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Toward Continuous, Noninvasive Assessment
of Ventricular Function and Hemodynamics:

Wearable Ballistocardiography
Andrew D. Wiens, Student Member, IEEE, Mozziyar Etemadi, Student Member, IEEE, Shuvo Roy, Member, IEEE,

Liviu Klein, and Omer T. Inan, Member, IEEE

Abstract—Ballistocardiography, the measurement of the reac-
tion forces of the body to cardiac ejection of blood, is one of the few
techniques available for unobtrusively assessing the mechanical
aspects of cardiovascular health outside clinical settings. Recently,
multiple experimental studies involving healthy subjects and sub-
jects with various cardiovascular diseases have demonstrated that
the ballistocardiogram (BCG) signal can be used to trend cardiac
output, contractility, and beat-by-beat ventricular function for ar-
rhythmias. The majority of these studies has been performed with
“fixed” BCG instrumentation—such as weighing scales or chairs—
rather than wearable measurements. Enabling wearable, and thus
continuous, recording of BCG signals would greatly expand the ca-
pabilities of the technique; however, BCG signals measured using
wearable devices are morphologically dissimilar to measurements
from “fixed” instruments, precluding the analysis and interpre-
tation techniques from one domain to be applied to the other.
In particular, the time intervals between the electrocardiogram
(ECG) and BCG—namely, the R–J interval, a surrogate for mea-
suring contractility changes—are significantly different for the ac-
celerometer compared to a “fixed” BCG measurement. This paper
addresses this need for quantitatively normalizing wearable BCG
measurement to “fixed” measurements with a systematic experi-
mental approach. With these methods, the same analysis and in-
terpretation techniques developed over the past decade for “fixed”
BCG measurement can be successfully translated to wearable
measurements.

Index Terms—Accelerometer, ballistocardiogram, home health
monitoring, wearable health technology.

I. INTRODUCTION

CARDIOVASCULAR disease (CVD) represents one of the
biggest challenges facing our society today, and in the
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coming decades. In 2013, CVD accounted for one in four deaths
in the U.S., and afflicted more than 1 in 3 people [1]; by 2030,
the American Heart Association (AHA) projects that 40.5%
of Americans will suffer with CVD and the projected medical
costs will exceed $800 billion [2]. At the same time, in the
coming years, there is a projected shortage in the number of
healthcare providers both in the U.S. and worldwide [3]–[5].
The combination of increasing numbers of patients with CVD,
increasing medical costs related to CVD, and decreasing number
of providers can only be addressed by dramatic changes in the
way that care is delivered [6].

Home monitoring of cardiovascular health represents a viable
alternative to the current model of reactive CVD management
[6]–[9]. Actionable solutions for physiological monitoring at
home that capture the complexity required for titrating care
could greatly reduce healthcare costs, improve the effective-
ness of the therapy by better addressing the changing needs of
the patients, and empower the patients against their diseases by
enabling them with information regarding their physiological
state. These home monitoring technologies must be unobtru-
sive, inexpensive, accurate, and robust, and, most importantly,
must provide sufficiently comprehensive information about the
person’s health such that therapies can be adjusted based on
valid physiological relationships.

In terms of monitoring CVD at home, such a comprehensive
assessment would require information regarding both the electri-
cal and mechanical aspects of cardiovascular function. However,
current technologies for unobtrusively assessing the mechani-
cal aspects are greatly limited, and in general not amenable for
home use [10]. Ballistocardiography (BCG), the measurement
of the mechanical forces of the body in reaction to cardiac ejec-
tion of blood [11]–[13], has shown promise in recent studies for
offering a possible solution to this technological need. Robust
BCG measurements have been demonstrated using beds [14],
[15], chairs [16], and modified home weighing scales [13], and
were shown to correlate strongly to changes in cardiac output
[10], contractility [17], [18], and beat-by-beat left ventricular
function [13]—all three of these representing central aspects of
mechanical function.

