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Spaceflight exposes astronauts to extended periods of micro-
gravity, effectively removing the daily mechanical loading
that usually stimulates the musculoskeletal system. This also
occurs in clinical situations of unloading, including extended
bed rest, paralysis, and paraplegia. The absence of mechanical
stimulation leads to the deterioration of mechanosensitive
tissues, such as bones, resulting in reduced bone mineral
density (BMD) and deficits in bone architecture1 primarily
through a remodeling imbalance favoring bone resorption and
increased osteoclast activity.2

Bone loss occurs rapidly in microgravity, whereas recovery
after return to Earth is slow.1 As human space exploration
moves toward longer-duration missions, such as a Mars expe-
dition or permanent lunar bases, preserving skeletal health
has become a critical challenge. Current countermeasures to
mitigate bone loss during spaceflight include nutritional sup-
plementation (eg, vitamin D) and exercise regimens (notably
resistive exercise devices).3 Potential pharmacological inter-
ventions (eg, bisphosphonates) also attenuate disuse-induced
bone loss4, but are not commonly used in astronauts.5

A deeper understanding of the effects of microgravity and
unloading on human bone metabolism is essential to address
the challenges of skeletal deterioration during spaceflight and
disuse. However, experimental and clinical research in space
faces significant logistical and technical limitations, including
restricted access to flight opportunities, limited sample sizes,
and high costs. Consequently, there is a need for ground-based
models that reproduce the effects of microgravity and allow
systematic testing of potential countermeasures.

Such models, including head-down tilt (HDT) bed rest in
humans, rodent hindlimb unloading, and clinostat-based cell
culture approaches, provide valuable platforms to study bone
responses to unloading and to evaluate interventions.6 For
human studies, horizontal and HDT tilt bed rest have been
used to simulate reduced mechanical loading. The HDT model

mimics the cephalic shift of fluid observed during space-
flight.7 Studies using the HDT model recapitulate the main
findings observed in space, including muscle and bone loss
and increased bone resorption markers. There is also often
only partial recovery, though some discrepancies have been
reported in non-weight bearing bones, such as the radius.6

While BMD and bone microstructural parameters are com-
monly reported, Bone Marrow (BM) composition is often
overlooked. Growing evidence highlights the role of bone
marrow adipose tissue (BMAT) in bone homeostasis,8 empha-
sizing the need to include marrow analyses in microgravity
analog studies. In rodents, bone marrow adipocyte number
and size increase during spaceflight.9 In humans, 60 d of
bed rest similarly increase vertebral bone marrow fat fraction
(BMFF), an indirect measure of marrow lipid that correlates
with BMAT content and persists up to one year after re-
ambulation.10 In males, increased BMFF from bed rest can be
prevented by resistive exercise with or without whole-body
vibration.11 However, the ability of artificial gravity to pre-
vent BMAT accumulation during bed rest has not been tested.

In the study by Culliton et al.,12 they evaluated 2 artifi-
cial gravity paradigms to counter the deleterious effects of
unloading on the spine during 60 d of 6◦ HDT bed rest in
24 participants. Artificial gravity at 2 G was applied either
once daily for 30 min or intermittently 6 times per day for
5 min using a human centrifuge, with outcomes compared to
a bed rest-only control group. Longitudinal follow-up (up to
720 d post-bed rest) included serial 3T MRI for BMFF and
DXA for BMD.

In the control group, vertebral BMFF increased during
60 d of bed rest, consistent with previous reports.6,7 Both
continuous and intermittent artificial gravity prevented this
increase. Participants exposed to artificial gravity also showed
marked BMFF depletion below baseline after 8 or 90 d
of re-ambulation, consistent across all MRI sequences. This
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mirrors findings in astronauts, where BMFF declined 41 d
postflight and coincided with higher osteocalcin levels, sug-
gesting renewed bone formation.13 This result is intriguing
and could indicate that increased metabolic activity in the re-
ambulation period leads to local depletion of lipid reserves
within BMAT. Similarly, the enhanced depletion of BMFF after
re-ambulation in the artificial gravity groups suggests that
mechanical stimulation during unloading may have helped
to keep the mature BMAT adipocytes in a more adaptable,
lipolytic state, accelerating the utilization of stored energy
reserves in response to new bone formation.

The biological effects of BMAT accumulation in bone
homeostasis remain incompletely understood. While high
levels of BMAT are frequently associated with bone fragility,
in part because mesenchymal progenitors may preferentially
differentiate into adipocytes at the expense of osteoblasts,
BMAT may also serve as an energy reservoir and secrete
fatty acids, adipokines, and cytokines that can support
hematopoiesis or bone adaptation in response to changes in
energy demand or mechanical unloading.8 Our understanding
of the relationship between mechanical loading and BMAT
function remains incomplete and an open area of future
investigation.

The study also confirmed previously reported effects of
bed rest on BMD. BMD declined over time in controls but
was preserved by intermittent (6 × 5 min/d) rather than con-
tinuous (30 min/d) artificial gravity. Although intermittent
treatment showed a trend toward faster BMD recovery during
re-ambulation, this effect was not statistically significant.
While some associations between BMAT and BMD reached
significance, they were weak. The low correlation coefficients
suggest these relationships may not represent a strong or
biologically meaningful link, indicating a possible dissociation
between BMAT and bone regulation during unloading and
artificial gravity. Finally, the limited sample size prevented the
assessment of potential sex-specific effects.

In summary, 60 d of bed rest replicated key skeletal changes
seen during spaceflight and unloading, including the decline
in BMD observed in astronauts and the increase in BMAT
reported in rodents. Implementing artificial gravity via a
human centrifuge presents a promising countermeasure to
maintain bone and BMAT homeostasis during long-duration
missions. Although current centrifuge designs are not practical
for use aboard the International Space Station, they could
become valuable tools in future stationary space habitats.
Moreover, artificial gravity-based physical countermeasures
may also have applications on Earth, offering a means to
protect and preserve bone in clinical settings where exercise
or weight bearing is limited.
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