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Prolonged exposure to microgravity causes severe musculoskeletal deconditioning, including a monthly loss of 1–2% in bone 
mineral density and a 20–30% reduction in muscle strength, particularly in antigravity muscles. These alterations compro-
mise astronauts’ functional capacity and mission safety. This work examines physical exercise as the primary countermea-
sure against microgravity-induced deconditioning and proposes a three-phase rehabilitation model applicable to pre-flight, 
in-flight, and post-flight stages. A systematic literature review (2015–2025) was conducted using PubMed and Google 
Scholar, selecting 15 relevant studies from NASA, ESA, and Roscosmos programs. Results show that resistive and combined 
aerobic-resistive training (e.g., flywheel systems, ARED, NASA SPRINT) effectively mitigate bone and muscle loss, though 
full recovery after spaceflight remains incomplete. The study highlights the physiotherapist’s pivotal role in designing and 
monitoring multimodal, individualized exercise protocols that bridge aerospace medicine and terrestrial rehabilitation.
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Introduction
The microgravity environment represents one of 
the most critical factors affecting human health du-
ring long-duration space missions. The absence of 
mechanical loading profoundly alters physiological 
adaptation processes, leading to a rapid loss of mu-
scle mass and bone mineral density. Studies con-
ducted over the past decades and especially in the 
last ten years have shown that astronauts can lose 
up to 1–2% of bone mineral density per month and 
experience a 20–30% reduction in muscle strength, 
mainly affecting antigravity muscles and trabecular 
bone structures with higher turnover rates1. Micro-
gravity-induced changes involve a complex network 
of cellular and molecular mechanisms. At the ske-
letal level, the reduction in mechanical stimulation 
decreases osteoblastic activity and increases osteo-
clastic resorption, resulting in altered calcium meta-
bolism and loss of trabecular integrity.2 In parallel, 
skeletal muscle undergoes remodelling characte-
rized by atrophy of type 1 muscle fibers, reduced 
cross-sectional area, and mitochondrial dysfunctions 
that compromise fatigue resistance.³ The major space 
agencies NASA, ESA, and Roscosmos have progres-
sively developed several countermeasures to mitigate 
these effects. Physical exercise currently represents 
the most effective and physiologically sustainable 
intervention. Resistive devices such as the Advan-
ced Resistive Exercise Device (ARED) and integrated 
programs like NASA SPRINT, which combine aero-
bic and high-intensity resistive training, have proven 
effective in preserving bone and muscle mass during 
long-duration missions.⁴ Other approaches, such 
as ground-based head-down bed rest simulation, 
axial loading suits (Pingvin suit), and lower body 
negative pressure exercises, are used to test coun-

termeasure efficacy under controlled conditions. 
Despite these advances, no strategy has yet achieved 
complete prevention of deconditioning. The residual 
adaptations observed after return to Earth’s gravity 
require specific and multidimensional rehabilitation 
protocols that integrate mechanical, metabolic, and 
neuromotor stimuli. Based on these premises, the 
present study analyses the role of physical exercise 
as a key countermeasure against microgravity-indu-
ced musculoskeletal deconditioning and proposes 
an integrated rehabilitation model applicable to the 
pre-flight, in-flight, and post-flight phases.

Materials and Methods
This review was not registered in a public databa-
se prior to its conduct. The literature search was 
performed by a single investigator and focused on 
studies published over the past ten years, retrieved 
from the electronic databases PubMed and Google 
Scholar. The study selection process was illustrated 
using a PRISMA-style flow diagram; however, the 
review was not conducted in full accordance with 
PRISMA guidelines. The search strategy employed 
the following keywords: “microgravity”, “muscu-
loskeletal deconditioning”, “exercise countermeasu-
res”, “spaceflight”, and “bone loss”. Inclusion criteria: 
studies published between 2015 and 2025; human 
subjects exposed to real or simulated microgravity 
(e.g., spaceflight, bed-rest); trials, systematic reviews, 
or experimental protocols addressing the effects of 
exercise on musculoskeletal function; papers in En-
glish with available full text. Exclusion criteria: stu-
dies on animals, publications before 2015, abstracts 
without quantitative data, duplicated or non-rele-
vant articles, and papers not available in English. A 
total of 15 studies were selected and analysed, focu-
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sing on the effects of microgravity on bone mineral 
density, muscle strength, body composition, and po-
stural control, as well as on the efficacy of resistive, 
aerobic–resistive, and isoinertial exercise counter-
measures used by NASA, ESA, and Roscosmos.