Continuous measurement of BCG signals using a wearable
device would greatly enhance the capabilities of the technique
for assessing cardiovascular health at home. If BCG signals
were continuously obtained throughout the day and night, then
specific responses of cardiac output and contractility to pertur-
bations such as ambient temperature [19], posture [20], activity
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[21], and sleep [22] could be gathered, and a more compre-
hensive picture of the person’s cardiovascular health could be
obtained. Accordingly, researchers have developed wearable
systems based on miniature accelerometers to attempt to mea-
sure BCG signals continuously [23], [24]. However, since the
morphology and timing of these signals are significantly dif-
ferent from BCG signals measured using the weighing scale
[25], or other historical techniques such as the Starr Table [11],
the analysis and interpretation techniques developed for BCG
signals should not directly be applied to these wearable accel-
eration measurements. For example, while the time interval be-
tween the electrocardiogram (ECG) R-wave peak and the BCG
J-wave peak—the R–J interval—was typically 250 ms for a
healthy adult [17] measured with the static-charge-sensitive bed
apparatus, and ranged from 203–290 ms for 92 healthy subjects
participating in a study with the weighing scale system [26],
for the accelerometer-based wearable system the R–J interval
was found to be between 150–180 ms [23]. Similar results were
found by Wiard et al., with an accelerometer-based BCG system
where the R–J interval was 133 ms [27].

Cardiac timing measurements such as the R–J interval are
clinically important for a number of reasons. Calcium ions reg-
ulate contractility and relaxation of the heart, and recycling of
these ions controls the timing of cardiac events. Regulation of
calcium ions is thus critically important in mechanical dysfunc-
tion and arrhythmia [28]. Since cardiac timing exhibits millisec-
ond precision, it is a good measure of myocardial cellular health,
and irregularities in timing measurements are generally the first
indication of problems in cardiac performance [29].

This paper builds on preliminary results from [30], and
presents a systematic approach for elucidating the relationship
between these surface vibrations of the body in the head-to-foot
direction, and the movements of the whole body as measured
by the BCG-equipped weighing scale. Additionally, a method-
ology is proposed for mathematically converting the wearable
acceleration signals to BCG signals such that the same analy-
sis and interpretation tools can be used for both measurements.
Finally, to the best of our knowledge, this represents the first
high-resolution (low electronic noise) measurements of the sur-
face accelerations of the body related to the heartbeat with a low
weight accelerometer which will minimally load the measure-
ment in the transverse direction.

II. METHODS AND DESIGN APPROACH

A. Hardware Design and Data Collection

This study was conducted under a protocol reviewed and
approved by the Georgia Institute of Technology Institutional
Review Board. All subjects provided informed consent before
experimentation. Fifteen healthy subjects were recruited for this
study, including ten men and five women with ages ranging from
22 to 57. Similar to other studies in the existing literature, each
subject served as his or her own control since relationships
between measurements made on the same individuals were ex-
amined [31]–[33].

Fig. 1 shows the block diagram of the measurement hard-
ware and setup, as well as representative signals measured from

one subject. As shown in Fig. 1(a), a custom circuit was built
and implanted in the modified home weighing scale (BC534,
Tanita Corporation, Tokyo, Japan) to interface to the strain
gauge bridge in the scale and measure the fluctuations in body-
weight caused by the heartbeat—the head-to-foot BCG sig-
nal. An ultralow noise integrated bridge amplifier and 24-bit
sigma-delta analog-to-digital converter (AD7191, Analog De-
vices, Norwood, MA, USA) was used to amplify this differential
signal from the strain gauge bridge, and the digitized output was
connected to the input port of a microcontroller (1284P, Atmel
Corporation, San Jose, CA, USA). The digitized signal, sam-
pled at 120 Hz, was then wirelessly transmitted to the computer
using Bluetooth and stored for postprocessing and analysis. For
further details on the BCG measurement hardware the reader is
referred to previous work [13].

