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Abstract

Purpose Human centrifugation, also called artificial grav-
ity (AG), is proposed as a combined strategy against detri-
mental effects of microgravity in long-term space missions.
This study scrutinized human short-arm centrifugation as
countermeasure against musculoskeletal de-conditioning.
Method Eleven healthy male subjects [mean age of 34
(SD 7) years] completed the cross-over trial, including
three campaigns of —6° head-down tilt bed rest (HDT) for
5 days, with preceding baseline data collection and recov-
ery phases. Bed rest without AG was used as control condi-
tion (Ctrl), and AG with 1 g at the center of mass applied
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once per day for 30 min in one bout (AG,,3,) and in 6
bouts of 5 min (AGg, 5, 3-min rest between bouts) as exper-
imental conditions. End-points were muscle strength, verti-
cal jump performance, and biomarkers of bone and protein
metabolism.

Result AGg, s was better tolerated than AG,,;, Bone
resorption markers CTX, NTX, and DPD all increased by
approximately 25 % toward the end of bed rest (P < 0.001),
and nitrogen balance decreased by approximately 3 g/
day (P < 0.001), without any protection by AG (P > 0.4).
Decreases in vertical jump height by 2.1 (SE 0.6) cm after
Ctrl bed rest was prevented by either of the AG protocols
(P =0.039).

Conclusion The present study yielded succinct catabolic
effects upon muscle and bone metabolism that were un-
prevented by AG. The preservation of vertical jump perfor-
mance by AG in this study is likely caused by central nerv-
ous rather than by peripheral musculoskeletal effects.

Keywords Bed rest - Human physiology - Artificial
gravity - Space flight - De-conditioning - Countermeasures

Abbreviations
AG Artificial gravity

AG, .5 AG partitioned to 1 x 30 min

AGg,s AG partitioned to 6 times 5 min

Apea Peak acceleration during concentric phase of ver-
tical jump

aRED  Advanced resistive exercise device

bAP Bone-specific alkaline phosphatase

BDC Baseline data collection

CTX C-telopeptide of the collagen cross-link

Ctrl Control
Countermovement depth during vertical jump
test

DCM
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DPD Deoxypyridinoline

ELISA  Enzyme -linked immuno-sorbent assay

HDT Head-down tilt

LME Linear mixed effect

ESA European space agency

Hp.i Peak jump height

HPLC  High-performance liquid chromatography

MVC  Maximal voluntary contraction

NTX N-telopeptide of the collagen cross-link

PINP  n-terminal type-1 pro-collagen

Ppei Peak power during concentric phase of vertical
jump

SD Standard deviation

SE Standard error

R Recovery

Introduction

Physical de-conditioning is a well-known consequence
of spaceflight and its ground-based analog of experimen-
tal bed rest (Pavy-Le Traon et al. 2007). This comprises a
large variety of changes, of which muscle atrophy (Narici
et al. 2003), bone loss (Vico et al. 2000), loss of aerobic
(Capelli et al. 2006) and anaerobic (Ferretti et al. 2001;
Rittweger et al. 2007) fitness, as well as orthostatic intoler-
ance (Blaber et al. 2011) have been regarded as the greatest
challenges for astronaut well-being and performance. Very
recently, visual impairments, possibly related to changes in
intra-cranial pressure, have been defined as another serious
side effect of spaceflight (Mader et al. 2011).

The International Space Station (ISS) is dedicated to
establish the capability of human long-term space missions.
Promoting countermeasure development to safeguard crew
health is one of its main goals. Fortunately, the past dec-
ade has seen substantial progress in countermeasure devel-
opment during bed rest. For example, resistive exercise
has been shown to combat muscle atrophy and bone loss
in bed rest (Shackelford et al. 2004), and superposition of
vibration seems to augment these benefits (Rittweger et al.
2010; Belavy et al. 2011). Regular aerobic exercise can
maintain aerobic power and even maintain orthostatic toler-
ance in bed rest when combined with blood volume expan-
sion (Shibata et al. 2010). It is promising that bone anti-
resorptive treatment with alendronate has now proven to
be effective in space (Leblanc et al. 2013), and it is hoped
that the new advanced Resistive Exercise Device (aRED), a
custom-made gravity-independent exercise device that has
been built for the station, will result in improved muscular
performance and bone status (Smith et al. 2012). However,
independent of however successful these and future coun-
termeasure developments may be, each of them addresses
physiological systems in a piece-meal fashion, and they are
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very time-consuming on a practical level. Integrating mul-
tiple countermeasures into the crew time line during space-
flight is a genuine challenge. Moreover, there is currently
no countermeasure for the visual impairment problem.

One would therefore wish for a combined counter-
measure approach to combat all the known, and even yet
unknown, negative health effects of microgravity. A simple
idea therefore is to replace gravitational forces by centrifu-
gal forces, hence the term artificial gravity (AG) (Bukley
et al. 2007). The main rationale is that, physically speak-
ing, molecules, cells, and even organs are unlikely to dis-
cern between the different forms of linear acceleration. It
is obvious, though, that the centrifugal acceleration scales
with ? x r, where w is angular velocity and r is the radius
of the centrifuge. Thus, artificial gravity, in particular with
short-arm centrifugation, induces different levels of accel-
eration along the body’s axis and thus differs from gravi-
tational acceleration. The size-limitation in crewed space-
crafts enforces a short-arm (human centrifuge) with a
radius below 2 m and with high rotation rate in order to
generate centrifugal forces of required magnitude. Accord-
ingly, the resulting Coriolis forces and cross-coupled angu-
lar velocities during head or body movements may induce
disorientation, motion sickness, and other detrimental
effects. Therefore, both the efficacy and the feasibility of
short-term centrifugation (SAHC) protocols need to be
investigated.

