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Abstract—We report on the feasibility of standing
ballistocardiogram (BCG) measurements recorded in a
microgravity environment. A clinically-tested BCG monitoring
scale was adapted for parabolic flight for the microgravity
measurements. Upon completion of this flight campaign, the
BCG scale was shown to make measurements in micro-g and
one-g environments—which is a first demonstration for a
standing BCG system. This screening experiment
demonstrated proof-of-concept attributes of the hardware
design necessary for future characterization studies with
multiple subjects. This scale-based BCG system is proposed as
a practical device for hemodynamic monitoring for astronauts
in Earth, Lunar, Martian, orbital, and interplanetary
environments.

Index terms—Ballistocardiogram, noninvasive monitoring,
astronaut health, microgravity hemodynamics

I. INTRODUCTION

Astronauts on extended space missions live in
environments where their cardiovascular systems can
degrade, due to a lack of gravity. It is well-known that
cardiovascular  physiology = changes in  weightless
environments and astronauts often return to one gravity (1g)
with microgravity-induced hypovolemia, signaled by
orthostatic intolerance and reduced maximal oxygen uptake
(VO, max) [1, 2]. Furthermore, reductions in circulating
blood volume, reduced red cell mass, cardiac atrophy, and a
reduced cardiac output, and possible immune suppression are
linked to prolonged exposure to weightlessness. New
medical devices are needed to ensure that the cardiovascular
system pumps and distributes blood in sufficient quantities to
meet metabolic demands during both rest and physical
exertion.

Ballistocardiography (BCG) is a noninvasive method
used to measure hemodynamic forces produced by cardiac
and cardiovascular-related movements of blood flow within
the body. The general field of BCG was researched
intensively from the 1940’s to early 80’s; the method faded
away, and interest had reemerged in the mid-2000’s [3].
Space-related BCG research began in 1964 with Hixson’s
microgravity experiments [4], and more recent experiments
have been conducted using accelerometers placed on the
body to measure the three-axis BCG (3D-BCG) in
microgravity and dry-immersion test environments to
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establish the displacement vecto-ballistocardiogram (B3D
Program) [5-8].

To determine efficacy, space-based BCG recordings are
subject to clinical validation against relevant cardiovascular
measures (cardiac output, stroke volume, preejection period,
etc.). Practical challenges exist to correlate space-based BCG
device performance across large patient populations. As
such, this paper describes a methodology with a future aim to
correlate the standing microgravity BCG recordings to
relevant cardiovascular parameters—using an earth-based
BCG recording system that has undergone extensive human
subject testing and characterization.

II. METHODS

Human subject test protocols were approved by the
institutional review boards (IRB) at NASA’s Johnson Space
Center (JSC) and Stanford University to record the BCG
with multiple devices in 1g and microgravity (0g)
environments.

A. Standing Ground-Based BCG Hardware

The reference (1g) BCG recorder is a modified electronic
weighing scale that measures minute BCG forces, typically
on the order of 1-3 Newtons [9]. This BCG scale has been
previously characterized in subject populations for cardiac
output change, preejection period, heart failure, cardiac
resynchronization therapy, and athlete fitness [10-14]. From
these studies, BCG timing and amplitude metrics have been
derived from populations to establish normal ranges, as well
as sensitivity to change within an individual subject. This
BCG scale was used to establish a 1g cardiovascular
baseline prior to parabolic flight.

B. Standing Microgravity-Based BCG Hardware

The BCG recording scale was modified for use in
parabolic flight as the investigational device. A 2x2 ft.
aluminum baseplate was bolted to the aircraft (Boeing
727-200, Zero Gravity Corporation, Vienna, VA) frame
loosely and isolated from aircraft vibrations using
viscoelastic dampers (Sorbothane Inc., Kent, OH), see
Figure 1. The BCG scale was then secured to the baseplate
with a stanchion/crossbar fixture used to preload the scale
strain gauges. Foot straps with quick-releases were used to
maintain firm contact between the subject’s feet and scale.

C. Wearable Accelerometer BCG Hardware

A custom-designed wireless physiological monitor was
used to record the electrocardiogram (ECQG), the
accelerometry BCG (accel-BCG) (P/N: LIS344ALH,
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Fig. 1. Left, microgravity BCG scale setup comprised of baseplate, scale, cross beam/stanchion, and foot straps secured to aircraft floor
with four vibration isolators. Right, subject on experimental BCG setup in microgravity aircraft.

STMicroelectronics, Geneva, Switzerland), and an
additional accelerometer used to measure the parabolic
motion of the aircraft. The signals were acquired with a
10-bit analog-to-digital converter and streamed via
Bluetooth (Shimmer Research, Dublin, Ireland) to a laptop
computer for real time monitoring, data storage, and
post-processing.

D. Study Details

Test subject selection was based on microgravity
participation guidelines prescribed by NASA’s Reduced
Gravity Office (RGO) and the JSC-IRB. Pre-flight, baseline
recordings were taken of the subject’s ECG, scale BCG, and
accel BCG. The accel BCG was taped securely to the lower
lumbar region of the back. In-flight, subjects participated in
two measurement setups (1) standing BCG measurements in
microgravity (Fig. 2, left) and (2) free-floating BCG
measurements (Fig. 2, right). Accel BCG and ECG were
measured for all measurement setups. The data collection
occurred during the reduced gravity portion of each
parabolic maneuver, typically lasting 17 seconds.

Fig. 2. Left, standmg BCG recordings in microgravity. Right, two
free-floating accelerometry BCG test subjects.