The ECG recordings were measured by the BN-EL50 wire-
less ECG measurement module (BIOPAC Systems, Inc., Goleta,
CA, USA) with the Ag/AgCl surface electrodes configured for
a modified Lead II measurement. The ECG data were transmit-
ted wirelessly from this module to the data acquisition system
(MP150WSW, BIOPAC Systems, Inc., Goleta, CA), where they
were sampled at 1 kHz and stored on the computer.

While the subjects stood on the weighing scale and the BCG
and ECG were recorded, the surface acceleration signals in the
head-to-foot direction were measured using a small, ultralow
noise accelerometer (356A32, PCB Piezotronics, Depew, NY,
USA) attached to various locations on the torso. This accelerom-
eter was selected based on its low spot noise (20 μgrms /�Hz
at 10 Hz) and total noise (300 μgrms for a bandwidth of 1–
10 000 Hz), wide signal bandwidth (0.7–5000 Hz, ±1 dB), and
its relatively small size (11.4 mm cubed) and low weight (5.4 g).
In contrast to micromachined (microelectromechanical systems,
MEMS) accelerometers used in previous studies, the self-noise
was several times lower: the LIS344ALH (ST Microelectron-
ics, Geneva, Switzerland) accelerometer used in previous stud-
ies [24], [34] represents the lowest noise MEMS accelerome-
ter available, with a self-noise of 350 μgrms for a bandwidth
of 1–50 Hz compared to the 60 μgrms for the 356A32 used
here. Compared to other instrumentation-grade accelerometers
used in previous work, the weight of our accelerometer was 8x
lower, as was the volume: the 4381 (Bruel & Kjaer, Naeurum,
Denmark) piezoelectric accelerometer used previously [35],
[36] weighs 43 g and is a 20.5 mm diameter × 23.6 mm height
cylinder compared to the 5.4 g weight and 11.4-mm-cubed di-
mensions of the sensor used here.

These choices of accelerometers for previous studies have
been driven by the fact that the analysis was focused primarily
on dorso-ventral components of cardiogenic surface accelera-
tions of the torso, as compared to head-to-foot components. The
dorso-ventral components are larger in amplitude, and, due to
the measurement direction being perpendicular to the wall of
the chest, mechanical loading of the skin by the sensor would
be of less concern. Since our study focuses on head-to-foot ac-
celerations, and the subjects are standing upright, the loading of
the skin by a heavy accelerometer would be of great concern,
as would an elevated sensor noise floor compromising the ac-
curacy of our measurements. Based on these aspects, we argue
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Fig. 1. (a) Block diagram of measurement setup showing three main accelerometer placement locations analyzed in this paper, after [30]. (b) Representative
electrocardiogram (ECG), head-to-foot acceleration (ACC), second-derivative of the ballistocardiogram (d2(BCG)/dt2), and ballistocardiogram (BCG) measure-
ments from one subject. For this recording, the accelerometer was placed on the subject’s sternum. The time delays from the ECG R-wave to the main peak of the
acceleration and second-derivative BCG signals were identical, at 149 ms, while the time delay from the ECG R-wave to the BCG J-wave peak (R-J interval) was
228 ms, consistent with physiological expectations.

that the waveforms presented in this paper, are the closest repre-
sentation of the actual surface accelerations in the head-to-foot
direction, of high-signal quality as shown in Fig. 1(b), and are
the most appropriate surface measurements for comparison to
BCG recordings from the weighing scale system.

B. BCG, ECG, and Accelerometer Signal Processing

The signal processing consisted of preprocessing for reducing
electronic noise, baseline wander, and motion artifacts in the
signals, and feature extraction from the BCG and acceleration
signals. The feature extraction operations are summarized in the
block diagram shown in Fig. 2.