Based upon these principles, there had been an initiative
to form an international multidisciplinary artificial gravity
(IMAG) research project that would systematically inves-
tigate the feasible operational parameter space (radius,
angular velocity, duty cycle, supplemental exercise, etc.)
at multiple locations using HDT bed rest as a de-condi-
tioning stimulus and standardized dependent measures to
allow comparison of results between study centers. Unfor-
tunately, the project was canceled after a single pilot study
(Young and Paloski 2007). In summary, the pilot study,
which treated subjects during 21 days of HDT de-condi-
tioning with 1 h daily exposures to centrifugation (l1g at
the level of the heart, 2.5g at the feet), found moderate
protection of muscle strength (Caiozzo et al. 2009) and
cardiovascular function (Stenger et al. 2012), but no pro-
tection from increased markers of bone resorption (Smith
et al. 2009).

The European Space Agency (ESA) has subsequently
promoted the idea of investigating AG by installing
two identical SAHCs in bed rest centers (Toulouse and
Cologne). Two 5-day head-down tilt bed rest studies were
planned in parallel. These studies were designed to further
advance the experiences from IMAG, and the present study,
named bed rest and artificial gravity 1 (BRAGI), aims at
understanding whether partitioning AG into shorter intervals
could be more effective than an un-interrupted bout of AG.
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The 5-day bed rest format is based upon the rationale
that biomarkers of bone and protein metabolism respond
to unloading by bed rest within a few days, provided that
there is a strict metabolic control of the bed rest study (Bae-
cker et al. 2003). It therefore seems very straightforward
to monitor these early responses as a necessary prerequi-
site for countermeasure effectiveness, and to thus use the
5-day bed rest format to screen different countermeasures
in a much faster and efficient way than could be done using
long-term bed rest only. Thus, we hypothesized that AG
would counteract the elevation of bone resorption markers,
the decay of protein catabolism, and the decline in neuro-
muscular functioning induced by 5 days of bed rest.

Method
Study design and setting

The definition of the AG protocol for the present study
departed from the notion that a countermeasure that could
be efficient with as little as 30 min of crew time per day
should be appealing enough in order to consider implemen-
tation in future space vehicles. Fractioning physiological
stimuli into a sequence of bouts is often able to enhance
the effectiveness of the stimulus (Herbert et al. 1988), and
Vernikos et al. (1996) had shown that standing or walking
for 2 h per day, fractioned into eight daily bouts of 15 min
during a 4-day bed rest, significantly reduced orthostatic
intolerance when standing immediately after bed rest.
Thus, to combine these rationales, the present study exam-
ined the effect of fractioning the centrifugation stimulus,
and to compare the application of AG once daily for 30 min
(AG 30 and six times daily for 5 min each (AGg,s).

The study was designed as a controlled cross-over trial,
i.e., each subject performed one campaign of bed without
AG and two campaigns in which bed rest was combined
with one of the two AG protocols, i.e., AG 3, or AGg,s.
In order to exclude effects of the sequence of conditions,
permutations of the condition sequences were generated,
and subjects were randomly assigned to one condition
sequence.

The study was performed between March and July of
2010 at the French Space clinic (MEDES) on the premises
of the University hospital Rangueil in Toulouse, France.
The study was organized in three campaigns, each of which
consisted of 5 days for baseline data collection (BDC-5
to BDC-1), 5 days of head-down tilt bed rest (HDT1 to
HDTS), and 5 days of recovery (R + 0 to R + 4). The
washout period between campaigns was 32 days.

All subjects who participated in this study were
recruited from the local community by internet, newspaper,
and advertisements. Twelve healthy males were included
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Table 1 Anthropometrics of test subjects
Age (years) Height (cm) Weight (kg)
Mean (SD)
34 (7) 179 (7) 76 (6)
Range
22-42 167-190 63-88

Subject characteristics before campaign 1, with subject E excluded

in the study after receiving a complete description of the
experimental methods and after passing the medical and
psychological screening criteria. Medical tests for selec-
tion included: medical history, clinical examination and
psychological interview, chest-X-ray, electrocardiogram,
ultrasound imaging of lower limb veins, a 10-min stand
test, peak oxygen uptake measurement, bone densitometry
and body composition by dual X-ray absorptiometry, and
laboratory tests (hematology, blood chemistry, and urine
drug screening analysis). In addition, the subjects had to
pass a centrifuge tolerance test (AGg, s protocol) in order
to be eligible. Criteria for termination of these centrifuge
runs are given below (subsection ‘application of short-arm
centrifugation’). The study was approved by the local Eth-
ics Committee (Comité de Protection des Personnes Sud-
Ouest et Outre-Mer I). All volunteers signed a consent form
and were aware of their right to withdraw from the experi-
ment without prejudice at any time.

One subject (subject E) developed appendicitis during
the second campaign, which was unrelated to the study. It
was subsequently decided to withdraw that subject from
the study, and all his data were excluded from the present
analysis. The anthropometric data of the remaining eleven
subjects are given in Table 1.

