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Abstract

Purpose This study tested the hypothesis that hypoxia
exacerbates reductions in body mass observed during
unloading.

Methods To discern the separate and combined effects
of simulated microgravity and hypoxia, 11 healthy
males underwent three 21-day campaigns in a coun-
terbalanced fashion: (1) normoxic bed rest (NBR;
F,0, = 0.209; P,O, = 133.1 £ 0.3); (2) hypoxic ambu-
latory confinement (HAMB; F,O, = 0.141 £ 0.004;
P,0, = 90.0 = 0.4; ~4,000 m); and (3) hypoxic bed rest
(HBR; F,O, = 0.141 £ 0.004; P,O, = 90.0 & 0.4). The
same dietary menu was applied in all campaigns. Targeted
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energy intakes were estimated individually using the Har-
ris—Benedict equation taking into account whether the sub-
jects were bedridden or ambulatory. Body mass and water
balance were assessed throughout the campaigns. Whole
body and regional body composition was determined
before and after the campaigns using dual-energy X-ray
absorptiometry. Before and during the campaigns, indirect
calorimetry and visual analogue scores were employed to
assess the resting energy expenditure (REE) and perceived
appetite sensations, respectively.

Results Energy intakes were lower than targeted in all
campaigns (NBR: —5 %; HAMB: —14 %; HBR: —6 %;
P < 0.01). Body mass significantly decreased following
all campaigns (NBR: —3 %; HAMB: —4 %; HBR: —5 %;
P < 0.01). While fat mass was not significantly altered,
the whole body fat free mass was reduced (NBR: —4 %;
HAMB: —5 %; HBR: —5 %; P < 0.01), secondary to lower
limb fat-free mass reduction. Water balance was compara-
ble between the campaigns. No changes were observed in
REE and perceived appetite.

Conclusions Exposure to simulated altitude of ~4,000 m
does not seem to worsen the whole body mass and fat-free
mass reductions or alter resting energy expenditure and
appetite during a 21-day simulated microgravity.

Keywords Normobaric hypoxia - Simulated
microgravity - Fat-free mass - Energy expenditure -
Appetite

Abbreviations

AMS Acute mountain sickness

BMI Body mass index

DXA Dual-energy X-ray absorptiometry
FFM Fat-free mass

F,0, Fraction of inspired O,
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HAMB Hypoxic ambulatory confinement
HBR Hypoxic bed rest

HR Heart rate

LLS Lake Louise score

NBR Normoxic bed rest

PAL Physical activity level factor
PFC Prospective food consumption
P,0, Partial pressure of inspired O,

PPO Peak power output

REE Resting energy expenditure

RER Respiratory exchange ratio

SpO, Capillary oxyhemoglobin saturation
VAS Visual analogue score

VE Minute ventilation

Introduction

Spaceflight-induced unloading triggers significant alterations
in nutritional status (Smith et al. 2005; Smith and Zwart 2008)
and results in decreased body mass, predominantly due to
reduced postural muscle volume (LeBlanc et al. 2000; Tesch
et al. 2005). During prolonged space explorations, proper die-
tary support and mitigation of body composition changes are
crucial to maintain the operational capacity and well-being
of the astronauts (Lane and Feeback 2002). Future long-term
space explorations will undoubtedly assess the potential for a
permanent residence on the Moon or Mars. To minimize the
risk of decompression sickness of astronauts preparing for
sorties on the Moon or Mars surface, the envisaged habitats
will be hypobaric and hypoxic (David et al. 2006).

Similarly to space travel, high altitude sojourns are often
associated with substantial weight loss (Pugh and Ward
1956; Tschop and Morrison 2001; Quintero et al. 2010).
These altitude-related whole body mass reductions were
attributed to both muscle mass (Boyer and Blume 1984) and
fat tissue losses (Westerterp-Plantenga et al. 1999; Reynolds
et al. 1999). While the underlying mechanisms of “altitude
anorexia” are not completely understood, changes in energy
expenditure and dietary intake as well as appetite reduction
might be among the main potential factors (Westerterp-Plan-
tenga et al. 1999; Kayser and Verges 2013). High altitude
sojourns can result in increased energy expenditure (Reyn-
olds et al. 1999). In field settings, it is, however, difficult to
disentangle the effects of energy intake and activity pattern
from the influence of environmental factors on resting and
total energy expenditure (Westerterp and Kayser 20006).
While controlled laboratory studies indicate that hypoxia
per se decreases resting energy expenditure (Westerterp
et al. 2000; Oltmanns et al. 2006), evidence from well-con-
trolled field studies show that REE might increase as a result
of prolonged (>1 week) high-altitude exposures (>3,500 m)
(Butterfield et al. 1992; Mawson et al. 2000; Lippl et al.
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2010). Reductions in appetite are also often reported dur-
ing and following high altitude sojourns. Although initially
linked to acute mountain sickness (AMS) and lack of palat-
able food, the persistence of decreased appetite after AMS
symptoms abate (Tschop and Morrison 2001), and the appe-
tite reductions observed in laboratory settings with palatable
food readily available (Rose et al. 1988; Wasse et al. 2012;
Westerterp-Plantenga et al. 1999) imply that hypoxia per
se might reduce appetite. Based on the above, we reasoned
that the addition of hypoxia to reduced gravity, as envisaged
during the Moon or Mars habitation, might affect nutritional
status, modulate body composition and potentially compro-
mise the astronauts’ well-being.

Studies investigating combined effects of unloading
and hypoxia are scarce (Stevens et al. 1966; Loeppky et al.
1993; Debevec et al. 2014). While Stevens et al. (1966)
reported that participants were mildly anorectic and needed
encouragement to maintain their food intake during a
4-week hypoxic bed rest, Loeppky et al. (1993) observed
more pronounced changes in water balance during a 7-day
bed rest in hypoxia than normoxia. The lack of significant
body mass changes in both aforementioned studies could
be attributed to the shortage of proper nutritional con-
trol and the ad libitum feeding strategy. Our recent study
(Debevec et al. 2014), also failed to identify any specific
effect of hypoxia on body composition following a 10-day
bed rest. We speculated that the duration of confinement
was insufficient to induce significant body composition
alterations as these are typically reported following alti-
tude exposures lasting >3 weeks (Boyer and Blume 1984;
Tschop and Morrison 2001; Quintero et al. 2010).

