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Abstract
Loss of postural stability, as exacerbated by chronic bed rest, aging, neuromuscular injury or
disease, results in a marked increase in the risk of falls, potentiating severe injury and even death.
To investigate the capacity of low magnitude mechanical signals (LMMS) to retain postural
stability under conditions conducive to its decline, twenty-nine healthy adult subjects underwent
90 days of 6-degree head down tilt bed-rest. Treated subjects underwent a daily 10 minute regimen
of 30 Hz LMMS at either a 0.3g-force (n=12) or 0.5g force (n=5). Control subjects (n=13)
received no LMMS treatment. Postural stability, quantified by dispersions of the plantar-based
center of pressure, deteriorated significantly from baseline in control subjects, with displacement
and velocity at 60d increasing 98.7% and 193% respectively, while the LMMS group increased
only 26.7% and 6.4%, reflecting a 73% and 97% relative retention in stability as compared to
control. Increasing LMMS magnitude from 0.3 to 0.5g had no significant influence on outcomes.
LMMS failed to spare loss of muscle extension strength, but helped to retain flexion strength (e.g.,
46.2% improved retention of baseline concentric flexion strength vs. untreated controls; p=0.01).
These data suggest the potential of extremely small mechanical signals as a non-invasive means of
preserving postural control under the challenge of chronic bed rest, and may ultimately represent
non-pharmacologic means of reducing the risk of debilitating falls in elderly and infirm.
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Introduction
Aging, chronic bed rest, and long term spaceflight, distinct at one level, are similar in that
they contribute to the progressive decline of the musculoskeletal system as indicated by the
loss of bone density, muscle mass, and postural stability.(1,2) In parallel, neuromuscular
disease and/or poor acclimation of the central nervous system to these debilitating
conditions leads to a reduced ability to control posture and further increase the risk of falls.
(3,4) Postural instability, combined with a compromised integrity of the skeletal system in
the elderly and infirm,(5) conspire towards a marked increase in injury, and even death due
to falls.(6)

Improved understanding of the loss of postural control under conditions such as extended
bed rest, as well as identifying means of slowing this decline, may lead to strategies of
preserving quality of life for a range of individuals.(7) In addition to the loss of muscle mass
and strength,(8) it has been hypothesized that an impairment of central processing and
neural pathways for motor control contributes to a reduction in the ability to control postural
stability.(9) Retaining postural control is also critical for astronaut safety,(10) as plans for an
extended human presence in space, including a manned mission to Mars, necessitate a safe
and effective countermeasure to preserve musculoskeletal health in the absence of gravity.
As a means of evaluating the physiologic complications of spaceflight on the human body,
long term confined bed rest has become accepted as an appropriate, ground-based analog for
microgravity.(2)

Several biomechanical-based assays have been used to assess fall-risk, including the
recording of the ground reaction vector during upright stance, known as center of pressure
(COP). The resulting anterior-posterior (AP), medial-lateral (ML) and combined resultant
(R) directions can be analyzed to calculate COP deviation magnitude, peak and average
COP velocities, and root-mean-square amplitude, all of which have been used as predictors
of fall-risk.(11,12)

With age as with extended disuse, there is a gradual decrease in stable upright posture and
an increased incidence of falls which parallels the weakening of the skeleton and thus an
aggregate increase in the risk of bone fracture.(13) Towards the other side of the activity
spectrum, exercise regimes increase muscle strength across several age groups and in
selected populations, strenuous load-bearing challenges increase bone density.(14) Distilling
exercise to mechanical signals, high intensity whole body vibration, with accelerations
which exceed 10g’s (where 1.0g is Earth’s gravitational field, or 9.8m/s2), has been shown
to provide acute improvements in muscle strength, but risk of a range of musculoskeletal,
cardiovascular, vestibular and cognitive injuries are elevated due to the severity of the
percussive impacts.(15)

In contrast to a “bigger is better” strategy, low magnitude mechanical signals (LMMS),
below 1g, have been demonstrated as anabolic to both bone (16–18) and muscle,(19)
perhaps by biasing the differentiation pathway of mesenchymal stem cells towards
osteoblastogenesis and away from adipogenesis.(20) As modeled by tail-suspension in
rodents, brief daily exposure of LMMS inhibited disuse induced bone loss whereas a similar
period of weight bearing failed to curb this osteopenia.(21) Because of the animal and
human evidence of LMMS influence at several levels in the musculoskeletal system, we
hypothesized herein that brief daily exposure to LMMS may slow the loss of postural
stability which typically parallels extended bed-rest.
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Methods
Subjects

The experimental design and all procedures were reviewed and approved by the Committee
on Research in Human Subjects (CORIHS) of Stony Brook University, the University of
Texas Medical Branch (UTMB), and NASA’s Johnson Space Center. Healthy adults from
25 to 55 years of both genders and all racial groups were considered from the Houston area,
recruited via print and radio ads. Written informed consent was collected from all subjects
prior to their entry into the study. By NASA regulations, all subjects were paid a stipend for
their participation.

