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Introduction: Spaceflight has functionally significant effects on senso-
rimotor behavior, but it is difficult to separate the effects of ascending
somatosensory changes caused by postural muscle and plantar surface
unloading from descending visual-vestibular neural changes. To dif-
ferentiate somatosensory changes from graviceptor changes in post-
spaceflight sensorimotor behavior, bed rest may serve as an exclusionary
analog to spaceflight. Methods: Four separate tests were used to mea-
sure changes in sensorimotor performance: 1) the monosynaptic stretch
reflex (MSR); 2) the functional stretch reflex (FSR); 3) balance control
parameters associated with computerized dynamic posturography (CDP);
and 4) a functional mobility test (FMT). Results: A mixed model regres-
sion analysis showed significant increases in median MSR start and peak
latencies, while the median FSR latency showed no significant increase.
Median MSR peak magnitude showed a significant increase during
the middle bed rest period (19-60 d). There were no significant effects
of bed rest on balance control, but some indication that dynamic head
movements may affect posture after bed rest. Time to complete the
course for the FMT increased significantly with bed rest. Discussion: The
four primary tests indicate that long-duration head-down bed rest,
through unloading and modification of the body’s support surface,
serves as an exclusionary analog for sensorimotor responses to space-
flight. Furthermore, the data suggest that procedures designed to allevi-
ate modifications to the sensory substrate serving the soles of the feet
may provide a countermeasure to help maintain support afferentation of
the postural muscles.

Keywords: spaceflight, stretch reflex, functional reflex, exclusionary hy-
pothesis, microgravity, flight analog, posturography, sensorimotor.

PACEFLIGHT HAS functionally significant effects

on the sensorimotor system. Research from previous
studies has shown that spatial orientation, balance con-
trol, locomotion, eye-hand coordination, and gaze stabi-
lization are transiently compromised in humans during
spaceflight and after return to Earth (29). Unfortunately,
a complete investigation of these complex responses to
spaceflight is seldom possible with in-flight protocols
due to resource constraints. Furthermore, modifications
within the vestibulospinal system in response to space-
flight cannot be separated from changes in the soma-
tosensory-spinal system driven by limb unloading, or
by associated cardiovascular changes. Whether modula-
tion of the major postural muscles by changes in prop-
rioceptive feedback from the legs and feet (bottom-up)
would determine the influence of vestibulo-spinal (or
top-down) input on the premotoneurons is unknown
(6,16). In part, this paper is one of a series of papers on

NASA'’s Flight Analog Project, which is designed to lay
the groundwork for a standard bed rest protocol that
will allow testing of various physiological systems with-
out the expenses associated with spaceflight.

A solution to the limitations imposed on spaceflight
investigations associated with sensorimotor adaptation
is to supplement spaceflight with ground-based experi-
mental techniques that would allow simulation of select
variables that are found in spaceflight and are believed
to have an effect on the somatosensory-spinal system. In
this context, a bed rest model can serve as an exclusion-
ary analog, allowing differentiation of changes that are
unique to induced fluid shifts and muscle unloading
from those that are mediated primarily through the
vestibulo-spinal system.

We conducted three related sensorimotor studies in-
cluding investigations of: 1) the sensorimotor system
(SMS) that was designed to specifically evaluate the
monosynaptic stretch reflex (MSR) and the functional
stretch reflex (FSR); 2) balance control using computer-
ized dynamic posture (CDP) measurements; and 3) per-
formance associated with activities of daily living (i.e.,
obstacle avoidance), identified as a functional mobility
test (FMT). We hypothesized that long-duration, head-
down bed rest would modify the basic sensorimotor re-
flex components necessary for complex motor behavior,
including upright stance and effective goal-directed
movement.

METHODS

Study methods are as described by Meck et al. (23).
Bed rest and test protocols were reviewed and approved
by the Johnson Space Center Committee for the Protection
of Human Subjects, the UTMB Institutional Review
Board, and UTMB General Clinical Research Center
Science Advisory Committee. Subjects received verbal
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and written explanations of the bed rest and test proto-
cols prior to providing written informed consent.

Subjects

Overall, 12 of 13 subjects were shared among the 3
experiments (SMS, CDP, and FMT). Of these subjects, 12
were shared between SMS and FMT, and 8 were shared
among all 3 tests. One subject was dropped from the
analysis for noncompliance with all three experimental
protocols.

