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Abstract— The objective of this study was to investigate the
measurement instrument-dependent variability in the morphology
of the ballistocardiogram (BCG) waveform in human subjects and
computational methods to mitigate the variability. The BCG was
measured in 22 young healthy subjects using a high-performance
force plate and a customized commercial weighing scale under
upright standing posture. The timing and amplitude features
associated with the major I, J, K waves in the BCG waveforms
were extracted and quantitatively analyzed. The results indicated
that (i) the I, J, K waves associated with the weighing scale BCG
exhibited delay in the timings within the cardiac cycle relative to
the ECG R wave as well as attenuation in the absolute amplitudes
than the respective force plate counterparts, whereas (ii) the time
intervals between the I, J, K waves were comparable. Then, two
alternative computational methods were conceived in an attempt
to mitigate the discrepancy between force-plate versus weighing-
scale BCG: a transfer function and an amplitude-phase correction.
The results suggested that both methods effectively mitigated the
discrepancy in the timings and amplitudes associated with the I, J,
K waves between the force-plate and weighing-scale BCG. Hence,
signal processing may serve as a viable solution to the mitigation
of the instrument-induced morphological variability in the BCG,
thereby facilitating the standardized analysis and interpretation of
the timing and amplitude features in the BCG across wide-ranging
measurement platforms.

Index Terms—Ballistocardiography, ballistocardiogram, force
plate, weighing scale, instrument, cardiovascular signal analysis,
cardiovascular signal processing

I. INTRODUCTION

THE ballistocardiogram (BCG), defined as the movement of
the body in response to the heartbeat, is gaining increasing
interest for ultra-convenient cardiovascular (CV) monitoring by
virtue of its close relationship to cardiac functions [1] as well as
recent advances in the deployable and wearable instruments for
unobtrusive measurement of the BCG. In fact, existing reports
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have revealed that the BCG waves (including the major I, J, and
K waves [2]) are closely related to cardiac events and thus may
possess clinical value [3]-[8]. In addition, a number of BCG-
measuring instruments assuming a wide variety of platforms
have been proposed in the recent literature, including bed [9],
[10], chair [11], [12], scale [13]-[15], and even wearables [16].
Leveraging these instruments (and often along with additional
physiological measurements), many convenient and effective
surrogate measures of CV parameters have been derived: heart
rate [9], [10], pulse transit time (PTT) and pulse wave velocity
[11], [17]-[20], arterial blood pressure (BP) [15], [18], [19],
stroke volume and cardiac output [16], and cardiac contractility
[21]-[23] to list a few. A more recent mechanistic modeling-
based investigation conducted by wus elucidated the
physiological basis responsible for the genesis of the BCG: the
BCG may originate from the BP gradients in the ascending and
descending aorta [24], which indicates that the BCG has close
relationship to the aortic BP waves. This finding, validated in
part in our subsequent work [18], [19], may enable systematic
and physiological interpretation of the BCG, in particular the
timings and amplitudes of the waves therein (including the I, J,
and K waves; Fig. 1(a)).

However, it has been well known that the morphology of the
recorded BCG waveform largely depends on the measurement
instrument as well as its coupling to the instrumented human
subject. Previous investigations have indeed reported that the
morphology of the recorded BCG waveform can be influenced
by the difference in the instrumentation platform used [25] and
its variabilities (e.g., recording surfaces and pickup types) [26],
as well as the relative motion between the BCG instrument and
the human body [27]. Hence, the BCG morphology recorded
by a variety of instruments may exhibit heterogeneity, which
may present practical challenges in analyzing and interpreting
the BCG: the seemingly identical morphological features (i.e.,
the timings and amplitudes of the BCG waves) extracted from
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the BCG recorded with different instruments may not possess
consistent relationship to the underlying CV parameters. Thus,
it would be ideal if the BCG measured with heterogeneous
instruments can be transformed into a reference BCG to enable
standardized analysis and interpretation.

The objective of this study was to investigate the instrument-
dependent variability in the morphology of the BCG waveform
in human subjects and computational methods to mitigate the
variability, using the BCG instrumented with a force plate and
a weighing scale as a case study. Our prior work demonstrated
that the BCG measured using a high-performance force plate
exhibited meaningful association with clinically important CV
parameters including PTT, pulse pressure, stroke volume and
cardiac contractility [19], [22]. Hence, it was used as reference
in this work to examine the morphological consistency of the
BCG measured using a customized weighing scale, as well as
to assess the efficacy of the computational methods to mitigate
the morphological variability between the two BCG. For this
purpose, the BCG was measured in 22 young healthy volunteers
using a high-performance force plate and a customized
commercial weighing scale under upright standing posture.
The timing and amplitude features associated with the major I,
J, and K waves in the two BCG waveforms were extracted and
quantitatively analyzed. Then, two alternative computational
methods were investigated in an attempt to mitigate the
discrepancy between the force-plate versus weighing-scale
BCG waveforms: a transfer function and an amplitude-phase
correction.

