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SYSTEMS AND METHODS FOR
MONITORING HEART FUNCTION

RELATED PATENT DOCUMENTS

[0001] This patent document is a divisional under 35 U.S.
C. §120 of U.S. patent application Ser. No. 12/579,264 filed
on Oct. 14, 2009 (and which included Appendices A-G),
which claims the benefit 35 U.S.C. §119(e) of U.S. Provi-
sional Patent Application Ser. No. 61/105,696 filed on Oct.
15, 2008, which included five appendices (A through E) that
provide example and experimental results for use with vari-
ous embodiments of the present invention, and which further
cite various references, and each of these patent documents
are fully incorporated herein by reference.

FIELD OF INVENTION

[0002] This invention relates generally to monitoring of
heart function, and in specific instances to systems and meth-
ods for detecting heart function and processing signals there-
for.

BACKGROUND

[0003] The National Institutes of Health (NIH) estimate
that over 500,000 annual hospital admissions for heart failure
patients are avoidable. Heart failure is a tremendous problem
in the United States that affects millions of people and costs
billions of health care dollars each year. A number of tests
allow a doctor to assess heart function; however, proper
implementation of many of these tests requires expensive
equipment and/or a qualified professional. This makes it dif-
ficult and expensive to monitor the condition of a patient, as
the patient must routinely visit the hospital or risk late detec-
tion of a worsening heart condition.

[0004] These troubling numbers have led researchers and
companies to improve the methods for monitoring heart fail-
ure outpatients with the goal of reducing unnecessary hospital
readmissions and costs. One proposed solution transmits a
patient’s body weight measured on a bathroom scale to his/
her physician because increasing body weight could be a sign
of fluid retention, which might result from a worsening heart
condition. Such diagnostic mechanisms are, however, less
than ideal. Body weight can be affected by factors other than
fluid retention, and fluid retention can be caused by factors
other than heart conditions. Thus, such techniques result in
false positives, or worse, fail to detect worsening heart con-
ditions.

[0005] The ballistocardiogram (BCG) is a non-invasive
diagnostic technique which measures the mechanical recoil
of the body in reaction to the ejection of blood from the heart
through the vasculature. BCG measurement methods were
developed in the mid-1900s and largely abandoned in the
early 1960s due to impracticality and unreliability. Reliable
and practical BCG signal acquisition would provide an excel-
lent tool for evaluating a patient’s cardiovascular health.
However, such signal acquisition remains challenging for use
in a variety of applications.

SUMMARY

[0006] The present invention is directed to approaches to
systems and methods for monitoring of heart function. The
present invention is exemplified in a number of implementa-
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tions and applications including those presented below,
which are commensurate with certain claims included with
this patent document.

[0007] According to an example embodiment, a system
provides BCG (ballistocardiogram) data from a user. The
system includes a BCG capture device, a secondary sensor
and a processor circuit. The BCG capture device includes a
heart-characteristic sensor that captures, from the user, a
BCG signal indicative of at least one of physical movement
and mechanical output of the user’s heart. The secondary
sensor detects an indication of at least one of noise present in
the BCG signal and a physiologic characteristic of the user,
and provides an output characterizing the detected indication.
The processor circuit uses the secondary sensor output to
process the captured BCG signal and to generate an output
BCG signal indicative of a condition of the user’s heart. For
example, the BCG signal may be processed via filtering or
another type of modification that uses the secondary sensor’s
detection as an input to alter the signal.

[0008] Consistent with another example embodiment of the
present invention, a system/method provides ballistocardio-
gram (BCG) measurements (e.g., in real-time) from a user
standing on a BCG capture device. A force sensor is arranged
to capture a signal indicative of the physical movement and/or
mechanical output of the heart of the user while the user is
standing on the device. A second specific sensor type (e.g.,
ECG, accelerometer, geophone, displacement, electromyo-
gram or video imaging device) provides additional informa-
tion about the captured signal, which may be indicative of
noise and/or interference present in the BCG measurement, or
of other characteristics of the user. A processor uses the
second-sensor signal to process the captured signal, such as to
filter or gate (e.g., weight or eliminate aspects of) a captured
BCG recording, and provide user diagnostics.

[0009] In some implementations, a captured BCG record-
ing is gated to weight or eliminate segments of the recording
that contain higher than usable noise or interference levels
(e.g., for averaging algorithms). For example, regions of
higher noise can be given proportionally lower weighting in
weighted ensemble averaging algorithms, such as maximum
likelihood averaging.

[0010] Another example embodiment is directed to a sys-
tem for providing BCG (ballistocardiogram) data from a user.
The system includes a BCG capture device, a secondary
sensor and a processor circuit. The BCG capture device
includes a heart-characteristic sensor that captures, from the
user, a BCG signal indicative of at least one of physical
movement and mechanical output of the user’s heart. The
secondary sensor detects an indication of at least one of noise
present in the BCG signal and a physiologic characteristic of
the user (e.g., a heart characteristic and/or a noise-based
characteristic), and provides an output characterizing the
detected indication. The processor circuit uses the secondary
sensor output to process the captured BCG signal and gener-
ate an output BCG signal indicative of a condition of the
user’s heart.

[0011] The above summary of the present invention is not
intended to describe each illustrated embodiment or every
implementation of the present invention.

BRIEF DESCRIPTION OF THE FIGURES

[0012] The invention may be more completely understood
in consideration of the detailed description of various
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embodiments of the invention that follows in connection with
the accompanying drawings, in which:

[0013] FIG. 1A shows a block diagram of a system and
approach for determining cardiac function, consistent with an
example embodiment of the present invention;

[0014] FIG. 1B shows a block diagram of a system and
approach for detecting cardiac function, consistent with
another example embodiment of the present invention;
[0015] FIG. 2 shows a circuit diagram for simultaneously
exciting the force sensor bridge in orthogonal configurations
with two different frequencies, consistent with another
example embodiment of the present invention;

[0016] FIG. 3 shows a block diagram of a system and
approach for detecting cardiac function and mitigating the
effects of vibration in the local environment, according to
another example embodiment of the present invention; and
[0017] FIG. 4 shows a circuit for acquiring BCG signals
from a commercial weighing scale, consistent with another
example embodiment of the present invention.

