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In an attempt to counteract microgravity-induced deconditioning during spaceflight,
exercise has been performed in various forms on the International Space Station (ISS).
Despite significant consumption of time and resources by daily exercise, including around
one third of astronauts’ energy expenditure, deconditioning—to variable extents—are
observed. However, in future Artemis/Lunar Gateway missions, greater constraints will
mean that the current high volume and diversity of ISS in-flight exercise will be impractical.
Thus, investigating both more effective and efficient multi-systems countermeasure
approaches taking into account the novel mission profiles and the associated health
and safety risks will be required, while also reducing resource requirements. One potential
approach is to reduce mission exercise volume by the introduction of exercise-free
periods, or “exercise holidays”. Thus, we hypothesise that by evaluating the ‘recovery’
of the no-intervention control group of head-down-tilt bed rest (HDTBR) campaigns of
differing durations, we may be able to define the relationship between unloading duration
and the dynamics of functional recovery—of interest to future spaceflight operations within
and beyond Low Earth Orbit (LEO)—including preliminary evaluation of the concept of
exercise holidays. Hence, the aim of this literature study is to collect and investigate the
post-HDTBR recovery dynamics of current operationally relevant anthropometric
outcomes and physiological systems (skeletal, muscular, and cardiovascular) of the
passive control groups of HDTBR campaigns, mimicking a period of ‘exercise
holidays’, thereby providing a preliminary evaluation of the concept of ‘exercise
holidays’ for spaceflight, within and beyond LEO. The main findings were that,
although a high degree of paucity and inconsistency of reported recovery data is
present within the 18 included studies, data suggests that recovery of current
operationally relevant outcomes following HDTBR without exercise—and even without
targeted rehabilitation during the recovery period—could be timely and does not lead to
persistent decrements differing from those experienced following spaceflight. Thus,
evaluation of potential exercise holidays concepts within future HDTBR campaigns is
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warranted, filling current knowledge gaps prior to its potential implementation in human
spaceflight exploration missions.

Keywords: microgravity, spaceflight, deconditioning, astronaut, countermeasures

1 INTRODUCTION

Spaceflight is associated with anthropometric adaptations such as
loss of body mass (Matsumoto et al., 2011), stature increments
(Green and Scott, 2018) and deconditioning of physiological
systems including musculoskeletal (Trappe et al., 2009;
Stavnichuk et al., 2020) and cardiopulmonary deconditioning
(Charles and Lathers, 1991; Hargens and Richardson, 2009). To
counteract microgravity-induced deconditioning, exercise in
various forms has been performed since early space missions
and has evolved significantly over the years (Hayes, 2015; Scott
et al., 2019). Current exercise prescriptions for ESA astronauts
on-board the International Space Station (ISS) consist of
approximately 90 min concurrent aerobic and resistive exercise
training per day throughout long-duration missions, involving
use of a resistive exercise device (ARED), a treadmill (T2) and a
cycle ergometer (CEVIS) (Petersen et al., 2016). As a result,
around one third of the astronauts’ daily energy expenditure is
spent on exercise (Laurens et al., 2019; Scott et al., 2020). Despite
this, multi-system physiological deconditioning—albeit to
variable extents—is still observed in most long-duration ISS
crew (Weber et al., 2020; Scott et al., 2021).

With entirely new mission profiles on the horizon (e.g.,
Artemis and Lunar Gateway), where microgravity exposure
will be significantly shorter, but where crew will be exposed to
Lunar hypogravity upon landing on the Lunar surface (NASA,
2020), needs and requirements for in-flight exercise
countermeasures will likely change significantly, driven by the
novel mission profiles and associated health and safety risks. This
could imply that for Lunar gateway missions with Lunar surface
EVAs after prolonged (30–90 days) exposure to microgravity in
Lunar orbit, primary needs and requirements of the
countermeasure programmes may not need to focus on
maintaining bone mineral density, muscle strength and
VO2max as is the case in current long-duration mission
profiles. However, a unique and critical period in these
missions will be the transition from prolonged exposure to
microgravity, to hypogravity on the Lunar surface. Both Miller
et al. (2018) and Mulavara et al. (2018) reported significantly
worse performances of functional tasks (e.g., seat egress and walk,
recovery from fall, jump down) and sensorimotor tests (e.g.,
dynamic posturography, tandem walk) following long-duration
spaceflight with extensive daily exercise regimens. Thus, recovery
of orthostatic tolerance, postural stability, spatial orientation, and
balance will likely be of greater importance to assure crew safety
and mission success as is currently the case. Therefore, definition
of future in-flight countermeasure programmes will most likely
benefit from shifting the focus from current operationally
relevant parameters for long-duration spaceflight (i.e., skeletal,
muscular, and cardiovascular) to those more relevant to the new
mission profiles involving Lunar surface EVAs. Additionally,

vehicle constraints will also mean that the currently prescribed
high volume-high load exercise with a great energy expenditure
and diversity of ISS in-flight exercise currently prescribed might
not be appropriate (Laurens et al., 2019). Optimization of exercise
programmes could also reduce the metabolic cost, and thus
associated energy expenditure, thereby reducing food, water
and respiratory gas (i.e., oxygen provision and carbon dioxide
removal) requirements, which would be highly advantageous
since re-supply opportunities will be greatly reduced, or
impossible (Drake et al., 2010). One potential approach to
reduce overall exercise volume and associated energy
expenditure is the introduction of exercise-free periods, or
“exercise holidays”, throughout—a part of—the duration of the
space mission.

Exercise holidays are commonly prescribed to elite athletes,
including offseason breaks as part of training periodization that
seeks to facilitate optimal performance during specific periods
(Lorenz et al., 2010). During periodization, training variables
such as type, load, sets and within set repetitions are manipulated
to maximize appropriate training adaptations, whilst attempting
to minimize excessive fatigue, and or injury risk (Buford et al.,
2007; Lorenz et al., 2010). Hence, athletes may be prescribed
periods where exercise volume and intensity are significantly
reduced or even minimal (Lorenz et al., 2010).

Translating this to the context of spaceflight, crewmembers
would thus be prescribed periods without in-flight exercise
countermeasures—increasing the time to be spent on scientific
research, maintenance, or extravehicular activities—and periods
with in-flight exercise countermeasures, tasked to optimize
functionality in-flight, during landing or the immediate post-
flight period. However, they do not seek to optimize athletic
performance, but rather maintain health, wellbeing and
functionality, in particular upon landing when astronauts are
exposed to hypogravity on the Lunar surface, or re-exposed to
Earth’s gravity in a state of microgravity-induced deconditioning.

In fact, astronaut gravitational unloading is more akin to bed-
bound patients, such as those admitted to intensive care. Such
patients experience rapid and profound musculoskeletal
(Puthucheary et al., 2010) and cardiopulmonary
deconditioning (Benington et al., 2012) leading to a protracted
impairment of everyday activities (Svenningsen et al., 2017). As a
result, intensive rehabilitation is required to promote
performance of everyday activities, resumption of
independence and the improvement of quality of life (Denehy
and Elliott, 2012; Svenningsen et al., 2017).

The most commonly employed ground-based analogue is long
term six-degree head-down-tilt bed rest (HDTBR) which mimics
many of the physiological effects associated with long-duration
space missions (Hargens and Vico, 2016). HDTBR studies have
the advantage of being able to study larger sample sizes, allow
better standardisation (e.g., fixed daily routine for all
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participants), and to minimise some of the potential confounding
factors associated with spaceflight (e.g., space radiation) (Kakurin
et al., 1976; Regnard et al., 2001; Winnard et al., 2017). HDTBR
studies of differing durations have been performed, reporting
broadly similar changes in anthropometric (e.g., mass loss
(Matsumoto et al., 2011)), skeletal (e.g., reduced bone mineral
density (Baecker et al., 2003) and altered bone architecture
(Spector et al., 2009)), muscular (e.g., loss of muscle mass
(Droppert, 1993)), and cardiovascular parameters (e.g.,
reduced cardiac output (Arbeille et al., 2001)), as those
observed following spaceflight. As a result, HDTBR
participants also require a period of rehabilitation (Winnard
et al., 2019).

Thus, improving the understanding of induced de-
conditioning, but mainly the dynamics of recovery of passive
control groups of HDTBR campaigns is essential. Such
knowledge is critical for defining, evaluating, and optimizing
in-flight exercise countermeasure prescriptions of future space
exploration missions, but may also facilitate evaluation of the
concept of exercise holidays.

However, to this date, the post-HDTBR recovery period has
received relatively little attention. In fact, despite numerous
HDTBR studies being performed, there is still no agreement
on the approach to rehabilitation (Winnard et al., 2017).
Furthermore, very few HDTBR participants have received an
individualized rehabilitation programme similar to that provided
to astronauts (Petersen et al., 2016, Petersen et al., 2017). Indeed,
the lack of attention paid to the post-HDTBR period was
highlighted by Greenleaf and Quach (2003), having reviewed,
at that time, 157 published HDTBR studies. Greenleaf and Quach
also highlighted a single study that evaluated an exercise protocol
consisting of supine treadmill walking and a cycle ergometer that
was instigated at day 140 of a HDTBR study, reporting that
various musculoskeletal and cardiovascular parameters returned
to baseline by day 240 of continuing HDTBR (Grigoriev et al.,
1992). This data suggests that the concept of an exercise holiday
may hold promise—but is insufficient on its own. To further
explore this, we hypothesise that by evaluating the recovery of the
passive control groups of HDTBR campaigns of differing
durations we may be able to gain insights into the dynamics
of functional recovery following a period of simulated exercise
holidays.

Thus, the aim of this literature study is to, for the first time,
collect and investigate the post-HDTBR recovery dynamics of
current operationally relevant anthropometric outcomes and
physiological systems (skeletal, muscular, and cardiovascular)
of the passive control groups of HDTBR campaigns,
mimicking a period of exercise holidays, thereby providing a
preliminary evaluation of the concept of ‘exercise holidays’ for
spaceflight, within and beyond Low Earth Orbit (LEO).

2 MATERIALS AND METHODS

2.1 Data Sources and Searches
An initial systematic search was performed based on that
reported by (Fiebig et al., 2018) that used Boolean search

strings based on three overarching categories (“microgravity”,
“countermeasures”, and “operationally relevant outcome
parameters”), as defined by ESA’s Space Medicine Team. This
search, performed on 18 June 2021, evaluated the various
databases: Pubmed, Web of Science, Cochrane Collaboration
Library, Institute of Electrical and Electronics Engineers
database as well as ESA’s “Erasmus”, the National Aeronautics
and Space Administration’s (NASA) “Life Science Data Archive”
and “Technical Reports Server” and the German Aerospace
Centre’s (DLR) database “elib” for relevant studies published
in English.

Additionally, a second search was performed on 7 July 2021 in
Pubmed only, based on the “microgravity” and “operationally
relevant outcome parameters” categories to ensure no studies
were excluded that did not include a countermeasure
intervention.