This paper is organized as follows. Section 2 provides the
details of data collection, signal pre-processing, data analysis,
and computational methods to mitigate the instrument-induced
morphological variability in the BCG. Section 3 presents the
results, which are discussed in Section 4. Section 5 concludes
the study with future work.

II. METHODS

A. Data Collection and Signal Pre-Processing

Under the approval of the Georgia Institute of Technology
Institutional Review Board and written informed consent, the
BCG was measured in 22 young healthy volunteers using a
high-performance force plate (called the FP-BCG) as well as a
customized commercial weighing scale (called the WS-BCG).
The force plate (9260A A6, Kistler Instrument, NY, USA) has
an ultra-wide bandwidth of >200 Hz, maximum body weight
measurement capability exceeding 150 kg, and a high degree of
signal resolution to allow for high-quality BCG recording. The
customized weighing scale is built upon a commercial weighing
scale (BC534, Tanita, Tokyo, Japan) by augmenting an analog
amplifier and strain gauge circuitry [13]. The customized
weighing scale was shown to have a bandwidth of 15 Hz for the
maximum allowable body weight of 150 kg. Further details of
these instruments and analog signal pre-conditioning can be
found in a prior work [22]. It is worth mentioning that the force
plate measures the force due to the BCG using the piezoelectric
sensors while the customized weighing scale measures the body
displacement in response to the force using the strain gauge
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Fig. 1. Timing and amplitude features associated with the major I, J, K waves
in the BCG waveform. (a) Timings, time intervals, and amplitudes. (b) BCG
wave extraction procedure.

sensors. Hence, it is expected that the FP-BCG and WS-BCG
are equipped with distinct waveform morphology, which needs
to be mitigated to standardize the analysis and interpretation of
these signals.

The subjects were asked to stand still in an upright posture
for 60 seconds on the force plate as well as in the same posture
for 60 seconds on the weighing scale in a randomized order. In
addition to the BCG recordings, the electrocardiogram (ECG)
was simultaneously measured using 3 gel electrodes in the Lead
II configuration and then interfaced to a wireless amplifier (BN-
RSPEC, Biopac Systems, CA, USA). Both the BCG and ECG
signals were sampled at 2 kHz and then transmitted to a data
acquisition equipment (MP150, Biopac Systems, CA, USA) for
synchronous recording.

The acquired ECG and BCG signals were pre-processed as
follows. First, the signals were zero-phase filtered with a 2"-
order Butterworth filter having the pass band of 0.5Hz — 10Hz.
Second, the R wave of the ECG signal was detected as the local
peak in the ECG signal. Third, the BCG signal was gated with
respect to the ECG R waves to yield individual beats. Fourth,
the individual BCG beats were further smoothed using a 10-
beat exponential moving-average filter to suppress movement-
induced artifacts [17]-[19].

B. Comparative Analysis of Force Plate and Weighing Scale
BCG Waveforms

From the pre-processed BCG beats, timing and amplitude
features associated with the major I, J, K waves in the FP-BCG
and WS-BCG waveforms were extracted and quantitatively
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analyzed. Details follow.

Heart rate was computed from the R waves in the ECG as the
reciprocal of the heart period (in terms of the R-R interval). In
each pre-processed FP-BCG and WS-BCG beats, the J wave
was identified as the local maximum between 150 ms and 300
ms after the R wave in the ECG. Then, the I and K waves were
determined as the closest local minima before and after the J
wave, respectively. With the I, J, and K waves thus obtained,
the timings of the I, J, and K waves within the cardiac cycle
relative to the ECG R wave were measured as the time interval
from the ECG R wave to the I, J, and K waves, respectively,
while the I-J, I-K, and J-K intervals were measured as the time
intervals between the two respective BCG waves. The absolute
amplitudes of the I, J, and K waves were measured as the
absolute values of their heights, while the I-J, I-K, and J-K
amplitudes were measured as the amplitude difference between
the two respective BCG waves. To assess the quality of the
extracted BCG waves, heart period computed from the BCG
was compared with its ECG counterpart. Specifically, the ECG
R-R interval and BCG J-J interval time series associated with
each subject were compared using the paired t-test.