[0018] While the invention is amenable to various modifi-
cations and alternative forms, examples thereof have been
shown by way of example in the drawings and will be
described in detail. It should be understood, however, that the
intention is not to limit the invention to the particular embodi-
ments shown and/or described. On the contrary, the intention
is to cover all modifications, equivalents, and alternatives
falling within the spirit and scope of the invention.

DETAILED DESCRIPTION

[0019] Various embodiments of the present invention have
been found to be particularly useful in connection with moni-
toring heart function (e.g., to determine cardiac health of a
patient) in a manner that facilitates home use by the patient.
While the present invention is not necessarily limited to such
applications, various aspects of the invention may be appre-
ciated through a discussion of various examples using this
context.

[0020] Aspects of the present invention are directed to
detecting the heart function of a user with a sensor that detects
weight and/or weight variances of a user. A processing
arrangement is configured (e.g., with an algorithm/transform)
to determine heart function characteristics of the user based
upon the detected weight and/or weight variances. The pro-
cessing arrangement uses data from one or more additional
sensors as a parameter of the algorithm/transform. In connec-
tion with these example aspects, it has been discovered that
such implementations can be particularly useful for produc-
ing unexpectedly practical and reliable BCG measurements.
[0021] In another example embodiment, a BCG (ballisto-
cardiogram) system includes a BCG capture device including
a heart-characteristic sensor captures, from a user, a BCG
signal indicative of at least one of physical movement and
mechanical output of the user’s heart. A secondary sensor
detects a secondary characteristic relating to the BCG signal,
and provides an output characterizing the detected indication.
For example, the secondary sensor may detect characteristics
of a user and/or of the user’s environment to provide an
indication of one or more of noise present in the BCG signal
and a physiologic characteristic of the user. A processor cir-
cuit uses the secondary sensor output to process the captured
BCG signal and to generate an output BCG signal indicative
of a condition of the user’s heart.

[0022] In some implementations, the BCG capture device
includes a weighing scale, and the secondary sensor includes
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an electrocardiogram (ECG) sensor that detects an ECG sig-
nal from the user, or a photoplethysmograph sensor that
detects blood flow pulsations of the user. This detected signal
is used to process a signal obtained via the BCG capture
device.

[0023] In another implementation, the secondary sensor
includes an ECG sensor that detects an ECG signal from the
user that is indicative of, or otherwise useful for determining,
characteristics of the user and related BCG signal capture.
The processor circuit uses an algorithm to process the cap-
tured BCG signal and to generate the output BCG signal using
the detected ECG signal as an input to the algorithm to pro-
cess the BCG signal. In certain applications, the processor
circuit generates an output BCG signal based upon an
ensemble-average of the detected BCG signal generated via
the detected ECG signal. This averaging can be both static—
providing a single ensemble-averaged BCG beat—or
dynamic, as in synchronous moving averaging or exponen-
tially-weighted triggered averaging.

[0024] In some implementations, data is detected for both
BCG- and ECG-based analysis using a strip-type sensor or a
handlebar-type sensor that may be implemented on a scale
device as discussed herein (see, e.g., FIG. 1A and FIG. 1B,
discussed further below). One or more such sensors are used
to effectively capture a signal from a user that is subsequently
processed to generate both BCG and ECG analysis data. In
some implementations, ECG data that is detected and/or gen-
erated is used in the generation of BCG analysis data, such as
by filtering a captured signal to facilitate the representation of
one or more of physical movement and mechanical output of
the user’s heart. For example, BCG and ECG (or photopl-
ethysmograph) signals can be adaptively filtered, or pro-
cessed via ECG R-wave (or photoplethysmograph peak) trig-
gered ensemble averaging or triggered moving averaging, to
improve the signal-to-noise ratio and the consistency of BCG
recordings.

[0025] In some embodiments, a strip-type or handlebar-
type sensor as discussed above includes a two-electrode ECG
circuit configured for contacting the hands of a user. In some
implementations, the two-electrode ECG circuit uses active
current feedback to one electrode to reduce amplifier satura-
tion problems, rendering higher signal quality on the ECG
recordings. Detected ECG characteristics can then beused for
adaptively filtering, ensemble averaging, or otherwise pro-
cessing the BCG signal measured from the force sensor in the
scale, to improve the signal quality of the BCG.

[0026] Insomeimplementations, the ECG or photoplethys-
mograph (or other reference signal) is adaptively filtered to
estimate the BCG to mitigate requirements or needs for
detecting peaks or heartbeat segmentation, or use of an
R-wave detector (e.g., for ensemble averaging or triggered
moving averaging). In some implementations, an ECG or
photoplethysmograph signal is input directly into an adaptive
filter, with the raw BCG signal as the desired response; the
output of this filter, to form abest least-squares estimate of the
signal without any need for ECG or photoplethysmograph
peak detection. In some implementations, a least-mean
squares algorithm is used to adapt weights of the adaptive
filter. The convergence rate can be chosen to be slow, allowing
the filter to converge to the best solution for the user of the
device.

[0027] Another embodiment is directed to a BCG capture
device as discussed above, including a weighing scale that
includes the heart-characteristic sensor. The processor circuit
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processes the captured BCG signal, using previously-ob-
tained data including cardiac output and stroke volume data
for the user (e.g., derived from Doppler ultrasound measure-
ments) and both rms power and an ensemble-average ampli-
tude of the BCG signal, to generate an estimated output BCG
signal indicative of the cardiac output and stroke volume of
the user’s heart. In some implementations, the processor cir-
cuit receives the previously-obtained cardiac data from a
remote location. In other implementations, the processor
compares the captured BCG signal to a baseline value, which
is based upon cardiac output and stroke volume data for the
user and both rms power and an ensemble-average amplitude
of the BCG signal, to generate an output BCG signal indica-
tive of the cardiac output and stroke volume of the user.