Results
A total of 1,417 articles were initially identified 
through database searches. After applying relevan-
ce filters and removing duplicates, 1,250 studies 
were excluded because they lacked full text, were 
published before 2015, or were not relevant to the 

topic of microgravity and physical exercise. During 
the screening phase, 167 articles were reviewed by 
title and abstract; 95 of these were excluded due 
to non-congruent topics or duplication across da-
tabases. In the eligibility phase, 72 full-text articles 
were assessed, and 57 were excluded as not directly 
relevant to the research question or lacking quanti-
tative results. Ultimately, 15 studies were included 
in the final analysis, in which the full text was read 
as shown in the flowchart in Figure 1, to construct 
the main bibliography of the narrative review sum-
marized in Table 1.
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Records identified from
Database:
             (N=1417)

Records removed before
screening:
  Duplicate records removed:
   (N=1250)

Records screened:
                   (N=167)
Pubmed, N=82
Google Sholar query n.1, N=33
Google Sholar query n.2, N=52
Manual search, N=1

Records excluded: (N=95)

Abstract full test examination: (N=72)
Pubmed, N=42
Google scholar query n.1, N=12
Google scholar query n.2, N=52
Manual search, N=1

Reports excluded: (N=57)

- Not relevant for the purposes of the question

- Results not significant

Studies included in review: (N=15)

Pubmed, N=12
Google scholar query n.1, N=1
Google scholar query n.2, N=1
Manual search N=1

Fig. 1 - Flow Chart of bibliographic research
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STUDY DESIGN PURPOSE METHODS RESULTS

Trappe TA et al., 2024 
(Randomized Controlled 
Trial)

Evaluate efficacy of the 
NASA SPRINT program 
on vastus lateralis and 
soleus health during si-
mulated microgravity.

70-day head-down bed 
rest (HDBR). Participan-
ts divided into 3 groups: 
(1) Control (no exercise), 
(2) Aerobic + resistive 
exercise using treadmill/
ARED, (3) Flywheel-ba-
sed SPRINT training. 
Biopsies of vastus late-
ralis and soleus pre/post 
intervention.

Exercise groups preser-
ved muscle fiber area 
and capillary density. 
SPRINT prevented mi-
tochondrial and structu-
ral degradation observed 
in control.

Cotter JA et al., 2024 
(Randomized Controlled 
Trial)

Assess influence of exer-
cise on mitochondrial 
genomic response du-
ring bed rest.

22 males randomized 
into: (1) Bed rest only 
(n=7), (2) Bed rest + ae-
robic training 6×/week 
and resistive 3×/week 
(n=7), (3) Bed rest + 
flywheel combined trai-
ning (n=8). RNA-seq on 
muscle biopsies.

Exercise blunted tran-
scriptional suppression 
of mitochondrial genes 
and maintained oxidati-
ve enzyme expression.

Lau P et al., 2021 (Ran-
domized Controlled 
Trial)

Investigate bone meta-
bolic responses to resi-
stance training ± vibra-
tion.

6-week RCT: (1) Resi-
stance exercise with vi-
bration (WBV) (n=10), 
(2) Resistance-only 
(n=10), (3) Control 
(n=10). Blood markers: 
osteocalcin, CTX, PINP 
measured pre/post.

Exercise blunted tran-
scriptional suppression 
of mitochondrial genes 
and maintained oxidati-
ve enzyme expression.

Ogawa M et al., 2020 
(Experimental Control-
led Study)

Evaluate muscle and adi-
pose tissue changes after 
bed rest ± resistance 
exercise.

8-week HDBR with 2 
groups: (1) Bed rest only 
(n=7), (2) Bed rest + resi-
stive exercise (n=7). MRI 
scans of thighs before 
and after intervention.

Exercise attenuated mu-
scle atrophy (−5% vs 
−15%) and prevented 
adipose infiltration seen 
in control.

Ploutz-Snyder LL et 
al., 2018 (Randomized 
Controlled Trial)

Examine integrated trai-
ning effects on multisy-
stem deconditioning.

70-day HDBR: (1) Con-
trol, (2) Combined aero-
bic + resistive training 
(SPRINT). Strength, 
VO₂max, and cardiac 
output assessed.

