interval.
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[0150] The invention described and claimed herein is not
to be limited in scope by the preferred embodiments herein
disclosed, since these embodiments are intended as illustra-
tions of several aspects of the invention. Any equivalent
embodiments are intended to be within the scope of this
invention. Indeed, various modifications of the invention in
addition to those shown and described herein will become
apparent to those skilled in the art from the foregoing
description. Such modifications are also intended to fall
within the scope of the appended claims.

[0151] A number of references are cited herein, the entire
disclosures of which are incorporated herein, in their
entirety, by reference for all purposes. Further, none of these
references, regardless of how characterized above, is admit-
ted as prior to the invention of the subject matter claimed
herein.

What is claimed is:

1. A method for processing sensor signals arising from a
plurality of sensors sensitive to a plurality of pbysiological
systems or processes of a monitored subject, said method
comprising:

adaptively enhancing desired physiological components
relative to undesired artifact components in one or
more sensor signals monitored from said subject during
periods comprising unconstrained activity; and

adaptively enhancing components sensitive to desired
physiological systems or processes relative to compo-
nents sensitive to other undesired physiological sys-
tems or processes in one or more of the sensor signals
that have adaptively enhanced physiological compo-
nents.

2. The method of claim 1 wherein said monitoring further
comprises retrieving one or more sensor signals from a
wearable construction comprising one or more sensors.

3. The method of claim 2 wherein said wearable con-
struction comprises a band for encircling a body part, or a
garment for all or part of the trunk, or a garment for all or
part of the trunk and all or part of one or more extremities,
or two or more of said bands or said garments.

4. The method of claim 2 wherein said wearable con-
struction further comprises one or more inductive plethys-
mographic sensors.

5. The method of claim 1 wherein said activities comprise
one or more of standing, or walking, or running, or climbing,
or sitting, or lying, or sleeping.

6. The method of claim 1 wherein said activities comprise
normal daily activities of said subject.

7. The method of claim 1 wherein said activities are
unconstrained by said monitoring.

8. The method of claim 1 wherein the functioning of one
or more physiological systems or processes varies during
subject activity, and wherein sensor signals sensitive to said
varying physiological systems or processes have varying
signal characteristics.

9. The method of claim 1 wherein said physiological
systems or processes comprise one or more of respiratory
activity, or cardiac mechanical activity, or cardiac electrical
activity, or electroencephalographic activity, or motion
activity.

10. The method of claim 1 wherein said physiological
systems or processes comprise one or more of temperature
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activity, or blood saturation activity, or vocal activity, or
electro-oculogram activity, or electro-myogram activity.

11. The method of claim 1 wherein said sensor signals
comprise size sensor signals sensitive to a rib cage size, or
to a mid-thorax size, or to an abdominal size, or to an
extremity size.

12. The method of claim 1 wherein said artifact compo-
nents comprise motion artifacts arising from subject activity.

13. The method of claim 1 wherein said artifact compo-
nents comprise electromagnetic interference artifacts.

14. The method of claim 1 wherein said desired physi-
ological systems or processes comprise cardiac pulsation
activity and said undesired physiological systems or pro-
cesses comprise respiratory activity.

15. The method of claim 1 wherein said desired physi-
ological systems or processes comprise electroencephalo-
graphic activity and said undesired physiological systems or
processes comprise respiratory activity.

16. The method of claim 1 wherein said steps of adap-
tively enhancing further comprise joint processing of two or
more sensor signals sampled and/or re-sampled at a single
common sampling rate.

17. The method of claim 1 wherein said steps of adap-
tively enhancing further comprise re-sampling one or more
sensor signals to a common sampling rate.

18. The method of claim 1 wherein said adaptively
enhancing components in sensor signals further comprises
processing said sensor signals jointly with one or more
reference sensor signals, wherein said sensor signals and
said reference sensor signals are sampled and/or re-sampled
at a single common sampling rate.

19. The method of claim 18 wherein said one or more
reference signals comprise signals sensitive to subject
motion activity.

20. The method of claim 18 wherein said one or more
reference signals sensitive to said undesired physiological
systems or processes.