SMS

Data from three pre-bed rest test sessions were ob-
tained for the SMS portion of the investigation, and
measurements were made during bed rest just prior to
reambulation of the subjects on bed rest days BR59,
BR60, or BR90 (depending on the subject) and post-bed
rest on BR+0, BR+3, and BR+5/7. For those subjects
who were evacuated due to Hurricane Rita, measure-
ments were obtained during bed rest on days BR42,
BR44, or BR49 for three of the subjects and once just after
reambulation for the fourth subject.

CDP

Valid balance control data were collected for only
eight subjects due to foot soreness (three subjects) or
noncompliance (two subjects). These data were obtained
twice prior to bed rest, on BR+0, and on 2-4 additional
recovery days, up to BR+12. In addition data were col-
lected on approximately day BR61 during the 90-d stud-
ies. Data were collected on days BR42, BR44, or BR49 for
the evacuated subjects.

FMT

FMT data were collected twice prior to bed rest, and
on BR+0. Data were also collected on approximately
day BR+61 during the 90-d studies, and on days BR42,
BR44, or BR49 for the evacuated subjects (23).

Apparatus

SMS apparatus: Data for the first seven subjects
were collected using a Cybex NORM system (CSMI,
Stoughton, MA) configured for left ankle dorsiflexion/
plantarflexion with the subject in the prone position. For
the MSR trials the dynamometer was set to essentially
freewheel (500° - s~ ! velocity limit in each direction). For
trials looking at the combined MSR and FSR, the dyna-
mometer was set at the velocity limit of 500° - s~! in the
dorsiflexion direction and 15° - s~ ! in the plantarflexion
direction. An aluminum bar was attached to the foot
restraint to provide leverage when struck with a force
hammer (Model 9724A50000, Kistler Instruments,
Winterthur, Switzerland) to elicit reflexes. For subjects
8-13, the data were collected using a device developed
specifically for rotating the foot around the ankle joint.
As with the Cybex, the device was configured for left
ankle dorsiflexion/plantarflexion in the prone position.
The device consists of a NeuroKinetics Inc. (Pittsburgh,

PA) 80 ft-Ib DC servomotor controlled via position feed-
back. The footplate was under computer control for all
trials. For conditions eliciting the MSR, the motor pro-
vided a step input in the dorsiflexion direction and then
returned to the starting position. For trials combining
the MSR and FSR, the motor provided a step input in the
dorsiflexion direction and then held this position for 3 s
before returning to the starting position.

Electromyographic (EMG) data were collected using a
Bagnoli-8 EMG amplifier system (Delsys Inc., Boston,
MA). Supplementary data (hammer force, dynamome-
ter torque, velocity, and position) were also collected si-
multaneously. All data were digitized via a 16-bit data
acquisition card (Model DAQCard-6036E for subjects
1-7 and Model PCI-6229 for subjects 8-13, National In-
struments, Austin, TX) and were sampled at 4000 Hz.

CDP apparatus: A modified commercial CDP system
(Equitest, NeuroCom International, Clackamas, OR) was
used to evaluate balance control. Subjects stood upon
the CDP system force plate, which was used to monitor
the ground reaction forces exerted by their feet (24). The
first three subjects had post-bed rest foot tenderness
that interfered with their ability to comply with the test
protocol. Thereafter, the protocol was modified so that
the remaining subjects stood on thin Pudgee foam (poly-
urethane open-cell gel-foam, Dynamic Systems, Inc.,
Leicester, CA) pads (0.95 cm thick, 480 kg - m ™2 density)
to alleviate the foot soreness without compromising bal-
ance control performance. Audio communications were
provided to the subject via headphones, which also de-
livered a low-amplitude broadband auditory noise to
mask any extraneous auditory cues and provided a ca-
dence to synchronize head movements on select trials.
Infrared markers placed on the headset frame were used
to quantify head position using an OptoTrak System
(Model 3020, Northern Digital Inc, Ontario, Canada). A
safety harness and spotter were used to support the sub-
ject in the event of loss of balance.

FMT apparatus: The FMT was an obstacle course set
up on a base of 10-cm thick medium-density foam
(Sunmate Foam, Dynamic Systems, Inc., Leicester, NC).
The foam base introduced a proprioceptive challenge
into the otherwise normal walking task. The 6.0 m X 4.0 m
course consisted of five vertical foam pylons arranged
in a slalom fashion, a 46-cm foam hurdle, a “portal,” and
a “gate” (Fig. 1). The portal obstacle was comprised of
two successive 31-cm foam hurdles with a horizontal
foam bar suspended between them. The horizontal foam
bar was adjusted to the height of each subject’s shoul-
ders. The portal required subjects to step over hurdles
while bending at the waist to duck under the horizontal
foam bar. The gate obstacle was comprised of two verti-
cal foam pylons adjusted to each subject’s shoulder
width, requiring the subject to ‘squeeze’ through the py-
lons without touching them.