The aims of this study were to determine: (1) the effects
of hypoxia and unloading on body composition; (2) whether
adding hypoxia to unloading alters water balance, REE or
modulates appetite and (3) if the targeted intake levels and
macronutrient composition used would be adequate to main-
tain a stable body mass. The participants underwent three
21-day confinements in a cross-over designed and counter-
balanced manner: (1) normoxic bed rest to determine the
effects of unloading per se; (2) hypoxic ambulatory con-
finement to determine the effect of hypoxia per se and (3)
hypoxic bed rest to determine the combined effects of both
factors. Our hypothesis was that hypoxia would exacerbate
reductions in body mass observed during unloading through
changes in energy expenditure and appetite reduction. We
additionally hypothesized that the addition of hypoxia to
unloading would significantly alter water balance.

Methods

The data presented in this paper were collected as part of a
larger research programme investigating the physiological
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and psychological effects of simulated planetary habitation
on healthy humans (PlanHab: Planetary Habitat simulation
study). The study protocol was approved by the National
Committee for Medical Ethics at the Ministry of Health of
the Republic of Slovenia. All experimental procedures were
conducted according to the European Space Agency recom-
mendations for bed rest protocols (Standardization of bed
rest study conditions 1.5, August 2009) and conformed to
the principles of the Declaration of Helsinki.

Participants

A total of 65 healthy males were initially screened for
participation in the study. Besides the inclusion/exclusion
criteria outlined in the standardization of bed rest condi-
tions, individuals recently (<2 months) exposed to altitudes
above 2,000 m were also ineligible to participate. Follow-
ing preliminary testing 14 participants were selected and
gave written informed consent after receiving detailed
information regarding the study protocol and all experi-
mental procedures. Two participants did not return for the
last campaign due to personal reasons and one participant
had to be withdrawn from the study during the last cam-
paign as a result of gastrointestinal health problems. Ulti-
mately, 11 participants finished all three campaigns and
only their data are reported in the paper. All were healthy,
near sea level residents (<500 m) with the following base-
line characteristics: age = 27 £+ 6 years (mean & SD);
body mass = 76.7 + 11.8 kg; stature = 179 £ 3 cm;
BMI =23.7 £ 3.0 kg m 2 body fat = 21 + 5 %; maximal
oxygen uptake = 44.3 4 6.1 mL kg~! min~!.

Study design

This prospective trial aimed to discern the separate and
combined effects of simulated microgravity and hypoxia.
The participants underwent three experimental campaigns
in a counterbalanced fashion: (1) normobaric normoxic
bed rest (NBR; fraction of inspired O, (F,0,) = 0.209;
P,0, = 133.1 £ 0.3); (2) normobaric hypoxic ambu-
latory confinement (HAMB; F,O, = 0.141 £ 0.004;
P,0, = 90.0 £ 0.4; ~4,000 m simulated altitude); and (3)
normobaric hypoxic bed rest (HBR; F,0, = 0.141 £ 0.004;
P,0, = 90.0 £ 0.4; ~4,000 m simulated altitude). The
experimental campaigns were conducted at the Olym-
pic Sport Centre Planica, Slovenia (situated at an altitude
of 940 m). The participants entered each campaign in a
sequential and fixed order with two participants entering
each day. Campaigns lasted 32 days for each individual
participant and had three distinct phases. First, the initial
testing phase (Pre) that comprised the first 7 days upon
arrival to the facility. This phase allowed the participants
to acclimate to the facility, diet and circadian cycles. All

baseline (Pre) measures were obtained during this period.
Second was the 21-day confinement phase (day 1-day
21) during which the participants were exposed to their
designated condition (NBR, HAMB and HBR). This
was followed by a 4-day recovery phase that enabled the
researchers to obtain the post-confinement measurements
(Post) and allowed for cautious re-ambulation of the par-
ticipants. Additional tests were also performed 14 days
after the end of each confinement period (Rec). To enable
sufficient physiological and psychological recovery of the
participants, a 4-month wash-out period was implemented
between the campaigns.

Bed rest and hypoxic procedures

The environmental conditions within the hypoxic facil-
ity were carefully controlled and remained stable through-
out all experimental campaigns (ambient tempera-
ture = 24.4 £+ 0.7 °C; relative humidity = 53.5 &+ 5.4 %
and ambient pressure = 684 + 4 mm Hg). The participants
were accommodated in rooms with two single beds (i.e.,
two participants per room). To standardize the circadian
rhythm, the participants were awakened daily at 7:00 am
and room lights were turned off at 11:00 pm. Napping was
not allowed during the day hours. Morning resting heart rate
(HR) and capillary oxyhemoglobin saturation (SpO,) were
measured daily using short-range telemetry (iBody, Wahoo
Fitness, Atlanta, USA) and finger oximetry (3100 WristOx,
Nonin Medicals, Minnesota, USA), respectively. To assess
the potential presence, as well as severity, of AMS the par-
ticipants filled out the self-assessment part of the Lake Lou-
ise AMS questionnaire every evening at 08:00 pm through-
out the confinement period (Roach et al. 1993). The Lake
Louise score (LLS: 0-15) was subsequently calculated by
summing the values of the individual questionnaire items.
Both of the following criteria had to be fulfilled to diagnose
AMS: (1) LLS >3 and (2) presence of headache.

During the NBR and HBR campaigns, the participants
were confined to strict horizontal bed rest, a valid ground-
based model to simulate microgravity-induced metabolic
and cardiovascular alterations. All daily activities (i.e.,
reading, watching television, showering, lavatory) were
carried out in the horizontal position. The participants
were allowed to use one pillow for head support. No physi-
cal activity, apart from changing positions from supine,
prone and lateral, was permitted during the bed rest con-
finement phase. Compliance to the bed rest protocol was
ensured using continuous closed-circuit television monitor-
ing as well as permanent medical staff supervision. To ease
the neck- or backache that often occurs during the initial
2-3 days of the bed rest the participants were provided, on
request, with mild analgesic (paracetamol) and/or passive
stretching performed by a certified physiotherapist.
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During the HAMB confinement the participants were
encouraged to engage in their habitual routines and allowed
to move freely in the common hypoxic area (110 m* sur-
face). Throughout the HAMB confinement the participants
also performed low-intensity exercise sessions to mimic
their habitual physical activity. Two 30-min sessions were
performed daily, one in the morning and one in the after-
noon. The exercise mode (stepping, cycling or dancing) was
rotated to avoid monotony. During all exercise sessions,
short-range telemetry (iBody, Wahoo Fitness, Atlanta,
USA) and finger oximetry (3100 WristOx, Nonin Medicals,
Minnesota, USA) were employed to ensure individual’s
HR was within the targeted values (123 =+ 4 beats min~!)
and monitor the SpO, levels, respectively. Assessment of
the targeted exercise intensity, and thus energy expendi-
ture levels, was based on the daily physical activity ques-
tionnaires filled out by the participants before the study.
On average the prescribed exercise aimed to induce a HR
corresponding to that achieved at 50 % of the peak power
output (PPO), determined during a hypoxic graded exer-
cise test. The graded test was performed before the HAMB
confinement on a cycle ergometer under hypoxic condition
(F,0, = 0.144) using 25 W min~" workload increments
until task failure (inability to maintain cycling cadence
>60 rpm). PPO was calculated according to the following
formula: PPO = W, + (2-(60 x 30)™") (W).