The ECG signal was digitally band-pass filtered (Finite im-
pulse response, FIR, Pass-band: 15-25 Hz, Kaiser window) to
extract the QRS complexes, then a simple automatic peak detec-
tion algorithm was employed and checked manually to find the
R-wave timings. The BCG was band-pass filtered (FIR, Pass-
band: 0.8–15 Hz, Kaiser window) to remove baseline wander
and high-frequency noise, as was the acceleration signal (Infinite
impulse response, IIR, Pass-band: 1–15 Hz, Butterworth). Using
the R-wave peaks as a fiduciary point, the BCG and acceleration
waveforms were then segmented with a window extending from
each R-wave peak timing Ri to Ri + 700 ms. The ensemble av-
erages were then computed from these segmented heartbeats.
The acceleration ensemble average was then double integrated
using a twice-repeated sequence of trapezoidal integration and
low-order polynomial-fitting-based baseline wander estimation
and subsequent removal. For each subject, and each location on
the torso, a normalized residual rms error was then found from
the double-integrated acceleration signal compared to the BCG,

with a scaling factor first determined based on the ratio of the
maximum absolute value amplitude of the signals; a correlation
coefficient was also computed.

The R–J interval was calculated for the weighing-scale BCG
signal by finding the elapsed time between the previous ECG
R-wave peak and the global maximum in the first 400 ms of the
BCG ensemble average. The 400-ms window was chosen based
on physiological expectations and previous values for normal
R–J intervals from the existing literature. The interval between
the ECG R-wave and the maximum peak of the vibration signal
was measured for the head-to-foot accelerometer signal, and
the double-integral of the acceleration, as follows. In our initial
observations of the double-integrated acceleration signals, we
noticed that simply using the global maximum over the full win-
dow created errors in J-wave peak detection due to the double
integration operation amplifying low-frequency noise.

One source of low-frequency noise is motion or postural sway
of the subject. It is known that the standing BCG is more prone
to noise from subject motion than stationary techniques such as
bed- and chair-based BCG methods where the subject is either
supine or seated [16], [37]. Techniques have been developed
to reduce this noise in the standing BCG using electromyo-
gram (EMG) signals from the feet as a measure of lower body
muscle contraction and relaxation [25], [38]. Other sources of
noise affecting the measurement include low-frequency electri-
cal noise. The low-frequency parasitic components from these
various sources were shaped by the double integration.

As a result, we created a simple algorithm to find the clos-
est large peak to the actual BCG J peak rather than the global
maximum. To achieve this, first the indices of all local maxima
were located in the first 400 ms of the acceleration ensemble
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Fig. 2. Block diagram describing the signal processing methods for estimating
the normalized residual (a), and the R–J interval (b) from the double-integrated
acceleration and BCG signals (c).

average. Then, the acceleration ensemble average was offset
with a positive dc bias and multiplied by a Gaussian window
function centered on the true J-wave peak. This signal was eval-
uated at the samples corresponding to the local maxima and the
absolute maximum among them was selected as the best esti-
mate for the J-wave peak. In this way, the estimated J-wave peak
was located with preference first to peaks that were closest to the
true J-wave peak and then for peaks that were large. A large peak
in the acceleration signal that was slightly farther from the true
J peak will be selected over a much smaller peak closer to the
true J-wave with the width of the Gaussian window function de-
termining the balance between peak size and distance from true
J-wave. Additionally, an analysis of these error metrics against
heart rate was performed, and no significant correlations were
found.

C. Experiments and Statistical Analysis

For one subject with representative acceleration and BCG
waveform amplitude and morphology, we measured triaxial ac-

celeration signals from several locations on the torso and head
and plotted them for visual analysis and comparison.