[0028] A specific implementation involves the use of a
scale having custom electronic circuitry for acquiring and
processing the BCG signal. Users of the scale position them-
selves on the scale. The weight is measured and recorded as a
function of time. The sensitivity of the measurement is suffi-
cient in both weight and sample speed so that the generated/
recorded signal contains the desired BCG signal. For rela-
tively small BCG signals (compared to a number of other
sources of force variances such as respiration, user move-
ment, building vibrations and/or electrical noise), aspects of
the present invention are directed to detecting the BCG signal,
relative to one or more of the aforesaid sources. In some
implementations, the amplitude of the BCG signal is cor-
rected based upon the weight of a user, based on kinetic
energy transfer. A variety of scales, customized or otherwise
coupled for acquiring a BCG signal, can be implemented in
connection with various example embodiments. For instance,
the Omron HBF-500 Body Composition Monitor/Scale
available from Omron Healthcare Inc., of Bannockburn, I11.
can be implemented in connection with one or more example
embodiments.

[0029] In another example embodiment, a BCG character-
istic 1s detected in connection with the detection of charac-
teristics in an implantable pacemaker or cardioverter defibril-
lator (ICD), and can further be used in connection with the
characteristics of the pacemaker or ICD for analysis and/or
correction. For instance, the detected BCG characteristic can
indicate the responsiveness of the cardiovascular system to
various settings within the pacemaker, and can be used for
improving the responsiveness or coordination of heart con-
tractions by varying the parameters of the implantable device.
In some implementations, the baseline heart rate setting of a
pacemaker can be increased or decreased based on changes
over time in a person’s BCG characteristic, such as a decreas-
ing trend in BCG rms power over several days or weeks. In
some implementations, the pacing pulse timings of the pace-
maker can be used for triggered averaging, moving averaging,
or adaptively filtering the BCG signal of the user. Since the
timing of these pacing pulses is deterministically known by
the processor, the averaging or filtering algorithms will be
more accurate than, for example, if the R-wave peak of the
ECG characteristic was used for averaging or filtering.

[0030] In another example embodiment, a BCG character-
istic 1s detected in connection with the detection of charac-
teristics for pacemaker adjustment, such as in cardiac resyn-
chromzation therapy (CRT), and can further be used in
connection with CRT-based analysis and/or correction. For
instance, the detected BCG characteristic can be used in
suppressing undesirable heart functions and/or in otherwise
coordinating heart contractions. In connection with these
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embodiments, it has been discovered that BCG characteris-
tics can be detected while pacemaker parameters are adjusted
as part of CRT-based control, and used to identify desirable
pacemaker parameters via corresponding BCG characteris-
tics. For example, a statistically significant increase in maxi-
mum BCG amplitude can be obtained for various (e.g., six)
subjects at desirable or optimal pacing settings, versus other/
suboptimal settings (p<0.05).

[0031] Inoneimplementation, a processor circuit of a BCG
system as described above automatically sets cardiac resyn-
chronization therapy (CRT) pace parameters for the user
(e.g., as a maximum amplitude or minimum ECG R-wave to
BCG J-wave interval) based on the output BCG signal. In
some implementations, the BCG system further includes an
implantable device having an accelerometer, and the proces-
sor circuit sets the CRT pace parameters based upon an output
from the accelerometer. The accelerometer can be integrated
within an implantable pacemaker, and coupled with lead-
derived ECG, can be used with one or more of the techniques
discussed herein as a BCG analog for automatic self-adjust-
ment (e.g., when the patient is standing on something some-
what compliant) to provide feedback regarding cardiac out-
put to the pacemaker.

[0032] Other implementations are directed to using a BCG
system as discussed above to generate a visual or other indi-
cation that can be used to set pacemaker parameters. The
processor circuit generates an output BCG signal indicative
of BCG signal variations due to changes in pacemaker param-
eters. For CRT, these parameters could include, for example,
the interventricular pacing delays, or the atrio-ventricular
pacing delays.

[0033] These CRT-based implementations are also ame-
nable for open-loop or closed-loop adjustment of implantable
pacemakers in a clinic setting. For exaniple, a doctor can
adjust the pacemaker settings with specific hemodynamic
feedback. Such settings may involve, for example, adjusting
a timing delay between pacing in different chambers to
achieve a feature on a detected BCG signal corresponding to
maximum cardiac output or maximum cardiac contractility.
In certain applications, a wireless link is used for wireless
communication between the implanted pacemaker and a
scale (or other device) detecting BCG characteristics while a
subject stands on the scale to provide for closed-loop pacing
parameter adjustment.

[0034] While adjusting pacemaker settings, BCG measure-
ments are monitored and used to detect ejection force and/or
other heart-based characteristics. Using this approach, desir-
able pacemaker settings can be identified as those that result
in a desirable ejection force. This monitoring and related
settings can be carried out visually, such as by providing a
visual signal indicative of a patient heart’s ejection force, or
automatically using a circuit or programmed computer to
automatically generate a desirable setting in response to
detected BCG characteristics.

[0035] In some implementations, the pacing pulses are
used as triggers for ensemble averaging, triggered-averaging,
or otherwise filtering measured BCG signals. With this
approach, it has been discovered that a higher quality aver-
aged or filtered BCG signal can be obtained than by using the
timing of the ECG QRS complex itself. The pacing pulse
timings can be extracted, for example, from the processor in
the implantable device, the pacemaker programmer device in
the clinic, or simply from pacing pulse artifacts in a simulta-
neously-measured surface ECG signal.
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[0036] Another example embodiment is directed to a BCG
system as described above, having a bodyweight sensing
scale with an ECG and/or photoplethysmograph sensor inte-
grated into the scale platform, detachable unit, or separate
unit connected to the scale. In some implementations, the
BCG capture device is integrated with the bodyweight sens-
ing scale, and the secondary sensor is integrated with handle-
bar electrodes. The electrodes and secondary sensor detect at
least one of an electrocardiogram (ECG) or photoplethys-
mography characteristic of the user. The processor circuit
generates output BCG signals over time to provide an indi-
cation of at least one of cardiac output and stroke volume for
determining a treatment need for the user, such as for titration
of care for the user (e.g., for the adjustment of medicine
dosage (with physician consultation) or signaling the need for
a clinical visit).