Weompr = last completed workload; 7 = seconds during
the final uncompleted workload.

The normobaric hypoxic environment was provided
and maintained using a vacuum pressure swing adsorp-
tion system (b-Cat, Tiel, The Netherlands) that delivered
the O,-depleted gas to the designated rooms and common
hypoxic area. The ambient air in each room was sampled
and analyzed for O, and CO, content at 15-min intervals.
Prior to the analysis of the air samples, the O, and CO,
analyzers were automatically calibrated using precision
calibration gases (Messer, Ljubljana, Slovenia). Immediate
adjustments were made in the event of a more than 0.5 %
variation in the level of O,. The CO, level in the confine-
ment area did not exceed 0.45 % at any time, with the aver-
age concentration of 0.23 &£ 0.07 % during all confinement
periods. The participants had portable ambient O, concen-
tration analyzers (Rae PGM-1100, California, USA) in
close proximity at all times during the hypoxic campaigns.
The analyzers activated a safety audible alarm if the O,
level decreased below the pre-set level.

Diet
The participants received an individually tailored, strictly
controlled and standardized diet throughout all three

phases of each campaign. Individualized caloric require-
ments were estimated using the modified Harris—Benedict
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resting metabolic rate equation (Hasson et al. 2011) and
subsequently multiplied by a physical activity level fac-
tor (PAL) of 1.4 for the ambulatory (Pre phase, Post phase
and HAMB confinement) and of 1.2 for the bed rest phases
(NBR and HBR confinement). The targeted daily compo-
sition for dietary fat intake was 30 % of the total energy
intake, whereas protein intake was aimed at 1.2 g kg~ .
Accordingly, the targeted baseline macronutrient compo-
sition (expressed as a percentage of total dietary energy
intake) was ~55 % of carbohydrates, ~30 % of fat and
~15 % of protein. The intake of sodium was targeted to
be <3,500 mg day~!. The participants were encouraged to
maintain their minimal daily fluid intake at 28.5 mL kg~ !,
but were allowed to drink water and unsweetened fruit
tea ad libitum. They were supplemented with vitamin D3
(1,000 IU day~') throughout all campaigns and were not
allowed to eat or drink anything outside of the provided
menu including alcohol or caffeine-containing beverages.
A 14-day menu (detailed in Online Resource 1) was
prepared before the first campaign and rotated throughout
the campaign duration. The same daily menu was used
during the subsequent two campaigns to ensure the partici-
pants consumed identical meals on the same days of each
respective campaign. The menu was designed using the
web-based application Open Platform for Clinical Nutri-
tion (OPKP, Jozef Stefan Institute, Ljubljana, Slovenia).
Five daily meals (breakfast, morning snack, lunch, after-
noon snack and dinner) were always served at the same
time of the day throughout the campaigns. The participants
were encouraged to consume all the food provided. They
could consume less than provided, but did not receive any
additional food. Every effort was made to make the pro-
vided food as palatable as possible. The dietary items used
were based on the standard Slovenian diet. All meals were
prepared in the facility kitchen by the staff of the Olym-
pic Sport Centre. Each food item was weighed on a preci-
sion (0.1 g) scale (TPT 6C, Libela ELSI, Celje, Slovenia)
connected to a custom-developed, computer-based food
recording and analysis system (Piki 2.0, Faculty of Com-
puter science, University of Ljubljana, Ljubljana, Slove-
nia). In case of any leftovers, the unconsumed food items
were re-weighed and the value was deducted from the ini-
tial weight to provide the actual food intake. The Piki 2.0
system enabled real-time monitoring of the daily energy,
macronutrient and fluid intake for each individual.

Water balance

Water balance was calculated daily during the initial and
final 4 days of each confinement and every second day
throughout the rest of the confinement period by deduct-
ing the total daily water output from the total daily water
input. The total daily water input comprised ad libitum
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fluid intake, the daily food—water content and metabolic
water production. The ad libitum water intakes were meas-
ured daily throughout all campaigns. The daily food—water
content was derived from the dietary intake analysis. Meta-
bolic water production was estimated from the individual’s
macronutrient intakes. It was assumed that for every 100 g
of consumed carbohydrate, protein and fat, the resulting
metabolic water production is 55, 41, and 107 g, respec-
tively (Bossingham et al. 2005). The total daily water out-
put included urinary output and insensible water loss. Urine
was collected daily to obtain 24-h pools. Each urine collec-
tion started at 07:00 am and was performed for the ensuing
24 h. Insensible water loss was estimated by assuming that
for every 1,000 kcal of energy consumed, 430 mL of water
is lost as a consequence of respiration and skin perspiration
(Bossingham et al. 2005).

Body mass and composition

Body mass was assessed daily, immediately upon awaken-
ing in the supine position using a calibrated, custom-made
gurney incorporating load cells (Sigma 6C, Libela ELSI,
Celje, Slovenia).

Whole body and regional body composition was
determined before (Pre), immediately after (Post) and
14 days following each confinement period (Rec) using
a fan-beam dual-energy X-ray absorptiometer (DXA;
Discovery W—QDR series, Hologic, Bedford USA).
The device was calibrated on a daily bases prior to the
first scanning according to the manufacturer’s instruc-
tions. To optimize the reproducibility of the DXA
measures, the participants were always scanned fasted
and well rested. They maintained supine position on
the DXA table throughout the scanning procedure. The
hands were separated from the trunk and the legs were
distanced using a standard ankle holder. Two scans were
performed at each testing period and the average of the
duplicate measures was used for subsequent analysis.
The same researcher analyzed all scans using the Hol-
ogic APEX System Software (version 3.1.2) to deter-
mine the whole body and regional values of fat free mass
(FFM), fat mass and % fat mass.

