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Abstract Currently, the measurement of areal bone mineral
density (aBMD) is used at NASA to evaluate the effects of
spaceflight on the skeletal health of astronauts. Notably,
there are precipitous declines in aBMD with losses >10 %
detected in the hip and spine in some astronauts following a
typical 6-month mission in space. How those percentage
changes in aBMD relate to fracture risk in the younger-
aged astronaut is unknown. Given the unique set of risk
factors that could be contributing to this bone loss (eg,
adaptation to weightlessness, suboptimal diet, reduced phys-
ical activity, perturbed mineral metabolism), one might not
expect skeletal changes due to spaceflight to be similar to
skeletal changes due to aging. Consequently, dual-energy X-
ray absorptiometry (DXA) measurement of aBMD may be
too limiting to understand fracture probability in the astro-
naut during a long-duration mission and the risk for prema-
ture osteoporosis after return to Earth. Following a brief
review of the current knowledge-base, this paper will dis-
cuss some innovative research projects being pursued at
NASA to help understand skeletal health in astronauts.
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Introduction

In its vision for space exploration after 2020, NASA intends
to take humans beyond low Earth orbit to explore and
inhabit celestial bodies - whether it will be 6-month habita-
tion on the lunar surface, a 6-month transit to a near-Earth

asteroid or a 6-month transit and subsequent return from an
18-month stay on Mars. Therefore, in the NASA world of
integrated systems, the role of the biomedical scientists and
medical officers is to mitigate the risks to the “human
system”—the astronaut—to ensure a readiness for, and a
successful completion of, these spaceflights referred to as
exploration class missions.

To address the bone health of astronauts throughout their
active career and lifetime, NASA has developed a research
and bone health monitoring program that collects biomedi-
cal data used to define occupational risks in the astronauts
during and due to prolonged exposure to spaceflight.

However, defining risks to the skeletal health in the astro-
naut can be challenging. Bone is a complex tissue with con-
siderable heterogeneity. It is difficult to detect skeletal trends
in a cohort with a low number of subjects, ie, long-duration
astronauts that typically fly 180-day missions aboard the
International Space Station (ISS). Currently, there are less than
50 long-duration astronauts and the total number is not
expected to increase appreciably in the next 10 years. In
addition, the slow acquisition of data, the multiple and novel
factors of space travel, and the limited reference data on
skeletal health of younger persons (<45 years) further com-
plicate the ability to substantiate an osteoporosis risk, and to
define it well enough to develop a therapeutic course of action
before the ISS is no longer available (in 2020, possibly 2028)
and prior to exploration spaceflights.

Ideally, biomedical data from astronauts are surrogate
measures for physiological outcomes of interest to undergird
any clinical decision-making. Therefore, the measurement
of areal bone mineral density (aBMD) as a surrogate mea-
sure for bone strength and fracture risk in ISS astronauts was
a medical requirement by the time of the first expedition in
2000. The aBMD measurement as a sole surrogate, howev-
er, may not be sufficient for fracture prediction, especially in
the complicated patient whose bone loss is not related to
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aging. This disconnect may be even more evident in the
long-duration astronaut where some characterization of
skeletal biology suggests that changes to bones are unlike
terrestrial age-related bone loss and thus require an expand-
ed and more detailed evaluation beyond dual-energy X-ray
absorptiometry (DXA) aBMD.

Regardless of the constraints that might impede the col-
lection of astronaut data, understanding changes in bone
mass and bone quality while in the space environment is
the first step to defining an osteoporosis risk, and
establishing whether an intervention is required to mitigate
that risk. In the absence of fracture data, however, there may
not be enough data to conclude that an intervention during
spaceflight, vs after return to Earth, is required to mitigate a
risk to long term health. Moreover, there is an overarching
concern that an Earth-based intervention could do more
harm than good when provided to a typically young and
healthy cohort and in a remote and extreme environment.

This review will describe the biomedical data acquired
from long-duration astronauts to outline what is known
about skeletal biology of humans in space and will describe
some research directions that are being pursued to increase
the understanding of human skeletal biology in order to plan
for longer duration spaceflights.