[0037] In some implementations, the BCG capture device
is integrated with the bodyweight sensing scale, and the sec-
ondary sensor is integrated in at least one of the scale plat-
form, a detachable module, or a separate module connected to
the scale via hardwire or wireless link. The secondary sensor
detects a photoplethysmography characteristic of the user.
The processor circuit generates output BCG signals over time
to provide an indication of at least one of cardiac output and
stroke volume for titration of care for the user.

[0038] In some implementations, changes in the BCG sig-
nal over time can be coupled with changes in bodyweight over
time to assess a patient’s overall health. Forexample, for heart
failure patients, the fluid status indication derived from body-
weight changes can be supplemented by the cardiac output or
stroke volume changes estimated by the BCG sensor to assess
both congestion and perfusion of the patient. For instance,
increasing body weight coupled with decreasing BCG rms
power could indicate worsening condition and the need for
increasing diuretic dosage (with physician consultation) or a
clinical visit.

[0039] Another example embodiment is directed to screen-
ing patients such as athletes to generate data from BCG sig-
nals. A processor circuit as described above is configured to
generate an output BCG signal indicative of BCG rms power
to provide an indication of cardiac fitness. This approach can
be used, for example, to characterize ventricular mass of a
patient being screened to detect abnormalities or other heart-
related conditions, in addition to and/or as an alternative to
detecting other heart characteristics as described herein. In
connection with these embodiments, it has been discovered
that detected BCG characteristics can be indicative of left
ventricular mass (LVM) of the patient being screened. A
detected BCG signal is integrated, and a high or maximum
value of the integrated signal is used as an indicator of
momentum change. In many implementations, a patient’s
weight is also used in connection with a detected BCG signal
to characterize LVM.

[0040] In one implementation, a scale is modified for
detecting BCG and single-lead ECG (e.g., as shown in FIG.
1B and described below). BCG and ECG signals are ampli-
fied by and interfaced to a computer for recording. The BCG
beats for each subject are averaged using R-waves of the ECG
as a trigger. In such implementations, a correlation between
maximum magnitude of the BCG integral (MMBI) and LVM
is significant (e.g., R=0.68, p<0.01), and the correlation
between the product of MMBI and body weight, and LVM is
stronger (e.g., R=0.75, p<0.01).
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[0041] Other athletic characteristics, such as exercise
recovery characteristics, can also be detected using these
approaches. Measurement, processing, and analysis of all
signals during exercise and/or recovery can be useful in
evaluating an athletic condition. This evaluation can be par-
ticularly useful when compared to evaluating heart rate alone,
as BCG characteristics as discussed herein can be correlated
to work exerted by a user’s heart per stroke, which canbe used
to evaluate exercise recovery in a manner that goes beyond the
evaluation ofa user’s heart rate. For example, one implemen-
tation is directed to using a detected BCG characteristic to
evaluate exercise recovery based on the time it takes for
various parameters to return to their basal values or the maxi-
mum exertion achieved by the heatt.

[0042] Turning now to the figures, FIG. 1A shows a block
diagram of a system and approach for determining cardiac
function/characteristics of a patient, consistent with an
example embodiment of the present invention. User 102 posi-
tions themselves on scale 100. Scale 100 includes a force/
weight sensor 106. This sensor 106 is configured to detect
weight variations that are converted to an electrical signal that
is sent to processing arrangement 108, and can be further used
to provide the weight of the user, such as that provided by a
traditional scale.

[0043] Secondary input(s) 104 provide information in addi-
tion to strict weight sensing. These inputs can include, for
example, signals provided by heart-beat sensors, foot-to-foot
impedance cardiogram sensors, user movement sensors and
the like, which may further be incorporated into the system. In
some implementations, impedance plethysmography or
photo-plethysmography sensors, can be used to improve sig-
nal processing.

[0044] Still other implementations are directed to address-
ing motionartifacts, such as by using a secondary non-contact
displacement sensor to measure correlated cardiac related
information and uncorrelated body motion noise and remove
motion artifacts. One such implementation involves using a
displacement transducer such as an optical or acoustical emit-
ter/detector sensor, to measure absolute or relative changes in
body motion to improve the cardiac signal. Another approach
to removing motion artifacts involves using multichannel
sampling on individual strain gages (e.g., as described in
connection with FIG. 2), or by switching a bridge circuit to
capture different motion axes.

[0045] The processing arrangement 108 is configured to
use the secondary input(s) 104 and various filtering algo-
rithms to remove extraneous noise or interference on the
signal from sensor 106. The results of this processing/filtering
can be sent to an output 110, such as an LCD display or local
memory. This information can be presented in a recordable
form, such as for recording by the patient using the system, or
for uploading for access by a doctor at a remote location. In
some instances, the output 110 includes a network interface
type device that provides an output to a network (e.g., Ether-
net or wireless ) connected to one or more storage devices that
receive output data from scale 100. In other instances, the
output 110 includes one or more of a Universal Serial Bus
(USB) connection, removable memory card device, contact-
less card device, or a relatively simple indictor that indicates
that abnormal cardiac function has been detected (e.g., warn-
ing the patient to contact a doctor).

[0046] According to one implementation, an ECG signal
(single or multiple lead) is recorded simultaneously with
weight-related detection (e.g., weight variations as discussed
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above) and used as a secondary input condition together with
the detected weight-related condition. The signals from these
recordings are combined using adaptive filtering, such as by
adaptively filtering a secondary signal to determine the best
least-squares estimate of the BCG signal from a raw weight
measurement waveform. This approach leverages the fact
that the ECG and BCG signals are correlated in time, while
the noises in these waveforms are statistically independent.
[0047] In another implementation, heart rate (e.g., ECG or
photoplethysmogram)-triggered ensemble averaging is used
to enhance the quality and consistency of the BCG signal.
Such a technique leverages off the ability to easily detect heart
contraction using any of a number of different techniques.
Detected heart contractions are then used to select relevant
portions of the detected weight measurement to use in
ensemble averaging. For example, ensemble averaging may
be used in connection with detected noise to mitigate noise in
the BCG signal.