To assess the difference in the state of the subjects during the
FP-BCG and WS-BCG measurements, the heart rate time series
associated with each subject during the FP-BCG and WS-BCG
recordings were compared using the unpaired t-test. To
quantify the limits of agreements and the significance in the
differences between the timings and amplitudes of the FP-BCG
versus WS-BCG, the following analysis was performed: (i) the
average I, J, and K timings, I-J, I-K, and J-K intervals, I, J, and
K wave amplitudes, and I-J, I-K, and J-K amplitudes associated
with the FP-BCG and WS-BCG were computed in each subject;
and (ii) the differences between the average I, J, and K timings,
-], I-K, and J-K intervals, I, J, and K wave amplitudes, and I-J,
I-K, and J-K amplitudes associated with the FP-BCG and WS-
BCG of all subjects were examined using the mean absolute and
mean absolute percent errors (MAE and MAPE), correlation
analysis, Bland-Altman analysis, and the paired t-test.

C. Mitigation of Instrument-Dependent BCG Variability

Novel computational methods for mitigating the instrument-
induced morphological variability in the BCG waveform were
investigated by (i) constructing the representative FP-BCG and
WS-BCG waveforms and (ii) developing alternative methods
based on the representative BCG waveforms. Details follow.

The representative FP-BCG and WS-BCG waveforms were
constructed for each subject as the average of all the gated beats.
For this purpose, simple ensemble averaging and dynamic time
warping techniques were considered. The representative FP-
BCG and WS-BCG waveforms thus obtained were associated
with different lengths due to the difference in the heart rate. To
streamline the development and analysis of the computational
methods by facilitating the comparison of the representative
FP-BCG, WS-BCG, and FP-BCG calibrated with the
computational methods, the lengths of the representative FP-
BCG and WS-BCG were standardized (i.e., made identical) on
the individual basis as follows: (i) the median lengths associated
with all the gated FP-BCG and WS-BCG beats were calculated;

(i1) the standard BCG beat length was specified as the average
of the median lengths; and (iii) the representative FP-BCG and
WS-BCG waveforms were truncated to have the lengths thus
specified. It is noted that the truncated small end-diastolic
portion of the BCG beats may not impact the efficacy of the
computational methods, because the morphology of the BCG
waveform in this regime is subject to a substantial inter-subject
variability that may not bear much useful information relevant
to the computational methods.

The representative FP-BCG and WS-BCG beats associated
with each subject thus obtained were then used to develop two
alternative computational methods to mitigate the difference
between the FP-BCG and WS-BCG, as outlined in detail below.
1) Transfer Function Approach

In contrast to the force plate which measures the force acting
on it associated with the BCG, the weighing scale measures the
displacement of the body in response to the force. Hence, the
latter may be subject to an additional degree of freedom (DOF)
due to the mechanical filtering of the body (as suggested by the
low (<4-6 Hz) cut-off frequency associated with the mechanical
impedance as well as transmissibility of vertical whole-body
motions [28], [29]) not present in the former. In addition, the
bandwidth of the latter is narrower than the former. Based on
the simplifying assumption that these filtering effects may be
lumped into a single DOF dynamics, the relationship between
the FP-BCG and WS-BCG was represented by a mass-damper-

spring system:
_ Kby
Llyws(®)] = 740,510, Llygp(®)] (1)

where ygp and yywg denote the FP-BCG and WS-BCG, L[]
denotes the Laplace transformation, 6; and 6, are the
unknown parameters specifying the dynamic properties (i.e.,
bandwidth and damping ratio), and Kyg is the gain of the
transfer function.

To utilize the representative FP-BCG and WS-BCG (which
are in the form of discrete-time series sequences) in deriving the
above transfer function associated with each subject, (1) was
transformed into the discrete-time difference equation below by

. o -1 .
using the Euler approximation s = ZT—, where z is the forward
S

shift operator and T is the sampling time:

1 1
yrp(k) = m{T—SZsz(k +2)
b2 ] (k+1) 2
T, T2 Yws (2)
+ [T_sz - T_s + 92] Yws (k)}

where K is the discrete-time index. Based upon (2), the optimal
transfer function parameters @* = {03, 65, K7z} were obtained
so that the root-mean-squared error (RMSE) between the actual
FP-BCG time series and the FP-BCG time series derived from
(2) via the pure (i.e., infinite-step-ahead) prediction [30], when
inputting the measured WS-BCG time series, was minimized as
follows:

0" = arg mein||YFP(k) - yFP,TF(k’ 0) ||2 3)
where Jrp rr(k, ©) is the time series sequence of pure-predicted
FP-BCG from WS-BCG via (2). The optimization problem (3)
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was solved on an individual basis in order to derive subject-
specific optimal transfer functions.
2) Amplitude-Phase Correction Approach

Considering that the representative FP-BCG and WS-BCG
waveforms resembled each other while the latter appeared to be
phase-delayed and amplitude-attenuated relative to the former,
a simple amplitude-phase correction (APC) method was
conceived. The basic idea was that the WS-BCG may be
obtained by applying amplitude shrinking and phase lag to the
FP-BCG:

yws(t) = Kapcyrp(t — Tapc) (4)
where Kpc and Typc are the APC parameters.

The optimal correction factors Kjpe and Tape were derived
on an individual basis. In each subject, Kjpc was derived so
that the peak-to-peak amplitudes associated with the actual and
APC-calibrated FP-BCG waveforms were equal:
max yws (t) — min yws(t)

Max ygp () - min ygp ®
while Tppc was derived so that the J waves associated with the
actual and APC-calibrated FP-BCG waveforms were aligned:

Tapc = thys — thp (6)
where t/, and td,s are the time instants corresponding to the
peak of the J wave associated with the FP-BCG and WS-BCG.
Using K;pe and T,pc thus obtained, the FP-BCGapc can be
derived as follows:

1
Yrpapc(t) = K Yws (t + Tapc) (7
APC
3) Comparative Analysis of Measured and Calibrated Force
Plate BCG Waveforms

To investigate the efficacy of the computational methods for
mitigating the instrument-induced variability in the BCG, the
limits of agreement as well as the significance in the difference
between the timings and amplitudes of the actual and calibrated
FP-BCG were analyzed similarly to above. Specifically, both
computational methods were applied to all the individual WS-
BCG beats to yield the corresponding calibrated FP-BCG beats
(called the FP-BCGrr and FP-BCGapc beats, respectively): (i)
for the transfer function approach, the WS-BCG time series of
each subject was inputted to (2) characterized by the subject-
specific ©* obtained from (3) to compute the FP-BCGrr time
series of the same subject; and (ii) for the APC approach, the
WS-BCG time series of each subject was likewise inputted to
(7) with the subject-specific Kjpe and Typc to compute the FP-
BCGapc time series of the same subject. Then, (i) the average
I, J, and K timings, I-J, I-K, and J-K intervals, I, J, and K wave
amplitudes, and I-J, I-K, and J-K amplitudes associated with the
FP-BCGrr and FP-BCGapc were computed in each subject; and
(i1) the differences between the average I, J, and K timings, I-J,
I-K, and J-K intervals, I, J, and K wave amplitudes, and I-J, I-
K, and J-K amplitudes associated with the actual FP-BCG and
the calibrated FP-BCGrr and FP-BCGapc of all subjects were
examined using the mean absolute and mean absolute percent
errors (MAE and MAPE), correlation analysis, Bland-Altman
analysis, and the paired t-test.

To investigate the possibility of deriving the subject-specific
transfer function and APC parameters without any calibration,
a simple parametric covariate analysis was performed, in which
subject demographics including age, height, weight, and body
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Fig. 2. Heart rate associated with the force-plate BCG (FP-BCG) versus the
weighing-scale BCG (WS-BCG) recordings in all subjects (N=22). Circles
and error bars indicate mean values and standard deviations, respectively.
mass index (BMI; computed as weight divided by height?) were
linearly regressed to the parameters 0 = {07, 05, K1z} as well
as Kjpc and Tapc and the correlation coefficients between the
actual and regressed parameters were examined.