Results of both searches were combined, and duplicate records
removed to yield a single file used for study selection (see
Supplementary Table S1).

2.2 Study Selection
Relevant studies were identified using predefined selection
criteria according to the Population Intervention Comparison
Outcomes Study design (PICOS) methods:

1) Population—Healthy adult female and/or male bed rest
participants (≥18 years old).

2) Interventions—Studies utilizing six-degree head-down tilt
bed rest with a minimum duration of 5 days—in
accordance with the categories for bed rest study duration
described by Sundblad and Orlov (2014)—and at least two
follow-up evaluations during the post-bed rest (recovery)
period.

3) Control Conditions—Only bed rest participants that were
assigned to a passive/no intervention/placebo control
condition were included in this review. Data from
participants assigned to an exercise, nutrition, or any other
intervention were not extracted.

4) Outcomes—Only studies containing outcomes considered to
be “operationally relevant” were included. Outcome
parameters within the categories of interest (see below)
were defined as “operationally relevant” by members of
ESA’s Space Medicine Team who performed a scoping
exercise based on parameters reported in papers extracted
by Fiebig et al. (2018) where relevance was defined as:

5) “Parameters having a direct impact on physical performance
in space and after landing, and/or that would jeopardise
nominal mission performance when deteriorated.”

6) Study Designs—Randomised controlled trials (RCT) and
controlled clinical trials (CT) were included.

Phase 1 involved several independent reviewers (RE, TW,
NH, RHL, DG) independently (blinded) applying the
selection criteria on titles and abstracts via the Rayyan
Web Application (Ouzzani et al., 2016). Phase 2 involved
blinded screening of the full-text resources, based on the same
pre-defined selection criteria.
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2.3 Data Extraction and Quality Assessment
2.3.1 Data Extraction
If the study was eligible, the following data were extracted:

1) General Population Characteristics—Number of
participants, sex distribution, mean, standard deviation
(SD) and range of age (years), body height (centimetres)
and body mass (kg).

2) Characteristics of the Six Degree Head Down Bed Rest
Intervention—Number of bed rest days, diet, daily routine,
standardization of bed-rest phases (e.g., same baseline data
collection, same bed-rest time), sunlight exposure.

3) Characteristics of the Recovery Period—Number of days of
follow-up, time-points of measurements during recovery
period, standardization of recovery period (e.g., controlled
recovery phases and conditions).

4) Reported Outcome Parameters—Numeric values (Mean and
SD/standard error (SE); Median and Interquartile Range; %
change from baseline with SD) for each relevant parameter at

baseline and at each time-point during recovery were
extracted. Each parameter was classified under one of the
following categories: “Anthropometric Outcomes”, “Skeletal
System”, “Muscular System” and “Cardiovascular System”.
For a full overview of all extracted parameters, see
Supplementary Material 1—Operationally Relevant
Outcome Parameters.

As adaptation of physiological s-ystems during the recovery
period were largely of secondary importance in the majority of
included HDTBR studies, recovery data was extrapolated where
appropriate from tables and figures. Extrapolation of data from
figures was performed with WebPlotDigitizer (version 4.5;
California, United States) software, which has been shown to
yield reliable and valid data (Drevon et al., 2016).

2.3.2 Quality Assessment
Quality appraisal of the methodology of the included bed rest
studies was assessed using the AMSRG tool (Winnard and

FIGURE 1 | Flowchart of the selection process.
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Nasser, 2017). This purpose-built tool uses eight criteria to
detail how similar the conditions of the ground-based
analogue are compared with actual spaceflight, thereby
assessing the ability to simulate the physiological effects of
a prolonged exposure to microgravity: 1) Number of bed rest
days stated; 2) six degrees head down tilt; 3) individualized
and controlled diet; 4) set daily routine with fixed wake/sleep
time; 5) bed rest phases standardised for all participants; 6)

uninterrupted bed rest except for test condition; 7) sunlight
exposure prohibited; 8) all measures taken at the same day
and time.

Each study was assessed against each criterion, whether it
was met “Y”; not met “N”; or whether it was unclear/
information was lacking “?“. All criteria which were met
are ascribed a value of 1 and summed to yield a total score:
ranging from 0 (poor) to 8 (excellent).

TABLE 1 | Quality appraisal of bed rest method to simulate microgravity.

Author Number
of BR
days

6°

Head
down
Tilt

Individualized
and Controlled

Diet

Set Daily
Routine

with Fixed
Wake/Sleep

Time

BR Phases
Standardized for
all Participants

Uninterrupted BR
except for Test

Condition

Sunlight
Exposure
Prohibited

All Measurements
Taken Same day

and Time

Total
score

Short duration HDTBR (5—14 days)

Beck
et al.
(1992)

10 Y Y ? Y Y ? Y 6

Rittweger
et al. (2015)

5 Y Y Y Y Y ? Y 7

Samel et al.
(1993)

7 Y Y Y Y Y ? Y 7

Schulz et al.
(1992)

10 Y Y ? Y Y ? Y 6

Stegemann
et al. (1985)

7 Y ? ? Y Y ? Y 5

Medium duration HDTBR (15—59 days)

Convertino
et al. (1990)

30 Y Y Y Y Y ? Y 7

Ferretti et al.
(2001)

42 Y ? ? Y Y ? Y 5

Long duration HDTBR (≥60 days)

Alkner and
Tesch (2004)

90 Y ? ? Y ? ? Y 4

Alkner et al.
(2016)

90 Y ? ? Y ? ? Y 4

Belavý et al.
(2011a)

60 Y Y Y Y Y ? Y 7

Belavý et al.
(2017)

90 Y Y ? Y Y ? Y 6

Beller et al.
(2011)

60 Y Y ? Y Y ? Y 6

Kramer et al.
(2017)

60 Y Y Y Y Y ? Y 7

Linnarsson
et al. (2006)

120 Y ? ? Y Y ? Y 5

Liu et al.
(2015)

60 Y Y ? Y N ? Y 5

Rittweger
et al. (2007)

90 Y Y ? Y Y ? Y 6

Rittweger and
Felsenberg
(2009)

90 Y Y ? Y Y ? Y 6

Westby et al.
(2016)

60 Y Y ? Y Y ? Y 6

Average 5.8
SD 1.0

Note. This tool allows to assess howwell bed rest studies have been conducted to simulate actual human spaceflight developed by (Winnard et al., 2017;Winnard and Nasser, 2017). The
higher the total score, the better the quality and the greater the transferability to human spaceflight; BR: bed rest; Y: yes, criteria is met; N: no, criteria is not met; ? Unclear/information is
lacking.
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TABLE 2 | Characteristics of the individual studies.

Author Bedrest
campaign

#
Days
bed
rest

#
Days

recovery
period

Study Sample Characteristics Space
agencies
involved

Location
-

setting

#
Subjects

#
Females

Age (years) Body
length (cm)

Body
Weight (kg)

Mean SD Min-
Max

Mean SD Means SD

Short duration HDTBR (5—14 days)

Beck et al.
(1992)

HDT′88
study

10 8 6 0 26 4.4 21–34 176 5 72 12.4 DLR, NASA Germany - DLR

Rittweger
et al. (2015)

BRAG1
study

5 5 11 0 34 7 22–42 179 7 76 6 ESA France -
MEDES
Facilities

Samel et al.
(1993)

7 2 8 0 23.9 2 21–27 DLR Germany - DLR

Schulz et al.
(1992)

HDT′88
study

10 8 6 0 26 4.4 21–34 176 5 72 12.4 DLR, NASA Germany - DLR

Stegemann
et al. (1985)

7 5 6 0 23.3 2.81 20–28 180.7 4.97 73.5 7.6 Germany

Medium duration HDTBR (15—59 days)

Convertino
et al. (1990)

30 30 11 0 38 6.6 30–45 179 2 79 2 NASA US - NASA-
Ames Research
Center Human
Research
Facility

Ferretti et al.
(2001)

HDT 94 BR
project

42 48 7 0 28 1 176 1 74.7 8.8 ESA France -
MEDES
Facilities

Long duration HDTBR (≥60 days)

Alkner and
Tesch (2004)

90 11 9 0 32 4 173 3 72 5 France -
MEDES
Facilities

Alkner et al.
(2016)

90 11 9 0 32 4 173 3 72 5 France -
MEDES
Facilities

Belavý et al.
(2011a)

2nd Berlin
Bed Rest
Study

60 90 9 0 33.1 7.8 181.3 6 80.6 5.2 ESA, DLR Germany -
Charite
Campus
Bejamin
Franklin (Berlin)

Belavý et al.
(2017)

LTBR study 90 360 16 0 32.5 3.4 174 4 70.3 6.1 ESA,
CNES,
NASDA

France -
MEDES
Facilities

Beller et al.
(2011)

WISE-2005 60 20 8 8 34.4 3.8 162.8 6.2 56.5 3.3 ESA,
NASA,
CSA, DLR,
CNES

France -
MEDES
Facilities

Kramer et al.
(2017)

Cologne
RSL study

60 15 11 0 28 6 181 5 76 8 ESA, DLR Germany -
Envihab
facility (DLR)

Linnarsson
et al. (2006)

120 15 6 0 31 23–42 181 80 ESA Russia -
Institute for
Biomedical
Problems,
Moscow

Liu et al.
(2015)

60 15 14 0 30 1 169 1 China - Bed
Rest Study Lab
- China
Astronaut

(Continued on following page)
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TABLE 2 | (Continued) Characteristics of the individual studies.

Author Bedrest
campaign

#
Days
bed
rest

#
Days

recovery
period

Study Sample Characteristics Space
agencies
involved

Location
-

setting

#
Subjects

#
Females

Age (years) Body
length (cm)

Body
Weight (kg)

Research and
Training Center

Rittweger
et al. (2007)

LTBR study 90 180 16 0 32.5 3.4 174.2 3.9 71.4 6.7 ESA,
CNES,
NASDA

France -
MEDES
Facilities

Rittweger
and
Felsenberg
(2009)

LTBR study 90 360 9 0 31.9 3.6 26–37 173.4 3 71.7 5.4 ESA,
CNES,
NASDA

France -
MEDES
Facilities

Westby et al.
(2016)

60 14 7 3 36 8 72.5 2.8 NASA US - Flight
Analog
Research Unit

FIGURE 2 | Visualisation of the recovery of outcomes related to ‘Anthropometrics Outcomes’ after a period of head-down-tilt bed rest, displayed as Hedges gwith
95% Confidence Interval. To determine whether a particular outcome could be deemed as “recovered” during the recorded recovery period, the Westlake’s Confidence
Interval Procedure (Seaman and Serlin, 1998) was used. This procedure tests for equivalence between two means using a confidence interval. To do so, Upper (0.49)
and Lower (−0.49) equivalency bounds of interest were determined, corresponding to the limit of a small effect size. When combined with the 95% Confidence
Interval of the Hedges g, three scenarios are possible: 1) No evidence of recovery: It cannot be concluded that the difference between means is trivial as the 95%
Confidence Interval falls completely outside the set equivalency bounds; 2) Weak evidence of recovery: The results are inconclusive as the 95% Confidence Interval
partially falls within the set equivalency bounds, thus including both trivial and non-trivial differences. The dotted lines at 0.49 and −0.49 represent the upper and lower
equivalency bounds; 3) Strong evidence of recovery: There is practical equivalence as the 95% Confidence Interval falls completely within set equivalency bounds; 60
HDTBR: Included studies implementing a head-down-tilt bed rest period of 60 days (Westby et al., 2016); 90 HDTBR: Included studies implementing a head-down-tilt
bed rest period of 90 days (Rittweger et al., 2007); R+. . .: Respective recovery day; BMI: Body Mass Index.
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2.4 Data Analysis
To determine whether an outcome parameter recovered
following the HDTBR period, standardized mean differences
(Hedges g; mean and 95% confidence interval) (Cumming,
2012; Lakens, 2013) were calculated from the reported raw
pre- and post-HDTBR mean and SD values (Supplementary
Material 2—Statistical Calculations).