Head-down tilt bed rest

Six-degree head-down tilt bed rest was performed in con-
formity with ESA’s bed rest standardization plan (ESA
2009). Subjects followed a day—night cycle of 7 a.m. wake-
up and lights-out at 11 p.m. During the HDT period, strict
bed rest was followed, and all activities were conducted in
the head-down tilt position (hygiene, toilet, eating, read-
ing, etc.). Showering was performed in a dedicated head-
down tilt shower-bed. As centrifugation was performed
in horizontal position, subjects during Ctrl bed rest (i.e.,
campaigns without AG) were put to horizontal bed rest
for 40 min per day, which was the anticipated duration of
the average centrifugation protocol for AG, 3, and AGy,s.
Transfer to the centrifuge was accomplished with a specific
gurney, so that the subjects remained at —6° during the
transport, and they rolled over from the gurney to the cen-
trifuge nacelle without usage of their leg muscles. Subjects
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were allowed to change position in HDT position, but not
to get up, sit, or stand at any time. During the HDT period,
subjects were monitored by video in addition to close sur-
veillance by MEDES staff to ensure compliance with the
protocol. During the ambulatory and rehabilitation periods,
the volunteers were not authorized to leave the research
facility, except for specific testing sessions in the hospital
next door. In that case, they were always accompanied by
one member of the MEDES paramedical staff. During their
free time, subjects were allowed leisure activities such as
reading, games, or computer activities. Daytime sleeping or
napping was not allowed.

As a major prerequisite for studying changes in bone
and muscle metabolism by markers in blood and urine, the
diet was controlled during the entire study and consisted of
five different daily menus with three meals and two snacks.
During the ambulatory periods (BDC and R), caloric intake
was equal to 140 % resting metabolic rate, plus an addi-
tional allowance of 410 % to cover effects of thermogen-
esis (154 % total). During the HDT period, caloric intake
was set to 110 % resting metabolic rate +10 % for ther-
mogenesis (121 % total). Daily protein intake was set to
1.2 g per kg body mass, and fat was set to less than or equal
30 % of total caloric intake, and carbohydrates were set
between 50 and 60 %. All of the food portions were indi-
vidually weighed, and the subjects were required to eat all
food items served to them. In case they did not, the din-
ner intake was augmented to balance the lunch leftovers.
Smoking, alcohol, or caffeinated drinks were not allowed
during the study.

Application of short-arm centrifugation

The SAHC used in this study provides nacelles for subjects
to be supine with their feet directed outwards (see Fig. 1). A
dummy was placed on an opposing arm for counterbalance.
For each subject, the center of mass was calculated using a
ratio of center of mass to height of 0.56 (Clauser et al. 1969).
The nacelle was positioned, so that the calculated center of
mass was located between 118 and 122 cm from the center
of rotation. This small variation was inevitable due to vari-
ation in subjects’ height, which ranged from 167 to 190 cm
and due to mechanical constraints. Accordingly, the rotation
rates also ranged from 27.8 to 27.2 rpm, respectively, so that
all subjects were exposed to 1 g at their estimated center
of mass. During centrifugation, subjects were in complete
darkness with their head placed on a headrest. They were
instructed to stay calm, to not move the head, and to not con-
tract their leg muscles. They could however crimp their toes
every 10-20 s to prevent calf pain.

A centrifuge run was as follows: the centrifuge acceler-
ated at 5° s=2 for 32-33 s until the target rotation rate was
achieved. Rotation at constant velocity then lasted either
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Fig.1 ESA’s short-arm human centrifuge at MEDES in Toulouse
(copyright CNES/Rachel BARRANCO, 2010)

30 min for the AG,, 3, protocol or 5 min for the AGq,;
protocol. The centrifuge then decelerated at 5° s=2 until a
complete stop. For AGg, s, a 3-min rest period was used
between two successive runs. The direction of centrifuge
rotation (clockwise or counterclockwise) varied each day.

Medical monitoring included continuous heart rate,
blood pressure, and respiration rate. Subjects wore headsets
to communicate with the medical operator. The termination
criteria were syncope, severe signs of orthostatic intoler-
ance (self-reported sweating, dizziness, fainting), fast and
persistent decrease in systolic blood pressure (>25 mmHg),
abrupt changes in heat rate (>15 min~'), tachycardia
(>150 min~"), irregular cardiac rhythm, or the subject’s
request to stop.

Neuromuscular testing

Vertical jump tests were performed (outside the SAHC)
as a measure of whole-body anaerobic power as described
before (Rittweger et al. 2007). Briefly, subjects performed
a countermovement jump on a Leonardo force plate with
integrated software system in its version 4.2 (Novotec
Medical, Pforzheim, Germany). This software system pro-
vides a user interface for standardized testing procedures.
Three jumps were performed, and subjects were asked to
‘jump as high as possible with the head while keeping their
hands posed on the hips. Jump tests were scheduled on
days BDC-1, on R + O as the first thing after reambulation,
and on day R + 4. All tests were performed and all data
were collected as scheduled, except that subject K com-
pleted the jump test on day R + 1 instead day R + O during
the AG,, 3, campaign because of technical problems.
Isometric muscle strength was assessed on days BDC-4
and R + 1 with a Con-Trex MultiJoint System (CMV AG,
Diibendorf, Switzerland) to assess the isometric maximal
voluntary contraction (MVC) of six muscle groups. To
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ensure that torque was measured at, or as near as possible
to, the optimum joint angle, MVCs were recorded at differ-
ent joint angles for each muscle group: the knee extensors
and flexors were tested at 90°, 80°, and 70°, the plantar-
flexors and foot dorsiflexors were measured at —20°, —10°,
0°, +10°, +20°, and +30°, and the elbow extensors and
flexors were assessed at 30°, 60°, 90°, and 120°. For knee
and elbow, full extension was set as 0°, and for the ankle
0° was defined as the angle when standing. At each joint
angle, the subject was asked to perform a maximum exten-
sion followed 30 s after by a maximum flexion, and 30 s
after by another pair of extension and flexion contractions
until three complete sets of extension/flexion contractions
have been recorded. In case the subject was still improv-
ing at the third contraction, successive contractions were
recorded until no further improvement from the previous
one was observed. Each contraction had to be maintained
for 5-7 s. A 2-min rest was given between the successive
set of three contractions at the next joint angle.