For all subjects, we measured the head-to-foot accelerations
at three locations—sternum, point of maximal impulse (PMI),
and lower back (center of mass, COM)—simultaneously with
the ECG and BCG. We determined the best location for each
subject based on the lowest normalized residual and the highest
correlation coefficient. We assessed the statistical significance
(at the p < 0.05 level) of the differences in both normalized
residuals and correlation coefficients for the different locations
for all subjects using Student’s t-test. For the R–J intervals,
we used Bland–Altman methods [39] to assess the agreement
between the two accelerometer-derived R–J intervals (one from
the acceleration signal itself, and one from the double-integrated
acceleration signal) and the BCG-derived “gold” standard R–J
interval. We compared the bias and confidence interval for both
of these techniques, and determined whether or not a body-
worn accelerometer combined with ECG could yield an accurate
estimate of the R–J interval.

III. RESULTS

A. Influence of Sensor Placement on Signal Morphology
and Timing: Results From One Subject

The ensemble averaged acceleration waveforms in all three
axes—with x as lateral, y as dorso-ventral, and z as head-to-foot
directions—are shown in Fig. 3 alongside the simultaneously
acquired ECG and BCG signals for one subject. Note that the
head-to-foot acceleration is greatest at the PMI, and decreases at
the sternum and lower back. For the dorso-ventral direction, the
time delay between the ECG R-wave and the largest negative
peak in the acceleration waveform is shortest at the sternum,
and the PMI, then longest at the lower back. The recording
from the ear appears to be the smallest in terms of peak-to-peak
accelerations, and is delayed in time compared to the sternal
signal.

B. Statistical Results From All Subjects

Table I shows the normalized residual and correlation coef-
ficient values for all subjects for the three positions. The po-
sition with the lowest residual is denoted by an asterisk (∗),
and the position with the highest correlation coefficient by a
dagger (†). The PMI was the best location in terms of low-
est residual and highest correlation coefficient for only three
of the fifteen subjects; the lower back was the best location in
terms of lowest residual for three of fifteen subjects, but high-
est correlation coefficient for six subjects. The sternum was the
best location of the three, with significantly lower normalized
residual compared to the PMI and lower back for the over-
all subject population (p < 0.05). Considering only the results
from the best of three locations for all subjects, the average
(±σ) normalized residual and correlation coefficient are 0.83
(±0.22) and 0.83 (±0.07). Finally, following the trend shown in
Fig. 3 for one subject, the peak-to-peak acceleration amplitude
was significantly (p = 0.01) highest on average for all subjects
with the sensor placed at the PMI (61.3 ± 26.8 mg), then the
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TABLE I
RESULTS FOR ALL SUBJECTS

Demographics Sternum PMI Lower Back HR

Ht. Wt. Age Norm. Corr. Num. Norm. Corr. Num. Norm. Corr. Num. Avg.
Subject Gdr. (cm) (kg) (yrs) Resid. Coef. Beats Resid. Coef. Beats Resid. Coef. Beats BPM σ