Thirty-six subjects successfully enrolled in the protocol, while a total of 30 subjects
completed 90d of bed rest, including 13 controls and 17 LMMS. The first four enrollees
were assigned to the control group, while all remaining subjects were randomly assigned to
control or LMMS groups. To assure no bias in selection, assignment was performed by a
non-affiliated researcher. The protocol was abandoned for four subjects at 45d, as the
UTMB hospital was evacuated prior to the arrival of Hurricane Rita. Of the 32 subjects that
completed the protocol, data from two subjects (one from each group) were omitted due to
technical failure of the hardware collection system. No significant differences in body
habitus were found between the control (8 male, 5 female, age 34.7 ± 7.9, weight 73.0 ±
17.1 kg, height 170.1 ± 11.4 mm) and LMMS groups (11 male, 6 female, age 35.6 ± 7.1,
weight 74.4 ± 8.7 kg, height 163.9 ± 19.2 mm). At the conclusion of bed rest, all subjects
were provided with 2 weeks of rehabilitation.

Study Protocol
Subjects entered the UTMB hospital 14 days prior to bed rest, during which baseline data
was collected. During this time, a strict 16-hour wake, 8-hour sleep schedule was enforced
and maintained throughout the study. From the initiation of bed rest, beds were set to a 6
degree head-down tilt. Through the entire bed rest period of 90 days, subjects were supine
(except for one brief stability measure at 60d, see below), and all daily functions were
performed while maintaining head-down tilt. Daily stretches and odd-day massages were
used to reduce soreness. Subjects were monitored by closed circuit cameras to ensure
compliance. The first four subjects were assigned to the control group, after which subjects
were randomly assigned to either control or treatment groups.

LMMS Intervention
Subjects in the treatment group received 10 minutes of daily LMMS while confined to the
supine position. LMMS was delivered via a foot-based vibration platform, which provided a
30 Hz sinusoidal vibration at either 0.30 ± 0.02g (13 subjects) or 0.50 ± 0.04g (5 subjects)
peak-to-peak (Marodyne Medical, Lakeland, FL, USA). The fidelity of the sinusoidal signal
was controlled through closed-loop feedback from an accelerometer mounted on the top
platen of the device. The displacement of the plate was under 140 microns, with exposure to
vibration of such a frequency/amplitude profile considered safe by International Safety
Organization (ISO-2631) for as much as four hours each day.(22)

While confined to the head-down tilt position, subjects donned a vest coupled to the
platform by linear springs (Figure 1a). Spring tension was calibrated to provide 60% of pre-
bed rest body weight during relaxed upright stance. Subjects were weighed daily, and the
loading was verified at 30 day intervals. Daily during bed rest, the subject placed their feet
on the proximal surface of the LMMS device and extended their legs to stretch the springs
and provide a resistive force. The LMMS device was then activated, delivering the
mechanical signal (Figure 1b). Slight shifting of weight during treatment was compensated
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by the closed-loop feedback control. Due to the inclusion of control subjects for other
NASA bed rest protocols, control subjects in this study did not use the LMMS harness nor
were subject to a daily 60% static load.

Postural Stability
Baseline, 60d and 90d postural stability measures were collected in a non-blinded fashion by
the same person who supervised the daily application of the LMMS intervention. All data
analysis was automated by custom software, thus minimizing the potential for bias by the
operator. COP measurements were performed using a force plate (Kistler 9286AA,
Winterthur, Switzerland) with an eight-channel amplifier, an analog-digital converter, and
Bioware 3.2.6.104 software. Data was over-sampled at 1000 Hz, then low-pass filtered (2nd

order Butterworth, 50 Hz cutoff), and stored on a laptop for later analysis. The force plate’s
load cells were tested for accuracy and precision before each data collection by applying
forces to the plate along each edge and each corner.