[0048] In various implementations, an adaptive filtering
approach using a least mean squares algorithm is used to
remove noise from the BCG signal with the ECG signal as a
reference. BCG signals are ensemble averaged using the ECG
R-wave as the trigger. This ensemble averaging can be both
static (one average for the entire data set) and dynamic (syn-
chronous moving average). Additionally, respiration signal
can be used as a reference for adaptive noise cancellation of
respiration from the BCG. In certain applications, the system
in FIG. 1A is configured for self-calibration to eliminate
instrumentation resonance, to decouple mechanical filtering
ofthe signal by the scale other device used to capture the BCG
signal.

[0049] In another embodiment, force-balanced BCG is
used to reduce or eliminate the need to mechanically dampen
the device 100 supporting the user. This approach is appli-
cable to other sensor-type arrangements, such as a sensor
located in a prone-position scale, a chair, a bed or otherwise.
[0050] FIG. 1B shows a block diagram of a system 120 for
detecting cardiac function involving both ECG and BCG
detection, consistent with another example embodiment of
the present invention. The system 120 can be used in a manner
similar to that as described above in connection with FIG. 1A,
and further with the above examples using both ECG and
BCG, for detecting conditions of a user’s heart. A scale-type
BCG sensor device 130 includes an ECG-type hand-held
sensor 132 that detects ECG characteristics that are used in
connection with BCG characteristics detected at the scale-
type device 130. An output from the BCG sensor device 130
is passed to a processor 140 that processes the output and
detected ECG and BCG characteristics therein, to determine
a heart-based condition of a user 122. In various implemen-
tations, one or more additional sensors, represented at block
150, are also coupled to the processor 140, which uses the
inputs as part of the determination of the heart-based condi-
tion (e.g., such as a vibration sensor that is used to remove
noise in one or both of a BCG- and ECG-based signals).
[0051] In some applications, e.g., where the use of a sec-
ondary sensor may not be practical or is otherwise undesir-
able, a force sensor is arranged such that two force signals can
be measured with correlated cardiac related information and
incoherent motion noise. FIG. 2 shows an example embodi-
ment amenable to implementation in such applications. A
sine-wave voltage source 200 is configured to operate at a
frequency that is higher than the frequency of the heart rate
(e.g., 1 kHz), and is coupled to inputs A and C of a strain
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gauge circuit 212 via a first output winding of a transformer
201 (T1). The strain gauge circuit 212 is configured to vary
the resistance of the bridge by a factor of alpha 213, which is
proportional to the force imparted on the strain gauges.
[0052] The BCG signal, modulated by the frequency of the
sine-wave source 200, appears across the terminals B and D
and is AC-coupled by capacitor 209 into a synchronous
demodulator and gain block 210. The second output winding
of transformer 201 provides the synchronization signal to the
demodulator and gain block 210. The output of 210 is the first
BCG signal 211. A DC voltage 207 is input to resistor R1 208.
This causes a BCG signal to appear across terminals A and C
of the strain gauge circuit 212, which is passed through trans-
former 202 (T2) to a filtering capacitor 203 and a difference
amplifier 204. Using the characteristics of the AC signal
produced by the sine-wave source 200 (which is at a fre-
quency much higher than the heart rate), an RC low-pass filter
205 is used to attenuate this sine-wave signal, leaving the
second BCG signal output 206.

[0053] The specific circuit depicted by FIG. 2 is exemplary
of a number of different implementations that can be used to
provide similar functionality. As with other aspects of the
present invention, the various functionalities can be imple-
mented using combinations of general purpose computers
configured by specialized software, programmable logic
devices, discrete circuits/logic and combinations thereof.
[0054] In connection with various embodiments, acquired
signals as described herein are used in deriving/monitoring
various different types of information including, but not lim-
ited to, heart rate, the force of ejection of blood from heart
(which can be correlated to cardiac output), time delay from
electrical depolarization to mechanical contraction of the
ventricles, relationship between electrical and mechanical
activity in the heart (relating to excitation-contraction cou-
pling), diagnosis of various diseases (including congestive
heart failure, coarctation, aneurysm, etc.), predicting future
cardiac health trends and/or non-invasive blood flow and
pressure measurements.

[0055] Various aspects of the present invention are directed
to useinahomeorother location where it may not be practical
to have a trained technician or physician available. In one
implementation, simultaneous BCG and ECG recordings
from a commercial bathroom scale or chair are used to facili-
tate home monitoring of cardiovascular health in a compact
and inexpensive platform for reliable BCG acquisition. BCG
measurements can be implemented for chronic management
of congestive heart failure (CHF) patients at home. Various
methods and devices discussed herein can be useful for track-
ing fluid loading by both body weight and relative cardiac
output. For instance, an increased weight measurement and
decreased BCG signal may be used as an indication of wors-
ening heart failure.

[0056] Certain embodiments are directed to using blood
flow measurements detected via ultrasound to calibrate BCG
features for each person. This can be particularly useful as
each person’s BCG may be different due to different physi-
ology. A blood flow waveform can be used from ultrasound to
precisely determine transfer function relating vascular flow to
BCG signal. This transfer function could then be inverted and
applied to a received BCG signal.