The regions of interest used for the analysis were
defined as detailed in Debevec et al. (2014). Briefly, the
following regions were used: (1) upper arm (elbow joint
center—gleno-humeral joint center; lower—upper boundary);
(2) thigh (knee joint center—acetabulo-femoral joint center);
and (3) lower leg: (ankle joint center—knee joint center). To
calculate the android to gynoid fat ratio, used as an index
of visceral to subcutaneous fat ratio (Snijder et al. 2002),
the fat mass was also estimated from android: (pelvis cut—
lumbar vertebrae) and gynoid: (middle of femur—acetabulo-
femoral joint center) areas.

Indirect calorimetry

Indirect calorimetry was performed before (Pre) and after
16 days of each confinement (day 17) using a metabolic
cart (Quark CPET, Cosmed, Rome, Italy). The turbine
flowmeter and gas analyzers were calibrated before each
measurement using a 3-L syringe and two different ref-
erence gas mixtures, respectively. The mask collection
method (Vmask, 7500 series, Hans Rudolph Inc., Shawnee,
USA; 41 mL deadspace) was used for all measurements.
The Pre tests were performed in normoxia, whereas Post
tests were performed in normoxia during the NBR and
hypoxia (F,O, = 0.141 £ 0.004) during the HAMB and
HBR campaigns. The measurements were always per-
formed in the morning in a quiet and thermally temperate
(ambient temperature = 22.9 + 1.3 °C; relative humid-
ity = 46.9 + 5.8 %) laboratory with participants fasted
and supine throughout the test. Resting energy expenditure
(REE), respiratory exchange ratio (RER) and minute venti-
lation (V) were recorded throughout the 15-min measure-
ment. The first and last 3 min of each recording were dis-
carded and the average of each variable during the middle
9 min of the measurement was used for subsequent analy-
sis. The estimated coefficients of variation for REE, RER
and Vg were 12, 5 and 14 %, respectively.

Energy balance

Estimation of the average daily energy balance through-
out the campaigns was performed by deducting the total
daily energy expenditure from the total daily energy input
(Elia et al. 2003). The total energy input included the daily
dietary energy intake and energy provided by fat and lean
tissue breakdown (estimated from the DXA Pre-Post
measures). The employed caloric equivalents for changes
in body composition were 1.1 and 9.5 kcal g~! for lean
and fat mass, respectively (Weir 1949). The total energy
expenditure comprised of REE, energy expenditure due to
the thermic effect of food and estimated activity-related
energy expenditure. We used the REE values obtained
on day 17 by indirect calorimetry as detailed above. The
thermic effect of food was estimated at 10 % of the total
energy intake (Elia et al. 2003). PAL values employed for
the energy balance calculation were 1.2 for NBR and HBR
and 1.4 PAL for HAMB. The actual PAL value estimations
were also calculated for all campaigns by dividing the indi-
viduals total energy intake minus the thermic effect of food
by the measured REE values.

Ratings of perceived appetite

Subjective sensations of hunger, fullness and prospective
food consumption (PFC) were obtained before (Pre) and
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on day 1, day 7, day 14 and day 21 of the confinement
from visual analogue scales (VAS). The VAS ratings were
obtained through a custom-designed application on an iPad
tablet (Apple, Cupertino, USA). An electronic VAS collec-
tion method using a handheld device has been validated
previously (Gibbons et al. 2011). The sensation ratings
were obtained in the mornings with participants fasted. The
scales were 100-mm digital lines, anchored to the left with
‘sensation not felt at all’ and to the right with ‘sensation felt
the greatest’.

Statistical analysis

All analyses were performed using Statistica 12.0 (Statsoft,
Tulsa, USA). Data are expressed as mean =+ SD. Two-factor
(campaign x time) repeated-measures ANOVA was used to
define the differences in the average daily HR, SpO,, LLS,
energy and fluid intake, body mass, water output, water and
energy balance and appetite sensations as well as changes
in body composition, REE, VE and RER assessed before
and during or after the confinement. Tukey’s HSD post hoc
test was employed to define the specific differences when
ANOVA analysis revealed a significant F-ratio for the main
effect or an interaction. Pearson’s correlation analysis was
used to define the relationships between the initial whole
body mass, FFM and fat mass values (measured at Pre) and
subsequent Pre to Post changes in these variables as well as
between the individual normalized protein intakes [g body
mass (kg)~!' day~!] and Pre to Post changes in FFM. The
alpha level of significance was set a priori at 0.05.

Results
General confinement adaptation

All 11 participants underwent the campaigns without any
significant adverse health-related issues except for transient
headaches and backaches. One participant experienced
severe hypoxemia (SpO, <75 %) combined with dizzi-
ness upon entry to the HBR and was relocated to a sepa-
rate room with the simulated altitude reduced to ~3,000 m
during the first day and ~3,500 m throughout the following
day. He commenced his exposure to 4,000 m on day 3 with
no further difficulties. The same protocol was repeated dur-
ing his HAMB confinement.

For daily HR, there was a main effect of campaign
(P < 0.05), a tendency for a campaign x time interaction
(P = 0.08) and no main effect for time (P = 0.28). The
HR was higher in the HAMB than NBR on day 3 and on
day 7 and was higher in HBR than in NBR during the last
8 days of the confinement (P < 0.05; Fig. 1). There was a
main effect of campaign (P < 0.01), time (P < 0.01) and
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a campaign x time interaction (P < 0.01) for SpO,. In
both the HAMB and HBR campaigns the SpO, was lower
than in NBR during all 21 days of confinement (P < 0.01;
Fig. 1). Compared to day 1, the SpO, was higher in the
HBR from day 3 onwards whereas during the HAMB the
SpO, was only higher during the last five confinement
days (P < 0.05). A main effect for time was noted for LLS
(P < 0.01) with no main effect of campaign or any inter-
action (P = 0.12). The post hoc analysis revealed that the
LLS was only increased during the first 4 days of the HBR
campaign (P < 0.05; Fig. 1). After the first 24 h of confine-
ment (day 2), AMS was diagnosed in three participants
during the HAMB and five participants during the HBR
campaign.

The average HR and SpO, responses during the low-
intensity exercise sessions, performed by the participants
during the HAMB confinement, were 124 £ 9 beats min~!
and 87 % 3 %, respectively.