Procedures

SMS procedures: Subjects lay prone on the apparatus
with their left foot strapped to a foot restraint that
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Fig. 1. The Functional Mobility Test performance course.

allowed rotation of the center of the ankle joint about the
center of either the dynamometer (Cybex) or motor shaft
(NeuroKinetics) on the servo-controlled system. Active
EMG electrodes were placed on the triceps surae and
anterior tibialis of the left leg with the reference elec-
trode placed on the lateral malleolus. A surgical marker
was used to mark the location of each electrode site to
maintain the same placement for each test session.

For both the MSR and the FSR trials, the subject’s foot
was dorsiflexed 5° with respect to the foot’s normally
relaxed position. The reflexes were elicited by either
striking a bar extended from the footplate with a force
hammer, or moving the foot with the servomotor, caus-
ing the foot to rapidly dorsiflex. For the MSR, the subject
was instructed to, “Stay relaxed, do not respond to the
stimulus.” For the FSR, a time optimal procedure was
used and the instruction was, “As soon as you feel the
stimulus, plantarflex your foot as quickly and as forceful
as possible.” For both cases, the time between stimuli
were randomized with intervals no shorter than 5 s.
During each test session, a minimum of 20 MSR and 6
FSR trials were collected with tendon stretch amplitudes
ranging from 1 to 10° in magnitude.

CDP procedures: The six standard CDP sensory organi-
zation test (SOT) conditions allow for examination of
the somatosensory contributions to postural sway by
comparing fixed support surface conditions (SOT 1-3)
with sway-referenced support surface conditions (SOT
4-6). They also allow for examination of visual contribu-
tions to postural sway by comparing eyes-open (SOT
1&4), eyes-closed (SOT 2&5), and sway-referenced vi-
sion (SOT 3&6) conditions. During sway-referenced tri-
als, the orientation of the support surface and/or visual
surround is servo-controlled to tilt in direct proportion
to the subject’s body tilt in the sagittal plane. The role of
vestibular contributions is usually inferred from perfor-
mance on SOT 5&6, since somatosensory and visual
cues are experimentally altered during those conditions.
Since we did not anticipate any effects of bed rest on
vestibular function, we considered these conditions to
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be redundant and chose not to use SOT 6. Thus, during
each test session, subjects performed SOT 1-5. However,
to increase the sensitivity of the test paradigm in elic-
iting subtle changes in balance control performance,
subjects 8-13 also performed head tilt posturography:
additional SOT 2 and SOT 5 trials were performed with
static and dynamic head tilts.

Subijects stood on the CDP platform, their ankle joints
were aligned with the rotational axis of the support sur-
face (and visual surround), and the safety harness was
attached. For all tests, subjects were instructed to main-
tain natural upright posture with arms folded across the
chest. Each 20-s standard SOT trial was performed with
normal, absent, or sway-referenced visual conditions
and a fixed or sway-referenced support surface. During
the sway-referenced conditions, the foot support surface
and/or visual surround was dynamically rotated (about
an axis through the ankle joints) in the sagittal plane in
direct proportion to the subject’s estimated instanta-
neous center-of-mass (COM) sway angle. During each
test session a maximum of three repetitions were per-
formed for each of the five SOT conditions.

All head tilt posturography trials were performed
with eyes closed. Prior to each static head tilt trial, sub-
jects actively pitched their heads back (from vertical) by
approximately 20° and attempted to maintain that head
position throughout the trial. Prior to each dynamic
head tilt trial, subjects began to perform continuous
+20° sinusoidal pitch plane head oscillations, paced by
a 0.33-Hz audible tone, and attempted to maintain one
complete head oscillation cycle every 3 s throughout the
trial. During each test session, subjects performed a
maximum of three trials for each head tilt condition with
fixed support (SOT 2) and with sway-referenced sup-
port (SOT 5) conditions.

FMT procedures: Subjects walked in bare feet or socks
at a preferred pace through the course, beginning and
ending each trial at a start/finish line marked on the
foam floor. They were instructed to complete the course
as quickly as possible without running and without
touching any of the obstacles. This task was performed
three times in the clockwise direction and three times in
the counterclockwise direction in a randomized order
for a total of six trials during any given session. The de-
pendent measure for each trial was time to complete the
course (TCC), measured in seconds. Subjects wore a
safety harness for all sessions. For post-bed rest sessions,
two spotters accompanied subjects around the course to
support them in case of a loss of balance.