During postural stability testing, subjects were instructed to stand upright in relaxed stance
and with feet planted at shoulder width and with hands at sides in quiet stance. COP was
recorded for 4 minutes (Figure 2) under eyes opened and closed conditions, a 1 inch
diameter blue marker at eye level on a blank white wall 2 meters from the subject to
providing a visual reference point, with a 5 minute seated break between trials.

Postural stability analysis was performed using a custom MATLAB program (v.7.0.1, The
MathWorks, Natick, Massachusetts). Traditional scalar parameters of COP displacement
and velocity were calculated, and power spectral density analysis was performed using the
Fast Fourier Transform. Stabilogram Diffusion Analysis was performed using the methods
described in Collins et al.(23)

Neurosensitivity
At baseline and day 90, a two-point discrimination test was performed on the first and fifth
toe, the first and fifth metatarsal head, and the heel.(24) A mono-filament sensitivity test was
performed on the first and fifth toe, first and fifth metatarsal head, heel, and ankle.(25)

Muscle Strength
At baseline and day 90, subjects performed maximal effort contractions of the back and
lower limbs on an isokinetic dynamometer. Maximum concentric and eccentric contractions
in extension and flexion were performed at the knee, ankle, and back. Knee contractions
were performed at 60° and 180° per second, ankle contractions were performed at 30° per
second, and back contractions were performed at 60° per second.

Statistics
Student t-tests were used for BMD and Muscle measures, while Kruskal-Wallis tests were
performed on the postural control data with a Mann-Whitney U post-hoc with Bonferroni
correction. Statistical tests were performed using SPSS (version 14.0.0, SPSS Inc, Chicago,
IL). P-values less than 0.05 were considered significant.

Results
Postural Control

Following bed-rest, no effect was demonstrated to compromise any measure of
neurosensitivity of the foot, with average two-point discrimination score of 11.2 ± 3.3mm
and 11.1 ± 2.2 at baseline and 10.3 ± 3.3 and 11.0 ± 2.2 post-bed rest in control and LMMS
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groups respectively. No difference was found in postural control measures between groups
at baseline. When comparing the 0.3g to the 0.5g LMMS groups, no differences in any
parameter were identified at any time-point, and thus these groups were pooled and
compared against controls.

Relative to baseline, displacement (Table 1) and velocity (Table 2) following bed rest
increased significantly in the control group. With eyes closed, compared to baseline, there
was a significant increase in each stability parameter after both 60 and 90 days, and while
there was a minor improvement between day 60 and 90, this change was non-significant. A
similar, but diminished, loss of stability was measured in the eyes open condition.

In contrast, each stability parameter measured in the LMMS was markedly closer to baseline
measures. Like the controls, increases in the LMMS group were significant relative to
baseline after both 60 and 90 days of bed rest, with the exception of AP velocity which did
not change from baseline (Figure 3). For example, with eyes closed, there was an increase of
99.1% and 63.4% in peak AP displacement in the control group after 60 and 90d of bed rest,
respectively, as compared to a 27.0% and 40.3% increase in the LMMS group (Table 1). In
AP velocity, there was a 192.7% and 125.1% increase in the controls at days 60 and 90, as
compared to a 6.4% and 20.3% increase in the LMMS group (Table 2). Thus, at day 60 for
example, the LMMS intervention resulted in a 73% (p=0.036) improvement in peak AP
displacement, and 97% (p<0.004) improvement in peak AP velocity, as compared to
untreated controls.

For both controls and LMMS subjects, the overall loss of postural control was reduced when
stability tests were performed with eyes opened as compared to eyes closed. The only
significant difference between the control and LMMS groups when eyes were opened was
peak COP velocity (p=0.016).

Power Spectrum of COP
Increases in frequency power of stance were observed in both groups following bed rest. No
change was seen after bed rest with respect to median frequency. Compared to LMMS,
control subjects had a large increase in both mid (p=0.035) and high (p=0.002) frequency
ranges with eyes closed. Control subjects experienced a 313% and 287% increase in mid-
frequency energy at 60 and 90 days, respectively, and a 615% and 293% increase in high-
frequency energy. This was significantly higher than that measured in the LMMS subjects,
with a 125% and 147% increase in the mid-frequency at day 60 and 90, and 62% and 103%
increase at the high- frequency (Figure 4).

Stabilogram Diffusion Analysis
With eyes closed, the short-term diffusion coefficient experienced an increase in both the
control and LMMS groups. However, this increase was significantly lower in the LMMS
subjects (p=0.036; Figure 5). There was no difference between groups with eyes opened. No
other differences were found between groups though SDA analysis.