A given parameter was deemed to have “recovered” during the
recovery period according to the Westlake’s Confidence Interval
procedure (Seaman and Serlin, 1998) which evaluates mean
equivalence using a confidence interval (e.g., 95% CI of
Hedges g) for the difference between two means. Upper (0.49)
and lower (-0.49) equivalency bounds of interest, corresponding
to the limit of a small effect size (Sawilowsky, 2009), were then
determined. When combined with the 95% CI of the calculated
Hedges g, three scenarios are possible (Seaman and Serlin, 1998):

1) The 95% CI falls completely outside the set equivalency
bounds, thus it cannot be concluded that the difference
between means is trivial, hence no evidence of recovery is
observed.

2) The 95% CI falls partially within the set equivalency bounds,
the results are inconclusive as the 95% CI included both trivial
and non-trivial mean differences, hence weak evidence of
recovery is observed.

3) The 95% CI falls completely within the set equivalency
bounds, the 95% CI reveals a trivial difference, there is

practical equivalence, hence strong evidence of recovery is
observed.

Using the Confidence Interval approach has two main
advantages (Quertemont, 2011). Firstly, the underlying
reasoning is easy to understand, i.e., if both limits of the 95%
CI are within the predetermined threshold values it can be
concluded that there is no effect of practical importance.
Secondly, there is no need to agree on a precise value of the
threshold for a minimal effect size allowing interpretation of
whether the interval limits are sufficiently narrow to be of no
practical significance.

If only the percentage change from baseline data was reported
for the recovery time-points, values could not be transformed into
raw mean and SDs and were thus excluded from Hedges g
calculations. In this case, vote counting based on direction of
effects was used to synthesize such results (Higgins et al., 2021).
For each study, the effect was categorized as ‘Returned to
Baseline’ or ‘Not Returned to Baseline’. An outcome was
deemed to have ‘Returned to Baseline’ whenever the Mean %
Change from Baseline was equal to 0%, or when a negative Mean
% Change became positive, or vice versa. An outcome was
deemed to have ‘Not Returned to Baseline’ when the Mean %
Change from Baseline remained negative, or positive. The
number of effects that Returned to Baseline were then
compared with the number that was deemed to have Not
Returned to Baseline and were synthesized as the ratio
between the number of effects that were deemed to have
Returned to Baseline, and the total number of effects reported
for that particular outcome.

3 RESULTS

The initial search query generated 5,097 unique hits. After
screening, 18 studies (Stegemann et al., 1985; Convertino
et al., 1990; Beck et al., 1992; Schulz et al., 1992; Samel et al.,
1993; Ferretti et al., 2001; Alkner and Tesch, 2004; Linnarsson
et al., 2006; Rittweger et al., 2007; Rittweger and Felsenberg, 2009;
Belavý et al., 2011a; Beller et al., 2011; Liu et al., 2015; Rittweger
et al., 2015; Alkner et al., 2016; Westby et al., 2016; Belavý et al.,
2017; Kramer et al., 2017) met the selection criteria from which
data were extracted (Figure 1).

3.1 Quality Assessment—Bed Rest
Methodology
Total AMSRG scores of the included studies ranged between 4
and 7 out of 8 with a mean score of 5.8 ± 1.0 (Table 1). All
included studies failed to provide clarity on whether sunlight
exposure was prohibited and whether participants were
supplemented with vitamin D. Only five studies (36%)
(Convertino et al., 1990; Samel et al., 1993; Belavý et al.,
2011a; Rittweger et al., 2015; Kramer et al., 2017) reported
whether the daily routine was fixed, additionally, information
regarding individualized and controlled diet was absent in five
(35%) (Stegemann et al., 1985; Ferretti et al., 2001; Alkner and

TABLE 3 |%Change with SD of outcome parameters related to ‘Anthropometric
Outcomes’.

Recovery timepoint Author Returned
to baseline? = YKramer et al. (2017)

60 days HDTBR

Body Mass

R+7 −2.23 (1.88)a

Returned to Baseline? (Y/N) N 0/1
R+14 −1.80 (1.69)

Returned to Baseline? (Y/N) N 0/1

Fat Mass

R+7 0.34 (8.80) a

Returned to Baseline? (Y/N) N 0/1
R+14 0.17 (7.92) a

Returned to Baseline? (Y/N) N 0/1

Lean Mass

R+7 −2.55 (3.10) a

Returned to Baseline? (Y/N) N 0/1
R+14 −1.47 (2.64) a

Returned to Baseline? (Y/N) N 0/1

Notes. data of outcome parameters related to anthropometric outcomes, reported as %
change from baseline were extracted and displayed without any alterations for each
reported recovery timepoint following a period of 6-degree-head-down-tilt bed rest. For
each recovery timepoint the effect was categorize as “Returned to baseline” or “Not
returned to baseline”. Returned to Baseline? = Y: Whenever the mean % change equals
0% or reverts from + to—/– to +; Returned to Baseline? = N: Whenever the mean %
change remains + or –.All values are displayed as Mean % Change from Baseline (SD);
HDTBR: 6-degree-head-down-tilt bed rest; Y: yes; N: no.
aData extracted from figure using WebPlotDigitizer.
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TABLE 4 | % Change with SD of outcome parameters related to the ‘Skeletal System’.

Recovery timepoint Author Returned
to baseline? = YBelavý et al. (2011a) Beller et al. (2011) Rittweger and Felsenberg

(2009)

60 days HDTBR 60 days HDTBR 90 days HDTBR

Lumbar Spine (L1-L4) BMC

R+3 −1.30 (0.77)
Returned to Baseline? (Y/N) N 0/1

R+14 0.52 (0.85)
Returned to Baseline? (Y/N) Y 1/1

R+30 1.77 (0.87)
Returned to Baseline? (Y/N) Y 1/1

R+90 0.42 (0.89)
Returned to Baseline? (Y/N) Y 1/1

Total Body BMC

R+3 −0.44 (0.25)
Returned to Baseline? (Y/N) N 0/1

R+14 −0.86 (0.25)
Returned to Baseline? (Y/N) N 0/1

R+30 −0.63 (0.21)
Returned to Baseline? (Y/N) N 0/1

R+90 −0.41 (0.19)
Returned to Baseline? (Y/N) N 0/1

Legs BMC

R+3 −2.35 (0.43)
Returned to Baseline? (Y/N) N 0/1

R+14 −2.87 (0.38)
Returned to Baseline? (Y/N) N 0/1

R+30 −2.49 (0.40)
Returned to Baseline? (Y/N) N 0/1

R+90 −1.27 (0.47)
Returned to Baseline? (Y/N) N 0/1

Trunk BMC

R+3 1.86 (0.77)
Returned to Baseline? (Y/N) N 0/1

R+14 1.87 (0.77)
Returned to Baseline? (Y/N) N 0/1

R+30 1.29 (0.83)
Returned to Baseline? (Y/N) N 0/1

R+90 0.80 (0.87)
Returned to Baseline? (Y/N) N 0/1

Tibia (4%) BMC

R+14 −6.03 (1.64) a

Returned to Baseline? (Y/N) N 0/1
R+90 −2.95 (0.70) a

Returned to Baseline? (Y/N) N 0/1
R+180 −1.93 (0.49) a

Returned to Baseline? (Y/N) N 0/1
R+360 −0.95 (0.42) a

Returned to Baseline? (Y/N) N 0/1

Tibia (66%) BMC

R+3 -2.07 (0.52) a

Returned to Baseline? (Y/N) N 0/1
R+14 −1.97 (0.41) a

Returned to Baseline? (Y/N) N 0/1
R+15 −2.10 (0.56) a

Returned to Baseline? (Y/N) N 0/1
R+30 −2.23 (0.62) a

Returned to Baseline? (Y/N) N 0/1
R+90 −1.59 (0.63) a −0.74 (0.24) a

(Continued on following page)
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Tesch, 2004; Linnarsson et al., 2006; Alkner et al., 2016) of the
included studies. Two studies (Alkner and Tesch, 2004; Alkner
et al., 2016) failed to address whether the head-down tilt was
maintained throughout the entire bedrest period, whilst one
study (Liu et al., 2015) reported that participants were allowed
to use the bathroom for 5–10 min a day.

3.2 Study Characteristics
From the 18 studies, selected data were extracted from 169
participants (11 females, 6.5%) within control/no-
countermeasure groups with ages ranging between 20

(Stegemann et al., 1985) and 45 (Convertino et al., 1990) years
old. The duration of −6° HDTBR ranged between five (Rittweger
et al., 2015) and 120 days (Linnarsson et al., 2006), and included
five studies of short duration (5–14 days) HDTBR (Stegemann
et al., 1985; Beck et al., 1992; Schulz et al., 1992; Samel et al., 1993;
Rittweger et al., 2015), two studies of medium (15–59 days)
duration (Convertino et al., 1990; Ferretti et al., 2001), and 11
studies of long duration (≥60 days) HDTBR (Alkner and Tesch,
2004; Linnarsson et al., 2006; Rittweger et al., 2007; Rittweger and
Felsenberg, 2009; Belavý et al., 2011a; Beller et al., 2011; Liu et al.,
2015; Alkner et al., 2016; Westby et al., 2016; Belavý et al., 2017;

TABLE 4 | (Continued) % Change with SD of outcome parameters related to the ‘Skeletal System’.