Biological samples

Blood samples were drawn from an antecubital vein in
the morning at 7:00 after overnight fasting on days BDC-
1, HDTS, and R + 4, and plasma was stored at —80 or
—20 °C until enzyme-linked immuno assays (ELISA) were
performed for bone-specific alkaline phosphatase (bAP,
Tandem R. Ostase, Hybritech, Liége, Belgium) and n-ter-
minal typel pro-collagen (PINP, Orion Diagnostica, Fin-
land) were assessed by ELISA.

Urine was collected over 24-h periods, during which
they were stored at 4 °C. From these collections, 10 mL
samples were aliquoted and stored at —20 °C. From these
aliquots, the C-Telopeptide (CTX) and N-Telopeptide
(NTX) of the collagen cross-link were analyzed as markers
of bone resorption by commercially available kits (NTX:
Osteomark, TECOmedical, Biinde, Germany; CTX: Urine
crosslaps, IDS, Frankfurt, Germany), and deoxypyridino-
line (DPD) was analyzed by HPLC. Moreover, urinary N,
was analyzed by chemo-luminescence (Antek7000, Antek
Instruments, U.S.) by an accredited laboratory (Cen-
tral Biochemical Laboratory, Universit¢é de Lyon, Lyon,
France). Protein intake was assessed using the nutrition
software Nutrilog (Nutrilog SAS, Marans, France).

Data processing

Countermovement jumps were analyzed with the integrated
Leonardo software in its version 4.2. The algorithm fol-
lows the principle outlined by Davies and Rennie before
(Davies and Rennie 1968) and computes jump height and
power by numerical integration of ground reaction force
data. Accordingly, jump height (Hp,,,, in cm), peak power

specific to body mass (Pp.,. in W/kg), peak acceleration
(Apea Which is equivalent with peak force normalized
for mass, in multiples of g), and countermovement depth
(D¢ given in cm with negative values denoting downward
movement from starting position) were identified as the
variables h_max_E_pot, P_tot_max_rel, F_max_tot_rel,
and h_min_E_Pot, respectively, in the database generated
by the Leonardo software.

Isometric muscle strength tests were analyzed with the
integrated Con-Trex software (Con-Trex human Kkinetics
1.7.4). For each muscle groups and tested angles, the iso-
metric MVC torque was recorded and the highest value was
chosen as the true MVC.

Protein intake was assessed by entering all ingredients
for each recipe into the Nutrilog Edition Expert software,
in its version 2.0 (Marans, France). All food and leftovers
were weighed individually. Nitrogen balance was then cal-
culated as the difference between nitrogen intake and the
excretion in urine.

Statistical analyses

Statistical analyses were carried out using the R-environ-
ment in its version 2.13.1 for the 64-bit Windows platform
(http://www.r-project.org). Data are given as best linear
unbiased predictors (BLUP) and standard errors (SE) in the
text, as means and SD in the Tables, and as means and their
standard errors in the figures. The level for statistical sig-
nificance was set to o = 0.05.

For muscle strength testing and for vertical jump testing,
only the trials with greatest torque and with greatest jump
height, respectively, were selected for statistical analyses.
Where several data points were available from baseline
data collection, they were lumped together to yield one
single BDC value. Linear mixed effect (LME) models with
time and intervention as fixed effects and subject ID as ran-
dom effect were constructed in order to assess intervention
effects. Variances were allowed to differ between partici-
pants and intervention, and LME models were optimized
according to Akaike’s information criterion [see p. 353 and
p- 652 in (Crawley 2007)]. Data were box-cox transformed
where demanded by non-linear quantile—quantile plots
or in case of heteroscedacity. Initially, all HDT days, as
well as the recovery days, were tested against the lumped
BDC days. Models were then further simplified in a step-
wise manner when no significant intervention effects were
found. Firstly, data representing HDT days were lumped
together and so were data from all recovery days to yield
the HDT phase and the REC phase (see Table 2 for the
exact strategy for the lumping of days). When there were
still no significant effects, AG,, 5, and AGy, 5 interventions
were pooled to yield Ctrl vs. AG comparisons. The last
step of model simplification was to delete any intervention
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Table 2 Strategy for the lumping of days

BDC HDT Rec
bAP, PINP
Only BDC-1 available  Only HDTS available Only R + 4
available
uNTX, uCTX, uDPD, N,-balance
BDC-5 to HDT1 HDT2 to HDT5 R+ 1to
R+4
Diuresis
BDC-5 to BDC-1 No lumping No lumping

As one step during statistical model simplification, days were lumped
together within phases. For bone resorption, it is known that increases
can be observed during the second, but not on the first day of bed rest
(Baecker et al. 2003). Hence, HDT1 was considered as pertaining to
the BDC phase for all markers of bone and muscle metabolism

effects from the model, so that pure-phase effects were ana-
lyzed as the simplest model.

