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Introduction

The deconditioning of physiological function in human sub-

jects during prolonged bed rest has been proposed as an analog

to space flight1. Indeed, countermeasures that minimize phys-

iological deconditioning during bed rest, such as cycle ergome-

ter exercise or compression garments, have proven to be useful

with astronauts during space flight2. However, until recently,

these countermeasures have addressed the various physiolog-

ical systems in a piece-meal fashion (e.g. cardiovascular sys-

tem for exercise; musculoskeletal system for compression

garments; etc.). On the other hand, artificial gravity generated

by short-radius centrifugation has been proposed as a more

general, multi-purpose countermeasure against sensory-motor,

cardiovascular, and musculoskeletal deconditioning due to

prolonged exposure to weightlessness3-5.

In a pioneering study, Vernikos et al.6 demonstrated that in-

termittent (real) gravity loading can effectively reduce the de-

conditioning associated with prolonged bed rest in healthy

human males. She showed that intermittent standing or con-

trolled walking during otherwise continuous bed rest prevented

post-bed rest orthostatic intolerance and attenuated decrements

in peak oxygen uptake, plasma volume, and urinary Ca++ ex-

cretion. Other studies found that intermittent centrifugation sup-

plemented or not with concurrent aerobic exercise during bed

rest could completely protect respiratory and cardiovascular re-

sponses to upright exercise, improve G-tolerance, suppress

plasma volume loss, prevent fluid volume shifts, and reduce

the elevated heart rate, muscle sympathetic nerve activity, and

exaggerated responses to head-up tilt after bed rest7-11.

More recently, a study showed that human subjects cen-

trifuged daily for one hour during a 21-day bed rest exhibited

less physiological deconditioning than control subjects expe-

riencing the same deconditioning stimulus without centrifuga-
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tion. Beneficial effects were seen on muscle strength, volume,

homeostasis, and cardiovascular performance12-16. However,

sensory-motor performance, including reflex function, spatial

orientation, and balance control performance were unaffected

by daily exposures to centrifugation17-18, as were psychological

and physiological stress, immune function, and cognitive per-

formance19-20.

In 2005 the European Space Agency (ESA) commissioned

a multi-disciplinary Topical Team to advise the agency on ar-

tificial gravity research. The outcome of which was a book21

and a detailed set of recommendations for undertaking a pro-

gram of ground-based research into the feasibility of using in-

termittent gravity loading plus supplemental exercise as a

multi-system countermeasure. The first step of this program

was very short-duration (5 days) bed rest studies to establish

the effective ranges of intermittent gravity loading on sensory-

motor, cardiovascular, and musculoskeletal systems, using ei-

ther real gravity such as Vernikos et al.6 or short-radius

centrifugation. These studies used a crossover design that re-

quired all subjects to experience each test condition. Thus,

multiple campaigns were required, with each subject spending

one week in the facility (under a different experimental con-

dition) during each campaign and recovering for at least four

weeks between campaigns. The full set of ESA standard bed

rest dependent measures were collected on each subject before

and after each campaign. As the 5-day campaigns are very

short relative to the deconditioning time constants of some of

the physiological systems (e.g., bone demineralization, muscle

atrophy), a few longer duration campaigns (14-21 days) will

be scheduled later in the program to validate the effects pre-

dicted in these systems and to develop optimal intermittent ar-

tificial gravity prescriptions.

The results reported here concern the effects of intermittent

standing or a combination of heel raises, squats and hopping

exercises during very short-duration (5-day) bed rest on sen-

sory-motor performance. We focused on posture and gait be-

cause these responses have been extensively studied in

astronauts returning from space flight and changes have been

observed after only 5 days in weightlessness22-24. Indeed, these

functions are critical in case the crew needs to egress the ve-

hicle in an emergency after landing.

Bed rest does not alter the otolith input in the same manner

as space flight because gravity continues to exert a vertical

force on the utricles in supine subjects during bed rest whereas

this static stimulation is absent in weightlessness. However,

bed rest does mimic aspects of the restricted visual environ-

ment of spacecraft and the reduced stimulation of propriocep-

tive reflexes of the lower limbs. Ground-based studies have

shown that somatosensory loss increases vestibulospinal sen-

sitivity25 and alters head movement control during locomo-

tion26. There is also ample evidence of interactions between

the vestibular system and cardiovascular control27. We there-

fore predicted that decrements in postural stability following

bed rest would reflect altered proprioceptive function, and

might also be affected by orthostatic deconditioning.