Recovery timepoint Author Returned
to baseline? = YBelavý et al. (2011a) Beller et al. (2011) Rittweger and Felsenberg

(2009)

60 days HDTBR 60 days HDTBR 90 days HDTBR

Returned to Baseline? (Y/N) N N 0/2
R+180 −0.11 (0.19) a

Returned to Baseline? (Y/N) N 0/1
R+360 0.14 (0.12) a

Returned to Baseline? (Y/N) Y 1/1

Tibia (4%) BMD

R+3 −3.13 (0.86)b

Returned to Baseline? (Y/N) N 0/1
R+90 −1.89 (0.78)b

Returned to Baseline? (Y/N) N 0/1
R+180 −1.65 (0.79)b

Returned to Baseline? (Y/N) N 0/1
R+360 −1.81 (0.82)b

Returned to Baseline? (Y/N) N 0/1

Hip BMD

R+3 −3.50 (0.55)b

Returned to Baseline? (Y/N) N 0/1
R+45 −2.80 (0.77)b

Returned to Baseline? (Y/N) N 0/1
R+90 −2.46 (0.66)b

Returned to Baseline? (Y/N) N 0/1
R+180 −2.03 (0.94)b

Returned to Baseline? (Y/N) N 0/1
R+360 −0.52 (0.65)b

Returned to Baseline? (Y/N) N 0/1

Lumbar Spine (L1-L4) BMD

R+3 0.44 (0.85)b

Returned to Baseline? (Y/N) N 0/1
R+45 0.92 (0.82)b

Returned to Baseline? (Y/N) N 0/1
R+90 0.14 (0.75)b

Returned to Baseline? (Y/N) N 0/1
R+180 0.74 (0.69)b

Returned to Baseline? (Y/N) N 0/1
R+360 −0.15 (0.77)b

Returned to Baseline? (Y/N) Y 1/1

Notes. data of outcome parameters related to skeletal system, reported as % change from baseline were extracted and displayed without any alterations for each reported recovery
timepoint following a period of 6-degree-head-down-tilt bed rest. For each recovery timepoint the effect was categorize as “Returned to baseline” or “Not returned to baseline”. Returned to
Baseline? = Y: Whenever the mean% change equals 0% or reverts from + to—/– to +; Returned to Baseline? = N: Whenever the mean% change remains + or –.All values are displayed as
Mean % Change from Baseline (SD); BMC: bone mineral content; BMD: bone mineral density; Y: yes; N: no.
aData extracted from figure using WebPlotDigitizer.
bData presented as Mean (SEM); N.A.: not available.
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Kramer et al., 2017), as categorized by Sundblad and Orlov
(2014). Reported recovery periods lasted between 2 (Samel
et al., 1993), and 360 days (Rittweger and Felsenberg, 2009;
Belavý et al., 2017) (Table 2).

3.3 Recovery of ‘Anthropometrics
Outcomes’
None of the short and medium duration HDTBR studies
reported on the recovery of anthropometric outcomes. Two
long duration HDTBR studies (Rittweger et al., 2007; Westby
et al., 2016) provided sufficient data to calculate effect sizes for
outcomes related to anthropometric outcomes (Figure 2 and
Supplementary Table S2). Following 60 days of HDTBR,
mean body weight and BMI returned to baseline values by

R+3, with Hedges g of 0.00 [−1.31; 1.31] (Westby et al., 2016).
Following a 90-days HDTBR, body weight increased during
the recovery period and surpassed the baseline value by R+90
(g = 0.10 [−0.71; 0.92]) (Rittweger et al., 2007).

One long duration HDTBR study (Kramer et al., 2017)
reported the percentage change from baseline for total body
mass, fat mass and lean mass (Table 3), indicating an increase
in total body mass and lean mass from R+7 to R+14, while fat
mass decreased. Yet, none of the outcomes returned to baseline
within the recorded recovery period.

3.4 Recovery of the ‘Skeletal System’
None of the included studies reported sufficient information to
calculate effect sizes of operationally relevant outcomes related to
the skeletal system.

FIGURE 3 | Visualisation of the recovery of outcomes related to the ‘Muscular System’ after a period of head-down-tilt bed rest, displayed as Hedges g with 95%
Confidence Interval. (A) Recovery of outcomes related to the performance of a Calf Press (B) Recovery of outcomes related to the performance of a Supine Squat (C)
Recovery of outcomes related to the performance of a Vertical Jump (D)Recovery of the Torque generated during performance of aMaximal Voluntary Contraction of the
lower limb. To determine whether a particular outcome could be deemed as “recovered” during the recorded recovery period, the Westlake’s Confidence Interval
Procedure (Seaman and Serlin, 1998) was used. This procedure tests for equivalence between twomeans using a confidence interval. To do so, Upper (0.49) and Lower
(−0.49) equivalency bounds of interest were determined, corresponding to the limit of a small effect size.When combined with the 95%Confidence Interval of the Hedges
g, three scenarios are possible: 1) No evidence of recovery: It cannot be concluded that the difference between means is trivial as the 95% Confidence Interval falls
completely outside the set equivalency bounds; 2) Weak evidence of recovery: The results are inconclusive as the 95% Confidence Interval partially falls within the set
equivalency bounds, thus including both trivial and non-trivial differences. The dotted lines at 0.49 and −0.49 represent the upper and lower equivalency bounds; 3)
Strong evidence of recovery: There is practical equivalence as the 95% Confidence Interval falls completely within set equivalency bounds; 5 HDTBR: Included studies
implementing a head-down-tilt bed rest period of 5 days (Rittweger et al., 2015); 90 HDTBR: Included studies implementing a head-down-tilt bed rest period of 90 days
(Alkner and Tesch, 2004; Rittweger et al., 2007); R+. . .: Respective recovery day; MVC: Maximal Voluntary Contraction.
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TABLE 5 | % Change with SD of outcome parameters related to the ‘Muscular System’.

Recovery timepoint Author Returned
to baseline? = YAlkner et al. (2016) Belavý et al. (2017) Ferretti et al. (2001)

90 days HDTBR 90 days HDTBR 42 days HDTBR

Muscle Volume—Lateral Gastrocnemius

R+13 −11.8 (11.6)
Returned to Baseline? (Y/N) N 0/1

R+90 2.6 (9.6)
Returned to Baseline? (Y/N) Y 1/1

R+180 1.1 (10.1)
Returned to Baseline? (Y/N) Y 1/1

R+360 3.0 (10.5)
Returned to Baseline? (Y/N) Y 1/1

Muscle Volume—Medial Gastrocnemius

R+13 −7.6 (8.4)
Returned to Baseline? (Y/N) N 0/1

R+90 2.7 (6.4)
Returned to Baseline? (Y/N) Y 1/1

R+180 2.5 (4.8)
Returned to Baseline? (Y/N) Y 1/1

R+360 3.9 (6.0)
Returned to Baseline? (Y/N) Y 1/1

Muscle Volume—Soleus

R+13 −5.5 (6.1)
Returned to Baseline? (Y/N) N 0/1

R+90 2.4 (4.6)
Returned to Baseline? (Y/N) Y 1/1

R+180 3.9 (3.2)
Returned to Baseline? (Y/N) Y 1/1

R+360 4.3 (5.0)
Returned to Baseline? (Y/N) Y 1/1

Muscle Volume—Vasti

R+13 −10.1 (6.7)
Returned to Baseline? (Y/N) N 0/1

R+90 0.9 (7.5)
Returned to Baseline? (Y/N) Y 1/1

R+180 1.5 (6.8)
Returned to Baseline? (Y/N) Y 1/1

R+360 3.1 (8.5)
Returned to Baseline? (Y/N) Y 1/1

Muscle Volume—Rectus Femoris

R+13 −4.2 (6.2)
Returned to Baseline? (Y/N) N 0/1

R+90 −0.8 (6.0)
Returned to Baseline? (Y/N) N 0/1

R+180 −0.1 (5.4)
Returned to Baseline? (Y/N) N 0/1

R+360 1.0 (6.9)
Returned to Baseline? (Y/N) Y 1/1

Muscle Volume—Biceps Femoris Long Head

R+13 −10.5 (7)
Returned to Baseline? (Y/N) N 0/1

R+90 2.7 (6.9)
Returned to Baseline? (Y/N) Y 1/1

R+180 1.7 (4.9)
Returned to Baseline? (Y/N) Y 1/1

R+360 2.2 (6)
Returned to Baseline? (Y/N) Y 1/1

(Continued on following page)
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TABLE 5 | (Continued) % Change with SD of outcome parameters related to the ‘Muscular System’.

Recovery timepoint Author Returned
to baseline? = YAlkner et al. (2016) Belavý et al. (2017) Ferretti et al. (2001)

90 days HDTBR 90 days HDTBR 42 days HDTBR

Muscle Volume—Biceps Femoris Short Head

R+13 −0.2 (7.1)
Returned to Baseline? (Y/N) N 0/1

R+90 4.5 (8.5)
Returned to Baseline? (Y/N) Y 1/1

R+180 3 (7.8)
Returned to Baseline? (Y/N) Y 1/1

R+360 3.1 (8.4)
Returned to Baseline? (Y/N) Y 1/1

Muscle Volume—Semimembranosus

R+13 −8.4 (6.5)
Returned to Baseline? (Y/N) N 0/1

R+90 2.4 (4.5)
Returned to Baseline? (Y/N) Y 1/1

R+180 2.7 (3.7)
Returned to Baseline? (Y/N) Y 1/1

R+360 4.3 (6)
Returned to Baseline? (Y/N) Y 1/1

Muscle Volume—Semitendinosus

R+13 −3.6 (6)
Returned to Baseline? (Y/N) N 0/1

R+90 2.2 (5.8)
Returned to Baseline? (Y/N) Y 1/1

R+180 2.2 (6.4)
Returned to Baseline? (Y/N) Y 1/1

R+360 2 (7.6)
Returned to Baseline? (Y/N) Y 1/1

Muscle Volume—Popliteus

R+13 -0.4 (8.2)
Returned to Baseline? (Y/N) N 0/1

R+90 2.4 (7.4)
Returned to Baseline? (Y/N) Y 1/1

R+180 −0.7 (6.2)
Returned to Baseline? (Y/N) N 0/1

R+360 1.8 (8.3)
Returned to Baseline? (Y/N) Y 1/1

Muscle Volume—Lower Gluteus Maximus

R+13 −4.5 (6.4)
Returned to Baseline? (Y/N) N 0/1

R+90 1.6 (7.2)
Returned to Baseline? (Y/N) Y 1/1

R+180 0.8 (8.1)
Returned to Baseline? (Y/N) Y 1/1

R+360 5.5 (10.9)
Returned to Baseline? (Y/N) Y 1/1

Muscle Volume—Iliopsoas

R+13 0.5 (9.5)
Returned to Baseline? (Y/N) Y 1/1

R+90 −1.3 (9)
Returned to Baseline? (Y/N) N 0/1

R+180 0.4 (10)
Returned to Baseline? (Y/N) Y 1/1

R+360 1.7 (9.7)
Returned to Baseline? (Y/N) Y 1/1

(Continued on following page)
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Three long duration HDTBR studies (Rittweger and
Felsenberg, 2009; Belavý et al., 2011a; Beller et al., 2011)
provided information on the percentage change from baseline
for outcomes related to bone mineral content (BMC) and bone
mineral density (BMD) (Table 4). Following a 60-days HDTBR
(Belavý et al., 2011a), lumbar spine BMC returned to baseline
values by R+14, while total body BMC, legs BMC and distal tibia
BMC increased, and trunk BMC decreased between R+3 and
R+90, but did not return to baseline. For BMD of hip and distal
tibia, Beller et al. (2011) reported an increase in BMD, yet values
did not reach baseline values at R+360 following a 60-days
HDTBR period. Lumbar spine BMD did however show an
increase—compared to baseline—in the period of R+4 to
R+180 yet was decreased at R+360. Rittweger and Felsenberg
(2009) reported, after a 90-days HDTBR period, an increase of
both the proximal (4%) and distal (66%) tibia BMC between R+4
and R+360, while only the distal tibia BMC surpassed the baseline
values by R+360.