Combined training 
maintained aerobic ca-
pacity and leg strength; 
prevented 80% of typical 
deconditioning.

Guo N et al., 2018 (Pilot 
Study)

Quantify lower limb 
forces during treadmill 
exercise with constraint 
loading.

Simulation study on tre-
admill with variable har-
ness loads (0–1.2× body 
weight). Measured EMG 
and joint torques in 10 
participants.

Constraint loading opti-
mized muscle activation 
of quadriceps and calf, 
simulating partial gravi-
ty benefits.

Kramer A et al., 2017 
(Randomized Controlled 
Trial)

Prevent deconditioning 
after 60-day bed rest.

RCT: (1) Control bed 
rest (n=10), (2) Reactive 
jump + resistive training 
(n=10). DXA, MRI, and 
EMG collected pre/post.

Exercise group preser-
ved BMD and neuromu-
scular function; control 
showed significant los-
ses.

Tab. 1 Summary of results Included articles
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Schneider SM et al., 
2016 (Experimental 
Controlled Study)

Test lower body negati-
ve pressure treadmill on 
leg strength and endu-
rance.

30-day bed rest: (1) Con-
trol (no exercise), (2) 
LBNP treadmill 40 min/
day, 6×/week. Strength, 
muscle cross-sectional 
area, and VO₂max mea-
sured.

LBNP treadmill preser-
ved lean leg mass and 
85% of extensor endu-
rance; control lost >20%.

Owerkowicz T et al., 
2016 (Pilot Controlled 
Study)

Examine gravity-inde-
pendent flywheel aero-
bic/resistance training.

4-week trial: (1) Flywhe-
el training (aerobic + re-
sistance), (2) Sedentary 
control. Oxygen uptake, 
muscle torque, and fati-
gue resistance assessed.

Flywheel training main-
tained power output and 
muscle endurance; no 
decline in aerobic per-
formance.

Sibonga J et al., 2019 
(Observational longitu-
dinal study)

Evaluate bone loss pre-
vention with in-flight 
resistive exercise.

Observational study: ISS 
astronauts using ARED 
vs pre-ARED historical 
control. DXA scans be-
fore/after 6-month mis-
sions.

ARED group had smaller 
BMD reduction (−0.9%) 
than pre-ARED (−2.7%). 
Trabecular loss partially 
mitigated.

Stavnichuk M et al., 
2020 (Systematic Re-
view and Meta-Analysis)

Quantify bone loss ma-
gnitude during space 
missions.

Systematic review & me-
ta-analysis of astronaut 
studies (n=36). Pooled 
analysis of hip, spine, fe-
mur BMD.

Bone loss 1–2%/month 
in weight-bearing sites; 
partial recovery post-fli-
ght after reloading.

Narrative review of 85 
papers (2010–2021). 
Analyzed bisphospho-
nate, antiresorptive, and 
exercise-based studies.

Combined pharmacolo-
gic + exercise regimens 
most effective; monothe-
rapy insufficient.

Genah S et al., 2021 
(Narrative Review)

Review bone metaboli-
sm and pharmacological 
countermeasures.

24 volunteers split into 
4 groups: control, resi-
stive training, aerobic 
training, and combined. 
Multiple physiological 
markers tracked.

Combined training best 
preserved muscle stren-
gth and orthostatic to-
lerance; control showed 
highest losses.

Wang L et al., 2023 
(Experimental Control-
led Study)

Summarize Chinese 90-
day HDBR experiment.

Systematic review of 
RCTs (2010–2018). In-
cluded protocols using 
ARED, flywheel, or ela-
stic resistance.

Resistance preserved 
85–90% of strength; 
minimal protection for 
bone compared to com-
bined protocols.

Fiebig L et al., 2018 
(Systematic Review of 
RCTs)

Evaluate resistive trai-
ning effects in bed rest 
studies.

Observational ISS 
cohort; astronauts 
grouped by pre-flight 
training volume. Bone 
biomarkers and DXA 
measured post-flight.

Higher pre-flight exerci-
se correlated with lower 
post-flight BMD loss 
and faster metabolic re-
covery.

Iwamoto Y et al., 2022 
(Observational correla-
tional study)

Correlate pre-flight 
exercise and bone me-
tabolism with unloa-
ding-induced bone loss.