Data Analysis

SMS data analysis: The data were processed using
scripts developed in Matlab (Version 7, The Mathworks,
Natick, MA) software and reduced into four stretch-
reflex features (MSR start latency, peak latency, peak mag-
nitude, and FSR latency). Data for each of these features
were retained for a particular test type (MSR or FSR) for
further analysis. Fig. 2A illustrates the three MSR fea-
tures, while Fig. 2B shows the FSR latency feature. All
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Fig. 2. A) Representative MSR response with the points used to cal-
culate start latency, peak latency and peak amplitude. B) FSR latency
calculation.

four features were measured repeatedly over multiple
trials (usually 9 or 10) during 6-11 sessions per subject,
each session taking place on a different day. Although
about 20 MSR trials and 6 FSR trials were originally col-
lected, only the tendon stretches that were 8° or more
were included in the analysis since there were no differ-
ences in the tendon reflex features in stretches 8° and
higher. To prevent outliers from unduly influencing
subsequent analysis, the data were then collapsed to the
median within a session for each subject and then trans-
formed logarithmically for the next analysis phase.

For each feature, log transformed medians were fit to
Gaussian linear regression models with random effects
and interactions (9) with bed rest to explain intersubject
variability. From the fitted models, we tested for signifi-
cant effects of short (18 d or less), medium (19-60 d), or
long (61-90 d) duration on mean log latency or log am-
plitude. In addition, we calculated interval estimates for
the probability that a randomly selected subject would
experience at least a given percent increase in each type
of latency or magnitude relative to his/her mean pre-
bed rest level, after a short, medium, or long period of
bed rest. In fitting the models, data were augmented
with similar SMS features obtained prior to bed rest for
two additional NASA studies so that more reliable esti-
mates of within and between-subject variation could be

obtained. These additional studies were designed to test
countermeasures during bed rest; however, data prior to
bed rest was gathered using a protocol similar to that
used in subjects 1-3 and 8-11, and could thus be incor-
porated into this analysis without bias. There were not
enough post-bed rest measurements to estimate an ex-
ponential recovery model, but we used the above tech-
nique to obtain 90% confidence limits for the percent
change between the population median at BR+0, BR+3,
BR+5, and BR+7 d post-bed rest, and the pre-bed rest
median for each SMS feature.

CDP data analysis: COM sway angles were estimated
from instantaneous anterior-posterior center-of-force
positions computed from the normal force transducers
mounted within the Equitest force plates (25). The peak-
to-peak COM sway angle, 6, from each 20-s trial was
used to compute an equilibrium score (EQ) from: EQ =
100 X [1 — (6/12.5)], where 12.5° is the maximum theo-
retical stable peak-to-peak sway in the sagittal plane.
For 6 =12.5°, the trial was scored as a fall and the EQ
was set to zero.

Since balance control was expected to be unaffected
by bed rest, our initial analyses were limited to a com-
parison between pre- and the first post-bed rest test ses-
sion. Statistical analysis of EQ scores is confounded by a
non-normal distribution of EQ scores in normative pop-
ulations as well as by “falls” which are singular, discrete
events that cannot be considered part of a continuous
EQ distribution. We have previously developed a mixed
discrete-continuous beta distribution model (11) that
was used in this study to characterize the population
performance. Beta distributions were fit to EQ scores for
pre- and post-bed rest test sessions. From the estimated
beta parameters, we obtained point estimates of the fol-
lowing: 1) the ratio of medians (post/pre); 2) the ratio of
fiftth percentiles (post/pre); and 3) the probability of a
post-bed rest EQ score being less than the fifth percentile
of the pre-bed rest EQ distribution. Using the delta
method (12) applied to these estimates and their covari-
ance matrices, we then obtained approximate standard
errors and 90% confidence limits for 1, 2, and 3.

FMT data analysis: The FMT was used to quantify
changes in subjects’ locomotor control following the bed
rest period. Two discrete pre-bed rest sessions and one
post-bed rest session were evaluated. Each subject’s
“normal” (pre) response was determined by calculating
the average TCC measurement across the 12 pre-bed
rest trials spanning the 2 discrete pre-bed rest sessions (6
trials per session). A similar procedure was adopted to
quantify each subject’s performance on the first day af-
ter bed rest (post), by calculating the average TCC mea-
surement across the six trials performed during this test
session.

With regard to locomotion, studies have shown that
body loading is of particular importance as a somatosen-
sory input because it is essential for modulation of mo-
tor control during locomotion (8), particularly with
regard to shaping motor output patterns during step-
ping (10,14), for controlling balance and posture during
locomotion, and the termination of locomotion (8,14,27).

