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ARTICLE INFO ABSTRACT

Keywords: Space agencies are planning to send humans back to the Lunar surface, in preparation for crewed exploration of
Hypogravity Mars. However, the effect of hypogravity on human skeletal muscle is largely unknown. A recently established
Moon rodent partial weight-bearing model has been employed to mimic various levels of hypogravity loading and may
xizuloskeletal provide valuable insights to better understanding how human muscle might respond to this environment. The
Atrophy aim of this study was to perform a systematic review regarding the effects of partial weight-bearing on the

morphology and function of rodent skeletal muscle. Five online databases were searched with the following
inclusion criteria: population (rodents), intervention (partial weight-bearing for >1 week), control (full weight-
bearing), outcome(s) (skeletal muscle morphology/function), and study design (animal intervention). Of the
2,993 studies identified, eight were included. Partial weight-bearing at 20%, 40%, and 70% of full loading
caused rapid deconditioning of skeletal muscle morphology and function within the first one to two weeks of
exposure. Calf circumference, hindlimb wet muscle mass, myofiber cross-sectional area, front/rear paw grip
force, and nerve-stimulated plantarflexion force were reduced typically by medium to very large effects. Higher
levels of partial weight-bearing often attenuated deconditioning but failed to entirely prevent it. Species and sex
mediated the deconditioning response. Risk of bias was low/unclear for most studies. These findings suggest that
there is insufficient stimulus to mitigate muscular deconditioning in hypogravity settings highlighting the need to
develop countermeasures for maintaining astronaut/cosmonaut muscular health on the Moon and Mars.

1. Introduction production, and altered neuromuscular function) [Winnard et al., 2019,
Shen et al., 2017, Song et al., 2018, Allen et al., 2006]. Exercise coun-

Skeletal muscle is a mechanosensitive tissue that adapts to me- termeasures have been demonstrated to attenuate/prevent

chanical stimuli [Sandri, 2008, Wackerhage et al., 2019]. Along with
other mammals, humans and rodents experience disuse-induced
deconditioning of skeletal muscle when exposed to settings that
completely lack axial mechanical loading such as microgravity (~0g)
[Fitts et al., 2010], head-down tilt bed rest [Winnard et al., 2019], and
hindlimb unloading [Bodine, 2013]. In both species, deconditioning is
characterized by adaptations in lower body skeletal muscle morphology
(e.g., reduced muscle volume, mass, and cross-sectional area) [Winnard
et al., 2019, Bodine, 2013, Ohira et al., 1992, Harrison et al., 2003,
Sandona et al., 2012, Martin et al., 1988, Kraemer et al., 2000, LeBlanc
et al, 1992] and function (e.g., reduced strength, rate of force

disuse-induced deconditioning in and humans [Ploutz-Snyder et al.,
2018] and rodents [Fluckey et al., 2002], representing the primary
strategy to protect astronauts/cosmonauts’ from muscle deconditioning
onboard the International Space Station (ISS) [Loerch, 2015].

Space agencies are preparing to send humans to live and work in the
hypogravity environments of the Moon (16% Earth’s gravity) and Mars
(38% Earth’s gravity) [Connolly et al., 2018, NASA, 2020]. It is
important that the effects of hypogravity on various body systems are
understood to inform potential countermeasures. However, two recent
systematic reviews have identified only one human study investigating
the effect of hypogravity on skeletal muscle [Richter et al., 2017, Swain
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et al., 2021]. Six days of head-up tilt bed rest (weight-bearing at ~20%
body weight [simulating Lunar loading]) was associated with a 1.6 +
1.7% loss of quadriceps muscle volume [Cavanagh et al., 2013].
Together with biomechanical and cardiopulmonary findings, it has been
suggested that physiological deconditioning is anticipated to occur in
Lunar and Martian hypogravity and that exercise countermeasures are
likely required [Richter et al., 2017]. However, it is recognized that
there is a general paucity of human evidence regarding the effect of
hypogravity on skeletal muscle morphology and function [Richter et al.,
2017, Swain et al., 2021].

This lack of evidence has direct implications towards aerospace
medical operations for extraterrestrial surface exploration, such as
whether exercise countermeasures are required and to what extent
[Swain et al., 2021]. Simulated Lunar/Martian extra-vehicular activity
(EVA) task performance is significantly associated with muscle function,
and strength requirements for ambulatory EVA tasks are being estab-
lished for Lunar and Martian missions [Ryder et al., 2019, Ade et al.,
2014, Taylor et al., 2018]. Hypogravity-induced muscular decondi-
tioning could hinder physically demanding occupational procedures (e.
g., moving objects and hill climb/descent) and emergency measures (e.
g., body hauling and capsule egress) [Ryder et al., 2019]. This would
result in astronauts/cosmonauts either failing to complete tasks or fin-
ishing in an unacceptable amount of time [Ryder et al., 2019].

Over the last decade, researchers have established a novel quadru-
pedal partial weight-bearing (PWB) model in rodents [Wagner et al.,
2010, Mortreux et al., 2018]. The PWB model has been designed to
reduce forelimb and hindlimb loading to a desired level between
10-80% body weight and maintain this for up to one month [Mortreux
and Rosa-Caldwell, 2020]. It has been adopted in several studies which
are beginning to elucidate the effects of simulated hypogravity (e.g.,
Lunar and Martian PWB) on the morphology and function of rodent
skeletal muscle [Mortreux et al., 2019]. On the basis that rodent and
human skeletal muscle show similar responses during disuse-induce
deconditioning through complete unloading, the PWB model has the
potential to provide early translational research estimating the effects of
hypogravity on human muscle [Qaisar et al., 2020]. The aim of this
systematic review was to synthesize animal intervention studies inves-
tigating the effect of PWB relative to full weight-bearing on rodent
skeletal muscle morphology and function. The objectives were to un-
derstand what adaptations occur during PWB (e.g., deconditioning) and
how they are mediated by PWB load and exposure duration.

2. Materials and method

This study conformed to the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) statement [Moher et al.,
2009] and the Space Biomedicine Systematic Review Methods Hand-
book [Winnard et al., Winnard et al., 2021]. A PRISMA checklist can be
found in Supplementary Table S1 (https://doi.org/10.5281/zenodo.
5728056).

2.1. Search strategy

The following online databases were searched on the 18" of June
2020 using key search terms and Boolean logic: PubMed, Scopus,
EMBASE, MEDLINE, and Web of Science. Pre-scoping searches were
performed in the National Aeronautics and Space Administration
(NASA) Technical Reports Server (NTRS), the NASA Life Science Data
Archive (LSDA), and the Cochrane Collaboration Library, but were not
included in the final search due to a lack of relevant findings. SPORT-
Discus was searched (27 hits) but not used as all eligible studies had
been identified from other database searches. A second search was
performed in PubMed using Medical Subject Heading (MeSH) terms on
the 19" of May 2021. MeSH terms were selected from previously
indexed PWB studies and MeSH hierarchy tables. No specific MeSH term
currently exists for PWB. Some PWB studies are indexed under ‘hindlimb
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suspension’ (also known as hindlimb unloading [HLU]), which was,
therefore, used. Included studies’ reference lists and citations were
screened for any additional relevant articles. The final search strategy is
presented in Table 1. This also includes bone-related terms as these data
were collected in parallel and will be reported in a separate systematic

Table 1
Search strategy.

Database Search String Filter Hits Date

O]

("Gravity, Altered"[Mesh] OR None 1495 19t of
"Hindlimb Suspension"[Mesh]) AND May
"Musculoskeletal System"[Mesh] AND 2021
"Murinae"[Mesh]

(("hypogravity" OR "reduced gravity" None 1077 18% of
OR hypogravity OR "quadrupedal June
unloading" OR "partial weight 2020
bearing" OR "partial weight-bearing"

OR "partial weightbearing" OR

"martian gravity analog" OR "martian-

gravity analog" OR "lunar gravity

analog" OR "lunar gravity-analog")

AND (musculoskeletal OR muscle OR

bone OR skeleton OR skeletal OR

strength OR grip)) AND (rat OR mice

OR rodent OR animal OR murine)

TOPIC:("hypogravity" OR "reduced None 71 18™ of
gravity" OR hypogravity OR June
"quadrupedal unloading" OR "partial 2020
weight bearing" OR "partial weight-

bearing" OR "partial weightbearing"

OR "martian gravity analog" OR

"martian-gravity analog" OR "lunar

gravity analog" OR "lunar gravity-

analog") AND TOPIC:

(musculoskeletal OR muscle OR bone

OR skeleton OR skeletal OR strength

OR grip) AND TOPIC: (rat OR mice

OR rodent OR animal OR murine)

(TITLE-ABS-KEY ("hypogravity" OR None 128 18™ of
"reduced gravity" OR hypogravity OR June
"quadrupedal unloading" OR "partial 2020
weight bearing" OR "partial weight-

bearing" OR "partial weightbearing"

OR "martian gravity analog" OR

"martian-gravity analog" OR "lunar

gravity analog") AND TITLE-ABS-KEY

(musculoskeletal OR muscle OR bone

OR skeleton OR skeletal OR strength

OR grip) AND TITLE-ABS-KEY (rat OR

mice OR rodent OR animal OR

murine))

("hypogravity" OR "reduced gravity" None 119 18™ of
OR hypogravity OR "quadrupedal June
unloading" OR "partial weight 2020
bearing" OR "partial weight-bearing"

OR "partial weightbearing" OR

"martian gravity analog" OR "martian-

gravity analog" OR "lunar gravity

analog" OR "lunar gravity-analog")

AND (musculoskeletal OR muscle OR

bone OR skeleton OR skeletal OR

strength OR grip) AND (rat OR mice

OR rodent OR animal OR murine)

(("hypogravity" or "reduced gravity" None 103 18% of
or hypogravity or "quadrupedal June
unloading" or "partial weight bearing" 2020
or "partial weight-bearing" or "partial

weightbearing" or "martian gravity

analog" or "martian-gravity analog" or

"lunar gravity analog" or "lunar

gravity-analog") and (musculoskeletal

or muscle or bone or skeleton or

skeletal or strength or grip) and (rat or

mice or rodent or animal or murine)).

af.

PubMed
(MeSH)

PubMed

Web of
Science

Scopus

MEDLINE

EMBASE

Note: Scopus only allows a limited number of search terms per search box.
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review.
2.2. Study eligibility criteria

Search results were exported and stored in the online reference
manager Rayyan [Ouzzani et al., 2016]. Following removal of dupli-
cates, each study was screened by two independent reviewers for
inclusion/exclusion using an a priori PICOS criteria (Table 2). A
two-stage process was used for eligibility screening. Stage one involved
assessing studies by title and abstract (full text if unclear) for relevance
in accordance with the PICOS criteria, with potentially relevant studies
labels as ‘maybe’ within Rayyan. Stage two involved screening all
‘maybe’ studies in full text for final inclusion/exclusion, with any rea-
sons for exclusion agreed and logged (Supplementary Table S2;
https://doi.org/10.5281/zenodo.5599447). Any disagreements be-
tween the two reviewers were resolved initially through discussion. A
third reviewer was consulted if the dispute remained unresolved. Data
where the PWB and/or control group was combined with another
intervention (e.g., radiation) were not eligible but the sham group(s)
were.

2.3. Data extraction

All included studies were downloaded and the study characteristics
(rodent species, sex, age, control condition, intervention, PWB level(s),
and longest exposure duration) were extracted. Eligible outcome data
were manually extracted by one reviewer as means, standard deviations,
and sample sizes, and were stored using Review Manager (RevMan
Version 5, The Cochrane Collaboration) [Cochrane]. Data reported as a
standard error of measurement were converted to standard deviations.
Available data were initially retrieved from the manuscript and/or
supplementary materials. Where data could not be retrieved, such as in
figures or missing data, the corresponding and/or lead authors were
contacted. Where authors were unable to provide data or respond,
WebPlotDigitizer (Version 4.3) was used to determine figure data. This
tool has been demonstrated to have excellent reliability (r = 0.99) and
accuracy (r = 0.93) [Aydin and Yassikaya, 2020]. If no sample size data
were stated in the table/figure caption, the sample size reported in the
methods for the respective group was used. Sample sizes that were re-
ported as a range for a given outcome (e.g., n = 3-6) were extracted
using a conservative approach by using the lowest sample size reported.
In Wagner et al. 2010 [Wagner et al., 2010], two full weight-bearing
control groups were employed; the age-matched control data were
extracted for a larger sample size.

2.4. Data analysis

Standardized mean differences (SMD) were calculated using the
Hedges’ G effect size statistic [Deeks and Higgins, 2010]. Hedges’ G
adjusts for small sample bias which was commonplace among the
eligible studies. Comparisons were made for each outcome and PWB
level (PWB20%, PWB40%, and PWB70%) against the normal
weight-bearing control group for all exposure durations >1-week.

Table 2
PICOS eligibility criteria.