III. RESULTS

Table I summarizes the demographics associated with the 22
subjects. Fig. 2 compares the heart rate of the 22 subjects
associated with the FP-BCG and WS-BCG recordings. Table
IT shows the transfer function and APC parameters associated
with all subjects. Fig. 3 compares the representative FP-BCG
and WS-BCG waveforms obtained by the ensemble averaging
technique. On the average, the discrepancy between the
representative waveforms obtained from the ensemble
averaging and dynamic time warping techniques was 3.6% for
FP-BCG and 3.7% for WS-BCG in terms of RMSE relative to
the RMS energy of the underlying BCG waveform. Fig. 3 also
shows the Bode plots of the transfer functions along with the
corresponding APC parameters (Fig. 3(b)), as well as the FP-
BCG waveforms calibrated with the transfer function and APC
methods (Fig. 3(a) and Fig. 3(c)). Table III summarizes the
waveform RMSE and MAE between the representative FP-
BCG and (i) WS-BCG as well as (ii) FP-BCGrr and FP-
BCGapc. Fig. 4 and Fig. 5 show the Bland-Altman plots
associated with the wave timings within the cardiac cycle
relative to the ECG R wave and wave-to-wave intervals (Fig. 4)
as well as the absolute and wave-to-wave amplitudes (Fig. 5),
between the FP-BCG and (i) WS-BCG, (ii) FP-BCGrr, and (iii)
FP-BCGuapc in all subjects. Table IV shows the MAE, MAPE,
and correlation coefficients between the FP-BCG and (i) WS-
BCQG, (ii) FP-BCGrry, and (iii) FP-BCGapc. Table V shows the
correlation coefficients between subject demographics and
transfer function as well as APC parameters.
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Table I: Subject demographics (mean (SD)). FP-BCG beats and WS-BCG
beats indicate the number of FP-BCG and WS-BCG beats extracted from data
for analysis.

Age Gender Height Weight FP-BCG WS-BCG
[Yr1] [cm] [Kg] Beats Beats
25.2 9 Males 170.7 72.2 110 111
(5.7) | 13 Females (14.0) (24.9) (38) 37

Table IV: Mean absolute errors (MAEs), mean absolute percent errors
(MAPES), and correlation coefficients between force-plate BCG (FP-BCG) and
(i) weighing-scale BCG (WS-BCG) as well as (ii) FP-BCG calibrated with
transfer function (FP-BCGrg) and amplitude-phase correction (FP-BCGapc)
methods in all subjects (N=22). TF: Transfer function. APC: Amplitude-phase
correction.

(a) Mean absolute errors (timings: [ms], amplitudes: [N])

Table II: Transfer function and amplitude-phase correction parameters WS-BCG FP-BCGrr FP-BCGarc
associated with all subjects (mean (SD)). I Wave Timing 13.76 1.8 2.58
Transfer Function Amplitude-Phase Correction J Wave Timing 14.95 1.07 0.37
6 05 Ktp Kapc Tapc [ms] K Wave Timling ;422 23019 g;i
943 64843 0.61 0.75 15 1-J Interva . . .
(1193) (84720) (0.12) (0.17) 3) I-K Interval 3.65 4.01 3.65
J-K Interval 3.27 3.69 3.27
Table III: Sample-by-sample waveform root-mean-squared errors (RMSEs) 1 Wave Amplitude 0.19 0.05 0.07
and mean absolute errors (MAEs) between representative force-plate BCG (FP- J Wave Amplitude 0.28 0.03 0.04
BCG) and (i) weighing-scale BCG (WS-BCG) as well as (ii) FP-BCG K Wave Amplitude 0.2 0.05 0.06
calibrated with transfer function (FP-BCGrr) and amplitude-phase correction 1-J Amplitude 0.46 0.05 0.07
(FP-BCGapc) methods in all subjects (N=22) (mean (SD)). TF: Transfer 1-K Amplitude 0.12 0.09 0.1
function. APC: Amplitude-phase correction. *: P<0.001 WITH RESPECT TO WS- J-K Amplitude 0.47 0.05 0.04
BCG (PAIRED T-TEST).
WS-BCG FP'BCGTF* FP'BCGAPE (b) Mean absolute percent errors ([%])
RMSE [N] 0.04(0.02) 0.02 (0.01) 0.02(0.01)° WS-BCG__|_FP-BCGrr_ | FP-BCGaec
MAE [N] 0.03 (0.01) 0.02(0.01) 0.02(0.01) [ Wave Timing B 2 2
J Wave Timing 8 1 0
IV. DISCUSSION K Wave Timing 5 1 1
. .. . 1-J Interval 3 2 3
The BCG has attracted increasing interest for enabling ultra- K Interval 5 5 5
convenient CV health monitoring by virtue of its amenity to J-K Interval 3 4 3
unobtrusive measurement using a wide variety of instruments. 1 Wave Amplitude 29 8 12
However, the BCG recorded by different instruments exhibit é\slvzvveeiﬁ};lfﬂz ;Z ; 3
heterpgens?ity .in morphology, making i't difﬁcglt to ‘Eranslate the 1) Amplitude 27 3 3
physiological insights on the BCG and its relationship to arterial I-K Amplitude 96 82 100
BP waves universally to heterogeneous BCG recordings, and J-K Amplitude 25 3 2
also to generalize effective surrogate measures of CV . .
R K X (c) Correlation coefficients
parameters derived from the BCG recorded with one instrument WS-BCG FP-BCGrr | FP-BCGapc
to the other BCG recorded with different instruments. Hence, I Wave Timing 0.97 0.99 0.98
eliminating the instrument-dependent morphological variability IJ< \\NVaVC TTimin g-‘;g - 198 - 199
. st ave l1iming . . .
in the BCG Waveform can open up unpr§cedented opportumtle.s ] Interval 0.9 0.95 0.9
for standardized analysis apd interpretation of the BCG. .In this K Interval 0.96 0.93 0.96
study, we conducted a preliminary case study of comparing the J-K Interval 0.92 0.88 0.92
BCG instrumented with a high-performance force plate (FP- 1 Wave Amplitude 0.85 0.96 0.89
BCGQ) and a commercial weighing scale (WS-BCGQG) to illustrate I?:é";i?ﬂ‘;ﬂ‘:&%i 852 8‘23 833
the instrument-dependent vari.ability in the BCQ morphf)logy, 17 Amplitude 0.88 0.99 0.98
and also to develop computational methods equipped with the I-K Amplitude 0.69 0.83 0.8
potential to mitigate such a variability. J-K Amplitude 0.83 0.99 1