Material and methods

General design

The present study was part of a series of bed rest studies or-

ganized by ESA, starting with a short-duration bed rest in

preparation for more long-duration studies. Details of the ex-

periment design have been presented elsewhere28. In short, a

total of three bed rest campaigns were scheduled. Each cam-

paign consisted of 5 days of baseline data collection (BDC-5

through BDC-1), 5 days of bed rest in 6° head down tilt (HDT1

through HDT5), and 6 days of recovery (R+0 through R+5).

Each subject randomly performed bed rest only (CON), bed

rest with 25 min of daily upright standing (STA), or bed rest

with 25 min of daily locomotion replacement training (LRT).

In bed, the subjects maintained the 6° HDT for 24 h/day (ex-

cept for 25 min in the LRT and STA interventions). 

Subjects

Ten healthy male subjects (mean±SEM age: 29.4±5.9 years,

height: 178.8±3.7 cm; weight: 77.7±4.1 kg) were used in this

study. All participants received a comprehensive clinical as-

sessment and gave their informed consent prior to the begin-

ning this study. The study design was approved by the Ethics

Committee of the Northern Rhine medical association in Düs-

seldorf, Germany and was organized by the DLR Institute of

Aerospace Medicine and sponsored by ESA.

Interventions and control condition

Locomotion replacement training (LRT). Subjects executed

the upright 25-min LRT session daily during the HDT phase,

which consisted of a combination of heel raises, squats and

hopping exercises in the upright position (see Mulder et al.,

2014 for details). A Smith Machine with fixed rails (PTS-1000

Dual Action Smith™ Cage, Hoist Fitness Systems, San Diego,

USA) was used to guide the heel raise and squat exercises.

Squats and heel raises were performed against body weight

plus the additional weight of the barbell (15 kg). The heel

raises were performed with straight knees and without ankle

dorsiflexion. The shallow squats were performed continuously

for 3 minutes. The reactive jumps and the cross-hopping (left-

right-left-right etc.) exercises were performed without Smith

Machine. The reactive jumps were performed with the ball of

the foot (heels not touching the ground) at about 3 repetitions

per second separated by 15 s of rest after 6 jumps. Cross hop-

ping was performed continuously for 3 min at about 1.3 repe-

titions per second. The exercises had the same duration

throughout the study, except for the duration of static squat

that increased from 45 s at HDT1 to 70 s at HDT528.

Standing intervention (STA). Each subject stood upright for

25 min, directly next to the bed. Both feet were in contact with

the floor during the entire standing phase and any type of physical

activity (e.g. heel raise, squatting or walking) was prohibited.

Control condition (CON). Subjects in the CON group re-

mained in HDT 24 h/day for 5 days and refrained from any

type of physical exercise and/or upright posture during the bed

rest phase.
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Posturography

This test utilized dynamic posturography to quantitatively

assess both sensory and motor components of postural con-

trol29. The subjects with their hands across the waist stood with

the feet together, while looking straight ahead, for 30 s on a

foam pad that rested on a force platform. The foam pad was

made of a 12-cm thick medium-density foam (Sunmate, Dy-

namic Systems Inc., Leicester NC, USA). Standing on foam

alters somatosensory inputs, and is a useful option for testing

balance control when more expensive dynamic posturography

testing equipment (e.g. EquiTest) is not available30. 

There is evidence that the diagnostic assessment of postural

instability is more pronounced during unstable support condi-

tions requiring active head movements. For this reason, in

some trials, subjects were oscillating their head in pitch (fre-

quency 0.33 Hz; amplitude ±20º) in phase with a sinusoidally

varying auditory tone. These dynamic head tilts stimulate the

vestibular system, which renders the maintenance of upright

posture more challenging. This method improves the diagnos-

tic sensitivity of posturography, as shown in healthy subjects

and astronauts returning from space flight31-32. 

Consequently, three conditions were used to objectively

evaluate the subject’s ability to make effective use of (or sup-

press inappropriate) visual, vestibular, and proprioceptive in-

formation for balance control: (a) eyes open with the head

erect (EO); (b) eyes closed with the head erect (EC); and (c)

eyes closed with dynamic head tilts (ECDHT). Each condition

was performed three times. The order of conditions was ran-

domized. Between trials, subjects could rest and sit on a chair.

Duration of the test was 15 minutes. 