3.5 Recovery of the ‘Muscular System’
Three of the included studies (Rittweger et al., 2007, 2015; Alkner
et al., 2016) reported a total of 16 operationally relevant outcomes

related to the muscular system of which Hedges g effect sizes
could be calculated (Figure 3 and Supplementary Table S3).
Following a short HDTBR study of 5 days (Rittweger et al., 2015),
jump height returned to baseline at R+4 (g = 0.25 [−0.69; 1.20]),
while peak power during vertical jumping did not (g = −0.02
[−0.97; 0.93]). For the same parameters following a long duration
HDTBR of 90 days (Rittweger et al., 2007), jump height did not
return to baseline within the recorded recovery period of
180 days, while peak power did recover by R+90 (g = 0.08
[−0.73; 0.90]). Outcomes reported by Alkner et al. (2016)
following a 90-days bed rest period did show improvement
during the 10 days recorded recovery period, but did not fully
recover.

One long duration HDTBR study (Belavý et al., 2017) reported
the % change of lower limb muscle volumes which returned to
baseline values by R+90, except for the recuts femoris muscle
volume which only returned to baseline by R+360, following a 42-
days bed rest period (Table 5). One medium (42 days; (Ferretti
et al., 2001)) and one long (90 days; (Alkner et al., 2016)) duration
study, although showing improvements in outcomes, did not
report any of the outcomes to return to baseline within 4 (Alkner
et al., 2016) to 48 days of recovery (Ferretti et al., 2001) (Table 5).

TABLE 5 | (Continued) % Change with SD of outcome parameters related to the ‘Muscular System’.

Recovery timepoint Author Returned
to baseline? = YAlkner et al. (2016) Belavý et al. (2017) Ferretti et al. (2001)

90 days HDTBR 90 days HDTBR 42 days HDTBR

Maximal Voluntary Contraction—Quadriceps

R+0 −45 (n.a.)
Returned to Baseline? (Y/N) N 0/1

R+4 −36 (n.a.)
Returned to Baseline? (Y/N) N 0/1

Maximal Absolute Muscle Power during Vertical Jump

R+2 −23.7 (6.9)
Returned to Baseline? (Y/N) N 0/1

R+6 −20.9 (3.4)
Returned to Baseline? (Y/N) N 0/1

R+48 −3.8 (n.a.)
Returned to Baseline? (Y/N) N 0/1

Maximal Muscle Power normalized to body weight during Vertical Jump

R+2 −22.7 (5.4)
Returned to Baseline? (Y/N) N 0/1

R+6 −20.2 (1.6)
Returned to Baseline? (Y/N) N 0/1

R+48 −4.7 (n.a.)
Returned to Baseline? (Y/N) N 0/1

Maximal Contraction Force from Vertical Jump

R+2 −14.7 (5.5)
Returned to Baseline? (Y/N) N 0/1

R+6 −11.8 (5.2)
Returned to Baseline? (Y/N) N 0/1

Notes. data of outcome parameters related to the muscular system, reported as % change from baseline were extracted and displayed without any alterations for each reported recovery
timepoint following a period of 6-degree-head-down-tilt bed rest. For each recovery timepoint the effect was categorize as “Returned to baseline” or “Not returned to baseline”. Returned to
Baseline? = Y: Whenever the mean% change equals 0% or reverts from + to—/– to +; Returned to Baseline? = N: Whenever the mean% change remains + or –.All values are displayed as
Mean % Change from Baseline (SD); Y: yes; N: no.Data extracted from figure using WebPlotDigitizer. N.A.: not available.
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3.6 Recovery of the ‘Cardiovascular System’
Following short duration HDTBR, cardiac output, stroke volume,
systolic and diastolic blood pressure, and mean arterial pressure
remained decreased at R+8 following 10 days bed rest (Beck et al.,
1992) Resting heart rate on the other hand returned to baseline
between R+1 (Samel et al. (1993); 7 days HDTBR) and R+8 (Beck
et al. (1992); 10 days HDTBR). Following a 7-days HDTBR
(Stegemann et al., 1985), VO2 peak measured while using a
bicycle ergometer revealed an initial increase at R+1 (g = 0.12
[−1.36; 1.61]) but decreased during the following days (R+5: g =
0.03 [−1.45; 1.51]). Details on recovery following medium
duration HDTBR were limited to the diastolic and systolic
blood pressure and mean arterial pressure, as reported by
Convertino et al. (1990), which elevated throughout the
recovery period (R+2—R+30). Recovery of cardiovascular

outcomes after long duration (60-days) HDTBR were reported
by Westby et al. (2016) and Liu et al. (2015). Results of Westby
et al. (2016) indicated cardiac output was elevated on R+0 (g =
0.25 [−0.21; 0.70]) and increased during the following days
(R+13: g = 1.96 [−0.55; 4.46]). The same is noted for stroke
volume and the left ventricular end systolic/diastolic volume,
although at R+0 a reduction is noted (g = −2.27 [−3.61; 0.93];
−2.06 [−3.46; −0.66] and −2.82 [−4.15; −1.49] respectively)
baseline values are surpassed at R+13 (g = 0.80 [−0.49; 2.10];
0.20 [−1.10; 1.50] and 0.48 [−0.83; 1.78] respectively). Results on
the recovery of heart rate at rest are contradictory as Westby et al.
(2016) reported a decrease during the 13-days recovery period,
while Liu et al. (2015) reported an increase during the 12-days
recovery period, the same trend could be noted for the recovery of
the mean arterial pressure. Hedges g values of the included

FIGURE 4 | Visualisation of the recovery of outcomes related to the ‘Cardiovascular System’ (Part 1) after a period of head-down-tilt bed rest, displayed as Hedges
g with 95% Confidence Interval. (A) Recovery of the Cardiac Output at rest (B) Recovery of outcomes related to the Stroke Volume at rest (C) Recovery of the resting
Heart Rate (D) Recovery of the VO2 peak. To determine whether a particular outcome could be deemed as “recovered” during the recorded recovery period, the
Westlake’s Confidence Interval Procedure (Seaman and Serlin, 1998) was used. This procedure tests for equivalence between two means using a confidence
interval. To do so, Upper (0.49) and Lower (−0.49) equivalency bounds of interest were determined, corresponding to the limit of a small effect size. When combined with
the 95%Confidence Interval of the Hedges g, three scenarios are possible: 1)No evidence of recovery: It cannot be concluded that the difference betweenmeans is trivial
as the 95% Confidence Interval falls completely outside the set equivalency bounds; 2)Weak evidence of recovery: The results are inconclusive as the 95% Confidence
Interval partially falls within the set equivalency bounds, thus including both trivial and non-trivial differences. The dotted lines at 0.49 and −0.49 represent the upper and
lower equivalency bounds; 3) Strong evidence of recovery: There is practical equivalence as the 95%Confidence Interval falls completely within set equivalency bounds;
7 HDTBR: Included studies implementing a head-down-tilt bed rest period of 7 days (Stegemann et al., 1985; Samel et al., 1993); 10 HDTBR: Included studies
implementing a head-down-tilt bed rest period of 10 days (Beck et al., 1992); 60 HDTBR: Included studies implementing a head-down-tilt bed rest period of 60 days (Liu
et al., 2015; Westby et al., 2016); R+. . .: Respective recovery day; LVESV: Left Ventricular End Systolic Volume; LVEDV: Left Ventricular End Diastolic Volume.
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outcomes are presented in Figures 4, 5 (Supplementary
Table S4).

Reportings on the percentage change from baseline were
limited to heart rate, systolic and diastolic blood pressure and
mean arterial pressure (Table 6). Following a 10-days HDTBR
period (Schulz et al., 1992), heart rate showed an increase
from R+0 to R+15, remained stable during the first 14 days
post 60-days HDTBR (Kramer et al., 2017), and did not
change within the initial 3 days of recovery following
120 days of HDTBR (Linnarsson et al., 2006). For systolic
blood pressures, a reduction was noted from R+1 to R+14
after 60 days HDTBR (Kramer et al., 2017), while staying
stable but elevated during the initial 14 days of recovery
following 120 days of bed rest (Linnarsson et al., 2006),
which was also the case for diastolic blood pressure

(Kramer et al., 2017). Mean arterial pressure showed a
slight decrease during the initial 4 days of recovery
following 10 days of HDTBR (Schulz et al., 1992), while
remaining elevated up to R+14 after 120 days of bed rest
(Linnarsson et al., 2006).

4 DISCUSSION

As the passive control groups of HDTBR well represented the
concept of exercise holiday, we set out to explore the recovery
dynamics of this group rather than elaborating on ‘adequate’ or
‘inadequate’ exercise-countermeasures of the intervention group.
By doing so, the potential advantages of exercise holidays in
accordance with the needs of and shifts in future crewed space

FIGURE 5 | Visualisation of the recovery of outcomes related to the ‘Cardiovascular System’ (Part 2) after a period of head-down-tilt bed rest, displayed as Hedges
g with 95% Confidence Interval. (A) Recovery of the Diastolic Blood Pressure (B) Recovery of the Systolic Blood Pressure (C) Recovery of Mean Arterial Pressure. To
determine whether a particular outcome could be deemed as “recovered” during the recorded recovery period, the Westlake’s Confidence Interval Procedure (Seaman
and Serlin, 1998) was used. This procedure tests for equivalence between two means using a confidence interval. To do so, Upper (0.49) and Lower (−0.49)
equivalency bounds of interest were determined, corresponding to the limit of a small effect size. When combined with the 95% Confidence Interval of the Hedges g,
three scenarios are possible: 1) No evidence of recovery: It cannot be concluded that the difference between means is trivial as the 95% Confidence Interval falls
completely outside the set equivalency bounds; 2) Weak evidence of recovery: The results are inconclusive as the 95% Confidence Interval partially falls within the set
equivalency bounds, thus including both trivial and non-trivial differences. The dotted lines at 0.49 and −0.49 represent the upper and lower equivalency bounds; 3)
Strong evidence of recovery: There is practical equivalence as the 95% Confidence Interval falls completely within set equivalency bounds; 10 HDTBR: Included studies
implementing a head-down-tilt bed rest period of 10 days (Westby et al., 2016); 30 HDTBR: Included studies implementing a head-down-tilt bed rest period of 30 days
(Convertino et al., 1990); 60 HDTBR: Included studies implementing a head-down-tilt bed rest period of 60 days (Beck et al., 1992; Liu et al., 2015; Westby et al., 2016);
R+. . .: Respective recovery day; Arterial BP: Arterial systolic and diastolic Blood Pressure.
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TABLE 6 | % Change with SD of outcome parameters related to the ‘Cardiovascular System’.