Dietary intake

The targeted energy intakes were 2,139 + 193 kcal for the
NBR and HBR campaigns and 2,558 + 226 kcal for the
HAMB campaign. The actual energy intakes were lower
than targeted in all campaigns (NBR: —5 %; HAMB:
—14 %; HBR: —6 %; P < 0.01), but were higher during the
HAMB compared to NBR and HBR campaign (Table 1;
Fig. 2). Since the energy intake was lower during the NBR
and HBR compared to HAMB the intakes of all macronu-
trients as well as iron and calcium were accordingly less
(Table 1). The average water and sodium intakes were com-
parable between the campaigns.

Water balance

No main effect or interaction was observed in water input
(P = 0.22; Fig. 3). For urinary output there was a main
effect of time (P < 0.05) with no main effect of campaign
(P = 0.57) or interaction (P = 0.59). Main effect of time
was noted for water balance (P < 0.05), but not for cam-
paign (P = 0.34) or interaction (P = 0.34). Post hoc anal-
ysis did not reveal any significant differences between or
within groups in neither water input, water output or water
balance.

Body mass and composition

Body mass was decreased following all campaigns
(P < 0.01; Fig. 4). A main effect for time (P < 0.01) and
a campaign x time interaction (P < 0.05) were noted for
daily changes in body mass with no main effect for cam-
paign (P = 0.82). Post hoc analysis revealed no differences
in reduction profiles between the campaigns.
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Fig. 1 Daily measurements of a 100+
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Table 1 Average dietary intakes during the normoxic bed rest
(NBR), hypoxic ambulatory confinement (HAMB) and hypoxic bed
rest (HBR) campaigns

NBR HAMB HBR

Energy intake (kcal) 2,027 & 188* 2,197 4 193*% 2,018 4 202*

Protein (g) 8349 93 + g* 83+ 8
Protein (% daily 16 £0.7 17+0.5 17+0.5
intake)
Fat (g) 66 £7 73 + g* 66 £ 7
Fat (% daily intake) 30£1.0 30+£1.2 29 £ 1.0
Carbohydrate (g) 274 £ 23 292 + 24* 273 £26
Carbohydrate (% daily 54 £ 1.3 53+14 54+ 1.1
intake)
Water (L) 3.54+£093 358+1.14 3.61 +£0.96
Sodium (mg) 2374 +£335 2,630+£360 2,357 + 321
Iron (mg) 142415 155+ 1.7% 14.1 £1.7
Calcium (mg) 825 4+ 188 887 + 193* 823 + 189

Values are mean &= SD

Significant differences (P < 0.05): * vs. targeted values, * vs. NBR
and HBR

Confinement days

A main effect of time (P < 0.01) and a campaign x time
interaction (P < 0.01) was noted for whole body FFM.
Whole body FFM was reduced at Post following all three
campaigns (NBR = —4 %, HAMB = —5 %, HBR = —5 %j;
P < 0.01) and remained reduced at Rec following the NBR
(P <0.01) and HAMB (P < 0.01) campaigns only (Fig. 4).
No main effect was observed for changes in whole body
fat mass (P = 0.19) and whole body % fat mass (P = 0.12)
during and after the campaigns (Fig. 4).

There was a main effect of time on FFM in the lower
leg (P < 0.01), thigh (P < 0.01) and upper arm (P < 0.05)
regions. The post hoc analysis revealed that FFM was
reduced in both the lower leg (P < 0.01) and thigh
(P < 0.01) at Post and returned to baseline at Rec in all
three campaigns (Table 2). The FFM of the upper arm
region was only reduced at Post in the HAMB campaign.
No main effect or an interaction was noted in either region
for fat mass (P = 0.08) and % fat mass changes (P = 0.16).

The android to gynoid fat ratio was unchanged fol-
lowing all three campaigns (NBR: Pre = 0.94 £ 0.10,
Post = 0.97 £+ 0.15; HAMB: Pre = 097 + 0.12,
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Fig. 2 Daily energy intake
values before and during the
normoxic bed rest (NBR; open
circles), hypoxic ambulatory
confinement (HAMB; closed
squares) and hypoxic bed rest
(HBR; open squares) campaigns
(mean =+ SD). Significant
effects (P < 0.05): a main effect
time; b interaction (cam-

paign x time)

Fig. 3 Daily values of a water
input, b water output, and

¢ calculated water balance,
before and during the normoxic
bed rest (NBR; open circles),
hypoxic ambulatory confine-
ment (HAMB; closed squares)
and hypoxic bed rest (HBR;
open squares) campaigns
(mean =+ SD). Significant
effects (P < 0.05): a main effect
time

Post = 0.96 4+ 0.14; HBR: Pre
Post =0.96 + 0.13; P =0.11).

Resting energy expenditure

Compared to Pre, neither fasting REE nor RER val-
ues were altered in either campaign following 16 days

@ Springer
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of confinement (P = 0.13; Table 3). There was a main
effect of time (P < 0.01) and a campaign x time interac-
tion (P < 0.01) for V. The post hoc test revealed that Vi
was increased on day 17 in both hypoxic confinements
(P < 0.01), but remained unchanged during the NBR cam-
paign (Table 3). Vg was also higher at Post in the HAMB
and HBR than in the NBR campaign (P < 0.01).
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Fig. 4 Individual and group values of a body mass, b whole body fat
free mass, and ¢ whole body fat mass, before (Pre), immediately after
(Post) and 14 days after (Rec) the normoxic bed rest (NBR), hypoxic
ambulatory confinement (HAMB) and hypoxic bed rest (HBR) cam-
paigns (mean £ SD). Significant effects (P < 0.05): a main effect
time. Significant post hoc differences: *(P < 0.01) vs. Pre

Energy balance

The estimated energy balance was negative in all three
campaigns (NBR: —177 =+ 334 kcal day '; HAMB:
—255 + 266 kcal day~!'; HBR: —244 + 341 kcal day™!)
and did not differ between the campaigns (P = 0.51).
The estimated average PAL values were higher in the
HAMB (1.3 &+ 0.1) than in the NBR (1.1 £ 0.2) and HBR
(1.1 £0.2; P <0.05).

Perceived appetite ratings

No main effect of time or campaign was noted in perceived
ratings of hunger (P = 0.82), fullness (P = 0.13) or PFC

(P = 0.24) during and between the NBR, HAMB and HBR
campaigns. Also, no significant interaction was noted for
these variables (P = 0.27).