The Human Research Program at NASA

For the 40+ years of manned spaceflight, the increased risks
for fracture and for early onset osteoporosis due to space-
flight are probably the most recognized risks to astronaut
health both within NASA and in the public sector. Because
of the paradigm shift in the osteoporosis field for requiring
more than aBMD for assessing bone strength and fracture
risk, however, these skeletal risks in the astronaut popula-
tion are often misunderstood and remain poorly defined. In
the general community, osteoporosis is commonly associat-
ed with geriatric ages. The average age of the long-duration
astronaut, however, is 46.8±4.3 years (range 36.8–55.3); it
could take 10–15 years after return from a mission for the
incidence of low trauma or fragility fractures due to space-
flight. The earlier fracture probability is presumed to be the
result of irreversible or persistent declines in the skeleton
with spaceflight combined with the expected declines with
aging. A fragility fracture at this age (~60s) would be
considered premature and avoidable. Bone loss with space-
flight is a biomedical change recognized by astronauts, but
they have yet to see a clinical effect of this putative occu-
pational health risk. Thus, defining how bone loss in astro-
nauts could be a risk to health or performance is critical not
only to prophylactic health management of astronauts but
also for planning exploration class missions. To this aim,
whether astronauts are predisposed to fragility or atraumatic

fractures is dependent upon (1) the biomedical measures
used to describe spaceflight-induced changes to bone, (2)
the technology to conduct those measures, (3) the translation
of those measures to fracture outcome, and (4) the applica-
tion of those measures for the surveillance of the astronaut’s
bone health.

Biomedical Data of the Long-Duration Astronaut

During the 1990s, it was believed at NASA that those
critical bone measures could be acquired by DXA. More-
over, the current NASA medical standards for bone health
are based upon aBMD T-scores of the hip and lumbar spine
where a T-score above −1 is required to qualify as an
applicant for astronaut candidacy and the efficacy of an in-
flight intervention is determined by its ability to preserve
aBMD T-scores above −2.0 at the end of the mission (“a
permissible outcome”).

Skeletal evaluations of astronauts have been conducted
since early in the manned space program. With the demon-
strated capability of DXA technology and biochemical as-
says for bone turnover [1–3] to detect profound changes in
skeletal biology in Russian cosmonauts and American as-
tronauts, it became medically required at NASA to system-
atically assess skeletal health in ISS astronauts by
conducting DXA scans and assays of biomarkers for bone
metabolism before and after spaceflight. DXA scans can also
be performed on a triennial basis after the astronaut retires.

Areal Bone Mineral Density

A seminal report of BMD data, obtained from DXA scans of
cosmonauts serving on the Russian Mir space craft, first
reported the accelerated decline in bone mass by calculating
an average loss of aBMD as 1%–1.5 % per month determined
from preflight and postflight DXA scans [1]. Recognizably,
this rate of BMD losses (1 %–1.5 % aBMD /month) exceeds
the aBMD declines (0.5 %–1 % aBMD annually) observed
with primary osteoporosis in older individuals. In addition, the
report highlighted the site-specificity of aBMD declines sub-
stantiating that losses predominate in skeletal regions that are
typically weight-bearing on Earth. These declines were later
corroborated in a retrospective analysis of BMD recovery
after long-duration spaceflight [4], which asserted a trend in
aBMD to be restored to preflight levels in astronauts after
spaceflight, albeit over a prolonged period and with high
variability. Currently, skeletal integrity is assessed by the T-
score at the end of mission referencing astronauts to a sex-
specific (ie, Official Position of International Society for Clini-
cal Densitometry [ISCD]) database. To date, no long-duration
astronaut has returned from spaceflight with a T- or Z-scores
less than −2.0, even after losing as much as 10 %–15 % BMD
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in hip or spine. Notably, DXA aBMD would not provide
enough information to predict fracture in this astronaut cohort,
which already has a very low incidence of fractures and a very
small total number of subjects.