A48 Aviation, Space, and Environmental Medicine « Vol. 80, No. 5, Section 11 « May 2009



SENSORIMOTOR SYSTEM & BED REST—RESCHKE ET AL.

In order to assess the impact of applying pressure to the
soles of the feet through “foot massages” during bed
rest, a paired t-test was performed across all the sub-
jects” average pre- and post-measurements in the two
groups. Further, the percentage change in the TCC of the
mean post-bed rest performance relative to their corre-
sponding pre-bed rest performances were also calcu-
lated for each subject. These average percentage changes
in TCC for the group of subjects 1-3 (no foot massage)
were then compared with those calculated across sub-
jects 4-13 (with foot massage) using a student’s t-test.
FMT data were analyzed at a significance level of 0.05
using a standard statistical software package (SPSS v.
10.0, Chicago, IL). CDP and SMS data were analyzed us-
ing Stata statistical software (1)

RESULTS
SMS Results

A short descriptive summary of the four stretch-reflex
features is shown in Table I. The effect of even a week or
two of bed rest, estimated from the mixed model regres-
sion analysis, showed that the population median start
and peak latencies were increased by about 4.2% and
3.7%, respectively. Both of these increases were more
than could be attributed to chance variation; P = 0.019
(start latency) and P < 0.001 (peak latency). However,
there was no significant further increase in either latency
as stays in bed increased to 90 d. On the other hand, me-
dian peak magnitude did not noticeably increase at the
start of bed rest (0-18 d), but was estimated to increase
by about 47% (P = 0.003) during the middle bed rest
period (19-60 d). Peak magnitude measurements were
much more variable than the start and peak latencies,
thus there were too few subjects and measurements
available to evaluate the possibility of a substantial in-
crease during early or late bed rest. No significant change
was observed during any bed rest period for FSR la-
tency. Fig. 3A and B show the respective estimated prob-
abilities of a particular subject increasing his/her start
and peak latency (with respect to a pre-bed rest average
over three sessions) by a given percentage (abscissa)
during bed rest, with 95% confidence limits. Note that
these calculations are for change in a specific subject’s
median response, not the change in the population me-

dian. In general, percent changes for individuals can be
much larger than percent changes in population medi-
ans. Finally, Fig. 3C shows the probability of a given
percent increase in peak magnitude during the middle
period of bed rest. Note that this measure may very well
change by a factor of 2 or more relative to a pre-bed rest
average.

Fig. 4 shows point estimates and 95% confidence in-
tervals (CI) for the percent difference between the popu-
lation median of each stretch reflex feature after bed rest
and the corresponding pre-bed rest median. These plots
show that start latency was back to normal by the third
day after bed rest, while peak latency and peak magni-
tude appeared to take somewhat longer to recover—
perhaps 4 or 5 d. We did not see any significant change
in FSR latency during any part of the bed rest period, so
it is not surprising that there was no discernable trend of
this feature during the recovery period.

CDP Results

Data were analyzed from 8 of the 13 subjects partici-
pating in the CDP testing. In addition to the subject
excluded from all sensory-motor analyses for noncom-
pliance, one subject was excluded from CDP analyses
due to nausea upon reambulation, and subjects 1-3 were
excluded from CDP analyses because post-bed rest foot
(plantar surface) soreness interfered with their abilities
to comply with the test performance requirements
(standing as still as possible). To reduce any variance
associated with bed rest duration, we selected the
post-bed rest data points closest in time for analysis.
Nevertheless, the bed rest durations included in the
analyses ranged from 42 to 63 d.

All eight subjects completed SOT 1-5 before bed rest,
and their scores were all within normal ranges for these
standard tests (24). On the day of reambulation follow-
ing 42-63 d of bed rest, the ratios of pre-/post-bed rest
EQ scores indicated a small decrement in each of the
standard SOT (range = 0.945 to 0.990); however, the 90%
CI encompassed a ratio of 1.00 (no change) in all but
SOT 4, where the CI ranged from 0.904-0.985. Similarly,
the probability that a post-bed rest EQ score would fall
below the pre-bed rest fifth percentile EQ score only
appeared to be increased in SOT 4 and 5 to 0.176

TABLE I. MINIMUMS, MAXIMUMS, AND MEDIANS FOR THE FOUR STRETCH REFLEX PARAMETERS.