21. The method of claim 1 wherein said reference sensor
signals comprise components correlating with said undes-
ired components in said sensor signals, and said sensor
signals and said reference signals being sampled and/or
re-sampled at a single common sampling rate.

22. The method of claim 21 further comprising re-sam-
pling one or more sensor signals at a single common
sampling rate.

23. The method of claim 21 wherein said adaptively
enhancing further comprises reducing an error signal, said
error signal being a difference between said processed
sensor signals and said processed reference sensor signals.

24. The method of claim 21 wherein said adaptively
enhancing comprises adjusting weights of a finite impulse
response filter by a least means squares technique.

25. The method of claim 21 wherein said adaptively
enhancing desired physiological components comprises
joint processing with one or more reference signals sensitive
to subject motion activity.

26. The method of claim 21 wherein said adaptively
enhancing components sensitive to said desired physiologi-
cal systems or processes comprises joint processing with one
or more reference signals sensitive to said undesired other
physiological systems or processes.

27. The method of claim 1 wherein said adaptively
enhancing components sensitive to desired physiological
components Or processes in one or more sensor signals
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further comprises generating additional signals in which are
enhanced components sensitive to said other undesired
physiological systems or processes, whereby said desired
and said undesired physiological components are enhanced
in separate output signals.

28. The method of claim 1

wherein said sensor signals comprise electrocardiograph
(ECG) signals and said reference signals comprise
respiratory signals,

wherein said adaptively enhancing enhances respiratory
components in a heart rate (HR) signal derived from
said ECG signal, said enhanced signal comprising a
high frequency heart rate variability (HF HRV) signal,
and

further comprising generating a low frequency heart rate
variability (LF HRV) signal comprising components in
said HR signal other than said enhanced respiratory
components.

29. The method of claim 28 further comprising estimating
one or more corrected QT intervals independence on QT
intervals measured in said ECG signal and on said LF HRV
signal.

30. A system for processing physiological sensor signal
data comprising:

a wearable construction comprising one or more sensors
sensitive to one or more physiological systems or
processes including motion activity; and

computer memory comprising computer instructions to

retrieve a plurality of physiological sensor signals from
said wearable construction when worn by a moni-
tored subject during periods comprising uncon-
strained activities, said retrieved sensor signals com-
prising reference signals sensitive to subject motion
activity; and

enhance desired physiological components relative to
undesired motion artifact components in one or more
retrieved sensor signals, said enhancing comprising
adaptively processing said sensor signals jointly with
one or more of said reference signals in order to
reduce an error signal.

31. The system of claim 30 wherein said activities com-
prise normal daily activities of said subject.

32. The system of claim 30 wherein said wearable con-
struction comprises a band for encircling a body part, or a
garment for all or part of the trunk, or a garment for all or
part of the trunk and all or part of one or more extremities,
or two or more of said bands or said garments.

33. The system of claim 30 where said reference sensors
comprise one or more accelerometers.

34. The system of claim 30 wherein said sensor signals
and said reference signals are sampled and/or re-sampled at
a single common sampling rate.

35. The system of claim 30 further comprising re-sam-
pling one or more sensor signals at a single common
sampling rate.

36. The system of claim 30 further comprising de-trend-
ing one or more of said sensor signals and/or said reference
signals.

37. The system of claim 30 wherein said desired physi-
ological systems of processes comprise respiratory activity,
or cardiac activity, or electroencephalographic activity.
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38. The system of claim 30 wherein said error signal is a
difference between processed retrieved sensor signals and
processed reference sensor signals.

39. The system of claim 30 wherein said reducing said
error signal further comprises adjusting weights of a finite
impulse response filter by a least means squares technique.

40. The system of claim 30 wherein the functioning of one
or more physiological systems or processes varies during
subject activity, and wherein sensor signals sensitive to said
varying physiological systems or processes have varying
signal characteristics.

41. The system of claim 30 wherein said retrieved sensor
signals are adaptively processed to enhance desired compo-
nents relative to artifact components.