1 M 178 60 23 1.07 0.60 88 0.94∗ 0.76† 82 1.30 0.50 87 72.7 5.2
2 M 175 69 22 1.25 0.44 81 1.19∗ 0.73† 78 1.55 0.72 87 76.7 5.0
3 F 160 49 22 1.08 0.67 63 1.54 0.74 59 1.03∗ 0.76† 73 83.6 4.7
4 M 185 105 22 0.83 0.68 77 1.01 0.85 86 0.72∗ 0.87† 85 90.7 3.4
5 M 196 98 23 0.92∗ 0.64 82 1.31 0.74 63 1.24 0.78† 42 84.8 3.4
6 M 178 89 32 0.86∗ 0.76 77 1.19 0.56 77 0.92 0.82† 77 77.9 3.0
7 M 185 73 23 0.83 0.80 101 1.08 0.74 94 0.70∗ 0.88† 101 72.3 3.7
8 F 172 52 37 1.00∗ 0.72† 56 1.36 0.59 59 1.13 0.70 53 78.7 4.6
9 M 180 85 26 0.57∗ 0.91† 59 0.92 0.72 60 0.69 0.85 65 88.1 5.7
10 F 165 53 48 0.63∗ 0.81† 23 1.44 0.69 52 0.79 0.73 43 100.6 5.9
11 M 182 85 37 0.58∗ 0.89† 68 1.14 0.85 70 0.98 0.78 65 100.0 5.8
12 F 165 53 22 0.77∗ 0.84 67 1.45 0.92† 72 1.19 0.66 69 97.8 5.3
13 F 160 61 57 1.34 0.74† 63 1.23∗ 0.40 66 1.27 0.37 68 97.4 4.1
14 M 180 78 32 0.75∗ 0.78 55 1.22 0.45 63 1.04 0.87† 65 90.6 4.6
15 M 173 68 24 0.51∗ 0.91† 85 0.87 0.74 78 1.20 0.82 81 87.4 4.3
Avg. – 175.6 71.9 30 0.87∗ 0.75† 69.7 1.19 0.7 70.6 1.05 0.74 70.7 86.6 4.6
σ – 10.1 17.7 10.7 0.25 0.13 18.4 0.2 0.14 11.7 0.25 0.14 16.5 9.6 0.92
Min – 160 49 22 0.51 0.44 23 0.87 0.4 52 0.69 0.37 42 72.3 3
Max – 196 105 57 1.34 0.91 101 1.54 0.92 94 1.55 0.88 101 100.6 5.9

Fig. 3. Ensemble averaged ECG and BCG (top), and triaxial acceleration
waveforms for one subject with the accelerometer placed at the sternum, PMI,
lower back (COM), and ear. All signals are shown on the same x-axis (time),
the ECG and BCG scale bars are shown for their respective amplitudes, and the
10 mg amplitude scale bar applies to all acceleration signals.

sternum (32.6 ± 12.6 mg), then the back (16.3 ±10.5 mg), and
the minimum location occurred significantly later (p < 0.05) in
the cardiac cycle at the lower back (224.0 ± 35.8 ms) compared
to the sternum (176.2 ± 81.1 ms).

C. R–J Interval Comparisons

Fig. 4 shows three Bland–Altman plots of agreement between
the “gold” standard R–J interval measurement (the interval be-
tween the ECG R-wave and the weighing scale BCG J-wave) and
the acceleration or double-integrated acceleration waveforms
from all three locations on the body. With the accelerometer
located at the sternum or lower back, the R–J interval derived
using the double-integrated acceleration signal showed good
agreement with the weighing scale. The best location for R–
J interval estimation was found to be the lower back, with a
bias of −3.9 ms and a confidence interval of ±30 ms. Using
the acceleration waveform itself provided poor agreement with
weighing scale R–J intervals, with both a large bias and wide
confidence interval.

IV. DISCUSSION

The results show that although a body-mounted accelerometer
can be used for BCG measurement, the acceleration waveform
itself should not be interpreted using standard BCG nomen-
clature or feature extraction techniques. Rather, a simple en-
semble averaging and double integration operation can be used
to transform the acceleration waveform into a COM BCG sig-
nal, from which standard BCG feature extraction techniques can
be applied. Additionally, although accelerations measured at the
PMI have the largest amplitude—and thus the highest electronic
signal-to-noise ratio (SNR)—the PMI is the worst location for
both matching the BCG signal morphology and for extracting
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Fig. 4. Bland Altman plots showing agreement between ECG R-wave to BCG
J-wave intervals derived from the weighing scale BCG signal (“gold” standard)
compared to corresponding R–J intervals derived from the acceleration and
double-integrated acceleration waveforms measured at the sternum, PMI, and
lower back. For each location, the confidence intervals (95%) are also plotted for
each estimate, and the bias ± confidence interval are shown. The best agreement
was found in the lower back measurement, after taking the double integral
of the head-to-foot acceleration waveform. Using the acceleration waveform
itself always resulted in poorer bias and confidence interval for R–J interval
estimation.

the R–J interval feature. This reinforces the importance of
optimizing physiological sensing systems and approaches based
on the physiology and findings from human subjects studies,
rather than using engineering principles alone.