Feature Type Bed Rest Period No. of Subjects No. of Trials No. of Sessions Min Median Max
Start Latency MSR pre 35 4121 105 32.5 54.5 95
in 12 1462 49 31.3 51.5 72.3
post 9 673 24 31.5 44.5 62.8
Peak Latency MSR pre 35 4041 105 44.8 66.3 86.3
in 12 1454 49 44.8 64.8 99.5
post 9 672 24 46.3 56.8 73.8
FSR Latency FSR pre 34 985 102 78 152.8 378.5
in 12 453 49 98.3 172.7 353.5
post 9 228 24 105.6 173.2 399.9
Peak Magnitude MSR pre 35 983 105 8.3 346.1 2166.3
in 12 476 49 48.2 461.9 3085.5
post 9 238 24 6.4 465.4 2442.8

MSR = monosynaptic stretch reflex; FSR = functional stretch reflex.
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(CI: 0.062-0.407) and 0.209 (CI: 0.062-0.514), respectively,
but the lower limit of the broad CI were only slightly
above the pre-bed rest level of 0.050.

Five of the eight subjects also completed head-tilt pos-
turography tests before and after bed rest. The small N
precluded similar statistical analyses of the data from
these tests, but qualitatively, performance on head tilt
tests appeared to be somewhat more challenging after
bed rest than it was on the static tests.

FMT Results

Fig. 5 shows the pre- and post-bed rest average (+ 1
SEM) of the TCC (s) performance from subjects 1-3, who
did not receive foot massage, compared to subjects 4-13,
who did receive additional foot massage. Subjects in
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Fig. 4. Percent difference between population median of pre-bed
rest: A) MSR start latency, B) MSR peak latency, C) MSR peak amplitude,
and D) FSR latency, and the post-bed rest days. Error bars show the 95%
confidence limits.

both groups showed a significant increase in their TCC
response times after 60 d of bed rest (P < 0.05) in com-
parison to their pre-bed rest performance. Subjects 1-3
showed a 94% increase in TCC while subjects 4-13
showed a 27% increase in TCC. Further, comparison be-
tween the pre- to post-bed rest percentage change of the
TCC (s) performance across subjects in the two groups
show that subjects 1-3, who were not given additional
foot massages during bed rest, had significantly (P <
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0.05) larger average percent changes in TCC after bed
rest compared to subjects 4-13, who did receive foot
massage.

DISCUSSION

The results of the current investigations offer support
that head-down bed rest can serve as a useful exclusion-
ary analog that is helpful in distinguishing the effects
of spaceflight on the sensorimotor system from those
adaptative responses that occur alone in response to
muscle unloading. The second concept for discussion
concerns the underlying differences in responses that
were observed between subjects who did and subjects
who did not receive foot massage during bed rest. While
there was not a reason to believe that the sensorimotor
responses across groups would be different, the results
for all the sensorimotor investigations (reflex, posture,
and mobility) suggest that there was a difference in the
way the subjects responded with or without the foot
massage. A plausible explanation is that the first three
subjects tested in each of the sensorimotor investiga-
tions simply had sore feet and could not complete the
posture tests. They had similar complaints during the
tilt tests, described in Platts et al. (28) within this issue.
However, other explanations are possible.

Stretch Reflex and FSR Function in Response to Bed Rest
and Spaceflight

The stretch reflex and FSR are primary components
involved in the maintenance of postural stability and lo-
comotion. The typical latency of a stretch reflex recorded
from the triceps surae is approximately 40 ms, while the
same muscle complex shows that the earliest detectable
contraction in response to an imposed sway of the stand-
ing subject occurs with a latency of about 120 ms. It
is reasoned that a response with this latency must be
supraspinal rather than segmental like the stretch or

T-reflex. This conclusion was confirmed by the absence
of this long latency reflex, identified as the FSR, in pa-
tients with spinal transections or post central lesions (4).
Evidence that the FSR is critical to postural performance
and locomotion was first described by Gurfinkel and his
colleagues (13) when they did not find evidence of a
long latency reflex with ankle rotation in a standing sub-
ject, but did evoke a long latency reflex when the body
swayed about the ankle joint. The conclusion was that
the FSR activation requires additional sensory input to
inform the major postural muscles that sway is present.

In 1975, two short bed rest studies (14 and 28 d, re-
spectively) in which the subjects remained horizontal,
were conducted by NASA at the Johnson Space Center
to address some of the changes observed during the
Skylab spaceflights (15). As a part of these studies both
postural performance and motor responses were ob-
tained before and after bed rest. The postural testing
was a follow-on to the marked ataxia that was docu-
mented following spaceflight (15), and the sensorimotor
testing (Achilles tendon stretch reflex and the Hoffmann
reflex) was done to complement the observation that
the stretch reflex was potentiated following spaceflight
(2,15). While the results of these two bed rest studies did
not show changes in postural stability, there was a tran-
sient hyperflexia observed in both the stretch and Hoff-
mann reflexes (H-reflex) recorded immediately following
bed rest.