42. A system for processing physiological sensor signal
data comprising:

a wearable construction comprising one or more Sensors
sensitive to physiological systems or processes com-
prising cardiac pulsation activity and respiratory activ-
ity; and

computer memory comprising computer instructions to

retrieve sensor signals from said wearable construction
when worn by a monitored subject during periods
comprising unconstrained activities, said retrieved
sensor signals comprising cardiac signals with car-
diac pulsation components and respiratory signals
with respiratory activity components; and

enhance desired cardiac components relative to undes-
ired respiratory components in said cardiac signals,
said enhancing comprising adaptively processing
said cardiac signals jointly with said respiratory
signals in order to reduce an error signal.

43. The system of claim 42 wherein said activities com-
prise normal daily activities of said subject.

44. The system of claim 42 wherein said wearable con-
struction comprises a band for encircling a body part, or a
garment for all or part of the trunk, or a garment for all or
part of the trunk and all or part of one or more extremities,
or two or more of said bands or said garments.

45. The system of claim 42 wherein said cardiac signals
comprise cardiac pulsation components and respiratory
activity components with relative amplitudes larger than
relative amplitudes of cardiac pulsation components and
respiratory activity components in said respiratory signals.

46. The system of claim 42 wherein said sensor signals are
sampled and/or re-sampled at a single common sampling
rate.

47. The system of claim 42 further comprising re-sam-
pling one or more sensor signals at a single common
sampling rate.

48. The system of claim 42 wherein said error signal is a
difference between processed cardiac signals and processed
respiratory signals.

49. The system of claim 42 wherein said reducing said
error signal further comprises adjusting weights of a finite
impulse response filter by a least means squares technique.

50. The system of claim 42 wherein said processors
further time domain filter said enhanced cardiac signals.

51. The system of claim 50 wherein said time domain
filtering comprises ensemble averaging timed by electrocar-
diographic R waves.
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52. The system of claim 51 wherein a value of said
ensemble averaged signal at a current time sample com-
prises an average of a current value of said cardiac signal
and of values of said cardiac signal at one or more prior time
samples, all averaged samples having the same relative
position in the cardiac cycle.

53. The system of claim 52 wherein said relative position
in the cardiac cycle is determined from R-R intervals.

54. The system of claim 42 wherein said instructions
further determine an R-R interval signal by:

detecting R waves in an electrocardiogram signal sensi-
tive to cardiac electrical activity;

discarding detected R waves that occur in an ectopic
temporal location; and

determining said R-R interval signal from said detected

and interpolated R waves,

55. The system of claim 42 wherein said sensors comprise
at least one size sensor for monitoring respiratory signals
and at least one size sensor at a pre-cordial mid-thorax level
for monitoring cardiac pulsation signals.

56. The system of claim 55 wherein said size sensors
comprise at least one inductive plethysmographic sensor.

57. The system of claim 42 wherein said instructions
further extract one or more indicia of cardiac functioning
from said enhanced cardiac signal.

58. The system of claim 57 wherein said indicia of cardiac
functioning comprise stroke volume, or cardiac output, or
pre-ejection period, or peak ejection rate, or time to peak
ejection rate.

59. The system of claim 42 wherein the functioning of one
or more physiological systems or processes varies during
subject activity, and wherein sensor signals sensitive to said
varying physiological systems or processes have varying
signal characteristics.

60. The system of claim 42 wherein said retrieved sensor
signals are adaptively processed to enhance desired compo-
nents relative to artifact components.

61. A system for processing physiological sensor signal
data comprising:

a wearable construction comprising one or more sensors
sensitive to physiological systems or processes com-
prising electroencephalographic (EEG) activity and
respiratory activity; and

computer memory comprising computer instructions to

retrieve sensor signals from said wearable construction
when worn by a monitored subject during periods
comprising unconstrained activities, said retrieved
sensor signals comprising EEG signals and respira-
tory signals;

estimate respiratory components in said EEG signal by
adaptively processing said EEG signals jointly with
said respiratory signals in order to reduce an error
signal; and

enhance desired EEG components relative to undesired
respiratory components in said EEG signals in
dependence on said estimated respiratory compo-
nents.
62. The system of claim 61 wherein said activities com-
prise normal daily activities of said subject.
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63. The system of claim 61 wherein said joint processing
comprises low pass filtering said EEG signals using a low
pass filter that passes at least those frequencies in the range
of frequencies present in respiratory signals.