Muscle Strength
Over the 90d protocol, ankle, knee, and back strength, as well as knee endurance, decreased
between 10.2 and 20.0% in the control group, and between 2.4 and 14.2% in the LMMS
group (Table 3). In the LMMS group, knee concentric flexion strength (46.2% improved
retention of baseline measures vs. control; p=0.01) and concentric endurance (79.8%
improved retention vs. control; p=0.02) at 180°/sec were retained significantly better than
controls relative to baseline measures. In the LMMS subjects, knee concentric flexion
strength at 60°/sec (21.9% improved retention of baseline measures vs. control; p=0.13),
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ankle eccentric flexion strength at 30°/sec (37.3% improved retention of baseline measures
vs. control; p=0.07), and back concentric flexion strength at 60° (54.2% improved retention
of baseline measures vs. control; p = 0.10) each showed a trend towards improved retention
of baseline measures relative to control.

Discussion
Confined, chronic bed rest through a period of ninety days caused a marked decline in a
range of postural control elements. It is important to note that a slight, non-significant trend
towards recovery of these measures occurred between days 60 and 90, suggesting that a
maximal deterioration in COP measures had been reached as early as two months. Chronic
bed rest also resulted in decrements to muscle strength and endurance, thus biasing several
critical control systems towards instability and falling. This decline stability and strength
was significantly attenuated by brief daily exposure to extremely low magnitude mechanical
signals, delivered to plantar surface of the foot of the supine subject. Increasing the
acceleration from 0.3g to 0.5g failed to further influence postural stability measures,
suggesting that the magnitude of the signal was not central to the responsiveness of the
“system,” and instead a dynamic component of the stimulus, such as frequency, was the
critical element, perhaps providing a surrogate for the mechanical information provided by
the contractile spectra of muscle activity.(18)

With eyes closed, the subjects’ ability to maintain stable upright posture was severely
compromised. Interestingly, the eyes-opened condition reduced this instability, indicating
the importance of visual cues in retaining balance even under pathologic conditions. With
eyes closed, the control group had nearly a doubling of COP displacement and tripling of
COP velocity after 60 days of bed rest, with similar increases in RMS. In contrast, LMMS
alleviated these losses, with treated subjects showing only 27% increase in COP
displacement, and 6% increase in COP velocity over the same time period, reflecting a
significant “improvement” in retention of baseline measures. It seems unlikely that the
relative retention of postural control measured in LMMS subjects could have been achieved
solely by a 20% difference in muscle flexion strength. Further, while no changes where
detected in the neurosensitivity of the feet, unmeasured changes in proprioception of the
knee, ankle, and torso could play an important role in maintaining stable posture. The
contribution of visual cues to balance supports the conclusion that no factor alone can be
held responsible for the loss of stability. Other parameters, unmeasured in this study (e.g.,
mechanical retention of neural control), may have contributed to the stability outcomes.
Instead, we interpret these data to indicate that the LMMS, rather than working through a
single sensory or strength mechanism, helps to retain stability by subtly influencing a
multitude of neuromuscular control elements, which in aggregate work towards retaining
balance and postural control. While difficult to demonstrate in a relatively small clinical
trial, such parameters might also include the stimulation/retention of the interconnectivity
and communication of connective tissue cell populations,(26) and even the regenerative/
repair viability, activity and capacity of the neural or mesenchymal stem cell population.
(20,27)

Muscle extension strength, which declined as a consequence of bed rest, was not preserved
by LMMS. However, when compared to the loss measured in controls, concentric muscle
flexion strength in the knee and ankle responded with significantly improved retention in the
LMMS group, reinforcing both animal (28) and clinical (18) studies which indicate an
anabolic response in muscle to LMMS. To a certain degree, the mitigation of postural
stability loss could be due in part to the relative improvement in flexural strength compared
to controls, but some benefit of the mechanical intervention may also have been realized
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through an aggregate of subtle benefits to muscle control, blood-flow, and/or vestibular
function. Of course, further studies would be needed to verify this conjecture.