Center-of-mass sway angles were estimated from instanta-

neous anterior-posterior (AP) and medial-lateral center-of-force

positions, which were computed from force transducers mounted

within the force platform (Leonardo Mechanograph, Novotec

Medical GmbH, Pforzheim, Germany). The AP peak-to-peak

sway angle, Θ (in degrees), was used to compute the equilibrium

score (EQ): EQ=100 x (1-(Θ/12.5)) where 12.5º is the maximum

theoretical peak-to-peak sway in the sagittal plane. For Θ=12.5º,

which is scored as a fall, the EQ score is zero33.

Dynamic Gait Index

The Dynamic Gait Index (DGI) was developed as a clinical

tool to assess gait, balance and fall risk34. It evaluates not only

usual steady state walking, but also walking during more chal-

lenging tasks. Eight functional walking tests are performed by

the subject: (1) walk a distance of 6 m on a level surface at nor-

mal pace; (2) walk the same distance while changing gait speed

at instructor’s command; (3) walk 6 m at normal pace while

looking to the right or to the left upon instructor’s command;

(4) walk 6 m at normal pace while looking up or down; (5) walk

at normal pace, then turn as quickly as possible to face the op-

posite direction and stop; (6) walk at normal pace and step over

an obstacle (shoebox); (7) walk at normal pace and step around

the right side of a cone placed at 3 m, and around the left side

of a cone placed at 6 m; and (8) walk up stairs, using the railing

if necessary, and when arrived at the top, turn around and walk

down. Duration of the test is 30 minutes.

Each of these 8 tasks was performed once, in random order.

Performance of each task was rated by a trained observer on a

scale of 0 to 3 (where 3 indicated the best score), based on the

following criteria: 

– 3 (normal): successful execution of task with no assistance,

no evidence for imbalance, normal and smooth gait pattern.

– 2 (mild impairment): slow execution speed, may require ver-

bal cueing, mild gait deviations, no signs of imbalance.

– 1 (moderate impairment): very slow execution speed, abnor-

mal gait pattern, evidence for imbalance, must use rail, stag-

gers but recovers before continuing the task. 

– 0 (severe impairment): cannot safely complete the task, severe

gait deviations or imbalance, unable to clear obstacles, subject

stops and reaches for wall or requires physical assistance.

The Dynamic Gait Index (DGI) was obtained by summing

scores for all 8 tasks. Twenty-four is the maximum individual

DGI possible. Based on previous studies in older adults, DGI

ranging from 22-24 are indicators of safe ambulators, whereas

scores of 19 or less have been related to increased incidence

of falls34.

Data analysis

Both posturography and DGI tests were repeated by the

same subjects two days before bed rest (BDC-2), then on the

last day of bed rest (R+0), i.e., approximately 20 min after the

subjects first stood upright during a 5-30-min orthostatic tol-

erance test, and then three days later (R+3). EQ and DGI

scores were compared across days (BDC-2, R+0, R+3) and

bed rest countermeasures conditions (CON, STA, LRT).

All statistical analyses were performed using SPSS (V20,

IBM Corp, Armonk NY, USA). Since EQ scores cannot be

treated as continuous, normally distributed data when falls are

present35, posture data were analyzed using the non-parametric

repeated measures Friedman test. DGI scores were analyzed

using the same procedure. When Friedman tests were signifi-

cant, follow-up (post hoc) analyses between paired data were

achieved using the Wilcoxon Signed Ranked test. Statistical

significance was accepted at P<0.05 before appropriate Bon-

ferroni correction was applied.

Results

To determine whether there were any effects of

adaption/learning/familiarization to the test paradigm, we eval-

uated the temporal stability of the data for all BDC and R+3

data sessions across the three bed rest campaigns. Our null hy-

potheses were that: (a) no differences would be observed in

BDC scores from campaign to campaign; and (b) recovery

would always be complete by R+3, so that no differences would

be observed between BDC and R+3 scores in any campaign. 

All 30 EQ Scores (3 trials x 10 subjects) for each of the

three posture conditions (EO, EC, and ECDHT) conducted at

the BDC and R+3 test sessions for each of the three campaigns
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were analyzed. Median values for each of the six sessions are

presented in Table 1. These data are presented in the temporal

order they were collected, so, owing to the randomization

process, interventions (CON, STA, LRT) varied approximately

equally among subjects between each of the three BDC and

R+3 sessions.

Scores during the BDC session of the first campaign were

lower than the other campaigns presumably because of the

novelty of the testing paradigms. Had a familiarization session

been provided prior to this first BDC, the scores on that session

would likely have been similar to the scores in all of the re-

maining sessions. 