A. Experimental Data

From both the FP-BCG and WS-BCG recordings, an average
of >100 beats could be extracted from each subject for analysis
conducted in this study (Table I). The difference in the heart
rate values associated with the FP-BCG and the WS-BCG were
insignificant in all subjects (p>0.05; Fig. 2). Hence, it may be
concluded that the physiological state of the subjects remained
quite consistent during the instrumentation of the FP-BCG and
WS-BCG, despite the fact that the two BCG were not recorded
simultaneously.

In all subjects, the ECG R-R interval and BCG J-J interval
time series were not significantly different (p>0.05) with small
MAE (FP-BCG: 1.8+/-1.2 ms; WS-BCG: 1.7+/-0.8 ms), which
strongly suggested the quality of the extracted BCG waves.

Table V: Correlation coefficients between subject demographics (including
age, height, weight, and body mass index) and (i) transfer function as well as
(i) amplitude-phase correction parameters.
Transfer Function Amplitude-Phase Correction
67 85 K7r Kapc Tapc [ms]
0.58 0.66 0.26 0.47 0.45

B. Comparative Analysis of Force Plate and Weighing Scale
BCG Waveforms

Comparing the FP-BCG and the WS-BCQG, the latter showed
phase lag and amplitude attenuation relative to the former (Fig.
3). On the average, the timings of the I, J, and K waves within
the cardiac cycle relative to the ECG R wave were lagged by 14
ms, 15 ms, and 15 ms, respectively (as can be seen by the value
of Tapc in Table II), relative to the FP-BCG, which amounted
to 13% (1), 8% (J), and 5% (K) of the respective wave timings
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Fig. 3. Representative examples of ensemble-averaged force-plate BCG (FP-BCG), weighing-scale BCG (WS-BCG), and FP-BCG reconstructed from transfer
function (FP-BCGrr) and amplitude-phase correction (FP-BCGapc) methods. (a) Representative waveforms associated with the subjects with a large (left),
average (center), and small (right) morphological variability between FP-BCG and WS-BCG. Circles: I wave. Triangles: J wave. Squares: K wave. (b) Bode
plots of the transfer functions and the corresponding APC parameters. (c) Mean (solid line) and standard deviation (shade) of waveform errors associated with

WS-BCG, FP-BCGry, and FP-BCGpc across all subjects.

relative to the ECG R wave. Moreover, the amplitudes of the
waves were attenuated by 0.18 N, 0.28 N, and 0.18 N,
respectively, relative to the FP-BCG, which amounted to 28%
(1), 26% (J), and 22% (K) of the respective wave amplitudes (as
can be seen by the values of K1p and Kjpc in Table II). In
addition, the phase lag and amplitude attenuation were subject
to substantial variability in different subjects (>20% in terms of
the coefficient of variation associated with the APC parameters;
Table II). In contrast to the timings and absolute amplitudes,
the time intervals between the I, J, and K waves as well as the

amplitude ratios between these waves were quite comparable to
the FP-BCG (Table IV). On the average, the I-J, I-K, and J-K
intervals associated with the FP-BCG versus the WS-BCG were
different only by 1%, 1%, and 0%, respectively, and as well, the
I-]J, I-K, and J-K amplitude ratios associated with the FP-BCG
versus the WS-BCG were different only by 2%, 3%, and 0%,
respectively. However, the difference may not be consistently
negligible due to non-trivial beat-by-beat variability of the
intervals (4+/-2% (I-J), 3+/-3% (I-K), and 5+/-5% (J-K) for the
FP-BCG and 4+/-2% (I-J), 3+/-2% (I-K), and 5+/-4% (J-K) for
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Fig. 4. Bland-Altman plots between force-plate BCG (FP-BCG) and (i) weighing-scale BCG (WS-BCG) as well as FP-BCG calibrated from (ii) transfer
function and (iii) amplitude-phase correction (APC) methods in all subjects (N=22): wave timings within cardiac cycle relative to ECG R wave and wave-to-
wave intervals.