Results
Centrifuge tolerance

All the 30 centrifuge sessions of the AGg, 5 protocol were
performed nominally by 10 out of the 11 subjects. On the
second day of bed rest with centrifugation, one subject
experienced nausea after his first 5-min centrifuge run,
and consequently, the following 5 runs on that day were
canceled. This subject no longer experienced nausea during
the 5-min centrifuge runs on the subsequent days of this
bed rest campaign.

The AG, 5, protocol was less well tolerated. Only 6 out
of 11 subjects performed the full protocol nominally, and
in 5 subjects, there was at least one of the 5 centrifuge runs
interrupted because of a malaise. In total, there were 10
instances when a medical event occurred during centrifu-
gation. One subject had a severe vasovagal syncope on his
second centrifuge run during his third bed rest campaign.
After recovery, this subject then continued the bed rest
without centrifugation, but did not perform the tilt test at
the end. Another subject (the same as the one described
in the AGg, s protocol above) experienced nausea and a
drop in blood pressure during all 5 centrifugation runs of
his third campaign, which prompted an interruption of
the runs. These events occurred after more than 5 min of
rotation and they occurred later and later each day. Yet,
another subject experienced dizziness and sweating dur-
ing two centrifuge runs on his first bed rest campaign. The
centrifuge runs of the first session of the first bed rest cam-
paign were also interrupted in two other subjects for the
same reason.
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Bone formation

Serum levels of bAP were increased on day HDTS5 by
-+1.62 (SE 0.23) pg/L and by 4-0.95 (SE 0.23) ug/L on day
R + 4 (P < 0.001 in both cases). By contrast, a decrease in
serum levels of PINP by 3.11 (SE 1.22) pug/L (P = 0.013)
was found for day R + 4. No main effect of AG was found,
nor was there a time x AG interaction (P > 0.3) for either
bAP or PINP.

Bone resorption

Urinary CTX excretion (see Fig. 2) was elevated during
HDT by +618 (SE 58) ug/day and during Rec by +343
(SE 58) pg/day (both P < 0.001. NTX excretion was like-
wise increased during HDT by +149 (SE 13) mmol bone
collagen equivalent (mmol BCE) per day, and during Rec
by +58 (SE 11) mmol BCE/day (both P < 0.001). While
there was no time x AG interaction for CTX excretion
(P > 0.26), NTX depicted a trend (P = 0.093) to suggest
an increase by AG of 45.0 (SE 33.3) mmol BCE/day. Uri-
nary excretion of DPD depicted clear increases by +7.77
(SE 1.97) pg/day during HDT and by +1.01 (SE 1.97) pg/
day during Rec (both P < 0.001). In addition, there was
a significant HDT x AG,, 5, interaction (P = 0.014) that
indicated a sparing of the bed-rest-induced resorption by
6.89 (SE 2.80) pg/day. However, this significant effect dis-
appeared when both AG conditions were lumped together
(P =0.062).

Nitrogen balance

Protein intake, which amounted to an average of 92.8 (SE
2.32) g/day, was inappreciably reduced by —0.26 (SE
0.03) g/day on day HDT2 (P = 0.033), but it was unaf-
fected by AG (P = 0.84) or time x AG (P > 0.11). Uri-
nary nitrogen excretion increased by +1.15, +3.16, and
+2.33 (SE 0.58) g/day on days HDT2, HDT4, and HDTS,
respectively (all P < 0.001), and by +1.37 (SE 0.58) g/
day on R 4+ 1 (P = 0.018). No main effect of AG was
observed, but a HDT x AGgq, interaction effect rever-
sal of HDT-induced increases by —2.44 (SE 0.82) g/day.
Moreover, trends for such reversing interaction effects
were also found for HDT4 x AG 3, (P = 0.061) and
HDTS x AG,3, (P = 0.084). Nitrogen balance, i.e.,
the difference between intake and excretion of nitrogen,
responded to HDT in a very similar way as nitrogen excre-
tion (see Fig. 3): clear decreases by —1.19, —3.66, —2.81,
and —1.40 (SE 0.58) g/day were observed on days HDT2,
HDT4, and HDTS, respectively (P values between <0.001
and 0.042), suggesting that bed rest induced loss of protein
mass. These effects were counteracted by AG, as shown
by a HDT4 x AGy,s interaction effect by 42.89 (SE
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Fig. 2 Bone resorption, identi-
fied here as 24-hour urinary

Urinary CTX Excretion

excretion of the c-terminal
cross-link (CTX), was increased
over levels during baseline

data collection (BDC) both
during head-down tilt (HDT)
bed rest (P < 0.001) and during
four days of recovery (R + 1
toR + 3, P <0.001) after the
bed rest. This elevation CTX
was comparable between the
bed rest-only condition (Ctrl)
and the two different artificial
gravity (AG) regimens. This
suggests that artificial gravity

as applied in this study is no
efficient countermeasure against
bed-rest-induced bone loss. Tri- 1
ple asterisk denotes significant
change from BDC (P < 0.001)
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puted as the difference between
dietary intake and urinary
excretion of nitrogen per 24 h,
became reduced during days 2
(P =0.042) and on days 4 and 5
(both P < 0.001) of head-down
tilt (HDT) bed rest (all indicated
as asterisks in the figure).