Parameter Inclusion criteria

Population Rats or mice (no sex or breed restriction)

Intervention Quadrupedal partial weight-bearing (between 10% and 80% full
loading) for >1-week

Comparison Full weight-bearing control

Outcomes Muscle structure (e.g., limb girth, wet muscle mass, cross-sectional

area, and fiber composition)
Muscle function (e.g., grip force, torque production, and single fiber
twitch characteristics)

Study design ~ Controlled animal intervention trial
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Where there were two or more independent reports of the same outcome
at a given PWB level and exposure duration, weighted meta-effect sizes
using a fixed-effect inverse variance model (with 95% confidence in-
tervals) and heterogeneity (12) were calculated using RevMan 5 [Deeks
and Higgins, 2010]. Statistical significance was set at P < 0.05. To
minimize anticipated heterogeneity, meta-effects were calculated only
from rodent sub-populations of the same species and sex. Due to the
small number of studies comprising meta-analyses, they should be
interpreted as preliminary. The magnitude of the SMD was qualitatively
described using the following thresholds: 0.2 (small), 0.5 (medium), 0.8
(large), and 1.3 (very large) [Rosenthal, 1996]. Thresholds for hetero-
geneity were established from the Cochrane Handbook for Systematic
Reviews of Interventions: 0-40% (might not be important), 30-60%
(may represent moderate heterogeneity), 50-90% (may represent sub-
stantial heterogeneity) and 75-100% (considerable heterogeneity)
[Cochrane]. All comparisons are reported using forest plots generated by
RevMan 5. Assessment of reporting bias (e.g., via funnel plots) was not
performed as the sample size for all given meta-analyses failed to reach
the minimum requirement for adequate statistical power (n = 10) as
outlined by the Cochrane Handbook for Systematic Reviews of In-
terventions [Cochrane].

2.5. Risk of bias assessment

The Systematic Review Centre for Laboratory Animal Experimenta-
tion (SYRCLE) tool [Hooijmans et al., 2014] was used to assess risk of
bias (RoB) at the study level. This tool uses a three-point bias ranking
system (low risk, high risk, or unclear risk) for nine checklist items
relating to themes of selection, performance, detection, attrition, and
reporting biases. However, the SYRCLE’s tool addresses RoB at a general
level and fails to address RoB relating to specific models such as PWB.
Previous aerospace medical systematic reviews have dealt with model
specific RoB through consultation with academics in the aerospace in-
dustry, creating tools assessing bed rest quality and the ecological val-
idity of human hypogravity simulation methods [Winnard et al., 2019,
Richter et al., 2017]. The same strategy was employed in the present
review. Two PWB experts were consulted to establish an additional RoB
checklist specific to PWB studies (M. Mortreux and M.E. Rosa-Caldwell,
personal communication, May 2021) [Swain et al.]. Using an iterative
approach, potential checklist items were generated, remarked, and
agreed. A total of 16 checklist items were compiled into the final ‘PWB
RoB checklist’” (PWB-RoBC) (Supplementary Table S3; https://doi.
org/10.5281/zenodo.5550379) [Swain et al.]. The PWB-RoBC was
scored using the same method as the SYRCLE’s RoB tool (i.e., high, low,
or unclear RoB). Two independent assessors scored all eligible studies
using the SYRCLE tool and PWB-RoBC. Any disagreements were initially
resolved via consensus-oriented discussion, and if the conflict remained
unresolved, through consultation with a third assessor.

3. Results

The final search strategy identified 2,993 articles of which eight met
the eligibility criteria (Fig. 1). Study characteristics are presented in
Table 3. A full weight-bearing control was employed in all studies,
alongside a single or multiple PWB intervention group(s) at loads of
PWB20%, PWB40%, and/or PWB70%. Partial weight-bearing exposure
duration ranged from 7 to 28 days. Studies used either mature Wistar
male rats (n = 4), mature Wistar female rats (n = 1), young/mature
BALB/cByJ female mice (n = 2), or young/mature C57Bl/6J female
mice (n = 1). Risk of bias, via the SYRLCE’s tool, were scored as low
(63%), unclear (21%), and high (17%) rounded to the nearest integer
(Table 4). Similarly, as per the novel PWB-RoBC, items were scored as
low (75%), unclear (23%), and high (2%) (Supplementary Table S3;
https://doi.org/10.5281/zenodo.5550379).
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Fig. 1. PRISMA flow diagram [32].
Table 3
Study characteristics.
Reference Population Age Control PWB Model Full Weight- PWB70%  PWB40% PWB20%  Longest
(weeks) Condition Apparatus Bearing Control Exposure
Apparatus Duration
Mortreux et al. 2018 Wistar male rats 14 NKD, JKT, HNS JKT + HNS v v v v 2 weeks
[Mortreux et al., 2018]
Mortreux et al. 2019a Wistar malerats 14 JKT + HNS JKT + HNS v v v v 4 weeks
[Mortreux et al., 2019]
Mortreux et al. 2019b Wistar malerats 14 JKT + HNS JKT + HNS v x v x 2 weeks
[Mortreux et al., 2019]
Mortreux et al. 2020 Wistar malerats 14 JKT + HNS JKT + HNS v v v v 4 weeks
[Mortreux et al., 2020]
Semple et al. 2020 Wistar female 14 JKT + HNS JKT + HNS v x v x 2 weeks
[Semple et al., 2020] rats
Swift et al. 2013 [Swift BALB/cByJ 17 Unclear JKT + TW v x v v 3 weeks
et al., 2013] female mice
Wagner et al. 2010 BALB/cByJ 10 NKD JKT + TW v x v x 3 weeks
[Wagner et al., 2010] female mice
Ellman et al. 2013 C57Bl/6J 11 JKT + TW JKT + TW v 4 v v 3 weeks

[Ellman et al., 2013]

female mice

PWB = partial weight-bearing (as a percentage of 100% body weight), NKD = naked, JKT = forelimb jacket, HNS = pelvic harness, and TW = tail wrap.

3.1. Calf circumference

The effects of PWB on calf circumference is displayed in Fig. 2. In
male rats, PWB20%, PWB40%, and PWB70% cause a rapid decrease in

calf circumference by large to very large SMDs. Compared to the full
weight-bearing control, the greatest losses occurred by day 7 (PWB20%:

-7.7%, PWB40%: -6.0%, and PWB70%: -5.9%) and either plateaued or
slightly increased/decreased at days 14 (PWB20%: -7.9%, PWB40%:
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Table 4
SYRCLE’s risk of bias scoring.
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Reference Selection bias

Performance bias

Detection bias Attrition bias Reporting bias

Sequence Baseline Allocation Random Blinding  Random Blinding  Incomplete Selective
generation characteristics concealment housing outcome outcome data outcome
assessment reporting
Mortreux et al. 2018 High Low Low Low High Low Low Low Low
[Mortreux et al.,
2018]
Mortreux etal. 2019a  High Low Low Low High Low Low Low Low
[Mortreux et al.,
2019]
Mortreux et al. High Low Low Low High Low Low Low Low
2019b [Mortreux
et al., 2019]
Mortreux et al. 2020 High Low Low Low High Low Low Low Low
[Mortreux et al.,
2020]
Semple et al. 2020 High Low Low Low High Low Low Low Low
[Semple et al.,
2020]
Swift et al. 2013 Unclear Low Unclear Unclear Unclear Unclear Unclear Low Low
[Swift et al., 2013]
Wagner et al. 2010 Low Low Unclear High High Unclear Unclear Low Low
[Wagner et al.,
2010]
Ellman et al. 2013 Unclear Low Unclear Unclear Unclear Unclear Unclear Low Low

[Ellman et al.,
2013]

Note: items were scored as low = 63%, unclear = 21%, and high = 17% (rounded to the nearest integer).

-7.2%, and PWB70%: -5.8%) and 28 (PWB20%: -6.1%, PWB40%: -8.5%,
PWB70%: -5.7%). Lower levels of PWB tended to cause more pro-
nounced reductions in calf circumference at days 7 and 14. However, for
unclear reasons, PWB40% displayed the greatest loss across PWB loads
at day 28 whilst PWB20% and 70% were comparable. Female rat calf
circumference remained within <1% of the full weight-bearing control
at PWB40% at days 7 and 14 (day 28 not investigated).

3.2. Wet muscle mass

Presented herein are the absolute wet muscle mass data for
gastrocnemius (Fig. 3), soleus (Fig. 4), and quadriceps (Fig. 5), as they
were the most frequently reported outcomes and are of high operational
relevance to astronauts/cosmonauts. Other wet muscle mass data are
presented in Supplementary Figs. S1-S4 (https://doi.org/10.
5281/zenodo.5550222). In male rats, wet muscle mass of the soleus
decreased at all PWB loads (20%, 40%, and 70%) and exposure dura-
tions (days 7, 14, and 28) compared to the full weight-bearing control by
moderate to very large effects. Meta-effects could only be calculated at
day 14 but revealed that loss of soleus muscle mass was slightly greater
at lower PWB loads (PWB20%: -19.1%, SMD: -2.1; PWB40%: -17.0%,
SMD: -2.0; PWB70%: -15.9%, SMD: -1.9) compared to the control.
Quadriceps muscle mass also decreased at all PWB loads and exposure
durations by moderate to very large effects. Meta-effects could only be
calculated at day 14 but again showed that lower PWB loading caused
slightly greater losses of quadriceps muscle mass (PWB20%: -19.2%,
SMD: -2.3; PWB40%: -17.3%, SMD: -2.1; PWB70%: -12.7%, SMD: 1.5)
compared to the control. Gastrocnemius wet muscle mass decreased to a
lesser extent during PWB by moderate to large effects typically by days
14 and 28. At day 7, PWB20% decreased by large effects whilst changes
at PWB40% and PWB70% were trivial and small, respectively,
compared to the control. Meta-effects from day 14 revealed that lower
PWB loads caused slightly greater reductions in gastrocnemius muscle
mass (PWB20%: -8.9%, SMD: -1.1; PWB40%: -6.4%, SMD: -0.76;
PWB70%: -5.9%, SMD: -0.5).

In female mice, soleus and gastrocnemius wet muscle mass declined
in PWB20% and PWB40% (PWB70% unavailable) to a greater extent
than in male rats. Data were only available following 21-days of PWB

exposure but revealed that soleus muscle mass declined more at
PWB20% (-35.5%, SMD: -2.5) compared to PWB40% (-25.1%, SMD:
1.7). Interestingly, gastrocnemius muscle mass declined less in PWB20%
compared to PWB40% by day 21 (PWB20%: -17.4%, SMD: 2.5;
PWB40%: -23.2, SMD: 3.0).

3.3. Muscle fiber composition

The effects of PWB on muscle fiber composition (type 1 fiber per-
centage) are displayed for the gastrocnemius and soleus (Fig. 6).
Changes in the composition of the male rat gastrocnemius across 28 days
of PWB exposure were trivial to small at PWB20% (0.2% to 2.4%),
PWB40% (-1.8% to 3.4%), and PWB70% (0.7% to 1.0%). Changes in the
male rat soleus varied from trivial to small differences at PWB20%
(-0.7% to -3.9%) and PWB70% (-1.6% to -2.7%), and small to large
differences at PWB40% (-1.8% to -12.1%). Interestingly, the largest
change in soleus fiber composition relative to the control group was
observed at PWB40% day 14 by two independent studies (-12.1% and
-8.4%). Only one study reported muscle fiber composition for female
rats and found a 3.1% increase in type 1 fibers within the soleus
following 14-days of PWB40%.

3.4. Muscle fiber cross-sectional area

The effects of PWB on the muscle fiber cross-sectional area (CSA) are
displayed for the gastrocnemius and gastrocnemius fibers expressing
myosin heavy chain (MyHC) 1 and 2 (Fig. 7), and soleus and soleus fi-
bers expressing MyHC 1 and 2 (Fig. 8). In male rats, gastrocnemius CSA
declined across 28-days of PWB exposure by large to very large effects at
PWB20% (-13.1% to -17.7%) and by small to large effects at PWB40%
(-3.5% to -14.0%) and PWB70% (-3.7% to -12.1%) compared to full
weight-bearing controls. In female rats, gastrocnemius CSA was only
investigated at day 14 during PWB40% and reduced by 14.6%. Simi-
larly, the CSA of gastrocnemius fibers expressing MyHC 1 and 2 were
only investigated at PWB40% at day 14 for male and female rats. In both
species, CSA reductions in fibers expressing MyHC 2 (male: -20.1%,
female: -14.8%) occurred to a greater extent than those expressing
MyHC 1 (male: -10.1%, female: -4.3%).


https://doi.org/10.5281/zenodo.5550222
https://doi.org/10.5281/zenodo.5550222

P. Swain et al.

Life Sciences in Space Research xxx (xxxx) xxx

Partial Weight Bearing Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Calf Circumference (% change from baseline)
Male Rats
PWB20% (day 7)
Mortreux et al. 2019a -4.87 3.84 35 278 4.04 36 75.5% -1.92 [-2.49, -1.35] —iE—
Mortreux et al. 2018 -4.73 4.45 10 3.3 5.61 11 24.5% -1.51 [-2.51, -0.52] -
Subtotal (95% CI) 45 47 100.0% -1.82 [-2.31, -1.33] S 2

Heterogeneity: Chi? = 0.48, df = 1 (P = 0.49); I?=0%
Test for overall effect: Z = 7.23 (P < 0.00001)

PWB20% (day 14)

Mortreux et al. 2019a -3.71 5.01 23 394 492 24  68.5%
Mortreux et al. 2018 -4.96 5.77 10 3.87 6.83 1 31.5%
Subtotal (95% Cl) 33 35 100.0%

Heterogeneity: Chi? = 0.09, df = 1 (P = 0.76); I = 0%
Test for overall effect: Z = 5.27 (P < 0.00001)

PWB20% (day 28)

Mortreux et al. 2019a 248 397 11 857 327 12 100.0%
PWB40% (day 7)

Mortreux et al. 2019a 353 346 36 278 404 36 67.5%
Mortreux et al. 2018 -3.82 257 10 33 561 11 19.7%
Mortreux et al. 2019b -345 26 6 022 382 6 128%
Subtotal (95% CI) 52 53 100.0%

Heterogeneity: Chi? = 0.82, df = 2 (P = 0.66); I = 0%
Test for overall effect: Z = 6.88 (P < 0.00001)

PWB40% (day 14)

Mortreux et al. 2019b -5.57 1 6 1.5 51 6 12.9%
Mortreux et al. 2019a -3.1 3.43 24 394 492 24 59.8%
Mortreux et al. 2018 -3.99 3.01 10 3.87 6.83 1 27.3%
Subtotal (95% CI) 40 41 100.0%