Recovery timepoint Author Returned
to baseline? = YKramer et al. (2017) Linnarsson et al. (2006) Schulz et al. (1992)

60 days HDTBR 120 days HDTBR 10 days HDTBR

Heart Rate

R+0 13.05 (13.05) a 12.73 (n.a)a 2 (9)
Returned to Baseline? (Y/N) N N N 0/3

R+1 32.47 (14.98) a

Returned to Baseline? (Y/N) N 0/1
R+2 24.18 (15.65) a

Returned to Baseline? (Y/N) N 0/1
R+3 22.15 (13.17) a 12.73 (n.a.)a

Returned to Baseline? (Y/N) N N 0/2
R+4 14.26 (12.32) a -1 (10)

Returned to Baseline? (Y/N) N Y 1/2
R+5 12.43 (8.56) a

Returned to Baseline? (Y/N) N 0/1
R+6 8.85 (9.93) a

Returned to Baseline? (Y/N) N 0/1
R+7 10.71 (7.27) a

Returned to Baseline? (Y/N) N 0/1
R+8 13.86 (10.51) a

Returned to Baseline? (Y/N) N 0/1
R+9 6.68 (8.56) a

Returned to Baseline? (Y/N) N 0/1
R+10 13.01 (12.50) a

Returned to Baseline? (Y/N) N 0/1
R+11 8.32 (8.99) a

Returned to Baseline? (Y/N) N 0/1
R+12 10.13 (15.96) a

Returned to Baseline? (Y/N) N 0/1
R+13 11.24 (10.68) a

Returned to Baseline? (Y/N) N 0/1
R+14 12.04 (8.56) a

Returned to Baseline? (Y/N) N 0/1
R+15 9.17 (n.a)a

Returned to Baseline? (Y/N) N 0/1

Systolic Blood Pressure

R+0 1.65 (3.15) a 10.94 (n.a.) a

Returned to Baseline? (Y/N) N N 0/1
R+1 −2.31 (5.39) a

Returned to Baseline? (Y/N) Y 1/1
R+2 −4.24 (5.45) a

Returned to Baseline? (Y/N) Y 1/1
R+3 −3.16 (6.81) a 10.41 (n.a.) a

Returned to Baseline? (Y/N) Y N 1/2
R+4 −2.88 (6.20) a

Returned to Baseline? (Y/N) Y 1/1
R+5 −2.65 (6.77) a

Returned to Baseline? (Y/N) Y 1/1
R+6 −5.21 (7.38) a

Returned to Baseline? (Y/N) Y 1/1
R+7 −8.27 (5.61) a

Returned to Baseline? (Y/N) Y 1/1
R+8 −4.30 (4.39) a

Returned to Baseline? (Y/N) Y 1/1
R+9 −8.28 (4.06) a

Returned to Baseline? (Y/N) Y 1/1
R+10 −7.23 (3.45) a

Returned to Baseline? (Y/N) Y 1/1
R+11 −5.87 (5.00) a

Returned to Baseline? (Y/N) Y 1/1
R+12 −5.03 (7.40) a

Returned to Baseline? (Y/N) Y 1/1
(Continued on following page)
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missions could be highlighted, to be included and explored upon
in future evidence-based countermeasure programmes. Main
findings on the post-HDTBR recovery dynamics of the passive
control group include: 1) anthropometric outcomes show steady
improvements, with a possible return to baseline between R+3
and R+90; 2) recovery of BMC and BMD of the lower limbs
reveals a continued decrease up to R+14, followed by steady

improvements but failing to fully recover by R+360; 3) lower limb
muscle volumes show a consistent recovery by R+90; and 4)
independent of HDBTR campaign duration, cardiovascular
outcomes showed trends of normalization within the initial
14 days of recovery.

As future LEO and explorationmissions will differ in duration,
for the sake of clarity, the current literature will primarily be

TABLE 6 | (Continued) % Change with SD of outcome parameters related to the ‘Cardiovascular System’.

Recovery timepoint Author Returned
to baseline? = YKramer et al. (2017) Linnarsson et al. (2006) Schulz et al. (1992)

60 days HDTBR 120 days HDTBR 10 days HDTBR

R+13 −5.05 (4.23) a

Returned to Baseline? (Y/N) Y 1/1
R+14 −4.56 (6.24) a 10.32 (n.a.) a

Returned to Baseline? (Y/N) Y N 1/2

Diastolic Blood Pressure

R+0 6.48 (4.32) a

Returned to Baseline? (Y/N) N 0/1
R+1 2.74 (6.58) a

Returned to Baseline? (Y/N) N 0/1
R+2 −3.94 (6.58) a

Returned to Baseline? (Y/N) Y 1/1
R+3 −4.45 (12.03) a

Returned to Baseline? (Y/N) Y 1/1
R+4 −5.42 (9.16) a

Returned to Baseline? (Y/N) Y 1/1
R+5 −2.90 (7.90) a

Returned to Baseline? (Y/N) Y 1/1
R+6 −7.35 (11.16) a

Returned to Baseline? (Y/N) Y 1/1
R+7 −11.61 (8.90) a

Returned to Baseline? (Y/N) Y 1/1
R+8 −9.55 (6.90) a

Returned to Baseline? (Y/N) Y 1/1
R+9 −12.42 (4.84) a

Returned to Baseline? (Y/N) Y 1/1
R+10 −9.32 (4.84) a

Returned to Baseline? (Y/N) Y 1/1
R+11 −7.07 (5.84) a

Returned to Baseline? (Y/N) Y 1/1
R+12 −5.61 (9.55) a

Returned to Baseline? (Y/N) Y 1/1
R+13 −7 (6.29) a

Returned to Baseline? (Y/N) Y 1/1
R+14 −4.65 (6.77) a

Returned to Baseline? (Y/N) Y 1/1

Mean Arterial Pressure

R+0 4.92 (n.a.) a -6 (5)
Returned to Baseline? (Y/N) N N 0/2

R+3 4.52 (n.a.) a

Returned to Baseline? (Y/N) N 0/1
R+4 -4 (5)

Returned to Baseline? (Y/N) N 0/1
R+15 4.92 (n.a.) a

Returned to Baseline? (Y/N) N 0/1

Notes. data of outcome parameters related to the cardiovascular system, reported as % change from baseline were extracted and displayed without any alterations for each reported
recovery timepoint following a period of 6-degree-head-down-tilt bed rest. For each recovery timepoint the effect was categorize as “Returned to baseline” or “Not returned to baseline”.
Returned to Baseline? = Y: Whenever the mean % change equals 0% or reverts from + to—/– to +; Returned to Baseline? = N: Whenever the mean % change remains + or –.All values are
displayed as Mean % Change from Baseline (SD); Y: yes; N: no.
aData extracted from figure using WebPlotDigitizer.
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discussed considering the upcoming Artemis and Lunar Gateway
missions that are slated to take between 30 and 90 days
(Gerstenmaier and Crusan, 2018; NASA, 2021). Such mission
durations are consistent with the HDTBR durations used in
almost all of the included literature: 30 days (Convertino et al.,
1990), 42 days (Ferretti et al., 2001), 60 days (Belavý et al., 2011a;
Beller et al., 2011; Liu et al., 2015; Westby et al., 2016; Kramer
et al., 2017), and 90 days (Alkner and Tesch, 2004; Rittweger et al.,
2007; Rittweger and Felsenberg, 2009; Alkner et al., 2016; Belavý
et al., 2017). The remaining six HDTBR studies were of shorter
duration: 5 days (Rittweger et al., 2015), 7 days (Stegemann et al.,
1985; Samel et al., 1993), 10 days (Beck et al., 1992; Schulz et al.,
1992), except one which was 120 days (Linnarsson et al., 2006).

4.1 Anthropometric Outcomes
In space, loss of body mass appears to be highly variable, but the
average rate has been estimated to be around 2.4% per 100 days
spent in space (Matsumoto et al., 2011). However, this must be
contextualised by the fact that astronauts are all performing
extensive countermeasures (Petersen et al., 2016). In contrast,
current HDTBR data without exercise countermeasures
demonstrates reduced body mass, during and shortly after
long duration HDTBR (Hedges g = [−0.43; −0.25], Figure 2,
(Rittweger et al., 2007; Westby et al., 2016; Kramer et al., 2017)).
Body mass decrements may be precipitated by changes in blood
volume (Tavassoli, 1982; Kunz et al., 2017), muscle atrophy
(LeBlanc et al., 2000; Alkner and Tesch, 2004; Winnard et al.,
2019) and/or bone demineralization (LeBlanc et al., 2000;
Rittweger et al., 2005; Belavý et al., 2011b). A potentially
important driver for body mass loss may be negative energy
balance due to the mismatch between energy intake and energy
expenditure (Stein, 2000; Laurens et al., 2019). Data presented by
Stein (2000) suggests a moderate positive relationship between
the total energy expenditure and loss of body mass during
spaceflight. Thus, the increased energy expenditure associated
with exercise countermeasures appears not to be accompanied by
increased energy intake, resulting in a negative energy balance. In
fact, a negative nitrogen balance—suggesting loss of muscle
mass—was also reported in-flight—despite performing exercise
countermeasures (Stein, 2000; Stein, 2013). However,
interestingly during the first 2 weeks of the Space Life Sciences
(SLS) 1 and 2 Shuttle missions (Stein et al., 1996) where no
exercise countermeasures were performed, energy and nitrogen
balance were stable, suggesting a muscle mass preservation (Stein,
2000).