The repeated-measures Friedman test on EQ scores from

the EO, EC, and ECDHT conditions indicated a significant

(P=0.04, P=0.004, and P<0.001, respectively) overall effect,

i.e., all sessions were not the same. Removing the first session

from consideration and repeating the Friedman test on the five

remaining sessions resulted in a non-significant overall effect

for the EO (P=0.241) and EC (P=0.04) conditions, suggesting

that the first session was different from the others. 

For the EQ scores from the ECDHT condition, removing

the first session from consideration and repeating the Friedman

test on the five remaining sessions still resulted in a significant

(P<0.001) overall effect. Follow-up Wilcoxon tests showed a

significant decrease in EQ scores from R+3 of campaign 2 to

BDC of campaign 3 (P=0.002) (see also Table 1), and a sig-

nificant increase from BDC of campaign 3 to R+3 of campaign

3 (P<0.001). These results suggest that the long delay between

the second and the third campaign may have affected the per-

formance of our subjects during BDC of campaign 3.

Because of the above observations, the effects of the inter-

ventions during bed rest were investigated using data where

the results of the first condition for each subject were removed.

For example, subject A received the LRT intervention first, so

for subject A the first LRT data were removed from his data

set. Similarly subject B received the STA intervention first, so

the first STA data were removed, and so on. 

When subjects were standing upright with no head move-

ments, no significant differences in the EQ scores were observed

between before and after bed rest (R+0 or R+3), neither with

the eyes open (Figure 1) nor with the eyes closed (Figure 2). 

However, a decrease in postural stability was observed

when subjects had the eyes closed while pitching their head

back and forth (Figure 3). When no countermeasures were

used during bed rest (CON), the EQ score significantly de-

creased (Wilcoxon, P=0.003) immediately after the bed rest

Campaign 1 Campaign 2 Campaign 3

BDC-2 R+3 BDC-2 R+3 BDC-2 R+3

EO 88.0*±1.6 90.4±1.6 90.4±1.6 90.4±1.6 89.2±2.0 91.2±1.6

EC 76.0*±4.0 79.6±2.8 80.0±2.8 80.0±4.0 79.2±3.2 80.0±3.6

ECDHT 43.6*±24.0 64.8±5.6 61.6±6.8 62.4±6.0 55.2#±11.6 65.2±8.0

Table 1. Median equilibrium scores (± median average deviation) in the three posture conditions (EO: eyes open; EC: eyes closed; ECDHT:

eyes closed during dynamic head tilt) for the BDC and R+3 sessions of each bed rest campaign. *P<0.05 with respect to all other sessions;
#P<0.05 with respect to preceding and succeeding sessions.

Figure 1. Equilibrium scores for 10 subjects trying to stand upright for 30 s on a 12-cm thick foam pad with the eyes open. Measurements were

made two days before (BDC-2), and then immediately (R+0) and three days (R+3) after 5-day bed rests with no countermeasure (CON), standing

25 min per day (STA), and locomotion replacement training (LRT) 25 min per day. 
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(R+0) relative to before (BDC-2). This decrease was still sta-

tistically significant after applying Bonferroni adjustment

(P<0.017). Also, the number of falls increased from 6 to 18

after the bed rest. 

By comparison, when STA and LRT were used, there was

no significant change in EQ score between R+0 and BDC

(Freidman, P=0.069 for STA; Wilcoxon, P=0.234 for LRT).

The incidence of falls after STA and LRT still increased on

R+0 relative to BDC. Three days after the bed rest, EQ scores

were significantly larger than on R+0 (Wilcoxon, P=0.002 for

LRT), but not significantly different from BDC. 

Most subjects got nearly perfect DGI scores (24/24) when

tests were performed two days before and three days after bed

rest. Immediately after bed rest though, DGI scores were lower

by one point in half of the subjects (Figure 4). This occurred

for the tasks where they were instructed to look sideways or

up or down when walking on a level surface, or when they

walked up and down the stairs. However, this difference was

not statistically significant. In addition, there was no signifi-

cantly difference in the DGI before and after the bed rest be-

tween CON, STA, and LRT. 

Discussion

Our results showed that the standard Romberg conditions

with the eyes open or closed were the least sensitive to bed rest.

By contrast, pitching the head back and forth while standing

with the eyes closed increased postural instability and the inci-

Figure 2. Equilibrium scores with the eyes closed for the three interventions (CON, STA, LRT) before and after bed rest. The black dots

represent the number of falls in each condition. 

Figure 3. Equilibrium scores with the eyes closed while making dynamic head tilts for the three interventions (CON, STA, LRT) before and

after bed rest. The black dots represent the number of falls in each condition. 