Correlations and statistical power

No significant correlations were observed between the
Pre values and Pre to Post changes in whole body mass
(r =0.12, P = 0.24), FFM (r = 0.20, P = 0.13) or fat
mass (r = 0.06, P = 0.36) when data were pooled for all
campaigns. If the data were analyzed for each campaign
separately, significant correlations between the Pre values
and Pre to Post changes were only observed in whole body
mass (r = 0.62, P < 0.05) and FFM (r = 0.61, P < 0.05)
during the NBR. No correlations between the individual
normalized protein intakes and Pre to Post changes in FFM
were noted in either campaign (NBR: r = 0.17, P = 0.31;
HAMB: r = —0.28, P =0.19; HBR: r = —0.23, P = 0.24).

For parameters with significant main effects or interac-
tions, ANOVA revealed the following observed statisti-
cal analysis power: 0.96 for HR (campaign effect), 1.0 for
SpO, (time x campaign effect), 0.97 for LLS (time effect),
0.68 for urinary output (time effect), 0.90 for water bal-
ance (time effect), 0.97 for body mass (time effect), 0.83
for FFM (time effect) and 0.86 for Vg (time x campaign
effect).

Discussion

This study aimed to discern the effects of a 3-week expo-
sure to unloading and hypoxia on body mass, body com-
position and water balance. Contrary to our initial hypoth-
esis, hypoxia did not additively reduce body weight or alter
body composition following 21 days of unloading. Neither
did hypoxia alter resting energy expenditure or blunt par-
ticipants’ appetite sensations. Water balance was unaltered
when unloading was complemented by hypoxia. Interest-
ingly, reductions in body mass following hypoxic ambu-
latory confinement were similar to those observed after
both bed rest confinements. Potential explanations for this
observation include insufficient energy intakes secondary
to appetite reduction, low activity levels and/or effects of
confinement per se.

Body composition modulation under hypoxia and bed rest

Both unloading (LeBlanc et al. 2000; Tesch et al. 2005)
and hypoxia (Westerterp-Plantenga et al. 1999; Tschop and
Morrison 2001) can alter body mass and composition. In
the present study the participants’ body mass was signifi-
cantly reduced following all three experimental campaigns
with similar temporal changes. Thus, no specific effects of
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Table 2 DXA-estimated regional fat-free mass, fat mass and % fat mass before (Pre), immediately after (Post) and 14 days after (After) the nor-
moxic bed rest (NBR), hypoxic ambulatory confinement (HAMB) and hypoxic bed rest (HBR) campaigns

NBR HAMB HBR
Pre Post After Pre Post After Pre Post After
Upper arm
Fat free mass  2.15 £+ 048 2.154+0.43 2.11£0.38 2.19+0.47 2.06 +0.48* 2.10+0.49 2.09+0.34 2.09+ 031 2.16+0.33
(kg)*!
Fat mass (kg) 0.53+0.25 048+0.20 0.52+£0.23 0.59+0.35 0.59+0.36 0.60=+0.36 0.55+0.29 0.53£0.29 0.58 +0.33
Fatmass (%) 19.1+57 17.8+4.6 192+53 20171 212472 209+73 200£74 193475 202 +7.8
Thigh
Fat-free mass  7.15 £ 1.17 6.79 &+ 1.09* 698 £1.08 7.31 £ 1.15 6.86 + 1.15* 7.09 £ 1.12 7.06 = 1.03 6.57 £ 0.89* 6.94 &+ 0.87
(kg)*
Fat mass (kg) 2.06 £0.72 191+0.63 2.07+£0.65 235+ 1.11 231+£1.07 234+1.13 2.17+094 2.09+£0.94 2.33+0.99
Fatmass (%) 22.1£59 21.7+5.5 226+56 227+79 233+£090.1 229+83 230£76 234476 23.5+7.3
Lower leg
Fat-free mass  2.54 £ 0.37 2.41 +0.33*% 248 £0.30 2.58 £0.36 2.45 + 0.33* 2.46 +0.33 2.53 +£0.32 2.34 £0.27* 2.49 + 0.30
(kg)*
Fat mass (kg) 0.68 +£0.21 0.62+0.18 0.69+£0.18 0.72+0.26 0.75+£0.29 0.75£0.27 0.67£0.21 0.65+0.22 0.69 +0.24
Fatmass (%) 21.24+6.7 204454 21.7+5.1 21.5+£6.6 23.1+£85 23.14+74 209+6.1 214+63 21.6 6.9

Values are mean + SD
Significant effects (P < 0.05): * main effect time
Significant post hoc differences: * (P < 0.01) vs. Pre

Table 3 Resting energy expenditure (REE), minute ventilation (Vg) and respiratory exchange ratio (RER) measured before (Pre) and after
16 days (day 17) of the normoxic bed rest (NBR), hypoxic ambulatory confinement (HAMB) and hypoxic bed rest (HBR) campaigns

NBR HAMB HBR

Pre Day 17 Pre Day 17 Pre Day 17
REE (kcal) 2,195 + 247 2,061 £ 235 2,185 4+ 287 2,130 + 269 2,121 +£ 327 2,106 £ 240
Ve (L min~")»® 9.1+09 88+09 9.1£1.6 10.7 £ 1.2+ 9.0£13 10.7 + 1.0%#
RER 0.80 +0.03 0.84 £ 0.06 0.82 £0.07 0.77 £0.03 0.84 £ 0.09 0.79 £ 0.04

Values are mean &= SD

Significant effects (P < 0.05): * main effect time; ® interaction (campaign x time)

Significant post hoc differences (P < 0.01): * vs. Pre; #vs. NBR

unloading or hypoxia per se could be identified based on
the body mass outcomes.