While not having a sham control is a limitation of this bed rest study, the impact of its
absence is somewhat diminished by the extensive data from NASA spaceflight protocols
which show that dynamic and/or static load bearing through a shoulder or belt-based harness
system, inducing as much as 100% body weight, failed to suppress de-conditioning of the
musculoskeletal system.(29) Additionally, short duration bed rest interrupted by daily
exercise, with and without harness systems, has failed to preserve postural stability,
providing further evidence that a static challenge of weight bearing as provided by the 60%
body weight harness system would have had minimal effect on the muscle and stability
parameters measured here. For example, bed rest interrupted by twice daily leg exercise in
partially upright position showed retention of muscle strength, but had no effect in retaining
postural control.(30) Ninety minutes of a combined isotonic and isokinetic leg exercise,
induced by a harness system, also failed to mitigate the losses of postural control that
parallels this bed rest model of spaceflight.(31) Other limitations of our study include the
relatively small sample size, and the wide range of participants, the diversity of which was
designed to reflect the range of the recruitment age/habitus for the astronaut corps.

In summary, chronic bed rest severely decayed several critical indices of postural control.
This degree of deterioration in postural stability was significantly alleviated by brief, daily
treatment of LMMS delivered through a low intensity (<1g) vibrating platform. We interpret
this retention of stability and postural control to indicate that these mechanical signals serve,
to an extent, as a surrogate for key regulatory signals which normally arise from the
dynamics of normal weight bearing, including the direct mechanical stimulation of
musculoskeletal precursors.(20,27) Importantly, these results emphasize that mechanical
signals need not be endured for long periods of time nor reach great magnitudes to be
beneficial. Further research is needed to determine if this mechanical regimen is effective in
restoring postural control in those already at risk, such as the elderly or infirm. Together,
these data indicate suggest that low magnitude mechanical signals can help preserve balance
and postural stability in circumstances where normal weight bearing challenge to the
musculoskeletal system are not otherwise possible, as might arise with aging, chronic
illness, extended bed-rest or even space-flight.
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Figure 1.
Figure 1a. Setup showing LMMS treatment. Coupling spring attached to bottom surface of
vibration platform provides a load of 60% of the subjects’ pre-bed rest body weight via a
shoulder harness. The subject pushes on the plate with straight legs, in a “relaxed stance,”
for 10 minutes while the platform provides a 30 Hz, 0.3g sinusoidal acceleration along the
their load bearing axis.
Figure 1b. Surface acceleration of the top platen of the vibration device during subject
treatment with 60% body weight, showing 0.3g peak to peak acceleration. A closed loop
feedback control system built into the platform uses a build in accelerometer to
automatically adjust the electrical drive signal to the actuator to provide a consistent, high-
fidelity sinusoidal acceleration/deceleration for subject of various heights and weights.
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Figure 2.
Stabilogram of a typical subject at baseline (A) and after bed rest (B), with anterior-posterior
and medio-lateral COP displacement expressed in mm. At baseline, the subject’s COP
remains near the center of the plate, with occasional perturbations away from the stable
region, which become exaggerated after chronic bed rest.
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Figure 3.
As compared to baseline, control subjects (n = 13) realized a large increase in peak AP (A)
and ML (B) COP displacement and velocity (C) as well as root-mean-square (D) of velocity.
During upright stance after bed rest, subjects were unable to maintain a constant upright
stance and experience COP dispersions at higher magnitudes and velocities, as shown in AP
Velocity, and in variability, as seen in the AP RMS Velocity. In contrast, LMMS subjects (n
= 17), in both the eyes closed and open conditions (light gray), showed significantly
improved retention of baseline postural control measures. † p<0.05, ‡ p<0.1, ° indicates
outliers from the box-plot. Eyes closed data shown.
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Figure 4.
Frequency analysis of stabilogram showing frequency changes in AP shear forces during
quiet stance in (A) low, (B) mid, and (C) high frequency ranges. Control subjects displayed
an increase in frequency in all three frequency groups. The LMMS subjects showed the
greatest increase relative to baseline in low frequency and the smallest in high frequency;
however these changes were not significant. The LMMS subjects showed significantly
better retention of baseline mid and high frequencies as compared to the control group. †
p<0.05 ‡ p<0.1, ° indicates outliers from the box-plot. Eyes closed data shown.

Muir et al. Page 13

Gait Posture. Author manuscript; available in PMC 2012 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
An increase in stabilogram diffusion analysis parameters occurred after 90 days of bed rest,
further indicating the deterioration of postural control. The increase in short term coefficient
represents a decrease in stability in short time intervals during quiet stance. When the
postural control system is compromised, the open loop control system becomes more
unstable, and a higher degree of displacement occurs before the body switches to a closed
loop system to maintain upright stance. The LMMS subjects showed significantly better
retention of baseline measures as compared to the control group. † p<0.05 ‡ p<0.1, °
indicates outliers from the box-plot. Eyes closed data shown.
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