List of abbreviations - Head-Down Bed Rest (HDBR), Integrated Resistance and Aerobic Training Study (SPRINT), Advanced 
Resistive Exercise Device (ARED), Lower Body Negative Pressure (LBNP), Procollagen Type I N-Terminal Propeptide (PINP), 
C-Terminal Telopeptide of Type I Collagen (CTX), RNA sequencing (RNA-seq), International Space Station ISS. 
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Discussion
Exercise-based countermeasures are the most ef-
fective strategy to combat musculoskeletal decon-
ditioning caused by microgravity. SPRINT protocol 
(Ploutz-Snyder et al. 2018)10: one of NASA’s most 
significant innovations, it combines high-intensi-
ty resistive and aerobic training, reducing exerci-
se time without compromising effectiveness. It has 
been shown to maintain strength, lean mass, and 
aerobic capacity during simulated bed rest (English 
et al. 2020)4. However, it requires individual cu-
stomization to avoid interference between the two 
training stimuli and to optimize adaptive responses. 
Resistive training: a well-established but not exhau-
stive countermeasure. Studies show that it preser-
ves muscle mass and strength but does not fully 
maintain aerobic capacity or completely prevent 
bone loss (Kramer et al. 2017)12. Its effectiveness 
depends on the intensity and duration of mechanical 
loading (Ogawa et al. 2020)9. Pre-flight conditio-
ning is a determining factor in minimizing in-flight 
losses. Flywheel training: appears promising due to 
its gravity-independent inertial load and strong ec-
centric component, effectively stimulating both bone 
and muscle tissue (Lau et al. 2021)8. Results show 
improvements in bone formation markers and neu-
romuscular function, though practical implementa-
tion still requires technical refinement and precise 
load calibration (Owerkowicz et al. 2016)14. The 
analysis of the available literature supports the role 
of physical exercise as the primary countermeasure 
against musculoskeletal deconditioning in microgra-
vity, as it partially restores the mechanical loading 
normally provided by Earth’s gravitational environ-
ment. Evidence suggests that the greatest effective-
ness is achieved through a multimodal and integra-
ted approach, combining mechanical, metabolic, and 
neuromotor stimuli to promote more comprehensi-
ve and sustained musculoskeletal adaptations. Ne-
vertheless, current evidence indicates that no stan-
dardized exercise protocol is yet capable of fully 
preventing the deleterious effects of microgravity. 
Several methodological limitations should be consi-
dered when interpreting these findings. The available 

evidence is derived from a relatively small number 
of studies with limited sample sizes, many of which 
rely on terrestrial analogues such as bed rest, which 
do not fully replicate the complex physiological con-
ditions of true microgravity. Moreover, substantial 
heterogeneity exists in both exercise protocols and 
outcome measures, limiting the comparability of re-
sults across studies. The absence of a unified expe-
rimental framework and the lack of direct in-flight 
validation further constrain the ability to empirically 
confirm the effectiveness of proposed exercise-based 
rehabilitation models. Finally, the scarcity of long-
term follow-up data and the lack of international 
standardization reduce the generalizability and tran-
slational applicability of current findings.

Conclusion
Microgravity-induced musculoskeletal deconditio-
ning represents a major clinical challenge for astro-
naut rehabilitation, particularly during the post-fli-
ght phase. The available evidence confirms that 
physical exercise is the primary countermeasure to 
limit losses in muscle strength, lean mass, and bone 
mineral density, with predominant involvement of 
antigravity muscles and neuromotor control. Inte-
grated and multimodal training programs combining 
high-intensity resistive exercise, aerobic stimuli, and 
neuromotor components appear to be the most ef-
fective in reducing the severity of deconditioning 
and facilitating functional recovery. However, the-
se interventions do not fully prevent microgravi-
ty-related impairments, highlighting the need for a 
structured and progressive post-flight rehabilitation 
approach aimed at restoring mechanical loading, 
functional capacity, and postural stability. Within 
this framework, the physiotherapist plays a central 
role in functional assessment, load prescription, and 
individualized exercise progression, tailoring reha-
bilitation stimuli to microgravity-induced muscular, 
skeletal, and neuromotor alterations. The integra-
tion of pre-flight, in-flight, and post-flight strategies, 
together with evidence-based and personalized pro-
tocols, is essential to optimize recovery and reduce 
injury risk upon return to Earth’s gravity.
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