Heterogeneity: Chi? = 0.22, df = 2 (P = 0.90); I = 0%
Test for overall effect: Z = 6.10 (P < 0.00001)

PWB40% (day 28)

Mortreux et al. 2019a 0.05 4.56 12 8.57 3.27 12 100.0%
PWB70% (day 7)

Mortreux et al. 2019a -3.13 276 36 278 4.04 36 78.8%
Mortreux et al. 2018 -2.51 2.04 7 3.3 5.61 1 21.2%
Subtotal (95% CI) 43 47 100.0%

Heterogeneity: Chi? = 0.66, df = 1 (P = 0.42); I?=0%
Test for overall effect: Z = 6.46 (P < 0.00001)

PWB70% (day 14)

Mortreux et al. 2019a -1.93 4.4 24 394 492 24 721%
Mortreux et al. 2018 -1.5 4.21 7 3.87 6.83 1 27.9%
Subtotal (95% CI) 31 35 100.0%

Heterogeneity: Chi? = 0.40, df = 1 (P = 0.53); I’ = 0%
Test for overall effect: Z = 4.19 (P < 0.0001)

PWB70% (day 28)
Mortreux et al. 2019a 2.86 4.79 12 8.57 3.27 12 100.0%

Female Rats

PWB40% (day 7)
Semple et al. 2020 -0.27 35 7 037 153 7 100.0%

PWB40% (day 14)
Semple et al. 2020 -2.27 413 7 225 28 7 100.0%

Fig. 2. Effect of Partial Weight-Bearing (PWB) on Calf Circumference (SD =

In male rats, soleus CSA declined at all PWB loads and exposure
durations. Large to very large effects were observed in PWB20% (-16.5%
to -21.0%) and PWB40% (-14.4% to -26.4%), and by moderate to large
effects in PWB70% (-10.5% to -13.5%). In female rats, soleus CSA was
only investigated at PWB40% following 14-days of exposure and was
found decline by 11.8% relative to controls, less than half that seen in
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standard deviation, Std. = standardized and CI = confidence interval).

male rats (-26.4%) at the same PWB load and time-point. In soleus fibers
expressing MyHC 1 and 2, CSA declined by similar extents in male rats
(MyHC 1: -26.4%, MyHC 2: 26.7%) at PWB40% following 14-days of
exposure (no other PWB load or time-point available). Due to the
notable decrease in data variability within the control group, the SMD
was larger for soleus MyHC 1 CSA (SMD: -1.6) than MyHC 2 (SMD: -1.0).
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Std. Mean Difference
IV, Fixed, 95% CI

Std. Mean Difference
IV, Fixed, 95% CI

Gastrocnemius Wet Muscle Mass (g)
Male Rats
PWB20% (day 7)

Mortreux et al. 2019a 2.29 0.16 12 244 0.2 12 100.0%

PWB20% (day 14)

-0.80 [-1.64, 0.04] —ili—

Mortreux et al. 2019a 225 0.2 12 249 0.22 12 53.4% -1.10 [-1.97, -0.23] — .
Mortreux et al. 2018 225 0.17 10 2.45 0.18 11 46.6% -1.10 [-2.03, -0.16] i
Subtotal (95% CI) 22 23 100.0%  -1.10[-1.73, -0.46] <>
Heterogeneity: Chi? = 0.00, df =1 (P = 0.99); I? = 0%

Test for overall effect: Z = 3.39 (P = 0.0007)

PWB20% (day 28)

Mortreux et al. 2019a 2.69 0.46 15 296 03 14 100.0% -0.67 [-1.42, 0.08] .
PWB40% (day 7)

Mortreux et al. 2019a 2.41 0.26 12 244 0.2 12 100.0% -0.12[-0.93, 0.68] -
PWB40% (day 14)

Mortreux et al. 2019b 2.26 0.17 6 255 0.16 6 15.9% -1.62 [-3.00, -0.24] e
Mortreux et al. 2018 233 0.2 10 245 0.18 11 39.1% -0.61[-1.49, 0.27] - &
Mortreux et al. 2019a 2.36 0.2 12 249 0.22 12 45.0% -0.60 [-1.42, 0.22] - .
Subtotal (95% CI) 28 29 100.0%  -0.76 [-1.31, -0.21] o
Heterogeneity: Chiz = 1.76, df =2 (P = 0.41); 2= 0%

Test for overall effect: Z = 2.72 (P = 0.007)

PWB40% (day 28)

Mortreux et al. 2019a 2.63 0.25 12 296 03 14 100.0% -1.15 [-1.99, -0.31] i

PWB70% (day 7)

Mortreux et al. 2019a 2.38 0.2 12 244 0.2 12 100.0%

PWB70% (day 14)

-0.29 [-1.09, 0.52] ——

Mortreux et al. 2019a 2.33 0.34 12 249 022 12 58.1% -0.54 [-1.36, 0.28] L
Mortreux et al. 2018 232 0.39 7 245 0.18 1 41.9% -0.45[-1.41, 0.52] -J
Subtotal (95% CI) 19 23 100.0% -0.50 [1.12, 0.12] >
Heterogeneity: Chi? = 0.02, df = 1 (P = 0.88); I = 0%

Test for overall effect: Z = 1.57 (P = 0.12)

PWB70% (day 28)

Mortreux et al. 2019a 2.79 0.24 12 296 03 14 100.0% -0.60 [-1.39, 0.19] T

Gastrocnemuis Wet Muscle Mass (mg)
Female Mice
PWB20% (day 21)

Swift et al. 2013 89.01 7.52 11 107.71 6.86 11 100.0% -2.50 [-3.67, -1.33] A
PWB40% (day 21)
Wagner et al. 2010 90.88 9.38 4 118.73 5.58 13 25.8% -4.05[-5.97, -2.14] +—
Swift et al. 2013 86.22 8.94 13 107.71 6.86 11 742% -2.57 [-3.70, -1.44] .
Subtotal (95% CI) 17 24 100.0% -2.96 [-3.93, -1.98] -
Heterogeneity: Chi? = 1.70, df = 1 (P = 0.19); I = 41%
Test for overall effect: Z = 5.95 (P < 0.00001)
Y2 o ¢ 4

<« Decrease Increase -

Fig. 3. Effect of Partial Weight-Bearing (PWB) on Gastrocnemius Wet Muscle Mass (SD = standard deviation, Std. = standardized and CI = confidence interval).

In female rats, CSA of the soleus fibers expressing MyHC 1 declined by
14.2% whilst those expressing MyHC 2 were unaffected (-0.2%) relative
to the controls. Triceps brachii average fiber CSA are displayed in Sup-
plementary Fig. S5 (https://doi.org/10.5281/zenodo.5550222).

3.5. Rear and front paw grip force

The effects of PWB on grip force are displayed for the rear and front

paws (Fig. 9). In male rats, rear paw grip force declined at all PWB loads
and exposure durations. Rapid reductions in rear paw grip force
(expressed as percentage differences to baseline scores between the PWB
and control groups) were observed by day 7 at all PWB levels and was
more pronounced at lower loads (PWB20%: -46.3%; PWB40%: -41.3%;
PWB70%: -30.8%). At day 14, changes in rear paw grip force were
mixed and either increased or decreased from day 7 (PWB20%: -48.4%;
PWB40%: -45.2%; PWB70%: -37.0%), but remained impaired relative to
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Partial Weight Bearing Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Soleus Wet Muscle Mass (g)
Male Rats
PWB20% (day 7)
Mortreux et al. 2019a 0.176 0.021 12 0.207 0.03 11 100.0% -1.16 [-2.06, -0.27] i
PWB20% (day 14)
Mortreux et al. 2018 0.179 0.022 10 0.223 0.017 11 44.9% -2.16 [-3.29, -1.04] - -
Mortreux et al. 2019a 0.181 0.022 12 0.222 0.017 12 55.1% -2.01 [-3.03, -1.00] i
Subtotal (95% Cl) 22 23 100.0%  -2.08 [-2.83, -1.33] <>
Heterogeneity: Chi2 = 0.04, df = 1 (P = 0.85); I? = 0%
Test for overall effect: Z = 5.42 (P < 0.00001)
PWB20% (day 28)
Mortreux et al. 2019a 0.194 0.034 15 0.225 0.025 14 100.0% -1.00 [-1.78, -0.22] N -
PWB40% (day 7)
Mortreux et al. 2019a 0.189 0.024 12 0.207 0.03 11 100.0% -0.64 [-1.49, 0.20] T
PWB40% (day 14)
Mortreux et al. 2019b 0.175  0.012 5 0.214 0.009 6 10.2% -3.42[-5.56,-1.27]
Mortreux et al. 2018 0.184 0.022 10 0.223 0.017 11 40.8% -1.92 [-2.99, -0.85] - -
Mortreux et al. 2019a 0.186 0.021 12 0.222 0.017 12 48.9% -1.82[-2.80, -0.84] — &
Subtotal (95% Cl) 27 29 100.0%  -2.02[-2.71, -1.34] -
Heterogeneity: Chi? = 1.83, df =2 (P = 0.40); I? = 0%
Test for overall effect: Z=5.79 (P < 0.00001)
PWB40% (day 28)
Mortreux et al. 2019a 0.186  0.031 12 0.225 0.025 14 100.0% -1.35[-2.22, -0.48] I
PWB70% (day 7)
Mortreux et al. 2019a 0.186 0.024 12 0.207 0.03 11 100.0% -0.75 [-1.60, 0.10] T
PWB70% (day 14)
Mortreux et al. 2018 0.184 0.019 7 0.223 0.017 11 38.2% -2.09 [-3.31, -0.87] - &
Mortreux et al. 2019a 0.189 0.02 12 0.222 0.017 12 61.8% -1.72 [-2.68, -0.76] ..
Subtotal (95% CI) 19 23 100.0%  -1.86 [-2.61, -1.10] -
Heterogeneity: Chi? = 0.22, df = 1 (P = 0.64); 12 = 0%
Test for overall effect: Z = 4.82 (P < 0.00001)
PWB70% (day 28)
Mortreux et al. 2019a 0.203 0.023 12 0.225 0.025 14 100.0% -0.88 [-1.70, -0.07] .

Soleus Wet Muscle Mass (mg)
Female Mice

PWB20% (day 21)

Swift et al. 2013 3.86 0.58 11 589 0.82 11
Bokhari et al. 2019 291 0.88 8 465 0.58 8
Subtotal (95% CI) 19 19 1
Heterogeneity: Chi? = 0.35, df = 1 (P = 0.55); I? = 0%

Test for overall effect: Z = 5.46 (P < 0.00001)

PWB40% (day 21)

Swift et al. 2013 4.41 0.85 13 589 0.82 11
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Fig. 4. Effect of Partial Weight-Bearing (PWB) on Soleus Wet Muscle Mass (SD = standard deviation, Std. = standardized and CI = confidence interval).

controls. At day 28, rear paw grip force declined to the greatest extent
across all PWB groups (PWB20%: -87.9%; PWB40%: -80.5%; PWB70%:
-61.2%). In female rats, rear paw grip force increased by a small effect
(4.6%) following 7-days of PWB40% but thereafter decreased by a large
effect at day 14 (-11.8%).

Male and female rats following 7 and 14 days of PWB40% displayed
differential responses to changes in front paw grip force (no other PWB
load of time-point available). Male rats displayed a rapid reduction in

front paw grip force following 7-days of exposure (-8.9%) that worsened
by day 14 (-20.4%). Female rats displayed no change by day 7, and only
a 2.9% reduction following 14-days of PWB40% exposure.

3.6. Hindlimb nerve-stimulated torque generation

The effects of PWB on dorsiflexion/plantarflexion torque production
and normalized plantarflexion maximum tetanic impulse are displayed
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Partial Weight Bearing Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Quadriceps Wet Muscle Mass (g)
Male Rats
PWB20% (day 7)
Mortreux et al. 2019a 2.93 0.17 10 3.28 0.25 10 100.0% -1.57 [-2.60, -0.54] — i
PWB20% (day 14)
Mortreux et al. 2018 2.78 0.18 10 3.43 0.25 11 37.3% -2.84 [-4.12, -1.56] —
Mortreux et al. 2019a 2.78 0.42 12 345 0.25 12 62.7% -1.87 [-2.86, -0.88] — -
Subtotal (95% Cl) 22 23 100.0% -2.23 [-3.02, -1.45] <=
Heterogeneity: Chi? = 1.38, df = 1 (P = 0.24); 1> =27%
Test for overall effect: Z = 5.59 (P < 0.00001)
PWB20% (day 28)
Mortreux et al. 2019a 3.2 0.45 15 3.98 0.37 14 100.0% -1.83 [-2.72, -0.95] .
PWB40% (day 7)
Mortreux et al. 2019a 3.14 0.25 9 3.28 025 10 100.0% -0.53 [-1.46, 0.39] — T
PWB40% (day 14)
Mortreux et al. 2018 2.79 0.23 10 3.43 0.25 11 39.7% -255[-3.76,-1.34) — & ———
Mortreux et al. 2019a 2.89 0.33 12 345 0.25 12 60.3% -1.85[-2.83, -0.86] —
Subtotal (95% CI) 22 23 100.0% -2.13 [-2.89, -1.36] ~
Heterogeneity: Chiz = 0.79, df =1 (P = 0.38); I? = 0%
Test for overall effect: Z = 5.46 (P < 0.00001)
PWB40% (day 28)
Mortreux et al. 2019a 3.23 0.29 12 398 0.37 14 100.0% -2.16 [-3.16, -1.16) —
PWB70% (day 7)
Mortreux et al. 2019a 3.09 0.29 9 3.28 025 10 100.0% -0.67 [-1.61, 0.26] T
PWB70% (day 14)
Mortreux et al. 2018 2.98 0.22 7 343 0.25 11 37.7% -1.79 [-2.95, -0.64] - &
Mortreux et al. 2019a 3.07 0.3 12 345 0.25 12 62.3% -1.33[-2.23, -0.43] — .
Subtotal (95% CI) 19 23 100.0% -1.50 [-2.21, -0.79] P
Heterogeneity: Chi? = 0.38, df =1 (P = 0.54); I?= 0%
Test for overall effect: Z = 4.15 (P < 0.0001)
PWB70% (day 28)
Mortreux et al. 2019a 3.44 0.25 12 398 0.37 14 100.0% -1.63 [-2.54, -0.72] —
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Fig. 5. Effect of Partial Weight-Bearing (PWB) on Quadriceps Wet Muscle Mass (SD = standard deviation, Std. = standardized and CI = confidence interval).

in Fig. 10. In male rats, plantarflexion torque production reduced by
very large effects at day 28 (no other time-point available) across all
PWB levels (PWB20%: -11.8%; PWB40%: -11.1%; PWB70%: -7.8%).
Normalized plantarflexion maximum impulse similarly declined at day
28 across all PWB levels and was most severe at PWB20% (-37.5%) but
comparable between PWB40% (-20.0%) and PWB70% (-22.2%). In fe-
male rats, dorsiflexion torque production declined by small effects
following PWB40% at days 7 (-9.6%) and 14 (-11.4%).