This variability in aBMD response, during and after
spaceflight, is being further investigated through epidemio-
logical analyses using an algorithm developed from the
aBMD data of the Rochester Bone Health Study [5]. The
Mayo cohort-derived algorithm generates a predicted value
of aBMD loss that is compared with an observed value of
aBMD loss obtained from the repository of astronaut med-
ical data. Using age, pre-flight aBMD and follow-up time,
the post-flight aBMD for each US astronaut is predicted; the
predicted and observed aBMD, and the rates of aBMD
change, immediately and 3 years after spaceflight, have
been determined in 24 male astronauts. The mean aBMD
for various sites (hip, lumbar spine, ultra-distal radius, mid-
shaft radius) was either stable or improved by 3 years rela-
tive to the mean immediate postflight aBMD. However, a
deficit for the total hip was evident at 3 years after return [5]
indicating that the male (which was the only sex evaluated)
space station astronauts continue to have aBMD lower than
what would be expected in a population not exposed to
flight—raising a potential concern regarding future hip frac-
ture risk.

Quantitative Computed Tomography (QCT)

Research technologies for bone imaging have been used in
flight studies of ISS astronauts to expand the assessment of
bone changes in space to sub-regions of the hip and spine.
QCT, for example, determined that there were sub-regional
changes in whole hip bone (ie, the cortical and cancellous
bone of the proximal femur) [6] and the tibia [7] and that
these sub-regional changes (ie, relative to preflight) oc-
curred at different rates [6]. This expanded capability sug-
gests that 3-d imaging of bone provided a fuller, more
sensitive description of spaceflight effects on whole bone,
especially for clinically-relevant sites of hip and spine.
Though there is only a modest improvement in fracture
prediction with QCT parameters of the hip for non-
astronauts [8], QCT’s ability to detect effects of spaceflight
on bone architecture and changes to bone compartments
(cortical and cancellous) increases the understanding of
skeletal biology in space beyond that provided by DXA.
QCT scanning of the lumbar spine, however, did not provide
additional information for the vertebrae above and beyond
DXA measurement of aBMD, which was attributed to the
thin cortex (~0.25 mm) and the trabecular-rich nature of
vertebral bodies.

Importantly, the delineation of sub-regions of bone byQCT
is important when assessing different interventions that may
have separate effects on distinct compartments of whole bone.

This concept has been demonstrated in the PATH study [9]
with parathyroid hormone and alendronate. In addition, there
is a recent report of a flight study suggesting that the combi-
nation of sufficient nutrition and resistive exercise (Advanced
Resistive Exercise Device [ARED]) is capable of mitigating
bone loss in ISS astronauts [10•]. Because there is a higher
excretion of bone turnover markers (N-teleopeptide, C-
telopeptide among others) and calcium throughout the space-
flight [10•], one cannot exclude the possibility that the reduced
decline in aBMD actually represents an increase in cortical
bonemass by stimulated periosteal apposition concurrent with
loss of bone mass in the cancellous bone.

The Fig. 1 illustrates this effect in a larger total of
crewmembers divided between those who flew with no
exercise hardware (Mir), those who flew before ARED
(using an interim resistive exercise device “iRED” with only
~300 pound force [lbf]) and after ARED hardware (with
600 lbf) became available on-board the ISS.

Moreover, the QCT hip scans of astronauts captured
changes in hip bone structure, both with spaceflight and
with re-ambulation on Earth [6, 11]. Data of integral bone
(cortical plus cancellous bone compartments) and of cancel-
lous compartments alone suggested that endocortical resorp-
tion reduced cortical bone volume during spaceflight and
that re-ambulation in Earth’s 1 G environment stimulated
periosteal expansion at the femoral neck [11]. This anatom-
ical response is not completely unexpected as it is similarly
observed in QCT evaluations of aging populations [12] in
whom cross-sections of the femoral neck increase with age
(by periosteal apposition) in the context of age-related bone
loss and thinning of the cortex . However, integral BMD
(g/cm3) and calculations of compressive and bending
strength were still decreased relative to baseline measures
when hip scans were performed 1 year after return to Earth
[11]. This increase in radial bone growth in ISS
crewmembers raises the possibility that the geometrical
changes in the femoral neck, as it adapts to spaceflight and
readapts to Earth, will repeat itself on a second mission
possibly reducing bone strength and impacting fracture risk.
Likewise, it is unclear how these changes in the ISS astro-
naut, who is at the average age of 46, will combine with the
expected change observed after age 70 years [12]. As a
follow-up, QCT hip scans performed in 8 of these same
astronauts, at time periods 2–4 years after return to Earth,
revealed that cancellous BMD displayed a second phase of
decline, and recovery to preflight measures was not ob-
served in all subjects [13•].