the WS-BCQG, all in terms of the coefficient of variation) and  pattern of distortion (i.e., the phase lag and amplitude
amplitudes (11+/-4% (I-J), 123+/-105% (I-K), and 10+/-4% (J-  attenuation) is variable in individual subjects, although the
K) for the FP-BCG and 12+/-4% (I-]), 241+/-325% (I-K), and  qualitative pattern appears to remain consistent.

114/-5% (J-K) for the WS-BCQG, all in terms of the coefficient

of variation). Overall, the results clearly indicated that the FP-

BCG and the WS-BCG are distinct in morphology, and that the
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Fig. 5. Bland-Altman plots between force-plate BCG (FP-BCG) and (i) weighing-scale BCG (WS-BCG) as well as FP-BCG calibrated from (ii) transfer
function and (iii) amplitude-phase correction (APC) methods in all subjects (N=22): absolute and wave-to-wave amplitudes.

The correlation analysis revealed findings consistent with the
above observations associated with the absolute errors: (i) the
absolute amplitudes of the I, J, and K waves (including the
wave-to-wave amplitudes) exhibited relatively low r values,
whereas (ii) the time intervals between the I, J, and K waves
showed high r values (Table IV). One exception contrasting to
the findings related to the absolute errors was that the timings

within the cardiac cycle of the I, J, and K waves relative to the
ECG R wave showed high r values, which may be attributed to
the large ranges of these timings compared to the phase lag
between the FP BCG and the WS-BCG.

Overall, the results suggest that the large morphological
discrepancy between the FP-BCG and WS-BCG may prevent
the universal analysis and interpretation of the BCG signal. In
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regards to the analysis, the integrity of the WS-BCG’s timings,
time intervals, and amplitudes can be degraded relative to the
FP-BCG. For example, it is plausible that the efficacy of the
PTT based on the FP-BCG [18] as well as its J-K amplitude
[19] may be impaired in case they are constructed using the
WS-BCG, since they may be more susceptible to the
measurement resolution and noise due to shorter duration (i.e.,
the BCG waves, which serve as the proximal timing reference
for PTT, are delayed) and smaller amplitude (i.e., the waves are
attenuated). In regards to the interpretation, the physiological
understanding of the WS-BCG may need to take into account
the masked effect of instrument dynamics as well as mechanical
filtering of the body. It is admitted that the adverse influence
of the morphological discrepancy induced by the instruments
may not be extreme in the case of FP-BCG and WS-BCG due
to the consistency in the measurement site. However, it may
present more profound challenges if combined with diversity in
the measurement sites (e.g., foot, arm, wrist, and ear) and even
postures (e.g., standing, sitting, and supine).

C. Mitigation of Instrument-Dependent BCG Variability

The representative FP-BCG and WS-BCG obtained from the
ensemble averaging and dynamic time warping techniques were
highly similar to each other, which led us to use the ensemble
averaging technique in the subsequent analysis. It is speculated
that simple ensemble averaging of the BCG beats may suffice
for the analysis conducted in this study based on the following
observations: (i) the recording was very short (approximately
only 1 min long in all subjects) and the variability in the beat
length was small (0.04 seconds on the average in terms of
standard deviation); and (ii) the I-J-K complex in all the gated
beats were quite well aligned despite the variability in the beat
length.

Both computational methods developed in this study were
very effective in mitigating the difference between the FP-BCG
and the WS-BCG. First, the methods could largely reduce the
morphological discrepancy between the two BCG by making
up for the phase lag and amplitude attenuation (Fig. 3-Fig. 5).
In fact, the RMSE and MAE between the FP-BCG and the FP-
BCGrr and the FP-BCGapc were significantly smaller than
those between the FP-BCG and the WS-BCG by 50% and 49%
as well as 46% and 45%, respectively, on the average (Table
III). In terms of the timings and amplitudes of the BCG waves,
both computational methods led to the calibrated BCG with
significantly improved agreement with the FP-BCG (Table IV):
(1) the errors associated with the timings and amplitudes of the
I, J, and K waves were smaller than those associated with the
WS-BCG, while (ii) the I-J, I-K, and J-K intervals associated
with the WS-BCG and both the FP-BCGrr and FP-BCGapc
were comparable to and not significantly different from those
associated with the FP-BCG. In addition, the correlation
analysis also indicated that both computational methods could
improve the correlation coefficients associated with the wave
timings and amplitudes, thereby supporting their efficacy in
mitigating the instrument-induced variability in the BCG
morphology (Table IV).