4. Discussion
4.1. Summary of main findings

This study is the first systematic review and meta-analysis regarding
the effect of PWB for 1-4 weeks on rodent skeletal muscle morphology
and function. The main findings were that most PWB data currently
relate to a Wistar male rat population where nearly all morphological
(calf circumference, wet muscle mass, and myofiber CSA) and functional
(grip force and plantarflexion torque production) parameters declined
during PWB relative to normal weight-bearing. Limited evidence was
available for female rats and mice, however, they appeared to be less
and more susceptible to PWB-induced deconditioning, respectively.

Atrophy was more evident in skeletal muscles with an anti-gravity/
postural role (e.g., soleus) than those without (e.g., gastrocnemius),
particularly in male rats. Preferential atrophy was observed in myofibers
expressing MyHC 1 in the soleus, and MyHC 2 in the gastrocnemius, for
both male and female rats. The percentage of myofibers expressing
MyHC 1 in the male rat soleus reduced, particularly during PWB40% by
days 14 and 28, whilst the composition of the gastrocnemius remained
largely unchanged. Higher PWB loading (PWB20% — PWB40% —
PWB70%) tended to mitigate skeletal muscle deconditioning, but for
most outcomes failed to entirely prevent it. However, there were cases
where differences between PWB levels were comparable. The largest
amount of atrophy commonly occurred within the first 1-2 weeks of
exposure before slowing, whilst functional deconditioning appeared to
be more progressive. The magnitude of deconditioning varied by
outcome, PWB level, exposure duration, and rodent sex and species.
There was frequent homogeneity across study findings for a given
outcome and risk of bias was low/unclear for almost all studies.

4.2. Comparison of partial weight-bearing findings to rodents and humans
during unloading and microgravity

The use of rodents as pre-clinical and/or translational models for
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Std. Mean Difference
IV, Fixed, 95% CI

Std. Mean Difference
IV, Fixed, 95% CI

Partial Weight Bearing Control
Study or Subgroup Mean SD__ Total Mean SD Total Weight
Gastrocnemius Type 1 Fiber (%)
Male Rats
PWB20% (day 7)
Mortreux et al. 2019a 10.92 5.84 11 1073 64 11 100.0%
PWB20% (day 14)
Mortreux et al. 2019a 12.46 6 11 101 554 11 100.0%
PWB20% (day 28)
Mortreux et al. 2019a 12.86 7.96 11 1153 524 11 100.0%
PWB40% (day 7)
Mortreux et al. 2019a 12.52 5.74 11 1073 6.4 11 100.0%
PWB40% (day 14)
Mortreux et al. 2019b 9.32 4.07 6 11.12 436 6 34.6%
Mortreux et al. 2019a 10.18 5.9 11 101 554 11 65.4%
Subtotal (95% CI) 17 17 100.0%
Heterogeneity: Chi* = 0.32, df = 1 (P = 0.57); P = 0%
Test for overall effect: Z =0.37 (P =0.71)
PWB40% (day 28)
Mortreux et al. 2019a 14.89 9.55 11 1153 524 11 100.0%
PWB70% (day 7)
Mortreux et al. 2019a 11.43 6.4 11 1073 64 11 100.0%
PWB70% (day 14)
Mortreux et al. 2019a 11.07 3.55 11 101 554 11 100.0%
PWB70% (day 28)
Mortreux et al. 2019a 12.18 6.67 11 1153 524 11 100.0%
Soleus Type 1 Fiber (%)
Male Rats
PWB20% (day 7)
Mortreux et al. 2019a 90.19 8.69 11 90.96 4.15 11 100.0%
PWB20% (day 14)
Mortreux et al. 2019a 84.08 7.06 11 86.94 7.99 11 100.0%
PWB20% (day 28)
Mortreux et al. 2019a 8478  11.48 11 8868 6 11 100.0%
PWB40% (day 7)
Mortreux et al. 2019a 89.15 6.14 11 90.96 4.15 11 100.0%
PWB40% (day 14)
Mortreux et al. 2019b 7718 6.2 6 89.27 953 6 322%
Mortreux et al. 2019a 78.51 6.87 11 86.94 7.99 11 67.8%
Subtotal (95% CI) 17 17 100.0%
Heterogeneity: Chi? = 0.13, df =1 (P = 0.71); P = 0%
Test for overall effect: Z = 3.10 (P = 0.002)
PWB40% (day 28)
Mortreux et al. 2019a 82.39 10.22 11 88.68 6 11 100.0%
PWB70% (day 7)
Mortreux et al. 2019a 88.28 7.83 11 90.96 4.15 11 100.0%
PWB70% (day 14)
Mortreux et al. 2019a 85.32 879 11 86.94 799 11 100.0%
PWB70% (day 28)
Mortreux et al. 2019a 85.95 7.83 11 8868 6 11 100.0%
Female Rats
PWB40% (day 14)
Semple et al. 2020 8432 16.24 7 8121 7.05 7 100.0%

0.03[-0.81,0.87]

0.39 [-0.45, 1.24]

0.19 [-0.65, 1.03]

0.28 [-0.56, 1.12]

0.39 [-1.54, 0.75]
0.01[-0.82, 0.85]
-0.13 [0.80, 0.55]

0.42[-0.43,1.27]

0.11[0.73, 0.94]
0.20 [-0.64, 1.04]

0.10[-0.73, 0.94]

-0.11[-0.95, 0.73]
0.36 [1.21, 0.48]

-0.41[-1.26, 0.44]

-0.33[-1.18, 0.51]

-1.39[-2.71, 0.07]
-1.09 [-2.00, -0.18]
-1.18 [1.93, -0.44]

-0.72[1.59, 0.15]

-0.41[-1.26, 0.43]

0.19[-1.02, 0.65]

0.38[-1.22, 0.47)

0.23[-0.82, 1.29]

.
-4 2 0 2 4
« Decrease Increase —

Fig. 6. Effect of Partial Weight-Bearing (PWB) on Gastrocnemius and Soleus Muscle Fiber Composition (SD = standard deviation, Std. = standardized and CI =

confidence interval).

human biomedical research has been on-going for decades both in the
context of terrestrial and aerospace medicine. This is due to their ge-
netic, anatomical, and physiological similarities to humans [Bryda,
2013, Globus and Morey-Holton, 2016]. Direct comparisons between
the present findings and the equivalent in humans are challenging as
there is limited evidence concerning morphological and functional ad-
aptations of human skeletal muscle in real/simulated hypogravity

10

[Richter et al., 2017, Swain et al., 2021]. Only one human study has
investigated muscle atrophy following exposure to a hypogravity analog
(9.5° head-up tilt bed rest) in which quadriceps volume reduced
following 6-days of exposure to simulated Lunar gravity (~20% full
loading) [Cavanagh et al., 2013]. This response is comparable to rodents
exposed to 7-days of PWB20%, where quadriceps wet muscle mass was
also reduced. Interestingly, the deconditioning patterns observed during
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Partial Weight Bearing Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Gastrocnemius CSA (um?)
Male Rats
PWB20% (day 7)
Mortreux et al. 2019a 1,862 295 12 2,174 384 12 100.0% -0.88 [-1.72, -0.03] —
PWB20% (day 14)
Mortreux et al. 2019a 1,954 222 12 2,249 340 12 100.0% -0.99 [-1.85, -0.13] -

PWB20% (day 28)
Mortreux et al. 2019a 2,124 180 11 2,580 349 12 100.0% -1.56 [-2.52, -0.60] e

PWB40% (day 7)

Mortreux et al. 2019a 2,098 191 12 2,174 384 12 100.0% -0.24 [1.05, 0.56] ——
PWB40% (day 14)

Mortreux et al. 2019b 1,887 257 6 2,328 368 6 295% -1.28 [-2.58, 0.01] ——
Mortreux et al. 2019a 1,991 283 12 2,249 340 12 705% -0.80 [1.63, 0.04] —il—
Subtotal (95% Cl) 18 18 100.0%  -0.94 [-1.64, -0.24] <>

Heterogeneity: Chi? = 0.38, df = 1 (P = 0.54); 1> = 0%
Test for overall effect: Z = 2.62 (P = 0.009)

PWB40% (day 28)

Mortreux et al. 2019a 2,227 294 12 2,580 349 12 100.0% -1.06 [-1.92, -0.19] e
PWB70% (day 7)

Mortreux et al. 2019a 1,910 217 12 2,174 384 12 100.0% -0.82 [-1.66, 0.02] i
PWB70% (day 14)

Mortreux et al. 2019a 2,166 237 11 2,249 340 12 100.0% -0.27 [-1.09, 0.55] — i

PWB70% (day 28)
Mortreux et al. 2019a 2,453 254 11 2,580 349 12 100.0% -0.40 [-1.23, 0.43] T
Female Rats

PWB40% (day 14)
Semple et al. 2020 1,647 258 7 1,929 316 7 100.0% -0.92 [-2.04, 0.21] T e

Gastrocnemius MyHC1 CSA (um?)
Male Rats

PWB40% (day 14)
Mortreux et al. 2019b 1,682 71 6 1,871 416 6 100.0% -0.30 [-1.44, 0.84] e

Female Rats

PWB40% (day 14)
Semple et al. 2020 1,596 417 7 1,667 766 7 100.0% -0.11 [-1.16, 0.94] —

Gastrocnemius MyHC2 CSA (pm?)
Male Rats

PWB40% (day 14)
Mortreux et al. 2019b 1,912 263 6 2,394 389 6 100.0% -1.34 [-2.65, -0.03] |

Female Rats

PWB40% (day 14)
Semple et al. 2020 1,647 260 7 1,933 307 7 100.0% -0.94 [-2.07, 0.181 D

-4 -2 0 2 4
« Decrease Increase —

Fig. 7. Effect of Partial Weight-Bearing (PWB) on Gastrocnemius Average Muscle Fiber Cross-Sectional Area (CSA) and Type 1 and 2 Myosin Heavy Chain (MyHC)
CSA (SD = standard deviation, Std. = standardized and CI = confidence interval).

11
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Partial Weight Bearing Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Soleus CSA (um?)
Male Rats
PWB20% (day 7)
Mortreux et al. 2019a 2,437 392 12 2,918 394 12 100.0% -1.18 [-2.06, -0.30] i
PWB20% (day 14)
Mortreux et al. 2019a 2,615 495 12 3,281 514 12 100.0% -1.27 [-2.17, -0.38] T
PWB20% (day 28)
Mortreux et al. 2019a 2,884 489 11 3,650 274 12 100.0% -1.89 [-2.90, -0.87] -
PWB40% (day 7)
Mortreux et al. 2019a 2,498 370 11 2,918 3% 12 100.0% -1.06 [-1.94, -0.17] —
PWB40% (day 14)
Mortreux et al. 2019b 2,196 483 5 3,380 277 6 18.3% -2.83[-4.72,-0.94] +—
Mortreux et al. 2019a 2,541 573 12 3,281 514 12 81.7% -1.31[-2.21, -0.42] — -,
Subtotal (95% CI) 17 18 100.0%  -1.59 [-2.40, -0.78] -

Heterogeneity: Chi? = 2.01, df = 1 (P = 0.16); I> = 50%
Test for overall effect: Z = 3.84 (P = 0.0001)

PWB40% (day 28)

Mortreux et al. 2019a 2,706 525 12 3,650 274 12 100.0% -2.18 [-3.22, -1.13] .
PWB70% (day 7)

Mortreux et al. 2019a 2,525 437 12 2,918 394 12 100.0% -0.91[-1.76, -0.06] —
PWB70% (day 14)

Mortreux et al. 2019a 2,937 569 12 3,281 514 12 100.0% -0.61[-1.43, 0.21] I e
PWB70% (day 28)

Mortreux et al. 2019a 3,198 567 12 3,650 274 12 100.0% -0.98 [-1.84, -0.12] e

Female Rats

PWB40% (day 14)
Semple et al. 2020 1,959 300 7 2,221 280 7 100.0% -0.85[-1.96, 0.27] s

Soleus MyHC1 CSA (pm?)