In contrast, following 90-days HDTBR, Rittweger et al. (2007)
reported that body mass loss was still apparent after 14 days of
recovery (Hedges g = −0.25). Similarly, following 60-days
HDTBR, Kramer et al. (2017) reported approximately 5%
body mass reductions, mostly attributed to lean body mass
loss which also did not recover within 14 days post-HDTBR.
This body mass loss disparity may be due to the energy intake
reported by Kramer et al. (2017) being calculated based on the
resting metabolic rate, instead of the actual 24-h energy
expenditure (Piaggi et al., 2015; Laurens et al., 2019). In
contrast, Westby et al. (2016) adjusted daily caloric intake so
that body mass was maintained within 3% of that on the third day

of HDTBR. This resulted in the body mass returning to baseline
after the third day of recovery (Hedges g = 0.00, Figure 2). Thus,
depending on HDTBR duration and dietary intake, body mass
recovery may occur from 3 days (Westby et al., 2016) up to
3 months, or longer (Rittweger et al., 2007). Yet, based on data of
246 different astronauts over 514 mission, 62% failed to regain all
of the lost body mass at a time-interval of R+[91–396] days
postflight (Matsumoto et al., 2011), unfortunately, relative
changes in lean and adipose body mass are unknown.
Sustained reductions in body mass could however contribute
to a significant risk of an adverse effects such as reduced stamina
or increased risk of muscle injuries (Matsumoto et al., 2011).
Especially if loss of lean body mass is evident and results in an
operationally meaningful loss of muscle strength
(i.e., considerable and in a specific muscle group), thus
possibly leading to a crewmember not being able to perform
an operational task that they previously could.

4.2 The Skeletal System
In space, the average rate of bone loss has been estimated to be
between 0.5% (Stavnichuk et al., 2020) and 1.5% (Lang et al.,
2004) per month in the lower limbs, despite in-flight exercise
countermeasures (Smith et al., 2012). Thus, the rate of bone loss
would presumably be even greater if no countermeasures were
being performed. During 60-days HDTBR, Beller et al. (2011)
reported tibial bone mineral density loss ranging between 1.1 and
2.0% per month, while for the hip BMD decreased by between 1.5
and 2.0% per month, potentially increasing the risk of fractures.
Although BMD loss appears to be slightly greater during
HDTBR—with no exercise countermeasures—fortunately it
remains far below that observed in spinal cord injury patients.
In this cohort, a rapid linear decline of lower extremity BMD
results in a loss of ~27% in the first three to 4 months after injury
and reaching a plateau at ~37% after 16 months (Biering-
Sorensen et al., 1990; Garland et al., 1992), thus substantially
increasing the risk of bone fractures (Gernand, 2004).

However, the limited data presented in the current study
suggests that bone recovery is slow, potentially taking up to 3
to 4 times that of the unloading period (Gernand, 2004; Orwoll
et al., 2013; Stavnichuk et al., 2020). In fact, long duration
HDTBR data on lower limb bone mineral content (Rittweger
and Felsenberg, 2009; Belavý et al., 2011a) and density (Beller
et al., 2011) suggests that the loss continues up to a period of
14 days after HDTBR is concluded (Table 4) due to the inertia in
bone remodelling regulation. Similarly, bone accrual appears to
be evident only after approximately 1 week of reconditioning
(Armbrecht et al., 2010). Furthermore, some residual BMD loss
appears to persist, which may increase long-term fracture risk.
Decrements of BMD of the tibia (−1.81 ± 0.82%) and the hip
(−0.52 ± 0.65%) were still present at R+360 after a 60-days
HDTBR (Beller et al., 2011). Similarly, loss of BMD postflight
was still present 6 months after long-duration spaceflight (Vico
et al., 2000), and was even persistent after 5 years in nine Skylab
crew members (Tilton et al., 1980). Moreover, Sibonga et al.
(2007) determined the ‘50% recovery time’ based on data of
46 long-duration crew members assigned to Mir or ISS missions.
This 50% recovery time represents the number of days after
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landing, needed to restore half of the lost BMD and ranged
between 97 days for the Pelvis and 255 days for the Trochanter.
Whilst small increases in bone fracture risk may be acceptable
when returning to Earth, this could be critical when landing and
performing extravehicular activities (EVAs) on the Lunar surface
in the absence of medical support (Horneck et al., 2003).
Therefore, limits of acceptable losses of BMD—within a
spaceflight context—should be defined, as for example has
been done for osteopenia (BMD T-score: −2.5 < T-score <
−1.0) or osteoporosis (BMD T-score < −2.5) (Woolf and
Pfleger, 2003). Determining how close a person gets to a
significant increase in risk of low trauma fractures during a
period of exercise-free bed rest—and the recovery thereof—is
key in determining whether this limit of acceptable bone loss is
equal to a pathological threshold (i.e., osteopenia or
osteoporosis), or whether an acceptable operational threshold
is closer to normal.

4.3 The Muscular System
In space, as with the skeletal system, the muscles most affected are
those with a prime ‘anti-gravitational’ function such as those in
the trunk and lower limbs (Stein, 2013; Winnard et al., 2019).
Based on the data presented in the review ofWinnard et al. (2019)
moderate effects (Hedges g ≥ 0.6) occur within seven to 14 days of
HDTBR, while large effects (Hedges g ≥ 1.2) occur after
28–35 days. Muscle mass is critical to a crewmember’s
strength and endurance (Gernand, 2004; Winnard et al.,
2019). In general, large effects (i.e., reduction) of muscle
volume and cross-sectional area were only noted after 28 days
of HDTBR, whereas decrements of muscle thickness, maximal
torque, and strength after 35 days, whilst large peak power effects
were apparent after 56 days (Winnard et al., 2019). Such
decrements could impede mission critical tasks such as EVAs
or landing operations.

Information on the recovery of maximal voluntary contractions,
peak forces, or thework performed during a supine squat or calf press
was only reported up until the fourth day of recovery after a 90-day
period ofHDTBR (Alkner et al., 2016). Although improvements in all
related outcomes were noted within 4 days, none returned to baseline
(Hedges g = [−2.58; −0.51], Figure 3). Based on the information
provided by Rittweger et al. (2007) on the peak power generated
during jumping after 90-days HDTBR, it could be suggested that
muscle outcomes recover within 90 days of recovery. Similarly, data
reported by Belavý et al. (2017) after a 90-days HDTBR period
indicates that lower limb muscle volume returns to baseline between
day 13 and 90 of recovery (Table 5). This data concurs with findings
of crewmembers returning from a long-duration spaceflight.
Restoration of muscle mass and strength of crewmembers during
the post-flight rehabilitation period seems to occur at the same rate,
or even at a faster rate, of the initial atrophy (Leblanc et al., 1990;
Tesch et al., 2005; Petersen et al., 2017). Thus, definition of the
imposition of an exercise holiday should consider the high degree of
inter-individual variability expressed in muscle outcomes (Gernand,
2004; Stein, 2013; Winnard et al., 2019). Consideration of relative
effects should be made as ‘stronger’ crewmembers may be able to
retain operational functionality whilst experiencing greater absolute
and relative decrements of their pre-flight muscle mass and strength

compared to those with lower pre-flight levels. Definition of
‘minimal’ strength requirements for spaceflight are critical to
inform the implementation of any form of exercise holiday but
have yet to be determined (Winnard et al., 2019).

4.4 The Cardiovascular System
Lastly, in space, cardiovascular system outcomes are significantly
modulated to adapt to microgravity that negates hydrostatic
gradients (Thornton et al., 1987). These changes in blood volume
(Beck et al., 1992;Westby et al., 2016; Gallo et al., 2020), cardiacmass
(Levine et al., 1997; Westby et al., 2016; Gallo et al., 2020), and
aerobic capacity (Levine et al., 1996; Gallo et al., 2020) can be
detrimental when returning to Earth or another celestial body. In
fact, one of the most common consequences after long duration
spaceflight is orthostatic intolerance (Hargens and Richardson, 2009;
Liu et al., 2015) which could be critical during landing (Buckey,
2006). Orthostatic intolerance, with associated hypotension and
presyncope, usually takes between 3 days (Waters et al., 2002)
and 2 weeks (Vasilyeva and Bogomolov, 1991; Cooke et al., 2000)
to recover following long-duration spaceflight. However, Fu et al.
(2019) reported that contrary to tilt-table testing and still-standing,
after 6 months in space, none of the 12 tested astronauts experienced
orthostatic intolerance or hypotension during activities of daily living
during the initial 24 h on Earth. While after 60-days HDTBR three
out of 14 subjects were reported as ‘fainters’ during a head-up tilt test
immediately after bed rest (Liu et al., 2015). Thus, non-exercise
countermeasures such as volume resuscitation through water intake
(Fu et al., 2019), or repeated exposure to Lower Body Negative
Pressure (LBNP) used to mitigate spaceflight-associated neuro-
ocular syndrome (SANS) (Harris et al., 2020) may be helpful to
reduce cardiovascular deconditioning including orthostatic
intolerance (Watenpaugh et al., 2007; Harris et al., 2020) which
would support exercise holiday feasibility.

Additionally, some evidence suggests that aerobic capacity
decrements are rapid during the first 30 days of spaceflight, after
which (with exercise countermeasures) adaptations appear to
plateau (Gernand, 2004; Gallo et al., 2020). Aerobic capacity
losses may be an issue for EVAs with even moderate reductions
potentially limiting a crewmembers’ ability to perform Lunar
surface operations (Moore et al., 2014). However, with exercise
there is increasing evidence to suggest that aerobic capacity
recovers, at least in part, in-flight (Gernand, 2004; Moore
et al., 2014; Gallo et al., 2020) and with complete recovery
within 30 days postflight (Moore et al., 2014). Similarly, a
recovery period of 14–30 days is reported in medium duration
(20–42 days) HDTBR participants exposed to exercise
countermeasures (Convertino et al., 1985; Sundblad et al.,
2000). Also following 60-days HDTBR without exercise
countermeasures, cardiac mass and function recovered within
14 days (Table 6) when participants were subjected to a
progressive reconditioning programme (Westby et al., 2016).
In contrast, Beck et al. (1992) observed—after a 10-days
HDTBR—decrements in cardiac output, stroke volume and
blood pressure which remained lower than baseline at
recovery day 8 when recovery was not supervised. Yet, reports
of the recovery of peak oxygen uptake, a key metric of
cardiovascular fitness, is currently lacking as only Stegemann
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et al. (1985) reported values after a 7-days HDTBR without
exercise, which remained unchanged (Hedges g = [0.03; 0.12]).
Based on post-spaceflight data (Perhonen et al., 2001; Trappe
et al., 2006), cardiorespiratory responses, heart rate, stroke
volume and left ventricular mass are expected to recover
during the post-flight rehabilitation phase (Payne et al., 2007).

Importantly, recovery of cardiovascular outcomes could be
enhanced when combined with non-exercise countermeasures
such as Lower Body Negative Pressure (Harris et al., 2020) and/or
fluid volume supplementation (Waters et al., 2005) which are
already being implemented in current spaceflight operations (Fu
et al., 2019) to minimize the risk of orthostatic intolerance if
gravitational loading is to be re-imposed. Additionally,
cardiovascular rehabilitation following a protracted period of
exercise-free HDTBR may be rapid if the recovery period
includes an individualized reconditioning programme (Westby
et al., 2016). Future HDTBR studies should therefore aim to
investigate the effects of standardized reconditioning
programmes during and/or following long-duration HDTBR
to increase the evidence base towards implementation of
exercise holidays within a spaceflight context.