This reduction was compara-
ble between the control and
intervention conditions, with the
exception of day HDT4, where
nitrogen balance was more
positive for the AGg, 5 condition
(P <0.001, indicated as ™+

N2-Balance [g/day]
2
|

* * k%

in the figure). This probably ° 7
suggests that artificial gravity
as applied in this study is not a
fully effective countermeasure - ggl 1%30
iif::nst bed-rest-induced muscle & I Bed Rest I e AG 6x5
/r
T T T T T T T T T T
BDC HDT1 HDT2 HDT3 HDT4 HDT5 R+0 R+l R+2 R+3

0.83) g/day (P < 0.001), and by trends for positive effects
for HDT4 x AG,,;, (P = 0.061) by +1.56 (SE 0.83) g/
day and for HDT5 x AG, 5, (P = 0.084) by +1.43 (SE
0.83) g/day.

Muscle strength

Muscle strength data, as well as P values for main effects
of angle and time, and the time x AG interaction are listed

Day

in Table 3. There were no significant 3-way interactions
time x AG x angle in any of the six different contrac-
tion types (P > 0.7 in all cases). The 2-way AG x angle
interactions were all non-significant (P = 0.06 for plan-
tar extension and P > 0.4 in all other cases). Likewise,
2-way time x angle interactions were all non-significant
(P = 0.11 for knee extension and P > 0.4 in all other cases).
Main effects for angle were found for all contraction types,
except for elbow extension, and main effects for time were
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Table 3 Muscle strength data

Day Mean (SD) P value
Ctrl AGI1 AG2 Angle Time Time x AG
Knee extension [Nm]
BDC-4 1937 (42.7) 193.7 (43.4) 184.3 (51.5) <0.001 0.47 0.023
R+ 1 185.8 (57.7) 197.2 (56.3) 196.3 (68.2)
Knee flexion [Nm]
BDC-4 99.8 (17.5) 96.8 (20.6) 92.3 (18.8) 0.0023 0.19 0.0041
R+1 92.5(19.3) 97.4 (25.7) 98.8 (22)
Plantar extension [Nm]
BDC-4 38.6 (7.5) 38.5(7.3) 38.2(7) 0.031 0.071 0.93
R+ 1 37.8(6.8) 37.3(6.7) 37.5(6.9)
Plantar flexion [Nm]
BDC-4 110 (49.3) 108.5 (47.1) 95.9 (48.7) <0.001 0.10 0.0062
Results of isometric maximal R+1 105.2 (52.4) 100.3 (51.8) 100.6 (46.7)
voluntary contraction testing on Elbow extension [Nm]
gﬁ;ﬁgf;i:gggﬁg?ﬁ:i;;f’ BDC-4  572(17.7) 51.7(11.9) 54.5 (14.9) 0.14 0.038 0071
as P values, for main effects R+1 57.7(7.7) 58.2(17.3) 55(17.1)
of angle and time, and for the Elbow flexion [Nm]
tslme; AG i‘;;era“io“. - BDC-4  52.5(11.9) 538 (11.5) 523(14.1) <0001 0013 040
ignificant effects are in bo
@i&%) R+ 1 51.9 (13.8) 51(13.8) 48.6 (13.5)
Table 4 Jump test data Day Mean (SD) P value
Ctrl AG 3 AGg, 5 Time Time x AG
Hpeyy [cm]
BDC-1 36.4 (4.4) 37.4 (4.3) 37.2 (4.8) <0.001 0.0066
R+0 34.4(5.9) 36.7 (3.9) 36.7 (5.1)
R+4 37.7(5) 37.9 (4.8) 37.5 (4.7)
PPeak [W/kg]
BDC-1 40.8 (5.8) 40.9 (4.8) 40.9 (4.9) 0.026 0.035
R+0 39.3 (6.1) 40.7 (5) 40.5 (4.8)
R+4 40.7 (6.1) 40.8 (3.9) 40.6 (4.6)
Apear [8]
BDC-1 2.29 (0.43) 2.32(0.34) 2.26 (0.3) <0.001 0.26
Results of vertical jump testing R+0 2.26 (0.5) 2.24 (0.35) 2.19 (0.33)
?ﬁ?gﬁﬁ&igﬁggﬂs R+4 2.24(0.42) 2.28 (0.33) 224 (0.31)
well as P values, for main effect Dcy [em]
of time and for the time x AG BDC-1 —32.9(10.2) —31.5(9.4) —30.9 (10.2) <0.001 0.0010
interaction R+0 ~31.5(9.3) ~32.7(8.3) ~29.7 (11.9)
Significant effects are in bold R+4 —32.4(9.3) —34.8(9.8) —34.3(10.6)

(P < 0.05)

found for both contraction types of the arm, but for none in
the leg (for P values, see Table 3).

Time x AG interactions, which relate to countermeas-
ure effectiveness, were non-significant for arm contractions
as well as for plantar extension, but they were significant
for all other leg contractions (see Table 3). Contrast test-
ing of these significant time x AG interactions indicated

@ Springer

an increase in knee extensor strength by AGg,s on day
R + 1 by +18.0 (SE 8.6) Nm (P = 0.024). For knee flex-
ion, both AG,, 3, and AGy, 5 enhanced muscle strength on
day R + 1 by 25.6 (SE8.6) Nm and by 27.5 (SE 8.6) Nm,
respectively (P = 0.013 and P = 0.0016, respectively). For
plantar flexor strength, significant effects were observed
for AGg, s by —14.1 (SE 5.2) Nm (P = 0.013) and also for



Eur J Appl Physiol (2015) 115:1233-1244

1241

R + 1 x AGg, 5 (P = 0.022) indicating an enhancement by
4+9.6 (SE4.1) Nmon day R + 1.