Male Rats

PWB40% (day 14)

Mortreux et al. 2019b 2,569 694 6 3,492 259 6 100.0% -1.63 [-3.01, -0.24] I EE—
Female Rats

PWB40% (day 14)
Semple et al. 2020 2,081 260 7 2,426 319 7 100.0% -1.11[-2.26, 0.04] D —

Soleus MyHC2 CSA (um?)
Male Rats

PWB40% (day 14)
Mortreux et al. 2019b 1,959 659 6 2,674 701 6 100.0% -0.97 [-2.20, 0.26] -/ . |

Female Rats

PWB40% (day 14)
Semple et al. 2020 1,368 232 7 1,371 150 7 100.0% -0.01[-1.06, 1.03] T

I I Il I
, T T 1

-4 -2 0 2 4
« Decrease Increase -

Fig. 8. Effect of Partial Weight-Bearing (PWB) on Soleus Average Muscle Fiber Cross-Sectional Area (CSA) and Type 1 and 2 Myosin Heavy Chain (MyHC) CSA (SD =
standard deviation, Std. = standardized and CI = confidence interval).
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Partial Weight Bearing Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD_Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
Rear Paw Grip Force (% change from baseline)
Male Rats
PWB20% (day 7)
Mortreux et al. 2019a -29.17 2227 35 19.18 29.88 36 73.8% -1.81[-2.37, -1.25] i
Mortreux et al. 2018 -2868  29.35 10 11.07 38.07 1M1 262% -1.12[-2.05, -0.18] T
Subtotal (95% CI) 45 47 100.0%  -1.63 [-2.11, -1.15] <>
Heterogeneity: Chi? = 1.57, df = 1 (P = 0.21); I* = 36%
Test for overall effect: Z = 6.67 (P < 0.00001)
PWB20% (day 14)
Mortreux et al. 2019a -19.04 2246 23 30.66 326 24 68.1% -1.74 [-2.42, -1.06] R
Mortreux et al. 2018 -23.83 2274 10 21.8 34.09 11 31.9% -1.50 [-2.49, -0.50] —
Subtotal (95% Cl) 33 35 100.0%  -1.66 [-2.22,-1.10] -
Heterogeneity: Chi? = 0.16, df = 1 (P = 0.69); I = 0%
Test for overall effect: Z = 5.81 (P < 0.00001)
PWB20% (day 28)
Mortreux et al. 2019a -32.72 14.01 11 5521 28.78 12 100.0% -369[-5.12,-226) +— ——
PWB40% (day 7)
Mortreux et al. 2019b -27.7 19.83 6 26.27 37.74 6 99% -1.65 [-3.04, -0.26] I
Mortreux et al. 2019a -20.22  20.83 36 19.18 29.88 36 69.0% -1.51[-2.04, -0.99] i
Mortreux et al. 2018 -30.16  21.82 10 11.07 38.07 1M1 21.0% -1.26 [-2.21, -0.30]
Subtotal (95% CI) 52 53 100.0%  -1.47 [-1.91, -1.04] L 2
Heterogeneity: Chi? = 0.28, df =2 (P = 0.87); = 0%
Test for overall effect: Z = 6.59 (P < 0.00001)
PWB40% (day 14)
Mortreux et al. 2019a -20.15  25.08 24 30.66 326 24 553% -1.72 [-2.39, -1.05] i
Mortreux et al. 2018 -17.59  28.49 10 21.8 34.09 M 27.7% -1.20 [-2.14, -0.25] —_—
Mortreux et al. 2019b -6.18  31.83 6 27.24 37.91 6 16.9% -0.88 [-2.09, 0.33] - 1
Subtotal (95% CI) 40 41 100.0%  -1.43 [-1.93,-0.93] L 2
Heterogeneity: Chi? = 1.74, df = 2 (P = 0.42); I = 0%
Test for overall effect: Z = 5.64 (P < 0.00001)
PWB40% (day 28)
Mortreux et al. 2019a -25.31 24.65 12 55.21 28.78 12 100.0% -2.90 [-4.10, -1.70] —
PWB70% (day 7)
Mortreux et al. 2019a -16.4  26.02 36 19.18 29.88 36 77.9% -1.26 [-1.76, -0.75] n
Mortreux et al. 2018 1.41 23.97 7 11.07 38.07 1M 221% -0.27 [-1.23, 0.68] -
Subtotal (95% CI) 43 47 100.0%  -1.04 [-1.49, -0.59] L 2
Heterogeneity: Chi* = 3.17, df = 1 (P = 0.07); I = 68%
Test for overall effect: Z = 4.54 (P < 0.00001)
PWB70% (day 14)
Mortreux et al. 2019a -9.64 26.33 24 3066 326 24 716% -1.34 [-1.97,-0.71] =
Mortreux et al. 2018 -7.35 25.72 7 218 34.09 11 284% -0.89 [-1.89, 0.11] —
Subtotal (95% CI) 31 35 100.0%  -1.21[-1.74, -0.68] L 4
Heterogeneity: Chi? = 0.55, df = 1 (P = 0.46); I = 0%
Test for overall effect: Z = 4.44 (P < 0.00001)
PWB70% (day 28) _
Mortreux et al. 2019a -5.99  27.59 12 55.21 28.78 12 100.0% -2.10[-3.13, -1.07] e
Female Rats
PWB40% (day 7)
Semple et al. 2020 -0.52 25.88 7 -5.16 17.73 7 100.0% 0.20 [-0.86, 1.25] gl
PWB40% (day 14)
Semple et al. 2020 -11.62 9.95 7 0.18 12.04 7 100.0% -1.00[-2.14,0.13] T
Front Paw Grip Force (% change from baseline)
Male Rats
PWB40% (day 7) o
Mortreux et al. 2019b 251 6.81 6 114 7.46 6 100.0% -1.15[-2.41, 0.11] T
PWB40% (day 14)
Mortreux et al. 2019b -4.15  13.07 6 16.29 11.33 6 100.0% -1.54 [-2.90, -0.18] il
Female Rats
PWB40% (day 7)
Semple et al. 2020 =272 1212 7 -278 524 7 100.0% 0.01[-1.04, 1.05] e
PWB40% (day 14)
Semple et al. 2020 -1.29 6.11 7 1.58 9.59 7 100.0% -0.33[-1.39, 0.72] e
4 2 0 2 4
« Decrease Increase —

Fig. 9. Effect of Partial Weight-Bearing (PWB) on rear and front paw grip force (SD = standard deviation, Std. = standardized and CI = confidence interval).

PWB resemble those in rodents and humans exposed to microgravity and

microgravity analogs [Qaisar et al., 2020].

Muscle atrophy, as determined by reductions in calf circumference,
wet muscle mass, and myofiber CSA, occurred during exposure to PWB.

13

Deconditioning was particularly evident in muscles with an anti-
gravity/postural function (e.g., soleus and quadriceps), whilst the
gastrocnemius was affected to a lesser degree in male rats. Non-
standardized mean differences confirm that in female mice during 21
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Partial Weight Bearing Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD_ Total IV, Fixed, 95% CI IV, Fixed, 95% ClI
Plantarflexion Torque AUC (mN/s)
Male Rats
PWB20% (day 28)
Mortreux et al. 2019a 6.7 5.67 10 513 4.68 4 -2.04 [-3.50, -0.57] I
PWB40% (day 28)
Mortreux et al. 2019a -5.95 1.85 7 513 468 4 -3.27 [-5.38, -1.17] —
PWB70% (day 28)
Mortreux et al. 2019a 271 17 7 513 468 4  -2.36[-4.09,-0.62] S —
Normalized Plantarflexion Maximum Impulse (mN/s/g)
PWB20% (day 28)
Mortreux et al. 2019a 617 247 10 9.87 284 4  -1.47[-2.80,-0.14] —t
PWB40% (day 28)
Mortreux et al. 2019a 79 1.02 7 987 284 4 -0.98 [-2.31, 0.35] —
PWB70% (day 28)
Mortreux et al. 2019a 7.68 08 7 987 284 4 -1.13[-2.50, 0.23] —
Dorsiflexion Torque AUC (change from baseline [mN/s])
Female Rats
PWB40% (day 7)
Semple et al. 2020 -15.65 19.77 7 -6.08 18.19 7 -0.47 [-1.54, 0.60] - 1
PWB40% (day 14)
Semple et al. 2020 -11.9 22.05 7 -05 2412 7 -0.46 [-1.53, 0.61] -
4 2 o b 4
« Decrease Increase -

Fig. 10. Effect of Partial Weight-Bearing (PWB) on Nerve-Stimulated Plantarflexion and Dorsiflexion Torque (AUC = area under curve, SD = standard deviation,

Std. = standardized and CI = confidence interval).

days of PWB20%, atrophy in the soleus (-34% and -37%) was larger than
the gastrocnemius (-17%). However, at PWB40%, the difference was
more comparable (soleus: -25%; gastrocnemius: -20% and -23%). It is
important to highlight that mice strains (C57BL/6 and BALB/c) are
inbred and are genetically homogenous [Beck et al., 2000], whilst the
Wistar rat strain is outbred, sharing more genetic variability as seen in
human populations [Bryda, 2013, Donovan et al., 2018]. Therefore,
rodent species and strain are likely to mediate the deconditioning
response during exposure to PWB. Nonetheless, deconditioning of the
plantarflexors and quadriceps is comparable to findings from rodents
and humans exposed to microgravity and microgravity analogs, where
anti-gravity/postural muscles are highly susceptible to atrophy [Win-
nard et al., 2019, Qaisar et al., 2020, Fitts et al., 2000, Qaisar et al.,
2020]. In addition, the rate of atrophy during PWB was rapid, occurring
within the first one to weeks of exposure before slowing or plateauing
and is akin to what occurs in rodents during exposure to HLU [Bodine,
2013]. However, in human bed-rest studies, muscle atrophy occurs at a
slower rate, often taking several weeks to months to reach moder-
ate/large effect sizes [Winnard et al., 2019]. Some studies reported wet
muscle mass normalized to rodent’s body weight. However, in terms of
deconditioning, this parameter can be difficult to interpret due to other
variables influencing body weight such as bone loss, food intake, and
changes in body composition [Mortreux et al., 2018]. It is important to
recognize that in the current review, findings were predominantly from
Wistar male rats. Female rat PWB data were limited to one study and
displayed slightly different responses to males; mean myofiber CSA re-
ductions were comparable between the soleus (-12%) and gastrocne-
mius (-15%) whilst calf circumference did not change [Semple et al.,
2020]. Sex is known to mediate skeletal muscle deconditioning
[Rosa-Caldwell and Greene, 2019, Rosa-Caldwell et al., 2021], there-
fore, future comparative studies are important to understanding

14

sex-based differences in response to PWB.

During disuse, muscle atrophy has been attributed to the combina-
tion of unloading and muscle inactivity, which affects the dynamics of
muscle protein turnover [Bodine, 2013, Phillips et al., 2009, Rudrappa
et al., 2016]. It is, therefore, important to highlight that the degree of
muscle atrophy and PWB have been shown to display moderate to strong
linear relationships [Mortreux et al., 2018, Mortreux et al., 2019, Ell-
man et al., 2013]. This observation may have been distorted in the
present review due to the use of Hedges’ G statistic, which is sensitive to
sample size and variation, which sometimes differed between PWB
groups. When PWB data are interpreted as mean differences to the
control group, it becomes clearer that higher PWB loading frequently
attenuated deconditioning. Therefore, despite rodents having the ability
to ambulate and incur mechanical loading, partial reductions in
weight-bearing, even just 30% below full loading, still caused notable
levels of muscle atrophy in a dose-response fashion across the so-called
‘gravity continuum’ (0g — 1g) [Swift et al., 2013].

Preferential atrophy of specific fiber-types was observed during PWB
within the soleus and gastrocnemius in male and female rats. Myofibers
expressing MyHC 1 in the soleus were more atrophied than those
expressing MyHC 2. The opposite trend occurred in the gastrocnemius
whereby myofibers expressing MyHC 2 atrophied more than those
expressing MyHC 2. Previous reviews have highlighted that rodents’
often display preferential atrophy of slow-twitch fibers during exposure
to spaceflight or weightlessness analogs whilst human fast-twitch fibers
appear at least as susceptible, if not more, than slow-twitch fibers [di
Prampero and Narici, 2003, Tanaka et al., 2017, Hikida et al., 1989,
Bloomfield, 1997]. Therefore, appreciation of species differences is
important when considering the potential transferability of findings. In
rats following spaceflight, changes in the CSA between different myo-
fiber types within the gastrocnemius have been shown to vary between
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the superficial and deep layers [Kraemer et al., 2000]. Therefore, it is
important for future research to address whether atrophy of myofibers
expressing MyHC 2 in the gastrocnemius is a unique deconditioning
feature of PWB or a consequence of the methods used to assess these
outcomes.

The proportion of myofibers expressing MyHC 1 in the soleus tended
to reduce in male rats during PWB. However, for unclear reasons, this
was most pronounced at PWB40% at days 14 and 28 where MyHC 1
expression reduced by 8-12% and 6%, respectively. Data from one study
identified that the proportion of myofibers expressing MyHC 1 remained
largely unchanged in female rats following PWB, suggesting sex-based
differences in this parameter. Similarly, MyHC 1 expression in the
male rat gastrocnemius during PWB at all loads remained largely un-
changed up to 28 days exposure, showing no more than ~3% difference
(no female data available). Previous spaceflight and weightlessness
analog studies in rodents and humans generally observe a slow-to-fast
MyHC isoform shift in predominantly slow-twitch skeletal muscles (e.
g., soleus) [Qaisar et al., 2020, Staron et al., 1998, Shenkman, 2016,
Gallagher et al., 2005, Talmadge, 2000]. Characterization of the MyHC
spectrum would improve understanding of phenotypic changes during
PWB (e.g., [Kraemer et al., 2000]). Furthermore, even when MyHC
shifts have not been observed at the protein level, changes in MyHC gene
expression at the mRNA level have [Andersen et al., 1999]. These data
suggest that susceptible muscles are in a translational state and may
require more time before phenotypic changes in MyHC expression can
be observed. Implications of the soleus, a postural muscle, increasing the
expression of faster MyHC isoforms during PWB is likely to reduce fa-
tigue resistance and impair its anti-gravity function due to differences in
MyHC metabolic profiles and contractile properties [Shenkman, 2016,
Grichko et al., 2000, Harridge et al., 1996].