The results obtained from the parametric covariate analysis
showed that a subset of transfer function and APC parameters
may be reasonably well correlated with the demographics of the
subjects, but the absolute degree of correlation was not very

high (Table V). Thus, it may be concluded that subject-specific
transfer function and APC parameters may not be easily derived
from rudimentary linear regression based on the demographics,
and that additional predictors (e.g., properly normalized WS-
BCG features) and more advanced regression techniques may
be required to faithfully determine subject-specific calibration
parameters for the transfer function and APC methods.

Overall, the results obtained from the computational methods
suggested that signal processing may serve as a viable basis for
the mitigation of instrument-induced morphological variability
in the BCG waveform to facilitate the standardized analysis and
interpretation of clinically meaningful features therein. But at
the same time, obtaining subject-specific calibration remains an
open challenge that must be addressed in the future work.

A critical challenge remains unanswered as to how to extend
the findings from this study to standardize the BCG originating
from diverse measurement sites, postures, and instrument types
(i.e., the quantities measured by the instrument). It is expected
that calibrating the BCG from the body’s extremity sites (e.g.,
ear and wrist) to the FP-BCG may require the integration of the
body’s musculoskeletal dynamics into the calibration methods.
For example, a lumped-parameter model dictating the vibration
transfer in the body may be incorporated in developing the
transfer function method. Such a model may also be useful in
accommodating the variability associated with the instrument
types, by virtue of its capability to compute a range of physical
quantities at various body sites, e.g., the forces, displacements,
velocities, and accelerations at the extremity sites in the body.
Alternatively, purely data-driven approaches similar to the APC
method may also be conceived. On the other hand, the effects
of diverse postures, especially those related to the extremity
sites, may require the use of extra sensors (e.g., gyroscope) that
can inform the sites’ position and orientation for the correction
of the posture-induced artifacts.

D. Study Limitations

This study has a few limitations. First, the enrolled subjects
were homogeneous in terms of age. In order to investigate the
generalizability of the findings derived from this study, it would
be of interest to examine the morphological discrepancy in the
BCG as well as the efficacy of the computational methods in
more diverse subjects in terms of not only age but also other
factors (e.g., height and weight). It would also be of interest to
expand the study to the BCG recordings obtained from diverse
instruments such as arm and wrist bands as well as earphones.
Second, the BCG recordings were obtained only in a resting
state. To establish more comprehensive insights on the
morphological discrepancy in the BCG and the robustness of
the computational methods under diverse physiological state,
future work must conduct studies involving interventions that
largely alter the subject’s physiological state. Third, the effect
of respiration on the robustness of the findings from this study
needs to be examined. Considering that the length of the data
employed in this study (>100 beats on the average; Table I) was
long enough to remove the respiration-induced variability in the
BCQG, the findings of this study (which primarily concerned the
average BCG timings, time intervals, and amplitudes) may still
be valid in both inspiratory and expiratory phases as long as the
effect of the respiration on the BCG is consistent in both phases.
But, this hypothesis could not be validated in this study due to



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 10

the limitation associated with the experimental data: reference
respiratory measurement was not available. Future work must
examine the effect of respiration-induced variability in the BCG
on the relationship between the FP-BCG and WS-BCG, and
more generally, on the relationship between the BCG obtained
from diverse instruments.

V. CONCLUSIONS

The BCG is an attractive measurement means for CV health
monitoring due to its close relationship to CV functions and its
compatibility for a wide range of instrumentation modalities.
However, this strength comes with a practical challenge in the
universal analysis and interpretation of the BCG due to the
heterogeneity of the BCG waveform morphology recorded with
different instruments. This study intended to lay the foundation
for the analysis and computational methods to enable
standardized BCG signal analysis. The results illustrate that
advanced signal processing may be effective in mitigating the
instrument-induced variability in the morphology of the BCG
waveform. Future work needs to invest efforts to more
rigorously investigate computational methods for this purpose,
as well as to apply such computational methods to enhance the
efficacy of the BCG for CV health monitoring using a wide
variety of instruments.
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