Under appropriate nutritional support, unloading results
in muscle volume reductions (Pavy-Le Traon et al. 2007),
whereas hypoxia seems to affect both muscle and fat tis-
sue (Quintero et al. 2010). However, when comparing both
the whole and regional body composition results follow-
ing the NBR and HBR confinements, no additive effect
of hypoxia could be elucidated. This is also confirmed by
the unchanged android to gynoid ratio indicating the lack
of any specific regional fat tissue re-distribution. The only
difference between the two bed rest confinements was that
the FFM remained reduced at Rec only following the NBR
(Fig. 4). The faster regain of the FFM following the HBR
campaign might suggest that hypoxia-induced water shifts
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between the extracellular and intracellular compartments
(Westerterp et al. 1996) have contributed to the observed
FFM changes after hypoxic confinements (a similar trend
was noted for HAMB). However, given that no significant
difference in water balance were observed between the cam-
paigns, these observations are most likely the result of dif-
ferent dietary patterns and/or unsupervised activity during
the recovery period. We also could not elucidate any specific
effect of hypoxia during unloading when analyzing individ-
ual responses. While correlation between initial body mass
and FFM and subsequent changes in these two parameters
was noted in the NBR, no correlations in body composition
measures were observed following the HAMB and HBR.
The magnitude of the FFM reduction observed following
the NBR campaign is in line with that previously observed
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following medium-term bed rest studies; i.e., a ~10 %
reduction in the lower limb postural muscles (Pavy-Le
Traon et al. 2007). Profound reduction of SpO, throughout
the HAMB and HBR confinements confirms the hypoxic
nature of these interventions. However, sustained systemic
hypoxia did not significantly affect body mass or compo-
sition. This, rather surprising finding, contradicts numer-
ous studies indicating that exposure to altitude/hypoxia per
se will reduce muscle and fat tissue mass (Reynolds et al.
1999; Westerterp et al. 1994). Although other environmen-
tal factors than hypoxia could have confounded the initial
field studies, the controlled laboratory trials confirmed that
hypoxia per se may alter body mass and composition (Rose
et al. 1988). A viable explanation for the lack of any dis-
cernible effect of hypoxia in this study could be the dose of
hypoxia. Indeed, high/extreme altitude (>5,000 m) sojourns
have been utilized in the majority of studies reporting
hypoxia-induced body mass reductions in healthy individu-
als (Westerterp et al. 1994; Rose et al. 1988; Reynolds et al.
1999). On the other hand, reductions in body mass follow-
ing lower altitude sojourns or simulated altitudes have pre-
dominantly been observed in overweight/obese populations
(Lippl et al. 2010; Kayser and Verges 2013). As noted ear-
lier by Westerterp and Kayser (2006) it seems that, at least
in healthy humans, hypoxia significantly affects body mass
and composition, secondary to perturbed energy balance
beyond a threshold altitude of ~5,000 m. Nevertheless, our
findings indicate that a sustained hypoxic stimulus equiva-
lent to ~4,000 m altitude, more severe than that envisaged
within the Moon and Mars habitats, does not significantly
affect body mass modulation during unloading.

Surprisingly, FFM reductions following the HAMB were
similar to those observed during the NBR and HBR. Fur-
thermore, significant reduction in the upper arm FFM was
only observed following the HAMB. While the latter obser-
vation might not be of significant physiological relevance,
the HAMB did induce significant reduction of whole body
FFM. The potential factors underlying these FFM reduc-
tions include insufficient energy and macronutrient intakes,
water content shifts between extracellular and intracellular
compartments, reduced physical activity levels and effects
of confinement per se. In addition, exercise-related protein
synthesis suppression during chronic (Narici and Kayser
1995) and acute (Etheridge et al. 2011) hypoxic exposure
might have played a role in the FFM modulation follow-
ing the HAMB. However, since the exercise sessions were
performed at a low intensity the contribution of this mecha-
nism would be limited.

Resting energy expenditure and appetite

No differences in REE observed during the NBR cam-
paign is in line with previous reports showing unaltered or

slightly reduced REE during unloading (Stein et al. 1999).
Interestingly, the REE was also unchanged during both
hypoxic campaigns. This is in contrast with our hypoth-
esis and previous reports showing increased REE during
exposures to environmental hypoxia in humans (Butter-
field et al. 1992; Mawson et al. 2000; Lippl et al. 2010).
This increase in basal metabolic rate has been attributed to
the altitude-induced beta-sympathetic activation (Moore
et al. 1987). On the other hand, the studies by Nair et al.
(1971) and Westerterp et al. (2000) demonstrated decreased
REE as a result of hypobaric hypoxia. The discrepancies
between the study outcomes might result from different
experimental settings (field vs. laboratory), environmental
factors (cold, confinement) and different activity levels.
The only significant difference observed during the indirect
calorimetry measurements was the increased Vg values dur-
ing both HAMB and HBR, reflecting the well-established
augmented hypoxic ventilatory response.

Similarly to REE, the measured appetite markers did not
significantly differ between groups and/or between differ-
ent time periods (Fig. 5). This is surprising given the fact
that the majority of previous studies reported significant
decreases in appetite as a result of hypoxia per se (Rose
et al. 1988; Westerterp-Plantenga et al. 1999). It could be
argued that the simulated altitude (~4,000 m) in this study
was insufficient to significantly alter appetite. However, a
recent study demonstrated that even relatively short (7 h)
normobaric hypoxic exposures to (~4,000 m) suppress
hunger and dietary intake (Wasse et al. 2012). The fact that
the perceived appetite sensations were unchanged and the
energy intakes were reduced suggest, that the participants
were eating according to their feelings. Nevertheless, dur-
ing the HAMB campaign, hypoxia might have modulated
their appetite/satiety, since the intakes were reduced signifi-
cantly more than during both bed rest campaigns. Confine-
ment per se could have additionally influenced the appetite
outcomes, and thereby mask the effects of hypoxia per se,
since monotony secondary to confinement has previously
been implicated in appetite and intake alterations (Wester-
terp et al. 1988).

Diet and physical activity levels

The purpose of the standardized diet was to minimize
the potential confounding effects of different energy and
macronutrient intakes. The actual energy intakes of the
participants were insufficient to prevent a significant body
mass decrease in all three experimental campaigns. Inter-
estingly, the participants in all campaigns maintained their
fat mass even though their energy intakes were consider-
ably lower than targeted. The Harris—Benedict equation for
calculating basal metabolic rate is often employed for deter-
mining energy demands during simulated microgravity and
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Fig. 5 Perceived ratings of

a hunger, b fullness, and ¢
prospective food consumption
(PFC) obtained before (Pre),
during the first day (D) and
after each week (D7, D14, D21)
of the normoxic bed rest (NBR),
hypoxic ambulatory confine-
ment (HAMB) and hypoxic

bed rest (HBR) campaigns
(mean *+ SD)
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seems to accurately reflect the energy requirements during
such conditions (Smith et al. 2005). It is of note, that the
calculated REE were lower (~15 %) than those determined
by indirect calorimetry. However, even though the calcula-
tion-based targeted intakes might have been slightly under-
estimated, the participants in all campaigns consumed sig-
nificantly less food than they were provided with.