Muscle function was impaired in male rats during PWB, whilst fe-
male rats were relatively less affected. Grip force is a general measure-
ment of voluntary muscle strength in rodents and rapidly declined (in
male rats) for both the rear and front paws during exposure to PWB
[Bonetto et al., 2015]. Rear paw grip force was the only measurement to
be taken over several exposure durations (in male rats only). Despite a
rapid reduction occurring by day 7 and appearing to plateau between
days 7 and 14, there was a drastic loss of grip force by day 28 across all
PWB loads, indicating a progressive loss of function. The loss of grip
force also occurred in a dose-response relationship with PWB load. Rear
paw grip force has been shown to decline in rats during exposure to HLU
[Song et al., 2018] and spaceflight [Shen et al., 20171, and loss of lower
limb function also occurs in humans during bed rest [Winnard et al.,
2019, Trappe et al., 2007, Trappe et al., 2008] and spaceflight [Fitts
et al., 2010, Tesch et al., 2005]. In addition to voluntary measures of
strength, tetanic nerve-stimulated plantarflexion torque decreased by
large amounts during PWB at all levels by day 28 in male rats. Similar
findings have been demonstrated in rats during HLU [Allen et al., 2006]
and in astronauts/cosmonauts following spaceflight [Narici et al.,
2003]. No data were available for plantarflexion force in female rats.
However, one study measured dorsiflexion torque which declined by
~10% during PWB40% at days 7 and 14, although the original study
failed to detect any significant difference to the control. Similarly, Fe-
male rats during exposure to 28 days of HLU have been shown to display
no significant functional impairments in the dorsiflexors [Winiarski
et al., 1987]. Similar to morphological parameters, rear paw grip force
and nerve-stimulated plantarflexion force have been demonstrated to be
linearly associated with PWB level [Mortreux et al., 2019], highlighting
that higher PWB loads are protective but not preventative of functional
deconditioning. Furthermore, normalized plantarflexion torque (to tri-
ceps surae wet muscle mass) still displayed impairments in function
following 28 days of PWB at all loads demonstrating an intrinsic loss of
muscle strength. It can be suggested that muscle atrophy caused by PWB
was a large contributor to the loss of muscle strength and may explain
differences in the rate/magnitude of functional impairments between
PWB loads and rodent sexes [Marusic et al., 2021]. However, factors
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that are associated with intrinsic losses of muscle function (e.g.,
neuromuscular parameters) remain to be determined during PWB.

The deconditioning patterns of skeletal muscle during PWB resemble
those in rodents and humans exposed to microgravity and microgravity
analogs. Alongside this, there is emerging evidence in hypogravity set-
tings highlighting that physiological deconditioning is anticipated to
occur in humans [Richter et al., 2017, Cavanagh et al., 2013]. Therefore,
the present findings provide reason to suggest that in hypogravity en-
vironments, such as the Moon and Mars, humans might also experience
atrophy and functional impairment of skeletal muscle. However, rodents
and humans undergo disuse-induced deconditioning slightly differently.
Whilst evidence supports that both rodents and humans show a sus-
tained decrease in the rate of basal protein synthesis during complete
unloading, debate exists with regards to changes in proteolysis in
humans [Bodine, 2013, Phillips et al., 2009]. It is unclear whether
species differences regarding muscle protein turnover during exposure
to low levels of mechanical stimuli may lead to significant differences in
their susceptibility to hypogravity-induced deconditioning. Therefore,
further research is needed to determine the effects of hypogravity on
human skeletal muscle morphology and function.

4.3. Findings within the context of Lunar and Martian missions

The International Space Exploration Coordination Group has
affirmed that 14 space agencies are interested in expanding human
presence in the solar system [NASA, 2020]. It is estimated that the first
human-Moon mission will occur in 2024 to begin preparing for the first
human-Mars mission by the mid-to-late 2030s. These missions will
expose humans to hypergravity (launch and landing), microgravity
(transits), and hypogravity (surface exploration). Lunar and Martian
missions will differ considerably in terms of transit and surface explo-
ration durations due to their astronomical position in space, orbital
paths relative to Earth, and mission objectives [Connolly et al., 2018].
Earth-Moon transit durations will be relatively short (3-5 days) but may
increase to several weeks if an orbiting gateway is used [Connolly et al.,
2018, Horneck and Comet, 2006]. Lunar surface exploration durations
will vary depending on mission objectives and are assumed to range
from short-term (3-5 days) to medium (42 days) and long-term
(6-month) stays [Connolly et al., 2018]. Earth-Mars transit durations
will be much longer, ranging from 6-12 months, with surface explora-
tion durations ranging from short (30 days) to long-term durations
(~300-500 days) depending on mission structure estimations [Connolly
et al., 2018, Horneck et al., 2006].

In microgravity (~0g), significant morphological and functional
deterioration of human skeletal muscle occurs, especially during pro-
longed exposure [Fitts et al., 2010, Winnard et al., 2019]. Exercise
countermeasures have, therefore, been implemented onboard the ISS to
protect/attenuate adverse deconditioning of skeletal muscle [Fitts et al.,
2010]. Exercise during Moon and Mars transit is likely to be more
challenging as small multi-purpose spacecraft such as the Orion have
limited upload mass, volume, and power usage/access [Laws et al.,
2020]. Whilst it may be less of an issue for short-term Lunar transit,
muscle deconditioning due to reduced exercise quality/quantity in
long-duration transit to Mars is a major concern [Winnard et al., 2019].
Astronauts/cosmonauts may, therefore, arrive on the Lunar and,
particularly Martian, surface in a deconditioned state.

The findings from the present study indicate that Lunar and Martian
hypogravities (16% and 38% partial weight-bearing, respectively) will
lead to structural and functional deconditioning in muscle compared to
Earth’s gravity and that the patterns of deconditioning will be similar to
those that occur in microgravity. It is important to acknowledge, how-
ever, that these findings reflect adaptations in rodents previously
exposed to Earth’s gravity. Given the effect of mechanical loading on
muscle, exposure to hypogravity following microgravity transit may
potentially offer some degree of muscular re-conditioning. However, the
present findings suggest that the level of protection hypogravity will
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provide may be significantly less than that of Earth’s gravity. In rodents,
it has been demonstrated that 7-days of HLU followed by 7-days of PWB
at 40% body mass (simulated mission to Mars) compromises muscular
health more than 14-days of 40% PWB [Mortreux et al., 2019]. It re-
mains in question whether muscular health remains compromised dur-
ing long-term PWB exposure following complete unloading or if it
eventually reaches comparable levels to a group exposed to PWB
without prior unloading. Nevertheless, whether Lunar/Martian hypo-
gravity is sufficient to uphold the physical capabilities of the crew
during surface exploration remains unclear but has critical implications
for the requirement of exercise countermeasures aimed at mitigating
muscular deconditioning (e.g., resistance exercise). Strength-related
parameters are key determinants of extra-vehicular activity (EVA) per-
formance and crew that fall below the minimum physical requirements
for any given EVA are expected to either fail the task or finish in an
unacceptable amount of time [Ryder et al., 2019, Taylor et al., 2018].
This could become life-threatening in the case of emergency procedures.
Taken together, the present findings demonstrate the need to investigate
how human muscular health is affected by different levels of partial
weight-bearing (e.g., simulated Lunar and Martian gravities) and
whether these settings provide a reconditioning effect following a period
of complete unloading. This evidence can directly inform countermea-
sure requirements for extraterrestrial exploration to uphold astronaut
performance. A more comprehensive discussion on this matter can be
found elsewhere [Swain et al., 2021].

5. Quality of the evidence and overall completeness

The current review aimed to synthesize the effects of PWB on rodent
skeletal muscle morphology and function. It is clear from the search
recall that this topic remains novel and only a small number of studies
presently exist in this area, although a preliminary meta-analyses of
multiple outcomes was viable. Only a few recent studies have conducted
comprehensive muscle assessments across several PWB levels
(PWB20%, PWB40%, and PWB70%) and exposure durations (up to four
weeks) [Mortreux et al., 2018, Mortreux et al., 2019], whilst others have
reported fewer and sometimes unique muscle outcomes specific to one
PWB level and exposure duration. Therefore, the overall completeness of
evidence remains limited but is expected to expand once the PWB model
becomes increasingly recognized and employed by wider research
communities. Current PWB studies are highly homogenous in terms of
study methods, however, wider employment of the model may increase
their diversity, making inter-study comparisons and pooling data more
challenging. It is, therefore, crucial for researchers to consider/agree to
use standardized study designs and outcome measurements. Alongside a
greater number of partial weight-bearing studies, more standardized
methods will improve the statistical power of meta-analyses in future
reviews. Lastly, consideration of which rodent outcomes are most
important and transferable to humans and aerospace medical operations
will help improve their real-world utility for human clinical trials and
extraterrestrial exploration.

5.1. Quality of the PWB model

It is important to address whether the PWB model can introduce
confounding, for example, by influencing muscle outcomes independent
of loading. In male rats, the PWB apparatus (forelimb jacket and hin-
dlimb pelvic harness attached via a chain link) has been shown not to
influence muscle outcomes following 28 days of PWB in two normal
weight-bearing control groups (with and without the apparatus) [Mor-
treux et al., 2020]. Additionally, the rat pelvic harness has also been
shown to not influence blood pressuring or hindlimb oxygen saturation
during PWB [Mortreux et al., 2020]. In female mice, a tail wrap is used
instead of a pelvic harness and has been shown to not influence soleus
wet muscle mass. However, a small significant decline (3.3%) in the
gastrocnemius mass of control animals wearing the PWB apparatus
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[Ellman et al., 2013]. Therefore, gastrocnemius data from female mice
should be interpreted with caution.

Two independent PWB studies in rats have demonstrated that pa-
rameters associated with the activation of the hypothalamic-pituitary-
adrenal (HPA) axis (e.g., plasma corticosterone, adrenal gland weight,
and spleen weight) did not show any indication of chronic stress in
response to several weeks of PWB [Semple et al., 2020, Mortreux et al.,
2020]. Static weight distribution between the forelimbs and hindlimbs
during PWB has been demonstrated in a small sample (n = 3-5) of male
rats to differ by small amounts across PWB loads [Mortreux et al., 2020].
Because mechanical loading characteristics have important influence
over muscle adaptation, this can introduce bias in forelimb/hindlimb
data depending on how rodents manage their weight distribution; future
research is being planned to investigate this further [Mortreux et al.,
2020].

Rodents in PWB often display a decline in body mass relative to
controls which can create bias in outcomes that are influenced by factors
other than muscle such as fat-free mass in limb girth measurements and,
therefore, these data should be interpreted with caution [Mortreux et al.,
2019]. Further, the PWB model can cause slight changes in rodent
feeding behavior compared to controls, although this has been shown to
be only transient, occurring within the first few days of suspension
before stabilizing [Ryder et al., 2019]. The ecological validity of the
PWB model relative to real hypogravity settings (e.g., the Moon and
Mars) has yet to be established. Hypogravity research is currently
limited to ground-based studies. Thus, ensuring that the PWB model can
mimic physiological phenomena observed in real hypogravity is rele-
vant to its future application. The Cosmos 2044 missions provided
necessary spaceflight data to validate the HLU weightlessness rodent
model [Morey-Holton et al., 2005] and similar steps are currently un-
derway to validate the PWB model using the Japan Aerospace Explo-
ration Agency centrifuge onboard the ISS [Shiba et al., 2017].

5.2. Risk of bias

The overall RoB was predominantly low/unclear for both the SYR-
CLE’s RoB tool (low [63%], unclear [21%], and high [17%]) [Hooij-
mans et al., 2014] (Table 4) and PWB-RoBC (low [75%], unclear [23%],
and high [2%]) (Supplementary Table S3; https://doi.org/10.
5281/zenodo.5550379). Wagner et al. 2010 [Wagner et al., 2010] was
the only study to have at least three or more high RoB and, therefore,
data pertaining to this study should be interpreted with caution. In the
study, the control group differed from the PWB groups in terms of social
and physical housing conditions (group-housed in standard vivarium
cages vs. singly housed in custom PWB cages). This would have also
compromised the blinding of intervention groups during the experiment
due to the intervention and control groups being visually distinguish-
able. Additionally, the study maintained PWB stability within +5% of
the desired load for only 77% of the study days. The only other high
RoBs related to recent studies utilizing rats whereby animals were
allocated to intervention groups based on body weight (non-random
method) and were unable to maintain caregiver/investigator blinding
due to the PWB model requiring daily adjustment to maintain PWB
stability. One of the main drawbacks was the infrequent reporting of
potential RoB in study manuscripts. Future PWB studies would, there-
fore, benefit from utilizing the SYRCLE’s RoB tool and recently devel-
oped PWB-RoBC [Swain et al.] to guide the development and reporting
of study methods. This can help improve research transparency, repro-
ducibility, and reduce uncertainties surrounding unclear RoB.

6. Limitations

To ensure a rigorous and transparent review process the present
study conformed to methods by PRISMA [Moher et al., 2009], the
Cochrane Handbook for Systematic Reviews of Interventions
[Cochrane], and the Space Biomedicine Systematic Review Handbook
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[Winnard et al, Winnard et al., 2021]. These methods help reduce bias
associated with non-systematic reviews. For example, by having clearly
defined review aims and objectives, an a priori study eligibility criteria,
screening multiple online databases with relevant search terms, and
using two independent and blinded reviewers to conduct the search
screening and RoB scoring. Additionally, meta-analysis was conducted
where possible to increase statistical power.