Finite Element Models of QCT Data

With this additional information on bone architecture, QCT
scanning has facilitated the development of Finite Element
Models (FEM) with which to estimate failure loads at the
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hip [14]. This computational tool was applied to serial QCT
scans performed in astronauts before and after ISS missions
to evaluate the impact of spaceflight on the biomechanics of
the hip [15]. Hip bone strength for 2 loading orientations
(1-legged stance and a postero-lateral fall) were estimated
from FEM of 11 sets of QCT scans with sufficient quality
(scan quality became an issue with an unanticipated replace-
ment in QCT instruments at a local Houston hospital) [15].
As reported, the percent changes in hip strength over a
mission were highly variable ranging between −4 %
and −30 % for stance loading and +3 % and −24 % for fall
loading in crewmembers (cosmonauts and astronauts) [15].
More importantly, the changes in hip strength during space-
flight as detected by changes in aBMD, as a surrogate
measure of hip strength, did not correlate with the changes
in FE estimates of hip strength (R2=0.05 fall and R2=0.23
stance) [15]. When one compares group mean values, the
FEM estimates a 2-fold decline in strength (kN) for every 1-
fold decline in the surrogate measure of aBMD by DXA (in
g/cm2). Thus, QCT captures more changes to whole hip than
can be measured by DXA [15], which supports the conclu-
sion that DXA aBMD may not be sufficient to assess the
effect of spaceflight on hip bone strength.

Bone Turnover Biomarkers

In addition, there is a medical requirement to assess biochem-
ical markers of bone degradation and of bone formation in
long-duration astronauts before and after ~4-month to 6-
month spaceflight missions [16]. As reported, N-teloepeptide
is increased in urine specimens obtained early in flight (rela-
tive to preflight measurements), remains high in urine samples
collected through the mission, but returns to preflight levels in
urine collected on landing and up to 4 months postflight [16].
In contrast, bone specific alkaline phosphatase [BAP] and
osteocalcin show no change from preflight measures in any
of the sera obtained throughout the flight.

Furthermore, increased levels of sclerostin, an inhibitor of
bone formation produced by SOST gene in osteocytes in
response to skeletal unloading, were reported in stroke pa-
tients [17], with spinal cord injury [18], and in preclinical
studies [19]. These reports undergirded the measurement of
sclerostin in frozen sera of male human subjects in a bed rest
analog for spaceflight [20]. Results indicate that both 28 and
60 days of bed rest led to increases in circulating sclerostin
relative to pre-bed rest [20]. Parathyroid hormone was re-
duced while bone resorption biomarkers (eg, N-teleopeptide,

Fig. 1 Declines in DXA aBMD in Long-duration Astronauts on Mir
and ISS Spaceflights. Percentage change of preflight areal BMD per
month was calculated by subtracting the first postflight DXA BMD
measurement from the preflight measurement and normalizing by the
mission duration (typically 4–6 months). ARED is an acronym for
Advanced Resistive Exercise Device [ARED], which is exercise hard-
ware capable of providing up to 600 pounds of force (lbf). Data are
plotted for groups of crewmembers who served on the Mir (n=28
cosmonauts and 7 U.S. astronauts), on the International Space Station
[ISS] pre-ARED (n=24 U.S. astronauts exercising on an interim Re-
sistive Exercise Device [iRED]), and on ISS after access to ARED