There is now considerable evidence to suggest that
spaceflight has a rather significant effect on motor be-
havior. Building on the Skylab observation of a post-
flight potentiation of the stretch reflex (2), a number of
experiments, both in flight and postflight, have been
conducted. Four such tests were performed during the
first Spacelab (SL-1) spaceflight aboard the Space Shut-
tle. The H-reflex showed a gradual decline in flight fol-
lowed by an increase immediately postflight, with a
return to preflight levels over a number of days. In a re-
lated experiment (32), otolith-spinal reflexes were elic-
ited by sudden, unexpected falls. EMG activity recorded
early in flight from the triceps surae during the fall de-
clined in amplitude as the spaceflight progressed, and
returned to normal by 3.5 h after landing. In a third ex-
periment (32), soleus muscle potentials in response to a
sudden unexpected linear translational platform move-
ment imposed on a standing subject showed that muscle
response latency was greater immediately postflight
(comparable to what we have observed in the present
study). In the fourth experiment, the postflight posture
platform test (32), the crewmember’s erect posture was
tested by pitching the platform base about the ankle
joint. The EMG activity from the tibialis anterior and
gastrocnemium muscles showed that the early reflex ac-
tivity did not change as a function of spaceflight. How-
ever, EMG activity which occurred later than 500 ms
showed higher magnitudes than those recorded pre-
flight, suggesting that there is perhaps a secondary cen-
tral reflex that can be used to help maintain posture. The
results from the current series of bed rest studies sug-
gest that the previous spaceflight sensorimotor studies

Aviation, Space, and Environmental Medicine « Vol. 80, No. 5, Section II « May 2009 A51



SENSORIMOTOR SYSTEM & BED REST—RESCHKE ET AL.

may have been impacted by more than microgravity ef-
fects on the vestibular system. Muscle unloading clearly
plays a significant role in the changes observed in both
spaceflight and bed rest.

Postural Responses Following Bed Rest and Spaceflight

Spaceflight crews typically exhibit performance dec-
rements immediately after spaceflight in all of the stan-
dard CDP sensory organization tests. The greatest
functional deficits are observed in SOT 5 and 6, which
are most sensitive to altered vestibular information pro-
cessing (26). Recent testing of long-duration crews dem-
onstrated that head tilt posturography is more sensitive
than the standard CDP protocol in this population, reg-
istering performance decrements well after performance
on the standard SOT has recovered (17). To our knowl-
edge, CDP has not previously been used to assess modi-
fications in postural stability following long-duration
bed rest. In the current study, we observed no significant
decrements in performance on a standard battery of
CDP sensory organization tests, suggesting that either
no functionally significant change occurred or that the
standard battery was insensitive to those changes that
did occur. However, we were able to make qualitative
observations of performance decrements in the limited
number of subjects who performed the more sensitive
head tilt posturography tests. This suggests that there
might be some measurable decrements in balance con-
trol performance associated with bed rest, but more data
will be required for validation. If true, it is possible that
these decrements could result from a change in the cen-
tral estimation of the gravitational orientation reference
(see above) owing to either an altered canal-otolith rela-
tionship driven by prolonged tilt of the utricular macula
with respect to the gravity vector or, more likely given
our FSR results, to a modulation of the proprioceptive-
spinal reflex response from the central nervous system
that is in conflict with ascending input from the major
postural muscles.

Functional Mobility Following Bed Rest and Spaceflight

The FMT was developed to quantify an individual’s
functional performance. In a recent comparison of com-
mon balance tests, the FMT, as used in this bed rest ana-
log, correctly classified 88% of clinical patients with
vestibular and balance disorders, outperforming the
success rates of the more standard testing counterparts:
Dynamic Gait Index, Time Up and Go, and the Berg
Balance Scale (5). FMT data, used in conjunction with
complementary test data, may highlight cases in which
a subject’s central nervous system has reorganized its
subcomponents to compensate for sensorimotor defi-
cits. Hence, FMT data is most revealing when com-
bined with other metrics of recovery of the sensorimotor
system.