Vertical jump performance

Hp,,, depicted significant effects of time (P < 0.001) and
for time x AG interaction (P = 0.0066). Contrast test-
ing revealed a clear decrease by —2.1 (SE 0.6) cm on day
R + 0 (P < 0.001), and a weakly significant increase by
+1.2 (SE 0.6) cm on day R + 4 (P = 0.046, see Table 4).
This HDT-related reduction in jump height was mitigated
by AG, as suggested by the R 4+ 0 x AG interaction effect
of +1.2 (SE 0.7) cm (P = 0.039). Similarly, a significant
time effect was found for Py, (P = 0.026) with a decrease
by —1.55 (SE 0.47) W/kg on day R + 0 (P = 0.0012).
Moreover, a significant time x AG effect (P = 0.035)
and contrast testing demonstrate countermeasure effec-
tiveness for Pp., by +1.23 (SE 0.58) W/kg (P = 0.034).
Ap.ax likewise yielded significant time effects (P < 0.001),
with decreases by —0.0589 (SE 0.0151) g on day R + 0
(P < 0.001) and by —0.031 (SE 0.015) g on day R + 4
(P = 0.039). However, there was no time x AG interac-
tion (P = 0.26). Finally, there were significant effects
of time (P < 0.001) and for the time x AG interaction
(P = 0.0010) for Dy Contrast testing suggested that
D¢y was decreased by —1.66 (SE 0.82) cm on day R + 0
(P = 0.045), but increased by +3.05 (SE 0.82) cm on day
R + 4 (P < 0.001). These time effects were opposed by
time x AG interactions that suggested effects of +2.89 (SE
1.17) cm for R + 0 x AGg, 5 (P = 0.014), and of —3.22
(SE 1.17) cm for R 4 4 x AG, 3, (P = 0.0062).

Discussion

The present study has examined the efficacy of 30 min of
short-arm centrifugation per day with regards to the coun-
termeasure efficacy for the musculoskeletal system. As a
first of a series of planned studies, it focused upon mere
‘stance,” without any additional exercise on the centrifuge,
and it addressed the question of whether fractionation into
5-min bouts would yield better results.

Tolerance of centrifugation protocols

During centrifugation that generates 1g at the center of
mass, the centrifugal force exerted at the legs is larger (up
to 1.8g at the feet) than the 1g gravitational force expe-
rienced during standing in Earth. By the same token, the
gravitational force is lower, by comparison, at the head,
and thus the vestibular organ. Experience from this and
past studies shows that longer duration of such centrifuga-
tion generates more fatigue in the legs and side effects due

to the fluid shift in the direction of the centrifugal force.
Centrifugation was interrupted in ten instances during the
AG 5, protocol, compared to only on such interruption
during the AGq, s protocol. Also, all of the interruptions
in the AG,, 5, protocol occurred after more than 5 min of
centrifugation, later and later each day. This indicates that
5 min seems to constitute a reasonable exposure time for
the g-gradient used here. Of note, there seemed to be a
habituation effect with the repetition of the sessions. Such
habituation of the physiological responses as well as the
participant’s well-being to rotating environment has been
described in several earlier studies (Guedry et al. 1964;
Clement et al. 2001), and it could thus be that longer expo-
sure times will be possible with prolonged centrifugation
experience. On the other hand, all eight subjects of the
IMAG study (see introduction) tolerated a slightly larger
AG challenge for 1 h per day almost without any complica-
tion. This could potentially be explained by a more strin-
gent screening, or by the allowance of moderate heel raises
and shallow squats in the IMAG study.

Efficacy of AG protocols

Neither the clear-cut increases in the bone resorption mark-
ers CTX and NTX, nor the reduction of nitrogen balance
in response to bed rest could be prevented by either of the
AG protocols, although the significant sparing effect for
DPD by AG,,;, on day HDT4 may suggest partial effi-
cacy. There were some indications for a sparing in the bone
resorption marker DPD. However, it has to be considered
that DPD, which is a type-I collagen-linking compound,
is also found in cartilage, and thus less specific for bone
turnover than the collagen cross-links, and coefficients of
variation from our lab are usually better for CTX and NTX
than for DPD. Therefore, the present data are indicative of
limited or poor countermeasure efficacy of this particular
AG protocol for muscle and bone metabolism, and thus in
concert with results from the IMAG study. Similarly, mere
standing, with or without superimposed whole-body vibra-
tion, seems to be ineffective in a 1-g environment (Zange
et al. 2008; Baecker et al. 2010). It therefore seems that
some kind of exercise, perhaps as moderate as level walk-
ing (Vernikos et al. 1996), must be combined with the
gravitational stimulus in order to achieve efficacy for mus-
cle and bone. Of note, the AG level applied in this study
was 1 g at the center of mass, meaning that ‘stance’ on the
centrifuge will have required muscle forces that should be
comparable to stance with terrestrial 1-g level. Therefore,
it could also be a rationale to increase the g-level or daily
exposure times in future AG application studies, or also to
reduce the acceleration gradient.