The best location for placing the accelerometer for wearable
BCG measurements is subject dependent, indicating that for
optimal results an initial calibration step may be needed. For
example, a subject could stand on the BCG-equipped weigh-
ing scale while wearing an accelerometer on the torso, and
the transfer function between the measurements could be mod-
eled mathematically. For most measurements, the sternum is
the best location for mounting the sensor, as it produced the
lowest average residual (best morphological match) compared
to the COM BCG and accurate R–J interval feature extraction.
For applications requiring best timing precision in assessing the
R–J interval, the lower back placement should be used: this po-
sitions the accelerometer as closely as possible to the COM of
the person, thus closely mirroring the COM movements which
are measured with the scale.

Finally, these results suggest that in addition to the hemody-
namic components at the origin of these low frequency (<20 Hz)
vibration signals of the torso, there are other components that
are localized at the heart: for example, the movement of the heart
itself. This has been suggested previously in the existing liter-
ature [40], and is now further reinforced by these experimental
results.

V. CONCLUSION

This paper presents a novel methodology that can be used
to extract clinically relevant BCG features based on accelera-
tion measurements from different locations on the torso, and
provides promising evidence for these methods based on pre-
liminary findings from human subjects studies. The proposed
methodology can potentially reduce some of the confusion in
the scientific community regarding the relationship between tra-
ditional “fixed” BCG measurements and wearable BCG mea-
surements, and reiterates the importance of sensor placement
for interpreting results.

While the results of this study appear promising, a few
limitations should be mentioned. Although double integration
improved the accuracy of the R–J interval measurement, and
therefore, the measurement of changes in contractility, this
method has not been validated for patients with heart failure
or other cardiac abnormalities. Additionally, the standing BCG
method used in this study can exhibit more noise from motion
and postural sway than BCG methods for which the patient is
seated or supine. In future work, the ability to track hemody-
namic and timing interval modulation during exercise or other
physiological changes will be quantified.

REFERENCES

[1] A. S. Go, D. Mozaffarian, V. L. Roger, E. J. Benjamin, J. D. Berry,
M. J. Blaha, S. Dai, E. S. Ford, C. S. Fox, S. Franco, H. J. Fullerton, C.
Gillespie, S. M. Hailpern, J. A. Heit, V. J. Howard, M. D. Huffman, S. E.
Judd, B. M. Kissela, S. J. Kittner, D.T. Lackland, J. H. Lichtman, L. D.
Lisabeth, R. H. Mackey, D. J. Magid, G. M. Marcus, A. Marelli, D. B.
Matchar, D. K. McGuire, E. R. Mohler, 3rd, C. S. Moy, M. E. Mussolino,
R. W. Neumar, G. Nichol, D. K. Pandey, N. P. Paynter, M. J. Reeves, P.
D. Sorlie, J. Stein, A. Towfighi, T. N. Turan, S. S. Virani, N. D. Wong, D.
Woo, and M. B. Turner, “Heart disease and stroke statistics—2014 update:
A report from the American heart association,” Circulation, vol. 129,
pp. e28–e292, 2014.

[2] P. A. Heidenreich, J. G. Trogdon, O. A. Khavjou, J. Butler, K. Dracup, M.
D. Ezekowitz, E. A. Finkelstein, Y. Hong, S. C. Johnston, A. Khera, D.
M. Lloyd-Jones, S. A. Nelson, G. Nichol, D. Orenstein, P. W. F. Wilson,
and Y. J. Woo, “Forecasting the future of cardiovascular disease in the
united states: A policy statement from the American heart association,”
Circulation, vol. 123, pp. 933–944, Mar. 1, 2011.