hardware was available (n=11 U.S. astronauts). BMD changes are
reported for lumbar spine, femoral neck, trochanter, total hip, and
wrist. (Wrist is 1/3 radius + ulna, and is for ISS crewmembers only.)
All group mean aBMD changes from preflight to postflight were
significant (P<0.05), except at the wrist, as determined by 1-tailed,
unpaired t-tests using absolute data. Likewise, except for the effect on
the wrist, the comparison of exercise effects between ARED and iRED
suggests an improved “step function” with ARED exercise hardware -
attenuating the expected declines in aBMD with spaceflight. The
impact on actual bone strength and on fracture risk remains unknown
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deoxypyridinoline, pyridinoline) were increased in these
subjects [20].

Collectively, all of these biochemical studies suggest that
an uncoupling of cell signaling occurs during spaceflight,
resulting in an unbalanced, net loss in bone mass from the
entire skeleton [16]. Sclerostin may play a role in lack of a
formation response to the stimulated resorption during
spaceflight; measurements in astronauts are in progress.
An imbalance at the level of the bone remodeling unit could
contribute to decreased bone quality and strength of the
whole bone but, to-date, there are no biopsy data from
astronauts to substantiate this impact at the tissue level.
However, a rebound in bone formation biomarkers at
30 days postflight suggests that balanced bone remodeling
can be restored; the long-term impact on bone quality in the
astronaut, and its contribution to skeletal integrity, remain
unknown.

To sum, spaceflight data-to-date suggest that the adapta-
tion of astronaut bones to the mechanical unloading of
spaceflight is complex. Briefly, X-ray based imaging tech-
nologies (DXA and QCT) characterize a precipitous loss in
bone mass, a site-specific effect on normally weight-bearing
skeletal regions, and sub-regional changes in bone morphol-
ogy. A FEM of QCT data indicates significant declines in
estimated hip strength for 2 loading scenarios. DXA does
not appear to detect all of these changes. Bone turnover
markers reflect an uncoupling of bone resorption
(increased) from bone formation (stable or decreased). Col-
lectively, the imaging data and bone turnover data suggest
structural adaptations to the hip occur during prolonged
spaceflight [11]. Uncertainty still remains because biochem-
ical assays and bone imaging data are indirect measures of
skeletal integrity. How flight surgeons and program direc-
tors can use biomedical data from astronauts to mitigate a
potential osteoporosis risk in the astronaut and to prioritize
research for risk mitigation is uncertain.

Directed Research Tasks in NASA Bone Discipline

The astronaut dataset represents a varied and limited assort-
ment of biomedical measurements acquired from research
flight studies and/or medical assessment tests. Medical as-
sessment tests are compulsory tests while research studies
generate data— some of which are very relevant to skeletal
biology (eg, gonadal hormones)—only from astronaut vol-
unteers. Regardless, the data strongly suggest that the skel-
etal changes due to spaceflight are not like the terrestrial
bone loss and the skeletal deconditioning that are observed
with aging. This raises the requirement to expand the current
clinically-accepted method and index for bone health (ie,
DXA aBMD) to be more relevant to the astronaut following
exposure to spaceflight.

To this aim, the author, as the Bone Discipline Lead at
JSC, used the insight of osteoporosis experts to maximize
the characterization of spaceflight effects in the astronaut
[21••]. This panel of experts reviewed the biomedical data
(both research and medical) from 35 long-duration astro-
nauts accumulated by the time of this NASA Bone Summit
(2010) [21••]. On the whole, the panel agreed that an inter-
vention was required to mitigate the risk for early onset
osteoporosis, but that there was insufficient information
for it to recommend an intervention (the type and timing)
for risk mitigation in astronauts serving on the planned
exploration class missions. Hence, this clinical advisory
panel recommended bone measurements to monitor as part
of a risk surveillance program.

