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Mechanical loading is required for maintenance of the musculoskeletal system. Thus, exposure to microgravity induces
marked bone loss in both humans and animals, and is a major concern for astronauts exposed to long-duration
spaceflight, as they may be at increased risk for skeletal fragility and bone fractures. Most prior studies have relied on
dual-energy X-ray absorptiometry (DXA), a 2D technique used to assess bone mass at different skeletal sites, to assess
effects of spaceflight on bone strength and fracture risk. However, DXA-based measurements are limited in several
regards. Newer technologies, including 3D quantitative computed tomography (QCT) are able to overcome the
limitations of DXA. Moreover, QCT images can be used to estimate bone strength using a standard engineering
approach called finite element analysis. Indeed, QCT images have been used successfully to demonstrate negative
effects of spaceflight on hip bone density and strength. However, a similar examination of the effects of spaceflight on
vertebral strength has not been performed. Thus the degree of spinal deconditioning and subsequent risk of vertebral
fracture following long-duration spaceflight remains unknown.

Specific Aims:

1) Determine changes in bone density and vertebral strength following long-duration spaceflight in astronauts and
cosmonauts, including pre-flight, post-flight, and one-year after return to Earth

2) Use musculoskeletal modeling to compute subject-specific spinal loading and estimate the risk of vertebral fracture
(as the load-to-strength ratio) following long-duration spaceflight

3) Determine changes in trunk muscle size and density following long-duration spaceflight.

This research will help us to better understand risk factors for vertebral fracture. Vertebral fractures are the most
common fracture among older adults on Earth, with a prevalence of 30-50% among those over age 50. Improved insight
into the factors that increase risk for vertebral fracture could advance the clinical management of older adults and inform
better approaches to prevent these fractures.

The impact of long-duration (i.e., 6 months) spaceflight on vertebral bone strength, trunk muscle atrophy, and risk of
spine fracture has not previously been investigated. We used previously collected computed tomography (CT) scans of
the lumbar spine taken pre-flight, immediately post-flight, and one to four years after return to Earth in 17 crewmembers
with long-duration service on the International Space Station. We used CT-based finite element analysis (CT-FEA) to
estimate vertebral compressive strength and subject-specific musculoskeletal models to estimate the compressive forces
applied to the vertebral bodies during routine activities as well as a few spaceflight-specific tasks. We found that 6
months of spaceflight led to a mean (+SD) 5.6+4.3% decline in lumbar vertebral strength compared to baseline, with
65% of subjects experiencing deficits of greater than 5%. Notably, vertebral strength remained at this level after one to
four years of recovery on Earth. The decline in vertebral strength was greater than the decline in bone mineral density
(BMD) assessed by DXA (-3.6 = 3.0%) and not associated with the decline in spine DXA-BMD. The cross-sectional
area and density of paraspinal muscles were also reduced after spaceflight, with consistent recovery of muscle area but
not density after one-year readaptation on Earth. Musculoskeletal models of the trunk showed a very slight increase in
spinal loading post-flight, but in all individuals and for all simulated activities the ratio of vertebral compressive load to
vertebral compressive strength remained well below one, indicating a low risk of vertebral fracture. Additional analyses
simulating vertebral strength changes in high-loading rate simulations showed similar results.

Altogether our findings confirm and extend previous studies showing significant declines in bone strength due to 6
months of spaceflight. This study was limited to examining crewmembers with mission durations of only 4-7 months,
was conducted prior to availability of iRED (Interim Resistive Exercise Device), and none of the subjects used
bisphosphonates. Thus, future studies should investigate whether exercise and/or pharmacologic interventions can
mitigate the bone and muscle losses we observed, and should determine nature of bone loss and trunk muscle atrophy in
longer-duration missions. In particular, it is important to determine whether bone loss continues at the same rate,
accelerates, or plateaus with longer exposure to microgravity.
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