E. Signal Processing

The ECG, standing BCG, and accelerometry BCG raw
signals were sampled at 256 Hz and post-processed using
MATLAB® (The MathWorks®, Natick, MA) with digital
lowpass filters and ensemble averaging methods described in

[9]. The RJ timing interval was then computed from the
ensemble averaged signals, as well as BCG amplitude
information.
III. RESULTS
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Fig. 3. Subject-matched example of 1g standing BCG measurements
for scale-BCG (blue trace) and accel-BCG (red trace).

A. Exemplary Time Traces: Ground-Based Measurements

Exemplary time traces are depicted in Figure 3 for the
ground-based (1g) measurements for one subject (51 year
old, male). The ECG, scale BCG, and accel BCG were

7291



measured with good fidelity. The scale RJ interval was 191
ms and accel RJ interval was 133 ms. The relative scale 1J
and JK amplitudes were 80 mV and 99 mV, respectively. The
accel 1J and JK amplitudes were 31 mV and 43 mV,
respectively. The HR was 76 bpm for 1g.

B. Exemplary Time Traces: Microgravity Measurements

For the same subject, time traces are depicted in Figure 4
for the microgravity-based (0g) measurements. The scale RJ
interval was 200 ms and accel RJ interval was 246 ms. The
relative scale 1J and JK amplitudes were 87 mV and 79 mV,
respectively. The accel 1J and JK amplitudes were 46 mV
and 84 mV, respectively. The HR was 50 bpm for Og.
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Fig. 4. Subject-matched example of Og standing BCG measurements
for scale-BCG (blue trace) and accel-BCG (red trace).

IV. DISCUSSION AND FUTURE WORK

A. Feasibility of Standing BCG Measurements in

Microgravity

Due to the preliminary nature of the results, this paper
focused only on feasibility of standing Og BCG
measurements. The standing BCG was successfully
measured in microgravity to demonstrate proof-of-concept
for the prototype scale hardware (Figure 2).  The
Sorbothane® isolators attenuated a majority of the aircraft
vibrations, though not all. The residual aircraft vibrations
present in the raw signals were removed digitally with
moving ensemble averaging in order to show multiple beats.
The standing Og and 1g RJ-intervals were 200 ms and
191 ms for the exemplary case. The RJ-interval was
characterized previously in clinical studies at Stanford
University, and shown to occur on average at 211 ms
+20 ms for larger populations [9, 10]. Therefore, the

standing Og RlJ-interval was found to occur within an
expected range for healthy subjects. One of the noted
challenges in data collection was with the original foot strap
design, which loosened repeatedly early in the study as
subjects laid down for the 2g pull-up maneuver. BCG signal
quality increased after the foot restraint design was
improved.

B. Displacement and Accelerometric BCG Sensing in
Standing Measurements

The accel BCG was worn for the standing BCG
measurements in 0g and 1g. Surprisingly, the accel BCG
was measurable from the lower lumbar region in 1g while
the subject stood on the scale (Figure 3). The standing RJ-
intervals remained essentially unchanged between Og and
1g, while unexpectedly, the accel RJ intervals changed
significantly between Og and 1g (246 ms versus 131 ms,
respectively). The 0Og measurements in Figure 4 show
similar morphologies between scale and accel BCG
measurements, while the 1g morphologies are notably
different. Normally, the accel BCG is measured when the
body is allowed to freely move; this standing 1g accel BCG
measurement is uncommon.

The experiment highlights key differences in BCG
sensor selection, test setup, and the interpretation of their
records. Contrasted to accelerometry BCG, the scale BCG is
a displacement measurement calibrated to force. Both
measurement fall under the ultra-high frequency BCG
classification [15]. While the scale RJ-interval remained
consistent between Og and 1g, there is no assignable cause
yet for the large difference in accel RJ-intervals between 0g
and 1g and further investigation is required.

The 3D-BCG works conducted to date for the B3D
Program highlights the importance of understanding BCG
forces in other axes, which may contain important
physiological information correlating to curvature and torsion
[5, 7, 8]. Both 3D and 1D techniques discussed in this paper
show promise for using ballistocardiography as a clinical
measure of cardiovascular conditioning in space for astronaut
health.

C. Clinical Validation and Future Work

Proof-of-concept has been demonstrated to measure the
standing BCG in reduced gravity while on a modified scale.
For space applications, scale BCG recordings are anticipated
to be of higher signal quality, since the parabolic aircraft used
in this study contributed additional sources of vibrations—
which was an extreme challenge condition. The microgravity
BCG scale platform could be a practical noninvasive device
to monitor cardiovascular adaptations in space. Two
advantages of the scale BCG is that (1) measurements can be
performed in rather tight quarters, whereas free-floating
measurements require enough space so astronauts do not drift
into objects or walls, and (2) scale BCG measurements would
have more consistent signal-to-noise (SNR) performance in
multi-g setting, such as Lunar and Martian environments—as
the 1g BCG measurements in this study suggest. However,
one potential drawback is that standing BCG measurements
only provide one anatomical axis of information, compared
to 3-axes using accelerometry [5].
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In future work, standing BCG measurements can be
characterized extensively on earth using normal and diseased
populations and/or appropriate analogs such as head-down
tilt tables to study cardiovascular deconditioning [16]. BCG
timing and amplitude metrics could then correlated to
relevant cardiovascular measurements such as cardiac output,
stroke volume, preejection period, etc. as demonstrated
previously [9-14]. Correlations and limits of detection can
then be established to determine if scale BCG is sensitive
enough to measure the deleterious effects of space on the
cardiovascular system.

V. CONCLUSIONS

Feasibility was demonstrated for standing BCG
measurements in microgravity, using a modified BCG scale.
Upon completion of clinical characterizations, the standing
BCG platform could be used in multi-g environments such as
Lunar, Martian, and space station missions.
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