[0057] FIG. 3 shows a block diagram of a system and
approach 300 for detecting cardiac function and mitigating
the effects of vibration in the local environment, according to
another example embodiment of the present invention. The
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system 300 includes a BCG sensor 310 having a scale-type
sensor as discussed above, a vibration sensor 320 and an
adaptive noise cancellation circuit 330. A BCG characteristic
detected via the sensor BCG 310 is processed with a second-
ary characteristic detected at the vibration sensor 320, repre-
senting vibration present in surrounding structures. In some
implementations, the sensor 320 may be placed to detect
vibrations present in the BCG sensor 310 used to capture the
BCG signal. As such, this secondary vibration is detected
using a sensor that may be the same sensor as that used to
detect the BCG characteristic, or a different sensor. By way of
example, FIG. 3 shows a geophone sensor placed in close
proximity to the BCG sensor/scale 310 used to detect BCG
characteristics. The detected vibration is passed to the adap-
tive noise cancellation circuit 330 and used to process the
BCG signal (also provided to the circuit 330). The system
output from the adaptive noise cancellation circuit 330 thus
includes a BCG analysis signal with mitigated (or removed)
vibration-based noise. For example, interference can be
reduced in measured weight signals that occur due to these
vibrations (e.g., as part of an adaptive noise cancellation
process).

[0058] FIG. 4 shows a circuit 400 for acquiring BCG sig-
nals from a commercial weighing scale, consistent with
another example embodiment of the present invention. The
circuit 400 is amenable to BCG acquisition from a weighing
scale. The strain gauges within a commercial scale, such as an
Omron HBF-500 scale, are arranged in a Wheatstone bridge
configuration. The bridge is excited by a dc voltage of +/-9V,
and the differential voltage across the bridge is amplified by
an instrumentation amplifier (the [T1167) which is
de-blocked using integrative feedback (LT1014C). The out-
put from this dc-blocked instrumentation amplifier stage is
then band-pass filtered and further amplified. The circuit gain
is 90 dB, with a bandwidth sufficient for high-resolution BCG
acquisition.

[0059] The specific circuit depicted by FIG. 4 is exemplary
of a number of different implementations that can be used to
provide similar functionality. As with other aspects of the
present invention, the various functionalities can be imple-
mented using combinations of general purpose computers
configured by specialized software, programmable logic
devices, discrete circuits/logic and combinations thereof.
[0060] The following description references various
Appendices submitted herewith, in connection with various
example embodiments. Each of these Appendices is fully
incorporated herein by reference.

[0061] Referring to Appendix A (Adaptive Cancellation of
Floor Vibrations), aspects of the present invention are
directed to adaptive cancellation of floor vibrations, as appli-
cable to one or more of the following exemplary embodi-
ments:

[0062] 1. An auxiliary sensor, such as a geophone or
accelerometer, is placed on the floor in close proximity
to aBCG sensor, such that it detects the vibrations of the
floor.

[0063] 2. An adaptive noise canceller is configured, with
aBCG signal as a primary input, and a secondary signal
as a reference input, to generate a system output that
includes a filtered BCG signal with the vibration arti-
facts removed.

[0064] 3. An adaptive canceller circuit is trained or oth-
erwise configured, before BCG measurements are taken
from a person, by placing weights on a scale that is used
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to capture a BCG signal. Using this approach, a BCG
component can be set to and any measured signal is
representative of floor vibrations. The measured signal
is thus used to identify floor vibrations and is used in
subsequent analysis. In some implementations, filter
coefficients are set based upon this measured vibration
signal, and is used to achieve a best least squares solu-
tion. The coefficients can then be stored as initial con-
ditions for an adaptive filter used in ensuing BCG mea-
surements, which can facilitate real-time adaptive
cancellation of floor vibrations without a long delay at
the beginning of the recording for the system to con-
verge.

[0065] 4. BCG signals are captured from a number of
subjects in a transport vehicle, clinic, or similar setting,
using a single auxiliary sensor as a floor vibration noise
reference for all BCG sensors. In one example involving
avehicle such as a bus, each seat is equipped witha BCG
sensor and a single sensor (e.g., geophone or accelerom-
eter) is placed on the floor, acting as a noise reference for
all of the BCG measurements. Each BCG sensor uses an
adaptive canceller, with an adaptive filter using a transfer
function relating to the noise reference pick-up of floor
vibrations to the pick-up of each individual BCG sensor.

[0066] Referring to Appendix B (IEEE EMBS 2009 Con-
ference Paper), aspects of the present invention are directed to
BCG signal estimation and to Cardiac Contractility Assess-
ment Using BCG, as applicable to one or more of the follow-
ing exemplary embodiments:

[0067] 1. A BCG “pulse response” is defined as a BCG
characteristic for each subject that may persist for a
longer time period than a single heartbeat. This pulse
response may, for example, include a mechanical
response of the arteries and body to the pulse of blood
ejected by the heart; these mechanical structures may
continue oscillating long after this initial pulse of blood,
causing the average BCG response to be longer in dura-
tion than a single heartbeat. In this context, the pulse
response is used in characterizing aspects of the subject
from which the BCG response is captured.

[0068] 2. ECG R-wave timing is used as a timing refer-
ence to compute a “short-window” ensemble average
BCG. This short-window average is then used to esti-
mate the amplitude of each BCG heartbeat for the entire
recording. BCG heartbeats are then re-segmented using
an ECG timing reference with a “long-window” process.
These long-window beats are then averaged after sub-
tracting surrounding beats from each BCG heartbeat,
yielding an interference-cancelled long-window BCG
pulse response.

[0069] 3. Damping of the mechanical afterwaves of a
BCG pulse response are used to characterize arterial
compliance (e.g., where less compliant arteries provide
less damping and can be characterized as such).

[0070] 4. The interval between the ECG R-wave and the
BCG J-wave (R-] interval) is inversely correlated to
changes in cardiac contractility. The R-J interval is used
to characterize the contractility, in which a higher con-
tractility leads to a lower R-J interval, and vice versa.

[0071] 5. The signal-to-noise ratio (SNR) of each heart-
beat is detected using normalized ensemble correlation
and, in some implementations, R-J intervals are disre-
garded for heartbeats with relatively lower SNR.
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[0072] 6. The time interval between the pre-ejection
period (PEP)and the R-J interval for each subject is used
to characterize arterial compliance. Less compliant
arteries are detected identified via shorter propagation
delay between the ejection of blood at the heart and a
mechanical wave detected at the feet of a subject (e.g., as
akin to a rigid pipe propagating an acoustic wave faster
than a compliant, soft pipe).