64. The system of claim 61 wherein said error signal is a
difference between processed EEG signals and processed
respiratory signals.

65. The system of claim 61 wherein said reducing said
error signal further comprises adjusting weights of a finite
impulse response filter by a least means squares technique.

66. The system of claim 61 wherein said enhancing
comprises removing said estimated respiratory components
from said retrieved and unprocessed EEG signal.

67. The system of claim 66 wherein said removing
comprises subtraction.

68. The system of claim 61 wherein said sensor signals are
sampled and/or re-sampled at a single common sampling
rate.

69. The system of claim 61 further comprising re-sam-
pling one or more sensor signals at a single common
sampling rate.

70. The system of claim 61 wherein said wearable con-
struction comprises a band for encircling a body part, or a
garment for all or part of the trunk, or a garment for all or
part of the trunk and all or part of one or more extremities,
or two or more of said bands or said garments.

71. The system of claim 61 wherein the functioning of one
or more physiological systems or processes varies during
subject activity, and wherein sensor signals sensitive to said
varying physiological systems or processes have varying
signal characteristics.

72. The system of claim 61 wherein said retrieved sensor
signals are adaptively processed to enhance desired compo-
nents relative to artifact components.

73. A system for processing physiological sensor signal
data comprising;

a wearable construction comprising one or more Sensors
sensitive to physiological systems or processes com-
prising electrocardiographic (ECG) activity and respi-
ratory activity; and

computer memory comprising computer instructions to

retrieve sensor signals from said wearable construction
when worn by a monitored subject during periods
comprising unconstrained activities, said retrieved
sensor signals comprising ECG signals and respira-
tory signals;

generate an RR interval signal from said ECG signal
comprising data describing successive intervals
between successive R-waves; and

estimate respiratory components in said ECG signal by

adaptively processing said ECG signals jointly with

said respiratory signals in order to reduce an error

signal, wherein a high frequency heart rate variabil-

ity (HF HRV) signal comprises said estimated res-

piratory components, a low frequency heart rate

variability (LF HRV) signal comprises said error
signal.

74. The system of claim 73 wherein said instructions

further de-trend said HF HRV signal and de-trend said LF

HRV signal.
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75. The system of claim 73 wherein said instructions
further de-trend said HF HRV and de-trend said RR interval
signal prior to said estimating.

76. The system of claim 73 wherein said instructions
further spectrally analyze said LF HRV signal.

77. The system of claim 73 wherein said instructions
further spectrally analyze said HF HRV signal.

78. The system of claim 73 wherein said respiratory signal
comprises a tidal volume (Vt) signal.

79. The system of claim 78 wherein said retrieved respi-
ratory signals comprise at least one signal from a size sensor
at a rib cage (RC) level and at least one signal from a size
sensor at an abdominal (AB) level, and

wherein said instructions further determine said Vt signal

by combining said RC signal and said AB signal.

80. The system of claim 73 wherein the instructions
further low pass filter said respiratory signal using a low pass
filter that passes at least those frequencies in the range of
frequencies normally present in respiratory signals.

81. The system of claim 80 where said low pass filter
passes signals less than approximately 1.5 Hz.

82. The system of claim 73 wherein said EEG signals and
said respiratory signals are sampled and/or re-sampled at a
single common sampling rate.

83. The system of claim 73 further comprising re-sam-
pling one or more of said EEG signals and said respiratory
signals at a single common sampling rate.

84. The system of claim 73 wherein said error signal is a
difference between said processed ECG signals and said
processed respiratory signals.

85. The system of claim 73 wherein said reducing said
error signal further comprises adjusting weights of a finite
impulse response filter by a least means squares technique.

86. The system of claim 73 wherein said activities com-
prise normal daily activities of said subject.

87. The system of claim 73 wherein said wearable con-
struction comprises a band for encircling a body part, or a
garment for all or part of the trunk, or a garment for all or
part of the trunk and all or part of one or more extremities,
or two or more of said bands or said garments.

88. The system of claim 73 wherein the functioning of one
or more physiological systems or processes varies during
subject activity, and wherein sensor signals sensitive to said
varying physiological systems or processes have varying
signal characteristics.