[3] R. A. Cooper, T. E. Getzen, H. J. McKee, and P. Laud, “Economic and de-
mographic trends signal an impending physician shortage,” Health Affairs,
vol. 21, pp. 140–154, Jan. 1, 2002.

[4] J. Buchan, “Nurse migration and international recruitment,” Nursing In-
quiry, vol. 8, pp. 203–204, 2001.

[5] P. I. Buerhaus, D. O. Staiger, and D. I. Auerbach, “Implications of
an aging registered nurse workforce,” J. Amer. Med. Assoc., vol. 283,
pp. 2948–2954, 2000.

[6] G. Pare, M. Jaana, and C. Sicotte, “Systematic review of home telemon-
itoring for chronic diseases: The evidence base,” J. Amer. Med. Assoc.,
vol. 14, pp. 269–277, 2007.

[7] L. R. Goldberg, J. D. Piette, M. N. Walsh, T. A. Frank, B. E. Jaski,
A. L. Smith, R. Rodriguez, D. M. Mancini, L. A. Hopton, E. J. Orav,
and E. Loh, “Randomized trial of a daily electronic home monitor-
ing system in patients with advanced heart failure: The weight mon-
itoring in heart failure WHARF) trial,” Amer. Heart J., vol. 146,
pp. 705–712, 2003.

[8] T. G. Pickering, N. H. Miller, G. Ogedegbe, L. R. Krakoff, N. T. Artinian,
and D. Goff, “Call to action on use and reimbursement for
home blood pressure monitoring: A joint scientific statement from
the American heart association, American society of hyperten-
sion, and preventive cardiovascular nurses association,” Hypertension,
vol. 52, pp. 10–29, Jul. 1, 2008.



WIENS et al.: TOWARD CONTINUOUS, NONINVASIVE ASSESSMENT OF VENTRICULAR FUNCTION AND HEMODYNAMICS 1441

[9] M. A. Konstam, “Home monitoring should be the central element in
an effective program of heart failure disease management,” Circulation,
vol. 125, pp. 820–827, Feb. 14, 2012.

[10] O. T. Inan, M. Etemadi, A. Paloma, L. Giovangrandi, and G. T. A. Kovacs,
“Non-invasive cardiac output trending during exercise recovery on
a bathroom-scale-based ballistocardiograph,” Physiol. Meas., vol. 30,
pp. 261–274, 2009.

[11] I. Starr, A. J. Rawson, H. A. Schroeder, and N. R. Joseph, “Studies on
the estimation of cardiac output in man, and of abnormalities in cardiac
function, from the heart’s recoil and the blood’s impacts; the ballistocar-
diogram,” Amer. J. Physiol., vol. 127, pp. 1–28, 1939.

[12] H. R. Brown, Clinical Ballistocardiography. New York, NY, USA:
Macmillian, 1952.

[13] O. T. Inan, M. Etemadi, R. M. Wiard, L. Giovangrandi, and G. T. A.
Kovacs, “Robust ballistocardiogram acquisition for home monitoring,”
Physiol. Meas., vol. 30, p. 169, 2009.

[14] B. H. Jansen, B. H. Larson, and K. Shankar, “Monitoring of the ballis-
tocardiogram with the static charge sensitive bed,” IEEE Trans. Biomed.
Eng., vol. 38, no. 8, pp. 748–751, Aug. 1991.

[15] J. Paalasmaa, M. Waris, H. Toivonen, L. Leppakorpi, and M. Partinen,
“Unobtrusive online monitoring of sleep at home,” in Proc. IEEE Annu.
Int. Conf. Eng. Med. Biol. Soc., 2012, pp. 3784–3788.

[16] T. Koivistoinen, S. Junnila, A. Varri, and T. Koobi, “A new method
for measuring the ballistocardiogram using EMFi sensors in a normal
chair,” in Proc. IEEE 26th Annu. Int. Conf. Eng Med. Biol. Soc., 2004,
pp. 2026–2029.
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