Although all subjects received body massages in the
current study, there appeared to be a marked difference
in the subjects who did and did not receive a daily foot
massage to ameliorate the tenderness of the soles of the

feet as a planned countermeasure. It is unfortunate,
given the current experimental design, that we cannot
separate the importance of the foot soreness on our re-
sults versus underlying changes in proprioceptive func-
tion. The subjects who had sore feet (subjects who did
not receive foot massage) performed much worse after
bed rest (94% increase in time) compared to those who
did not have sore feet (subjects who did receive foot
massage, 27% increase in time). In comparison, data
from subjects who have been in space for 180 d have
shown a 50% change in their TCC on the same task. The
difference between the spaceflight and bed rest results
reflects the fact that bed rest mimics only sensory
changes associated with axial body unloading without
the concomitant adaptive changes in the vestibular sys-
tem that is typical from spaceflight.

Sensorimotor Response Difference Across Bed Rest Studies

The data are complicated by two factors. First, all sub-
jects were not in head-down tilt for the same duration.
The first three subjects were in bed rest for 60 d. Four
subjects were evacuated due to Hurricane Rita. The rest
were in bed rest for 90 d. However, 60-d data were ob-
tained from those subjects, making fairly consistent data
collection near 42 and 60 d. Second, although daily body
massages were given to all bed rest subjects, they were
augmented after the first three subjects with a daily foot
massage to ameliorate the tenderness of the soles of the
feet. This additional foot massage, given to subjects 4-13,
has played an important role in the interpretation of
study results, and may be a driving factor in providing
a potential countermeasure associated with sensorimo-
tor function.

The evidence that foot massage may serve as an effec-
tive countermeasure to limb unloading in head-down
bed rest comes from the differences in FSR latency ob-
served across groups. There were delays in FSR latency
for the first three subjects while the remaining subjects
showed less of a delay around day 60. One subject, in
fact, had a shorter response time on day 60 compared to
pre-bed rest. When bed rest was completed, two of the
first three subjects showed delays even 7 d post-bed rest
while the other subjects returned to baseline very
quickly. For the stretch reflex, the first three subjects all
showed an increased latency while the majority of the
remaining subjects had either a decreased latency or no
change compared to their baseline.

The potential of massage as a countermeasure has
been supported by other investigations. In a recent study
assessing the effects of changes in somesthetic plantar
information on upright quiet stance in healthy subjects,
application of a rotary plantar massage under the feet
for 10 min resulted in reduced sway measurements
along the medial-lateral plane during quiet standing (3).
More importantly, these data suggest foot massages do
help the postural control system during quiet upright
stance. Kozlovskaya et al. (18-20) have reported that,
upon analyzing the countermeasures used by the crew-
members of different spaceflight durations, the postural
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control changes were reduced when there was an in-
crease in the support loads in spaceflight. This was fur-
ther corroborated by the results from Layne et al. (21),
which showed an increase in the support surface reac-
tion force and an increase in the magnitude and dura-
tion of the activation of flexor and extensor muscles
during an arm raise task in microgravity. Also, other ex-
periments by Roll et al. (30,31) in microgravity report
that the “lift illusion” in response to ankle muscle vibra-
tion gave way almost instantaneously to an illusion of
anteroposterior body tilt (the same as in 1 G) as soon as
braces were used to replicate the missing axial ground
pressure forces. These studies point to the importance of
support unloading in the genesis of ataxia upon return
to the 1-G Earth environment as a result of exposure to
microgravity (18-20). However, since there were only
three subjects who did not receive foot massages in com-
parison to the larger group of subjects that did in the
subsequent studies, a larger group will be required to
validate the results reported on the changes in senso-
rimotor performance parameters after head-down bed
rest.

Conclusions

The results of the sensorimotor studies conducted as a
part of long-duration head-down bed rest support the
concept that unloading through bed rest can serve as an
exclusionary analog to spaceflight. This observation is
important because it suggests that bed rest is an appro-
priate paradigm that will allow investigators to differ-
entiate between the bottom-up modifications in posture
and locomotion due to unloading and the top-down
changes associated with visual-vestibular adaptation to
spaceflight. There is a good deal of evidence that sup-
ports this view. For example, it is possible to hypothesize
that body loading is a fundamental parameter that mod-
ulates motor output during upright stance and locomo-
tion (7). Loading, as an independent sensory input, is
essential for controlling the generation of stepping pat-
terns, balance, posture during locomotion, and the ter-
mination of locomotion (8,14,22,27). With spaceflight
alone, it is not possible to separate the modification in
load due to microgravity and the adaptive changes to
the visual-vestibular system that are believed to be nec-
essary for improved performance in a weightless en-
vironment. Coupled with the results from the current
study, bed rest or another analog (dry immersion), may
be a mandatory control to differentiate unloading from
the overall effects of spaceflight. Furthermore, given the
effect of foot massage in this study, it may be useful to
implement a similar procedure during flight as a way of
addressing the bottom up component as a potential
flight countermeasure.
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