This review is not without limitations. Whilst the present review had
access to the raw data from studies by Mortreux et al. that comprised the
majority of the present findings, other studies sometimes reported
sample sizes as a range (e.g., n = 7-11) where it was not possible to
establish what the sample size was for a given outcome. Therefore, a
conservative approach was used, extracting the lowest sample size re-
ported. Due to the use of Hedges’ G which corrects for small sample bias,
this could have had either no effect or slightly underestimated effect
sizes. It is recommended that to improve data extraction for readers and
reviewers, the mean, standard deviation/error of measurement, and
sample size be reported for each outcome measurement by default,
either in the manuscript or supplementary materials. Some data had to
be extracted through figures which despite the adopted data visualiza-
tion tool being established as highly reliable and accurate [Aydin and
Yassikaya, 2020], can still introduce small errors. Qualitative de-
scriptions of the SMD magnitude (i.e., small, medium, large, very large)
and thresholds used for heterogeneity scores are generic and should not
be interpreted rigidly.

7. Conclusion

The present systematic review and meta-analysis showed that
PWB20% (simulated Lunar gravity), PWB40% (simulated Martian
gravity), and up to PWB70% (simulated moderate artificial gravity)
causes rapid deconditioning of rodent skeletal muscle at the morpho-
logical and functional levels, particularly in those with an anti-gravity/
postural role. The greatest changes occurred within the first 7 to 14 days
of exposure typically by medium to very large effects. Partial weight-
bearing at higher levels frequently attenuated deconditioning but
often failed to prevent it from occurring. The hindlimb deconditioning
patterns during PWB mimic those observed in rodents during exposure
to microgravity/HLU and in the lower limbs of humans during exposure
to microgravity/bed rest. These findings provide evidence to suggest
that humans within Lunar and Martain gravities may be suspectable to
hypogravity-induced deconditioning, particularly in the anti-gravity/
postural muscles. Future research toward the long-term effects of
hypogravity on the morphological and functional properties of human
skeletal muscle is needed to inform countermeasure development for
mitigating potential deconditioning and reduce risks to astronaut safety
and operational performance.

Data availability

All data are stored in RevMan and can be found at: https://doi.
org/10.5281/zenodo0.5727984.

Disclosure
The authors declare no conflicts of interest.
Author contributions

P.S., A.W. and N.C. conceived and designed the review; P.S. and J.M.
L. performed the literature search and screening; P.S. and M.M. collected
study data; P.S., J.M.L. and H.K. conducted risk of bias assessment; P.S.
analyzed data; P.S. prepared figures and tables; P.S. drafted the manu-
script; P.S.,, M.M., H.K., E.D., AW. and N.C. edited and revised the
manuscript; P.S., M.M., J.M.L., HK,, E.D., AW. and N.C. approved the
final version of the manuscript.

17

Life Sciences in Space Research xxx (xxxx) xxx
Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Funding
This study did not receive any funding.
Acknowledgements

The work of M. Mortreux is supported by the National Aeronautics
and Space Administration grants NNX16AL36G and 80NSSC19K1598.
The funding sources were not involved in the conduct, analysis, or
interpretation of the current review.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.1ssr.2022.06.007.

References

Ade, C, Broxterman, R, Craig, J, Schlup, S, Wilcox, S, Barstow, T., 2014. Relationship
between simulated extravehicular activity tasks and measurements of physical
performance. Respir. Physiol. Neurobiology 203, 19-27.

Allen, MR, Hogan, HA, Bloomfield, SA, 2006. Differential bone and muscle recovery
following hindlimb unloading in skeletally mature male rats. J. Musculoskelet.
Neuronal Interact. 6, 217-225.

Andersen, JL, Gruschy-Knudsen, T, Sandri, C, Larsson, L, Schiaffino, S., 1999. Bed rest
increases the amount of mismatched fibers in human skeletal muscle. J. Appl.
Physiol. (1985) 86, 455-460.

Aydin O, and Yassikaya MY. Validity and reliability analysis of the plotdigitizer software
program for data extraction from single-case graphs. 2020.

Beck, JA, Lloyd, S, Hafezparast, M, Lennon-Pierce, M, Eppig, JT, Festing, MF,

Fisher, EM., 2000. Genealogies of mouse inbred strains. Nat. Genet. 24, 23-25.

Bloomfield, SA., 1997. Changes in musculoskeletal structure and function with
prolonged bed rest. Med. Sci. Sports Exerc. 29, 197-206.

Bodine, SC., 2013. Disuse-induced muscle wasting. Int. J. Biochem. Cell Biol. 45,
2200-2208.

Bonetto, A, Andersson, DC, Waning, DL, 2015. Assessment of muscle mass and strength
in mice. Bonekey Rep. 4, 732.

Bryda, EC., 2013. The Mighty Mouse: the impact of rodents on advances in biomedical
research. Mo. Med. 110, 207-211.

Cavanagh, PR, Rice, AJ, Licata, AA, Kuklis, MM, Novotny, SC, Genc, KO, Englehaupt, RK,
Hanson, AM, 2013. A novel lunar bed rest analogue. Aviat. Space Environ. Med. 84,
1191-1195.

Cochrane. Cochrane Handbook for Systematic Reviews of Interventions https://training.
cochrane.org/current.

Cochrane. Cochrane RevMan https://training.cochrane.org/online-learning/core-sof
tWal‘c-cochranc-rcvicws/rcvman.

Connolly, JF, Drake, B, Joosten, BK, Williams, N, Polsgove, T, Merrill, R, Rucker, M,
Stecklein, J, Cirillo, W, Hoffman, S, Percy, T, 2018. The moon as a stepping stone to
human Mars missions. NASA Technical Reports Server:.

Deeks, JJ, Higgins, JP., 2010. Statistical algorithms in review manager 5. Statistical
Methods Group of The Cochrane Collaboration 1.

di Prampero, PE, Narici, MV, 2003. Muscles in microgravity: from fibres to human
motion. J. Biomech. 36, 403-412.

Donovan, F, Gresser, A, Sato, KY, Taylor, EM., 2018. A Review and Comparison of Mouse
and Rat Responses to Micro Gravity, Hyper Gravity and Simulated Models of Partial
Gravity; Species Differences, Gaps in the Available Data, and Consideration of the
Advantages and Caveats of Each Model for Spaceflight.

Ellman, R, Spatz, J, Cloutier, A, Palme, R, Christiansen, BA, Bouxsein, ML., 2013. Partial
reductions in mechanical loading yield proportional changes in bone density, bone
architecture, and muscle mass. J. Bone Miner. Res. 28, 875-885.

Fitts, RH, Riley, DR, Widrick, JJ., 2000. Physiology of a microgravity environment
invited review: microgravity and skeletal muscle. J. Appl. Physiol. (1985) 89,
823-839.

Fitts, RH, Trappe, SW, Costill, DL, Gallagher, PM, Creer, AC, Colloton, PA, Peters, JR,
Romatowski, JG, Bain, JL, Riley, DA, 2010. Prolonged space flight-induced
alterations in the structure and function of human skeletal muscle fibres. J. Physiol.
588, 3567-3592.

Fluckey, JD, Dupont-Versteegden, EE, Montague, DC, Knox, M, Tesch, P, Peterson, CA,
Gaddy-Kurten, D., 2002. A rat resistance exercise regimen attenuates losses of
musculoskeletal mass during hindlimb suspension. Acta Physiol. Scand. 176,
293-300.

Gallagher, P, Trappe, S, Harber, M, Creer, A, Mazzetti, S, Trappe, T, Alkner, B, Tesch, P.,
2005. Effects of 84-days of bedrest and resistance training on single muscle fibre


https://doi.org/10.5281/zenodo.5727984
https://doi.org/10.5281/zenodo.5727984
https://doi.org/10.1016/j.lssr.2022.06.007
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0001
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0001
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0001
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0002
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0002
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0002
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0003
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0003
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0003
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0005
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0005
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0006
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0006
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0007
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0007
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0008
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0008
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0009
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0009
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0010
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0010
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0010
https://training.cochrane.org/current
https://training.cochrane.org/current
https://training.cochrane.org/online-learning/core-software-cochrane-reviews/revman
https://training.cochrane.org/online-learning/core-software-cochrane-reviews/revman
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0013
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0013
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0013
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0014
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0014
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0015
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0015
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0016
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0016
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0016
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0016
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0017
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0017
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0017
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0018
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0018
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0018
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0019
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0019
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0019
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0019
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0020
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0020
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0020
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0020
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0021
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0021

P. Swain et al.

myosin heavy chain distribution in human vastus lateralis and soleus muscles. Acta
Physiol. Scand. 185, 61-69.

Globus, RK, Morey-Holton, E., 2016. Hindlimb unloading: rodent analog for
microgravity. J. Appl. Physiol. (1985) 120, 1196-1206.

Grichko, VP, Heywood-Cooksey, A, Kidd, KR, Fitts, RH., 2000. Substrate profile in rat
soleus muscle fibers after hindlimb unloading and fatigue. J. Appl. Physiol. (1985)
88, 473-478.

Harridge, SD, Bottinelli, R, Canepari, M, Pellegrino, MA, Reggiani, C, Esbjornsson, M,
Saltin, B., 1996. Whole-muscle and single-fibre contractile properties and myosin
heavy chain isoforms in humans. Pflugers Arch. 432, 913-920.

Harrison, BC, Allen, DL, Girten, B, Stodieck, LS, Kostenuik, PJ, Bateman, TA, Morony, S,
Lacey, D, Leinwand, LA., 2003. Skeletal muscle adaptations to microgravity
exposure in the mouse. J. Appl. Physiol. (1985) 95, 2462-2470.

Hikida, RS, Gollnick, PD, Dudley, GA, Convertino, VA, Buchanan, P., 1989. Structural
and metabolic characteristics of human skeletal muscle following 30 days of
simulated microgravity. Aviat. Space Environ. Med. 60, 664-670.

Hooijmans, CR, Rovers, MM, de Vries, RB, Leenaars, M, Ritskes-Hoitinga, M,
Langendam, MW, 2014. SYRCLE’s risk of bias tool for animal studies. BMC Med. Res.
Methodol. 14, 43.

Horneck, G, Comet, B., 2006. General human health issues for Moon and Mars missions:
results from the HUMEX study. Adv. Space Res. 37, 100-108.

Horneck, G, Facius, R, Reichert, M, Rettberg, P, Seboldt, W, Manzey, D, Comet, B,
Maillet, A, Preiss, H, Schauer, L., 2006. HUMEX, a study on the survivability and
adaptation of humans to long-duration exploratory missions, part II: missions to
Mars. Adv. Space Res. 38, 752-759.

Kraemer, WJ, Staron, RS, Gordon, SE, Volek, JS, Koziris, LP, Duncan, ND, Nindl, BC,
Gomez, AL, Marx, JO, Fry, AC, Murray, JD, 2000. The effects of 10 days of
spaceflight on the shuttle Endeavor on predominantly fast-twitch muscles in the rat.
Histochem. Cell Biol. 114, 349-355.

Kraemer, WJ, Staron, RS, Gordon, SE, Volek, JS, Koziris, LP, Duncan, ND, Nindl, BC,
Go6mez, AL, Marx, JO, Fry, AC., 2000. The effects of 10 days of spaceflight on the
shuttle Endeavour on predominantly fast-twitch muscles in the rat. Histochem. Cell
Biol. 114, 349-355.

Laws, J, Caplan, N, Bruce, C, McGrogan, C, Lindsay, K, Wild, B, Debuse, D, Wotring, V,
Winnard, A., 2020. Systematic review of the technical and physiological constraints
of the Orion Multi-Purpose Crew Vehicle that affect the capability of astronauts to
exercise effectively during spaceflight. Acta Astronautica.

LeBlanc, AD, Schneider, VS, Evans, HJ, Pientok, C, Rowe, R, Spector, E., 1992. Regional
changes in muscle mass following 17 weeks of bed rest. J. Appl. Physiol. (1985) 73,
2172-2178.

Loerch, LH., 2015. Exercise countermeasures on ISS: summary and future directions.
Aerosp. Med. Hum. Perform. 86, A92-A94.

Martin, TP, Edgerton, VR, Grindeland, RE, 1988. Influence of spaceflight on rat skeletal
muscle. J. Appl. Physiol. (1985) 65, 2318-2325.

Marusic, U, Narici, M, Simuni¢, B, Pisot, R, Ritzmann, R., 2021. Non-uniform loss of
muscle strength and atrophy during bed rest: a systematic review. J. Appl. Physiol.

Mobher, D, Liberati, A, Tetzlaff, J, Altman, DG, Group, P., 2009. Preferred reporting items
for systematic reviews and meta-analyses: the PRISMA statement. PLoS Med. 6,
€1000097.

Morey-Holton, E, Globus, RK, Kaplansky, A, Durnova, G., 2005. The hindlimb unloading
rat model: literature overview, technique update and comparison with space flight
data. Adv. Space Biol. Med. 10, 7-40.

Mortreux, M, Ko, FC, Riveros, D, Bouxsein, ML, Rutkove, SB, 2019. Longitudinal time
course of muscle impairments during partial weight-bearing in rats. NPJ
Microgravity 5, 20.

Mortreux, M, Nagy, JA, Ko, FC, Bouxsein, ML, Rutkove, SB, 2018. A novel partial gravity
ground-based analog for rats via quadrupedal unloading. J. Appl. Physiol. (1985)
125, 175-182.

Mortreux, M, Riveros, D, Bouxsein, ML, Rutkove, SB, 2019. A moderate daily dose of
resveratrol mitigates muscle deconditioning in a Martian gravity analog. Front.
Physiol. 10, 899.