E. Mulder et al.: Posture and gait after 5-day bed rest

364

dence of falls after five days of bed rest. When subjects stood

upright by their bed, or executed a combination of heel raises,

squats, and hopping exercises for 25 min each day, the postural

instability and the number of falls decreased after the bed rest.

Astronauts typically exhibit performance decrements in

postural control immediately after space flight when exposed

to sensory organization tests. As in our study, the greatest func-

tional deficits are observed when visual and proprioceptive in-

puts are sway-referenced, which leaves vestibular information

as the only contributing input for balance control36. Recent

testing of 117 crewmembers after Shuttle flights lasting 4-17

days, and of 64 crewmembers following long-duration mis-

sions lasting 48-380 days demonstrated that balance perform-

ance decrement during dynamic head tilts was present well

after performance on the standard sensory organization tests

(i.e. with no dynamic head tilts) had recovered32,37. 

No significant decrements in performance on a standard bat-

tery of sensory organization tests, i.e. with the head erect, was

observed after 42-63 days of bed rest38, suggesting that either

no functionally significant change occurred or that the standard

battery was insensitive to the changes that did occur. Ocular

counter-rolling and subjective visual vertical assessed during

90º whole body roll tilt to the left and right were also unaf-

fected by 21 days of bed rest18,39. Our result that postural in-

stability increases during dynamic head tilts after bed rest of

only 5 days indicates that there are some measurable decre-

ments in balance control performance associated with bed rest. 

One interpretation for the increased postural instability fol-

lowing bed rest is an error in the central estimation of the grav-

itational orientation reference, perhaps due to an altered

canal-otolith relationship driven by prolonged tilt of the utricular

macula with respect to the gravity vector. Another possibility is

that the postural performance decrements seen in our control

condition are due to a modulation of the proprioceptive spinal

reflex response from the central nervous system that is in con-

flict with ascending input from the major postural muscles40.

Astronauts also have difficulty walking after returning from

space flight due to alterations in multiple systems responsible

for the control of locomotion including disruptions in leg mus-

cle activations patterns, head-trunk coordination, and spatial

orientation41. Functional mobility testing after long-duration

space flight using an obstacle course has shown that perform-

ance impairment lasts for two weeks after landing, which is

similar to the deficits in postural equilibrium control after long-

duration space flight24. Following space flight, astronauts also

experience changes in otolith-spinal reflex function40,42,43.

These reflex mechanisms are essential for many pre-pro-

grammed motor responses such as those required to stabilize

posture after a voluntary jump down from a platform, and

therefore astronauts experience disruption in their ability to

maintain postural equilibrium when performing these tasks44. 

The Dynamic Gait Index scores in our study were not sig-

nificantly different after bed rest from before, with or without

exercise countermeasures. In comparison, astronauts following

6-month space missions on board the ISS have shown a 50%

change in their time to complete an obstacle course that share

similar tasks as in our study24. The difference between the space

flight and bed rest results could therefore reflect the fact that

bed rest mimics only sensory changes associated with axial

body unloading without the concomitant adaptive changes in

the vestibular system that is typical from space flight38.

The gravitational force along the longitudinal body axis ex-

erts a strong influence on the control of posture and locomo-

tion45,46. During space flight, it is difficult to distinguish

between the direct effects of body unloading due to micrograv-

ity and the adaptive changes aimed at optimizing performance

in this new environment. The results of our study support the

concept proposed by Reschke et al. that “bed rest is an appro-

priate paradigm for differentiating between the bottom-up

modifications in posture and locomotion due to unloading, and

the top-down changes associated with visual-vestibular adap-

tation to space flight” (ref. 38, p. A53). The impairment seen in

postural control after bed rest with the eyes closed and during

dynamic head tilt might reflect altered proprioceptive function,

Figure 4. Frequency of Dynamic Gait Index scores obtained in 10 subjects two days before (BDC-2), and then immediately (R+0) and three

days (R+3) after 5-day bed rests with no countermeasure (CON), standing 25 min per day (STA), and locomotion replacement training (LRT)

25 min per day. None of the subjects scored 20 or lower.
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and might also be affected by orthostatic deconditioning27.

Postural and gait disturbances have significant implications

for performance of operational tasks that require ambulation

immediately following landing on a planetary surface includ-

ing rapid emergency egress from a landing vehicle36. Conse-

quently, bed rest could be a useful analog for evaluating

potential flight countermeasures to body unloading.
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