[0073] Referring to Appendix C (Foot EMG), aspects of the
present invention are directed to using a foot-based EMG
(BElectromyogram) signal, as applicable to one or more of the
following exemplary embodiments:

[0074] 1. Electromyogram (EMG) measurements taken
from the feet of a subject are used to detect (or flag)
motion artifacts in the BCG signal of a standing subject.
These artifacts are correspondingly used in processing
or otherwise presenting a BCG signal.

[0075] 2.EMG measurements are recorded from footpad
electrodes (e.g., as used for bioimpedance-based body-
fat measurements) of commercial weighing scales, and
correspondingly used for generating a BCG signal as
described herein.

[0076] 3. The moving root-mean-square (rms) power of
the EMG signal, from the feet, is used to determine
whether the motion of the subject is excessive. For
instance, detecting a relatively higher rms power of an
EMG can be used as an indication of an increase in
motion, and accordingly used in considering any mea-
surements (e.g., to throw out or otherwise diminish the
application of a particular signal).

[0077] 4. Time delays between an EMG signal and BCG
noise are corrected to correlate nose for effective noise
detection.

[0078] 5. The rms power of the EMG during each heart-
beat is used for generating a result using maximum
likelihood weighted averaging algorithms, in which a
weighted ensemble averaged BCG beat is computed by
weighting each heartbeat in the ensemble average higher
for lower rms EMG power and lower for higher rms
EMG power.

[0079] Referring to Appendix D (Robust BCG Acquisition
for Home Monitoring), aspects of the present invention are
directed to BCG acquisition at home, as applicable to one or
more of the following exemplary embodiments:

[0080] 1.ABCG signalisused in conjunction with body-
weight measurements on a scale that is also used for
monitoring the health of heart failure patients at home.
The BCG signal is used to provide a measure of changes
in perfusion by estimating changes in cardiac output;
bodyweight measurements can (e.g., simultaneously)
provide an estimate of congestion by evaluating weight
change due to fluid retention. Both of these measure-
ments can be combined to provide a desirable assess-
ment of a person’s cardiac health, since subjects can
have congestion without perfusion or perfusion without
congestion.

[0081] 2. Photoplethysmograph and ECG signals are
used for averaging or filtering a BCG signal, such as
obtained herein.

[0082] 3. Beat-by-beat BCG amplitude (J-wave) is used
to characterize the stroke volume for a particular beat to
which the wave applies.

[0083] 4. The ECG R-wave timing is used as a timing
reference to compute a “short-window” ensemble aver-
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age BCG. This short-window average is then used to
estimate the amplitude of each BCG heartbeat for the
entire recording. BCG heartbeats are then re-segmented
using the ECG timing reference, with a “long-window”
process. These long-window beats are then averaged
after subtracting surrounding beats from each BCG
heartbeat, yielding an interference cancelled long-win-
dow BCG pulse response.
[0084] Referring to Appendix E (Non-invasive cardiac out-
put trending using BCG), aspects of the present invention are
directed to non-invasive detection of cardiac output, as appli-
cable to one or more of the following exemplary embodi-
ments:

[0085] 1. Changes in the BCG rms power are detected
and correlated to changes in cardiac output.

[0086] 2. A single measurement is taken using a gold
standard clinical technique (e.g., Doppler ultrasound) to
calibrate the rms power of a subject to the subject’s
cardiac output. This baseline value is stored in (or acces-
sible to) the device taking BCG measurements, and the
baseline value is used to convert subsequent measure-
ments to absolute measurements of cardiac output.

[0087] 3. A circuit such as shown in FIG. 2 of Appendix
E is used for BCG acquisition, in connection with vari-
ous example embodiments.

[0088] 4. BCG measurements taken regularly over time
and compared to a baseline measurement, such as dis-
cussed above, and used to identify therapeutic decisions
such as diuretic dosage and others.

[0089] 5. BCG measurements are taken before and after
exercise, and features of the signal (such as rms power)
are compared to diagnose diseases and/or conditions.
For example, a heart failure patient may not see an
increase in rms BCG power after exercise, whereas a
healthy person certainly would; detecting rms BCG
power can be used to identify relative heart conditions.

[0090] Referring to Appendix F (Valsalva Paper), aspects
of the present invention are directed to using a Valsalva
maneuver, as applicable to one or more of the following
exemplary embodiments:

[0091] 1.BCG measurements aretaken during a Valsalva
maneuver to elicit various expected reflexes from the
cardiovascular system. A response to the Valsalva
maneuver can be used to diagnose diseases or condi-
tions. For example, a patient with prior myocardial inf-
arction may not see increased BCG amplitude after
releasing the strain, whereas a healthy subject certainly
does. BCG amplitude can thus be monitored and used to
identify such conditions.

[0092] 2.Forcases when asimultaneous ECG is unavail-
able, a BCG J-wave rise time is used as an indication of
changes in cardiac contractility.

[0093] 3. A frequency domain analysis of a BCG signal
is performed and used to provide indications of the state
of cardiac contractility, by examining the ratio of high-
frequency to low-frequency power in the power spectral
density of the BCG.

[0094] Referring to Appendix G (Two Electrode Biosignal
Amplifier for ECG Measurement), aspects of the present
invention are directed to measuring an ECG, as applicable to
one or more of the following exemplary embodiments:

[0095] 1. An ECG is measured in “current-mode” using
a transimpedance amplifier front-end, which leads to a
low differential input impedance, and mitigates micro-
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phonic cable noise that can occur due to the movement
of the cables during acquisition.

[0096] 2. Current feedback is delivered to an input tet-
minal using a non-inverting integrator sensing low-fre-
quency variations in an output signal, and used to stabi-
lize common-mode voltage at the input and prevent
amplifier saturation and other undesirable, commonly-
encountered problems in two-electrode (as opposed to
typical three-electrode) ECG recordings.