Mortreux, M, Riveros, D, Bouxsein, ML, Rutkove, SB, 2019. Mimicking a space mission to
mars using hindlimb unloading and partial weight bearing in rats. JOVE (Journal of
Visualized Experiments) e59327.

Mortreux, M, Riveros, D, Semple, C, Bouxsein, ML, Rutkove, SB, 2020. The partial
weight-bearing rat model using a pelvic harness does not impact stress or hindlimb
blood flow. Acta Astronautica 168, 249-255.

Mortreux, M, Rosa-Caldwell, ME, 2020. Approaching gravity as a continuum using the
rat partial weight-bearing model. Life 10, 235.

Narici, M, Kayser, B, Barattini, P, Cerretelli, P., 2003. Effects of 17-day spaceflight on
electrically evoked torque and cross-sectional area of the human triceps surae. Eur.
J. Appl. Physiol. 90, 275-282.

NASA, 4 July, 2020. The Global Exploration Roadmap. https://www.nasa.gov/sites/de
fault/files/atoms/files/ger_2018_small_mobile.pdf.

Ohira, Y, Jiang, B, Roy, RR, Oganov, V, Ilyina-Kakueva, E, Marini, JF, Edgerton, VR,
1992. Rat soleus muscle fiber responses to 14 days of spaceflight and hindlimb
suspension. J. Appl. Physiol. (1985) 73, 51S-57S.

Ouzzani, M, Hammady, H, Fedorowicz, Z, Elmagarmid, A., 2016. Rayyan-a web and
mobile app for systematic reviews. Syst. Rev. 5, 210.

Phillips, SM, Glover, EI, Rennie, MJ, 2009. Alterations of protein turnover underlying
disuse atrophy in human skeletal muscle. J. Appl. Physiol. (1985) 107, 645-654.

Ploutz-Snyder, LL, Downs, M, Goetchius, E, Crowell, B, English, KL, Ploutz-Snyder, R,
Ryder, JW, Dillon, EL, Sheffield-Moore, M, Scott, JM., 2018. Exercise training
mitigates multisystem deconditioning during bed rest. Med. Sci. Sports Exerc. 50,
1920-1928.

18

Life Sciences in Space Research xxx (xxxx) xxx

Qaisar, R, Karim, A, Elmoselhi, AB., 2020. Muscle unloading: A comparison between
spaceflight and ground-based models. Acta Physiol. (Oxf) 228, e13431.

Qaisar, R, Karim, A, Elmoselhi, AB., 2020. Muscle unloading: A comparison between
spaceflight and ground-based models. Acta Physiologica 228, e13431.

Richter, C, Braunstein, B, Winnard, A, Nasser, M, Weber, T, 2017. Human biomechanical
and cardiopulmonary responses to partial gravity - a systematic review. Front.
Physiol. 8, 583.

Rosa-Caldwell, ME, Greene, NP., 2019. Muscle metabolism and atrophy: let’s talk about
sex. Biol. Sex Differ. 10, 1-14.

Rosa-Caldwell, ME, Lim, S, Haynie, WA, Brown, JL, Deaver, JW, Morena Da Silva, F,
Jansen, LT, Lee, DE, Wiggs, MP, Washington, TA, 2021. Female mice may have
exacerbated catabolic signalling response compared to male mice during
development and progression of disuse atrophy. J. Cachexia, Sarcopenia and Muscle.

Rosenthal, JA., 1996. Qualitative descriptors of strength of association and effect size.
J. So. Serv. Res. 21, 37-59.

Rudrappa, SS, Wilkinson, DJ, Greenhaff, PL, Smith, K, Idris, I, Atherton, PJ, 2016.
Human skeletal muscle disuse atrophy: effects on muscle protein synthesis,
breakdown, and insulin resistance-a qualitative review. Front. Physiol. 7, 361.

Ryder, JW, Fullmer, P, Buxton, RE, Crowell, JB, Goetchius, E, Bekdash, O, DeWitt, JK,
Hwang, EY, Feiveson, A, English, KL, Ploutz-Snyder, LL, 2019. A novel approach for
establishing fitness standards for occupational task performance. Eur. J. Appl.
Physiol. 119, 1633-1648.

Sandona, D, Desaphy, JF, Camerino, GM, Bianchini, E, Ciciliot, S, Danieli-Betto, D,
Dobrowolny, G, Furlan, S, Germinario, E, Goto, K, Gutsmann, M, Kawano, F,
Nakai, N, Ohira, T, Ohno, Y, Picard, A, Salanova, M, Schiffl, G, Blottner, D,
Musaro, A, Ohira, Y, Betto, R, Conte, D, Schiaffino, S., 2012. Adaptation of mouse
skeletal muscle to long-term microgravity in the MDS mission. PLoS One 7, e33232.

Sandri, M., 2008. Signaling in muscle atrophy and hypertrophy. Physiology (Bethesda).
23, 160-170.

Semple, C, Riveros, D, Nagy, JA, Rutkove, SB, Mortreux, M., 2020. Partial weight-bearing
in female rats: proof of concept in a martian-gravity analog. Front. Physiol. 11, 302.

Shen, H, Lim, C, Schwartz, AG, Andreev-Andrievskiy, A, Deymier, AC, Thomopoulos, S.,
2017. Effects of spaceflight on the muscles of the murine shoulder. FASEB J. 31,
5466-5477.

Shenkman, BS., 2016. From slow to fast: hypogravity-induced remodeling of muscle fiber
myosin phenotype. Acta Naturae 8, 47-59.

Shiba, D, Mizuno, H, Yumoto, A, Shimomura, M, Kobayashi, H, Morita, H, Shimbo, M,
Hamada, M, Kudo, T, Shinohara, M, Asahara, H, Shirakawa, M, Takahashi, S., 2017.
Development of new experimental platform "MARS’-Multiple Artificial-gravity
Research System-to elucidate the impacts of micro/partial gravity on mice. Sci. Rep.
7, 10837.

Song, H, Cho, S, Lee, HY, Lee, H, Song, W, 2018. The Effects of progressive resistance
exercise on recovery rate of bone and muscle in a rodent model of hindlimb
suspension. Front. Physiol. 9, 1085.

Staron, RS, Kraemer, WJ, Hikida, RS, Reed, DW, Murray, JD, Campos, GE, Gordon, SE,
1998. Comparison of soleus muscles from rats exposed to microgravity for 10 versus
14 days. Histochem. Cell Biol. 110, 73-80.

Swain, P, Laws, J, De Martino, E, Wotring, V, Caplan, N, Winnard, A, 2021. Effectiveness
of exercise countermeasures for the prevention of musculoskeletal deconditioning in
simulated hypogravity: A systematic review. Acta Astronautica 185, 236-243.

Swain P, Mortreux M, Rosa-Caldwell ME, and Winnard A. Rodent Partial Weight-Bearing
Model: Risk of Bias Checklist https://www.researchgate.net/publication
/354952198 _Rodent_Partial Weight-Bearing_Model Risk_of Bias_Checklist.

Swift, JM, Lima, F, Macias, BR, Allen, MR, Greene, ES, Shirazi-Fard, Y, Kupke, JS,
Hogan, HA, Bloomfield, SA, 2013. Partial weight bearing does not prevent
musculoskeletal losses associated with disuse. Med. Sci. Sports Exerc. 45,
2052-2060.

Talmadge, RJ., 2000. Myosin heavy chain isoform expression following reduced
neuromuscular activity: potential regulatory mechanisms. Muscle Nerve 23,
661-679.

Tanaka, K, Nishimura, N, Kawai, Y., 2017. Adaptation to microgravity, deconditioning,
and countermeasures. J. Physiol. Sci. 67, 271-281.

Taylor, A, Kotarsky, CJ, Bond, CW, Hackney, KJ., 2018. Occupational-specific strength
predicts astronaut-related task performance in a weighted suit. Aerosp. Med. Hum.
Perform. 89, 58-62.

Tesch, PA, Berg, HE, Bring, D, Evans, HJ, LeBlanc, AD., 2005. Effects of 17-day
spaceflight on knee extensor muscle function and size. Eur. J. Appl. Physiol. 93,
463-468.

Trappe, S, Creer, A, Minchev, K, Slivka, D, Louis, E, Luden, N, Trappe, T., 2008. Human
soleus single muscle fiber function with exercise or nutrition countermeasures
during 60 days of bed rest. Am. J. Physiol. Regul. Integr. Comp. Physiol. 294,
R939-R947.

Trappe, TA, Burd, NA, Louis, ES, Lee, GA, Trappe, SW, 2007. Influence of concurrent
exercise or nutrition countermeasures on thigh and calf muscle size and function
during 60 days of bed rest in women. Acta Physiol. (Oxf) 191, 147-159.

Wackerhage, H, Schoenfeld, BJ, Hamilton, DL, Lehti, M, Hulmi, JJ., 2019. Stimuli and
sensors that initiate skeletal muscle hypertrophy following resistance exercise.

J. Appl. Physiol. (1985) 126, 30-43.

Wagner, EB, Granzella, NP, Saito, H, Newman, DJ, Young, LR, Bouxsein, ML., 2010.
Partial weight suspension: a novel murine model for investigating adaptation to
reduced musculoskeletal loading. J. Appl. Physiol. (1985) 109, 350-357.

Winiarski, AM, Roy, RR, Alford, EK, Chiang, PC, Edgerton, VR, 1987. Mechanical
properties of rat skeletal muscle after hind limb suspension. Exp. Neurol. 96,
650-660.

Winnard, A, Caplan, N, Bruce-Martin, C, Swain, P, Velho, R, Meroni, R, Wotring, V,
Damann, V, Weber, T, Evetts, S., 2021. Developing and implementing novel


http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0021
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0021
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0022
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0022
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0023
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0023
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0023
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0024
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0024
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0024
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0025
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0025
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0025
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0026
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0026
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0026
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0027
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0027
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0027
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0028
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0028
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0029
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0029
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0029
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0029
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0030
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0030
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0030
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0030
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0031
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0031
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0031
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0031
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0032
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0032
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0032
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0032
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0033
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0033
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0033
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0034
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0034
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0035
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0035
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0036
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0036
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0037
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0037
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0037
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0038
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0038
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0038
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0039
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0039
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0039
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0040
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0040
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0040
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0041
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0041
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0041
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0042
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0042
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0042
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0043
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0043
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0043
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0044
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0044
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0045
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0045
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0045
https://www.nasa.gov/sites/default/files/atoms/files/ger_2018_small_mobile.pdf
https://www.nasa.gov/sites/default/files/atoms/files/ger_2018_small_mobile.pdf
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0047
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0047
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0047
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0048
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0048
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0049
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0049
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0050
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0050
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0050
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0050
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0051
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0051
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0052
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0052
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0053
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0053
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0053
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0054
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0054
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0055
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0055
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0055
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0055
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0056
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0056
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0057
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0057
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0057
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0058
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0058
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0058
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0058
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0059
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0059
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0059
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0059
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0059
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0060
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0060
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0061
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0061
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0062
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0062
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0062
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0063
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0063
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0064
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0064
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0064
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0064
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0064
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0065
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0065
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0065
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0066
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0066
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0066
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0067
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0067
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0067
https://www.researchgate.net/publication/354952198_Rodent_Partial_Weight-Bearing_Model_Risk_of_Bias_Checklist
https://www.researchgate.net/publication/354952198_Rodent_Partial_Weight-Bearing_Model_Risk_of_Bias_Checklist
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0069
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0069
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0069
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0069
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0070
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0070
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0070
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0071
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0071
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0072
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0072
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0072
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0073
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0073
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0073
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0074
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0074
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0074
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0074
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0075
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0075
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0075
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0076
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0076
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0076
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0077
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0077
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0077
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0078
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0078
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0078
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0079
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0079

ARTICLE IN PRESS

P. Swain et al. Life Sciences in Space Research xxx (xxxx) xxx
techniques during primary space medicine data systematic reviews. Aerosp. Med. Winnard, A, Scott, J, Waters, N, Vance, M, Caplan, N., 2019. Effect of time on human
Hum. Perform. 92, 681-688. muscle outcomes during simulated microgravity exposure without countermeasures-

Winnard A, Rochelle V, Virginia W, Simon E, and Tobias W. Space Biomedicine systematic review. Front. Physiol. 10, 1046.

Systematic Review Methods Handbook https://sites.google.com/view/sr-methods/g
uides/methods-handbook.

19


http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0079
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0079
https://sites.google.com/view/sr-methods/guides/methods-handbook
https://sites.google.com/view/sr-methods/guides/methods-handbook
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0081
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0081
http://refhub.elsevier.com/S2214-5524(22)00042-6/sbref0081

	Skeletal muscle deconditioning during partial weight-bearing in rodents – A systematic review and meta-analysis
	1 Introduction
	2 Materials and method
	2.1 Search strategy
	2.2 Study eligibility criteria
	2.3 Data extraction
	2.4 Data analysis
	2.5 Risk of bias assessment

	3 Results
	3.1 Calf circumference
	3.2 Wet muscle mass
	3.3 Muscle fiber composition
	3.4 Muscle fiber cross-sectional area
	3.5 Rear and front paw grip force
	3.6 Hindlimb nerve-stimulated torque generation

	4 Discussion
	4.1 Summary of main findings
	4.2 Comparison of partial weight-bearing findings to rodents and humans during unloading and microgravity
	4.3 Findings within the context of Lunar and Martian missions

	5 Quality of the evidence and overall completeness
	5.1 Quality of the PWB model
	5.2 Risk of bias

	6 Limitations
	7 Conclusion
	Data availability
	Disclosure
	Author contributions
	Declaration of Competing Interest
	Funding
	Acknowledgements
	Supplementary materials
	References