4.5 Reported Reconditioning Approach
After HDTBR Vs Post-spaceflight
In addition to re-exposure to a nominal 1 g loading upon
termination of bed rest in HDTBR-participants, and after

returning to Earth’s gravity in crewmembers, they are
subjected to a period of physical reconditioning. Yet, while the
reconditioning of crewmembers following spaceflight is well-
described (Petersen et al., 2017), most HDTBR studies failed
to report any specifics on reconditioning or rehabilitation
protocols used during the recovery period. Thirteen out of the
18 included studies only reported the duration of the recovery
period without any additional details. One 30-days HDTBR-
study reported a 5 day recovery period within the bed rest
facility, followed by 25 days (R+6 to R+30) of uncontrolled
recovery (Convertino et al., 1990). Kramer et al. (2017)
reported that participants were restricted to free movement
within the ward during the 15 days recovery period. In
Rittweger et al. (2007) and Rittweger and Felsenberg (2009)
participants were residing within the facility for 14 days after
reambulation during which nutrition was controlled. Only
Westby et al. (2016) reported a supervised and progressive
reconditioning programme for 10 days, starting at R+4, which
included a 1-h supervised ambulation and exercise programme.
Throughout the reconditioning period, the intensity, duration,
and complexity of the exercises were increased according to the
tolerance of the subject with regards to foot tenderness and ankle
and knee pain due to the prolonged bed rest. Such an approach
demonstrated the recovery of the cardiac mass and function
within 2 weeks following a 60-days HDTBR campaign.

The reconditioning approach of Westby et al. (2016) is similar
to the highly individualized reconditioning programme used for

FIGURE 6 | Illustration of possible implementations of Exercise Holidays and possible recovery programme modalities for future head-down-tilt bed rest
campaigns. (A) No Exercise: The generic ‘no exercise’ control group wherein participants do not perform any exercise countermeasures through the duration of the
bed rest campaign (B) Exercise First: Participants start the bed rest campaign with an exercise countermeasure programme, followed by a period of no exercise until
the end of the campaign (C) Exercise—Rest—Exercise: Participants start and end the bed rest campaign with a period of exercise countermeasures, separated
by a period of exercise holidays (D) Rest—Exercise—Rest: Participants start and end the bed rest campaign without any exercise (i.e., exercise holiday), separated by
a period of exercise countermeasures (E) Rest First: Participants start the bed rest campaign with an exercise holiday, followed by a period of performing exercise
countermeasures until the end of the campaign. All of the different iterations of bed rest campaigns described above can be combined with different recovery programme
modalities during post-bed rest period: Uncontrolled recovery programme: participants are not subjected to a controlled recovery programme. - Controlled but generic
recovery programme: all participants complete the same recovery programme, not adapted to the personal needs of the participant. - Controlled and individualized
recovery programme: all participants complete an individualize rehabilitation programme, adapted to the personal needs of the participant. Doing so may provide crucial
information on the time and resources needed for an optimal recovery to take place.
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each ESA crewmember as described by Petersen et al. (2017). In
short, each crewmember is supported by a reconditioning team,
including an experienced exercise specialist/sport scientist and a
physiotherapist. The supervised post-flight reconditioning
programme integrates various physiotherapeutic methods and
elements from sports and exercise science, resulting in a
comprehensive and highly individualized reconditioning
programme lasting 21 days. Exercise sessions have a focus on
promoting functionality, efficacy, safety, and adequate intensity
to optimise neuromusculoskeletal and cardiovascular responses.
As large inter-individual variations in postflight condition occur
between astronauts, the daily 2-h sessions are adapted to the
individual with regards to complexity and intensity. However, the
aim for all crewmembers is to be able to perform near, or at the
same pre-flight intensity by the end of the 21-days reconditioning
programme. Such an intensive post-flight rehabilitation
programme is sufficient to make a full recovery of most, but
not all aspect of function. Therefore, this is then followed by
unsupervised training using an individualised exercise
programme aimed at improving, and maintaining, health and
fitness over the following months by supporting the neuro-
musculoskeletal regeneration process.

This lack of general reporting—or even implementation
of—standardized methods or exercise prescriptions during the
recovery after HDTBR is an important shortcoming, thus having
a profound effect on the ability to compare results across bed rest
studies, and to compare the recovery dynamics after prolonged
HDTBR with those after actual spaceflight.

4.6 Limitations of the Included Studies
Firstly, although HDTBR is the most robust ground-based
analogue to study the effects of prolonged gravitational
unloading (Hargens and Vico, 2016), potential confounding
factors related to Earth-based analogues need to be taken into
account: the inability to completely abolish gravitational stress,
and the absence of exposure to space radiation. Although
similarities are observed between HDTBR and actual
spaceflight, reported changes may appear more rapidly and be
more severe during spaceflight as compared to bed rest. Yet,
HDTBR is still considered to be a valid analogue despite these
limitations (Pavy-Le Traon et al., 2007).

The 18 included studies reported a total of 49 relevant
outcome variables across the domains of interest with
heterogeneous measurement time points—particularly evident
during the recovery periods. This diversity was compounded by a
general paucity of data. In addition, inconsistent reporting of
mean raw values with standard deviations limited the ability to
calculate effect sizes. Thus, effect sizes were only calculated for 27
of the 49 included outcome variables. Even where sufficient
information was provided, typically reported sample sizes were
low–meaning that caution should be exercised when interpreting
this data (Lakens, 2013).

Additionally, vote counting based on the direction of effects
was also severely limited due to the inconsistent and
heterogenous reporting of outcome measures, with only 4/32
outcome variables reported as percentage change being reported
at least twice, thus seriously restricting the generalisability of

results. Moreover, differences in baseline reference conditions,
especially in cardiovascular outcome variables (e.g., measured
while upright/sitting/supine), impairs comparison between
studies (Norsk, 2020).

Lastly, significant shortcomings in—the reporting of—the
used methodology were indicated by the poor results of
quality appraisal of the bed rest methods of included
studies (Winnard and Nasser, 2017), thus limiting their
comparability.

4.7 Filling in the Gaps—Recommendations
for Future Research
It would be desirable if future HDTBR campaigns would implement
durations which are directly related to the duration of future Artemis
and Lunar Gateway missions, i.e., lasting anywhere between 30 and
90 days, to provide a direct implementation of the gathered
knowledge to future exploration missions. Furthermore, these
future bed-rest campaigns are also encouraged to explore different
implementations of exercise-free periods within the duration of the
campaign, as illustrated in Figure 6. Additionally, the efficacy of the
different exercise devices currently on board the ISS (i.e., ARED, T2
Treadmill, CEVIS), but also the usefulness and efficacy of novel
training modalities such as for example plyometric exercises (Weber
et al., 2019) should be investigated to define themost optimal exercise
regime and get a better understanding of rehabilitation and recovery
within a (simulated) microgravity environment. Improving the
definition of the optimal in-flight rehabilitation regime—which in
its turn could enhance the in-flight recovery of the different
physiological systems—could ultimately facilitate the acceptance of
any decrements attributed to inactivity during the exercise holiday
period, thus potentially increasing the time where crew would not
need perform exercise countermeasures, thus enabling them to spend
more time on other mission-related tasks, and ultimately to also safe
critical resources (Laurens et al., 2019).

In the same way, defining the optimal recovery programme after
HDTBR is warranted, as for now recovery after HDTBR is mostly
uncontrolled, while crewmembers are provided—both in-flight as
well as after returning to Earth—with a comprehensive and
individualized exercise programme. Exploring the recovery
dynamics of the different physiological systems as a result of
either an uncontrolled, a controlled but generic, or a controlled
and individualized recovery programme would provide crucial
information on the time and resources needed for an optimal
recovery to take place.

Moreover, future HDTBR campaigns should also focus on
simulating upcoming Lunar Gateway mission profiles where the
crew will transition from prolonged exposure to microgravity to
hypogravity on the Lunar surface. Consequently, ‘conventional’
exercise stimuli such as high reaction forces and high muscle
forces to stimulate bone growth (Frost, 2003), and high load
resistive exercises to promote muscle hypertrophy (Yamada et al.,
2012)—as is currently the case—will likely become of secondary
importance. For Lunar Gateway missions with Lunar surface EVAs
after a prolonged exposure to microgravity, the primary needs and
requirements of the countermeasure programmes may probably
undergo a shift from focussing on maintaining bone mineral
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density, muscle strength and VO2max to countermeasures focussing
on orthostatic tolerance, postural stability, spatial orientation and
balance due to the transition between microgravity and hypogravity,
ultimately to assure crew safety and mission success. Such
countermeasures mitigating postflight functional and sensorimotor
dysfunction were also proposed by Both Miller et al. (2018) and
Mulavara et al. (2018) to be incorporated in the in-flight
countermeasure portfolio. The current study could be considered
as the first step in exploring this potential shift in countermeasure
approach as it investigated the recovery of current operationally
relevant outcomes after a period of disuse, although it did not take
into account the effects of countermeasures targeting postural
stability, spatial orientation and balance. Therefore, future research
should aim attention at further investigating this shift to aid in
defining and evaluating relevant needs and requirements for in-flight
countermeasures ensuring crew health and safety in upcoming space
exploration missions.

Lastly, within future HDTBR studies, expansion of the current
approach for standardized measurements (Sundblad and Orlov,
2014) specifically post-HDTBR is encouraged, including—but not
limited to—standardization of post-HDTBRdata collection (i.e., daily
data collection within the first 14 days of the post-HDTBR period,
followed by weekly follow-up data collection up to 3months or
longer) and standardized reporting and publishing of recovery data
(i.e., reporting of raw values asmeans and standard deviations, the use
of effect sizes, or a combination of both) thus enabling a more
thorough comparison of control groups between studies, and
facilitating the feasibility of retrospective analyses.

All the above would add to the body of evidence which would
ultimately aid in determining whether the implementation of the
concept of exercise holidays within future spaceflight
operations—within and beyond LEO—would be feasible and
practical.

5 CONCLUSION

The concept of exercise holidays that is presented in the current
study should be regarded as one of many steps that are needed to
define evidence-based needs and requirements for in-flight
exercise countermeasures for future deep space exploration
missions. Although a high degree of paucity and inconsistency
of reported recovery data is present within the 18 included
studies, data suggests that recovery of current operationally
relevant outcomes following HDTBR without exercise—and

even without targeted exercise rehabilitation during the
recovery period—could be timely and does not lead to
persistent decrements differing from those experienced
following spaceflight. Thus, the concept of exercise holidays
looks like a promising concept that should be further explored
through space- and ground-based research to fill current
knowledge gaps, prior to its potential implementation in
human spaceflight exploration missions.
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