Consequently, there are 2 merit-reviewed, Directed Re-
search projects in the Human Research Program (HRP) that
are based upon the concerns raised by the Bone Summit panel
[21••]. The first study will test the feasibility of QCT for risk
surveillance in ISS astronauts. QCT hip scans will be
performed in astronauts before and after spaceflight, at 1 year,
and possibly at 2 years after return (1) to describe the effects of
in-flight interventions to mitigate volumetric BMD [vBMD]
loss in sub-regions of hip, and (2) to monitor the recovery of
vBMD in the hip trabecular compartment. A previous NASA
flight study documented an absence of recovery in ISS astro-
nauts. These data suggest irreversible changes to trabecular
BMD, and possibly to bone microarchitecture, that may
require therapy.

In addition, QCT will generate data to describe the skel-
etal effects of spaceflight on parameters of bone structure
that could improve the forecasting of fractures during a
mission [22]. Hip QCT data will describe the hypothesized
effect of biochemical interventions from the effect of me-
chanical countermeasures on trabecular and cortical regions
of bone, respectively. In other words, QCT will demonstrate
its ability to differentiate the modeling effect of resistive
exercise from the remodeling effect of bisphosphonates in
subjects who display increased hip aBMD by DXA. More-
over, the QCT data will be used to generate an FEM to
estimate changes in hip strength with spaceflight and to
describe recovery of hip strength while back on Earth.

The second project follows up on a recommendation to
explore the FEM data from population studies (eg, Age,
Gene/Environment Susceptibility [AGES] Reykjavik Study,
Rochester Bone Health Study, MrOs) to determine if it were
possible to derive standards for bone health in astronauts that
supplement DXA aBMD measurements. Consequently, the
author assembled a task group composed of the principal
investigators (or a designee) of the mentioned population co-
horts as well as experts in FEM, some of whom generated
FEM for these same studies [23–25]. This task group
suggested that bone health standards for astronauts could be
derived from data obtained from populations combined to
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cover the age range of the astronauts and with a single method
of FEM applied across the hip QCT scans. Following the
generation of this FEM hip strength dataset, various statistical
methods would be applied (eg, receiver operating characteris-
tics and area under the curve) to identify a nonpermissible
outcome for bone health following prolonged spaceflight with
the aim of reducing the risk of hip fracture as the astronaut
ages. This analysis will integrate the declines in FEM hip
strength observed with aging (cross-sectional comparisons)
and the declines observed with spaceflight (serial measure-
ments in astronauts) [15]. FEM data from the first study will
be used to inform the declines with spaceflight further.

The result of this innovative study is not expected to be
perfect nor intended to predict fracture. However, unlike
aBMD, which may underestimate the effect of spaceflight
and poorly estimate the efficacy of interventions, QCT and
FEM data have already demonstrated an ability to capture
additional effects of spaceflight on hip bone. These research
and clinical advisory panels will periodically reconvene to
review the expanded bone data (and any risk factor data)
from ISS astronauts accumulated to date, which will include
data from QCT, FEM, and from other innovative research
technologies like Trabecular Bone Score “TBS” [26, 27].

Even with these important contributions to skeletal risk
surveillance, large uncertainties in the fundamental nature of
bone loss in space persist. If the aim of HRP is to generate
enough information to mitigate all risks to human health and
performance for upcoming exploration class missions, then
the knowledge gaps of the mechanisms of bone loss also
need to be addressed. This understanding will most likely
need to come from animal research.

Conclusions

The constraints of acquiring biomedical data from astro-
nauts associated with spaceflight may preclude using con-
ventional approaches for evaluating spaceflight as a risk
factor for osteoporosis, ie, by prospective studies with frac-
ture outcome. Moreover, DXA measurement of aBMD is
not sufficient for capturing the effects of spaceflight on
skeletal integrity and there may be a risk of underestimating
the efficacy of in-flight interventions for bone loss if aBMD
and T-scores are the sole standards for bone health. NASA
may likely need to use innovative and novel assessments of
skeletal integrity in astronauts in order to formulate risk
mitigation strategies and/or clinical practice guidelines prior
to engaging in longer-duration spaceflights. Overall, under-
standing fundamental bone biology in space will help ensure
that human research in space-induced physiological
deconditioning is appropriately prioritized by the Human
Research program both within the bone discipline and
across disciplines of human physiology.
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