[0097] 3. A micro-power op-amp is used with the band-
width boosted by a composite amplifier design, facili-
tating desirable current consumption (e.g., about 3.9
micro-Amps), such that a battery could operate the
device continuously for years.

[0098] 4. A lead-capacitor is used in the first stage of a
composite amplifier to set a second-order sharper roll-
off in the overall closed-loop response of the circuit,
facilitating a greater degree of attenuation at the Nyquist
frequency for sampling in analog-to-digital conversion
of the signal.

[0099] 5. A resistor is placed at a non-inverting terminal
of an input op-amp, connecting this terminal to ground,
matching the common-mode input impedances at the
two input terminals. This approach can be used, for
example, to facilitate an optimized (e.g., desirable) com-
mon-mode rejection ratio.

[0100] 6. An ECG circuit is embedded in the handlebar
electrodes of a commercial weighing scale to provide an
R-wave timing reference for BCG signal averaging.

[0101] 7. An ECG circuit is used for acquiring other
biomedical signals, such as electroencephalogram
(EEG) signals from the scalp.

[0102] The various embodiments described above are pro-
vided by way of illustration, and should not necessarily be
construed to limit the invention. Based on the above discus-
sion, those skilled in the art will readily recognize that various
modifications and changes may be made to the present inven-
tion without strictly following the exemplary embodiments
and applications illustrated and described herein. For
example, algorithms, calibration, and verification methods
developed for this system can be used for any BCG measure-
ment system including beds and tables. Other scale configu-
rations, such as a seated or prone configuration, with the scale
held vertically or at other relative angles. Custom strain
gauges can be used in lieu of a scale interfaced to the similar
electronics as discussed herein. Several alternative electron-
ics configurations are used for various embodiments, some of
which may include lock-in based circuits. Multiple scales can
be used to mitigate or eliminate noise, such as by placing a
scale can be placed under each leg of a chair-based circuit,
and by constructing a larger bridge circuit. A number of
exemplary and experimental implementations are discussed
in detail in the appendices attached in the above-referenced
provisional application, which are fully incorporated herein.
The teachings of this disclosure include those teachings
found in the appendices (A-G) for much of the above-noted
discussion of example embodiments, and the various teach-
ings can be implemented either alone or in combination with
one another. The skilled artisan would appreciate the contem-
plated context of the teachings found in the appendices, e.g.,
in light of overlapping technical discussion. These and other
modifications and changes do not depart from the true spirit
and scope of the present invention.
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What is claimed is:
1. A method comprising:
providing ballistocardiogram (BCG) measurements from a
user while the user is standing on a BCG device;

sensing and capturing information, including signals
indicative of physical movement of the user while the
user is standing on the BCG device, and providing there-
from captured signals, wherein the signals are indicative
of and attributable to noise or interference that is present
in the BCG measurements while the user is standing on
the BCG device; and

using a processor circuit to perform a step of assessing the

signals, which are indicative of the physical movement
of the user while the user is standing on the BCG device,
as a function of the captured signals; and

in response to the step of assessing the signals, providing

filtered or gated recordings of the BCG measurements
for BCG diagnostics information.

2. The method of claim 1, wherein the step of sensing and
capturing information includes generating information for
executing a transform function, and further including execut-
ing the transform function before providing the filtered or
gated recordings of the BCG measurements.

3. The method of claim 1, wherein sensing and capturing
information includes using an electromyogram (EMG) sen-
sor that detects motion of the user while the user is standing
on the BCG device.

4. The method of claim 1, wherein sensing and capturing
information includes using a foot-to-foot electrocardiogram
(ECG) sensor.

5. The method of claim 1, wherein sensing and capturing
information includes using an optical plethysmograph.

6. The method of claim 1, wherein sensing and capturing
information includes using an accelerometer arranged to be
affixed to the body of the user.

7. The method of claim 1, wherein sensing and capturing
information includes using a vibration sensor placed in close
proximity to the BCG device.

8. The method of claim 1, wherein sensing and capturing
information includes using a foot-to-foot impedance cardio-
gram sensor.

9. The method of claim 1, further including, through use of
the processor circuit, performing a heart rate-triggered
ensemble averaging of the information.

10. The method of claim 1, further including, through use
of the processor circuit, performing an adaptive noise cancel-
lation by using the signals, which are indicative of the physi-
cal movement of the user or floor vibrations while the user is
standing on the BCG device, as a noise reference.

11. The method of claim 1, further including performing
adaptive signal enhancement by using at least two sensors
that are configured and arranged to capture signals from the
user while the user is standing on the BCG device, to enhance
the quality of the measured BCG.

12. The method of claim 1, further including calibrating
BCG measurements from the user by

from the user, recording a BCG signal indicative of

mechanical output of the heart of the user that has been
distorted by the user’s tissues and structure of the body
and a measurement apparatus used for the step of pro-
viding BCG measurements;

obtaining additional information about the recorded BCG

signal, indicative of distortion caused by propagation of
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a signal sensed relative to a first location proximate the
heart of the user to a second location distal to the first
location

using the additional information to provide the BCG diag-

nostics information.

13. A method comprising:

providing BCG measurements from a user standing while

the user is standing on a BCG device that includes a
foot-to-foot sensor;
sensing and capturing information, including signals
indicative of physical movement of the user while the
user is standing on the BCG device, and providing there-
from captured signals, wherein the signals are indicative
of and attributable to noise or interference that is present
in the BCG measurements while the user is standing on
the BCG device, and generating information from the
information for executing a transform function; and

using a processor circuit to perform a step of assessing the
signals, which are indicative of the physical movement
of the user while the user is standing on the BCG device,
as a function of the captured signals and, in response,
providing filtered or gated recordings of the BCG mea-
surements for BCG diagnostics information, wherein
the step of assessing the signals includes executing the
transform function to provide filtered or gated record-
ings of the BCG measurements.

14. The method of claim 13, wherein sensing and capturing
information includes using an electromyogram (EMG) sen-
sor that detects motion of the user while the user is standing
on the BCG device.
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