As to the other outcome measures, they yielded mostly
weak or even counter-intuitive results. Thus, bAP was

@ Springer



1242

Eur J Appl Physiol (2015) 115:1233-1244

mildly increased toward the end of bed rest, but the more
direct marker of bone formation, PINP, was decreased at
the same time. It is generally the case that bone formation
responses to bed rest are quite small and variable, and the
important finding is that neither of the two AG protocols
had a bearing on bone formation markers in this study.
The study failed to provide any clear decrease in leg mus-
cle strength (see Table 3, column ‘Time’). Such significant
time effects, however, have been observed for the arm con-
tractions, even though the effect was very small for elbow
extension. Muscle strength testing is associated with size-
able practicing effects (Connelly et al. 2000), and it is thus
very possible that such practice effects with repeated test-
ing after 9 days in this study have blunted bed-rest-induced
decreases in leg muscular strength. With this in mind, it
seems well possible that the positive time x AGg, 5 inter-
action for plantar flexion strength observed in this study is
a meaningful reflection of countermeasure efficacy. In the
IMAG study, by comparison, there was a very clear benefi-
cial effect of AG against muscle atrophy, and plantar flexor
muscle strength was even enhanced after 21 days of bed
rest with AG countermeasure (Caiozzo et al. 2009). Thus,
it seems very likely that a longer immobilization phase than
5 days is required in order to study countermeasure efficacy
with regards to muscle size and strength.

Very clear and beneficial effects, however, were found
in the present study for both AG protocols in relation to
vertical jump performance. A succinct decline in peak
acceleration, peak power, and jump height in the coun-
termovement jump was paralleled by a decrease in coun-
termovement depth in response to the bed rest only con-
dition. Both AG prescriptions used in this study (AG 3
and AGsq, 5) neutralized the bed-rest-induced effects upon
peak power, jump height, and countermovement depth.
The uniform response to bed rest in nitrogen balance across
intervention conditions, as well as the short duration of
the bed rest period of 5 days only, suggests that the decre-
ment in jump performance, as well as AG’s countermeas-
ure effect, is not mediated via muscle mass and strength.
Of note, vertical jump performance is an ecological test
of the human body to negotiate gravity, and it is as such
strongly related to performance in tasks such as walking,
chair-rising, and stair climbing (Runge et al. 2004). Thus,
vertical jump performances is not a ‘pure’ muscle test, and
it only loosely related to muscle strength after prolonged
bed rest (Rittweger et al. 2007). Accordingly, jump height
and peak power are reduced even when exercise during bed
rest is effectively maintaining muscle strength (Buehring
et al. 2011). It is useful at this point to also appreciate the
mechanical complexity of vertical jumps, which requires
dynamic balancing of a multi-fold inverted pendulum, as
well as translation of rotational limb kinematics into ver-
tical acceleration (Bobbert and van Soest 2001). Greater
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countermovement depth implies greater usage of hip and
thigh muscles and less usage of the calf muscles (Vanr-
enterghem et al. 2004; Salles et al. 2011). Accordingly,
increased countermovement depth will require more ‘con-
fidence,” and also more complex temporal coordination of
task execution than the simple ankle strategy. It is therefore
intriguing to argue that the preservation of jump perfor-
mance by AG was mainly through central nervous, rather
than via peripheral muscular effects. Daily ‘imprinting’
of gravitational information into the sensorimotor system
offers a plausible rationale for such an explanation. This
view is supported by the observations that the decline in
jump performance outsizes the decline of isometric muscle
strength and muscle size in long-term bed rest (Rittweger
et al. 2007; Buehring et al. 2011), which may even imply
that AG has a specific ability to ‘imprint’ gravitational
information to the central nervous system.

Limitations

The main limitation of the present study consists in its
short duration of only 5 days of head-down tilt bed rest.
However, previous studies had yielded very clear responses
of bone resorption markers and nitrogen metabolism after
few days of bed rest, and there is thus a solid rationale for
the choice of the 5-day bed rest format. The somewhat
only elusive effects of bed rest upon muscle strength and
upon bone formation markers are probably owed to the
short bed rest duration. Also, it is possible that the wash-
out period should be prolonged in future 5-day bed rest
studies. The dynamics of recovery of the musculoskeletal
system are probably more complicated than one would
normally expect. Bone loss tends to continue for approxi-
mately 15 days after bed rest of 35-90 days duration (Rit-
tweger et al. 2005, 2009, 2010), and the exact nature of
these post-reambulation bone losses is currently unclear.
On the other hand, the present study has yielded impres-
sive results in the field of bone resorption, nitrogen metabo-
lism, and jump performance. Of note, bed rest studies are
equally challenging to budgets, researchers, and study par-
ticipants, and shorter study durations will naturally relax
some constraints. As such, short-term studies can identify
initial responses to bed rest, and this provides very useful
evidence on potential countermeasures. Moreover, short-
term studies are unique in that they can help, in combina-
tion with mid-term and long-term studies, to identify the
time course, and thus the hierarchy of bed-rest-induced de-
conditioning for such measurements that cannot be taken
continuously during the bed rest, but only before and after
it. The discussion of nitrogen metabolism, muscle atrophy,
and neuromuscular performance may serve as an example
to this: the intriguing constellation of reduced jumping per-
formance by bed rest, in the absence of any decline in knee
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extensor strength demonstrates the importance of central
nervous de-conditioning, and this constellation of results
would probably not have been picked by a longer bed rest
format.

Conclusion

It seems unlikely that short daily exposures to short-arm
centrifugation with 1g at the center of mass will have sub-
stantial sparing effects upon bed-rest-induced alterations in
muscle and bone metabolism. There were, however, sali-
ent benefits upon vertical jump performance, and probably
also upon calf muscle strength. These beneficial effects
could be associated to central nervous mechanisms, and the
question arises in how far those would be effective in mid-
term and long-term studies. There was no apparent benefit
of the non-fractioned 30-min AG exposure, but subjects
could tolerate AG better when it was fractioned into 6 bouts
of 5 min each. Future AG prescriptions should attempt to
increase musculoskeletal forces either by including some
kind of exercise, or by increasing the level of g-exposure.
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