The macronutrient diet composition used in this study was
similar to that of other recent studies scrutinizing micrograv-
ity effects on nutritional status. These studies mostly employ
ratios of 55 % for carbohydrate, 30 % for fat and 15 % for
protein intakes, which is in line with the present study. This is
important since alterations of the macronutrient composition
can significantly affect the body composition modulation.
The protein intake might be particularly important during
unloading periods as it has been documented that a higher
protein intake can lessen the inactivity-induced reduction of
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muscle protein synthesis and consequently reduce muscle
mass wasting (Stuart et al. 1990). Nevertheless, in our pre-
vious study (Debevec et al. 2014) a higher protein intake
(20 % of total intake) did not prevent FFM reductions fol-
lowing both normoxic and hypoxic bed rest. Furthermore, no
significant correlation was noted between the participants’
protein intakes and subsequent changes and lean mass fol-
lowing all campaigns. The potential contribution of the high
sodium intake-related exacerbation of inactivity-induced
muscle loss (Frings-Meuthen et al. 2011) was minimized in
the present study as the sodium intakes were well below the
targeted levels (<3,500 mg day~1).

The used PAL factors of 1.4 and 1.2 for the HAMB and
both bed rest campaigns, respectively, are in line with other
studies investigating the effects of simulated microgravity
on healthy humans (Smith et al. 2001; Lane and Feeback
2002; Zwart et al. 2009). While the results of the NBR and
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HBR campaigns do not indicate that a PAL higher than
1.2 should be employed when unloading is combined with
hypoxia the 1.4 PAL used for the HAMB might have been
insufficient to maintain energy balance and consequently
body composition. As reviewed by Melzer et al. (2005),
reducing physical activity below 1.8 PAL does not allow
for compensatory appetite and energy intake adaptation.
Although the participants performed two low-intensity exer-
cise sessions daily to simulate their daily physical activity
throughout the HAMB campaign, their activity levels might
have been below their habitual ones. The low estimated PAL
(1.3) values during the HAMB campaign (obtained from the
energy balance data) support this notion and also suggest
that the participants were not underfed. These data collec-
tively indicate that, besides hypoxia, reduced activity during
the HAMB contributed to the observed FFM reduction.

Water balance

Hypoxia-induced water retention, closely related to AMS
(Bartsch et al. 1991), can alter water balance especially dur-
ing the initial acclimatization period (Westerterp et al. 1996).
Similarly to hypoxia, microgravity has been shown to influ-
ence water balance (Drummer et al. 2001). To date only two
studies investigated the combined effects of hypoxia and
unloading (Loeppky et al. 1993; Debevec et al. 2014). The
first study by Loeppky et al. (1993) reported greater altera-
tions in balance during 7-day hypoxic than normoxic bed
rest. In particular, the urinary output was comparable during
the first few days but was significantly higher during the lat-
ter stage of the experiment in the HBR group only (Loep-
pky et al. 1993). In contrast, our recent study (Debevec et al.
2014) noted decreased urinary output during the latter stages
of both 10-day hypoxic ambulatory and hypoxic bed rest
conditions. This finding could be explained by the reported
reduction of urinary output following altitude acclimatization
(Hildebrandt et al. 2000). Although both above-mentioned
studies reported significant changes in water balance the data
from this study do not suggest any major alteration in water
balance. The water intakes were comparable between and
throughout the campaigns. Given that altitude-related water
retention is tightly associated to AMS (Bartsch et al. 1991)
the low incidence and severity of AMS in the present study,
might at least partly, explain the lack of significant changes
observed as a result of hypoxic exposure. Furthermore, the
fact that the water balance was not assessed on a daily basis
could have masked potential differences.

Methodological considerations
The main strengths of the present investigation include

the cross-over, intra-individual design and carefully con-
trolled environmental conditions. The strictly controlled and

monitored dietary intakes as well as duplicate DXA scans
performed at each testing period further reinforce our find-
ings. A few limitations also need to be addressed. First, since
the precise operational parameters of future Moon or Mars
habitats are as yet not settled, the present study was not
conducted as a high-fidelity analogue simulation. By con-
trast, the stimulus conditions (i.e., the level of hypoxia as
well as the bed rest-induced musculoskeletal unloading and
cardiovascular adjustments) were exaggerated compared to
those anticipated in such habitats. Second, to simulate alti-
tude (hypobaric) exposure, continuous normobaric hypoxia
was employed in the present study. Even though there are
no known effects of pressure per se on nutritional status or
body composition, recent reports suggest that, for certain
physiological responses, normobaric and hypobaric hypoxia
induce slightly different responses (Faiss et al. 2013). Third,
the feeding strategy used in the current study (i.e., pre-
scribed energy intakes and standardized menu) might have
influenced the energy intake and appetite-related outcomes.
Had the participants had ad libitum access to varied food,
the outcomes might have been different. Fourth, the indirect
calorimetry measurements were performed using a mask
as opposed to the hood (canopy) system, usually employed
in similar experimental settings. The hood measurement is
difficult to perform under hypoxic conditions due to F,0,
fluctuations in the sampling area (within the hood). We thus
opted for the mask system that avoids this problem and
makes it possible to perform breath-by-breath analysis of the
F,0,. Recent evidence suggests that both the canopy and the
mask mode measures give somewhat comparable estimates
of REE, RER and VE (Graf et al. 2013). Fifth, the urinary
gravity measures were not performed in this study, even
though they would provide valuable additional information
regarding the fluid balance alterations. Finally, confinement
per se has previously been shown to have significant effects
on body mass and nutritional status (Custaud et al. 2004).
Although confinement will also be a feature of the envisaged
Moon and Mars habitation, its relative contribution should
be elucidated in the forthcoming investigations.

The employed experimental model (i.e., combined
hypoxia and unloading) is not only applicable to future
space habitation, but also relates to nutritional status and
body composition modulation of clinical populations
(pulmonary disease patients, cardiac insufficiency, etc.).
Disease-induced relative hypoxia, often combined with
inactivity, has already been shown to affect appetite and
nutritional status (Schols 1997).

Conclusions

Our data suggest that exposure to simulated altitude of
~4,000 m does not exacerbate the whole body mass and
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fat-free mass reductions during a 21-day simulated micrograv-
ity. The hypoxic dose used in the present study does not seem
to exert any significant effect on resting energy expenditure,
perceived appetite or water balance. Finally, higher levels of
energy intakes, than those targeted in the present study are not
warranted when unloading is combined with hypoxic exposure
up to simulated altitudes of 4,000 m. This study provides novel
insight into the combined effects of unloading and continuous
hypoxia on body composition modulation in healthy humans.
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