89. The system of claim 73 wherein said instructions
further determine an R-R interval signal by:

detecting R waves in an electrocardiogram signal sensi-
tive to cardiac electrical activity;

discarding detected R waves that occur in an ectopic
temporal location;

determining said R-R interval signal.

90. The method claim 89 wherein said discarding further
comprises interpolating a constructed R wave at the
expected temporal position of a discarded ectopic R wave.

91. The system of claim 73 wherein said retrieved sensor
signals are adaptively processed to enhance desired compo-
nents relative to artifact components.
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92. A system for processing physiological sensor signal
data comprising:

a wearable construction comprising one or more Sensors
sensitive to physiological systems or processes com-
prising electrocardiographic (ECG) activity and respi-
ratory activity; and

computer memory comprising computer instructions to

retrieve sensor signals from said wearable construction
when worn by a monitored subject during periods
comprising unconstrained activities, said retrieved
sensor signals comprising ECG signals and respira-
tory signals;

generate an RR interval signal from said ECG signal
comprising data describing intervals between suc-
cessive R-waves;

estimate respiratory components in said ECG signal by
adaptively processing said ECG signals jointly with
said respiratory signals in order to reduce an error
signal, wherein a low frequency heart rate variability
(LF HRV) signal comprises said error signal; and

estimate one or more corrected QT intervals indepen-
dence on QT intervals measured in said ECG signal
and on said LF HRV signal.

93. The system of claim 92 wherein said respiratory signal
comprises a tidal volume (Vt) signal.

94. The system of claim 92 wherein said EEG signals and
said respiratory signals are sampled and/or re-sampled at a
single common sampling rate.

95. The system of claim 92 further comprising re-sam-
pling one or more of said EEG signals and said respiratory
signals at a single common sampling rate.

96. The system of claim 92 wherein said error signal is a
difference between said processed ECG signals and said
processed respiratory signals.

97. The system of claim 92 wherein said reducing said
error signal further comprises adjusting weights of a finite
impulse response filter by a least means squares technique.

98. The system of claim 92 wherein said activities com-
prise normal daily activities of said subject.

99. The system of claim 92 wherein said wearable con-
struction comprises a band for encircling a body part, or a
garment for all or part of the trunk, or a garment for all or
part of the trunk and all or part of one or more extremities,
or two or more of said bands or said garments.

100. The system of claim 92 wherein the functioning of
one or more physiological systems or processes varies
during subject activity, and wherein sensor signals sensitive
to said varying physiological systems or processes have
varying signal characteristics.
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101. The system of claim 92 wherein said instructions
further determine an R-R interval signal by:

detecting R waves in an electrocardiogram signal sensi-
tive to cardiac electrical activity;

discarding detected R waves that occur in an ectopic
temporal location; and

determining said R-R interval signal from said detected

and interpolated R waves.

102. The method claim 102 wherein said discarding
further comprises interpolating a constructed R wave at the
expected temporal position of a discarded ectopic R wave.

103. The system of claim 92 wherein said corrected QT
intervals are estimated using a formula substantially similar
to:

T
or. = —
" RR

104. The system of claim 92 wherein said corrected QT
intervals are estimated using a formula substantially similar
to:

QT; c=Qi+0.154 (1-RR)

105. The system of claim 92 wherein said retrieved sensor
signals are adaptively processed to enhance desired compo-
nents relative to artifact components.

106. A computer memory comprising computer instruc-
tions for processing sensor signals arising from a plurality of
sensors sensitive to a plurality of physiological systems or
processes of a monitored subject, by performing:

adaptively enhancing desired physiological components
relative to undesired artifact components in one or
more sensor signals monitored from said subject during
periods comprising unconstrained activity; and

adaptively enhancing components sensitive to desired
physiological systems or processes relative to compo-
nents sensitive to other undesired physiological sys-
tems or processes in one or more of the sensor signals
that have adaptively enhanced physiological compo-
nents.

107. The computer memory of claim 107 further com-

prising one or more CD-ROMS.

108. The computer memory of claim 107 further one or
more memories accessible to one or more processors.
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