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Task Description:

Long duration human spaceflight leads to loss of bone mass. As a consequence, there is a need for techniques to
sensitively detect changes in the net rate of bone formation or resorption (i.e., changes in "bone mineral balance") and to
assess the effectiveness of countermeasures. We have documented, in bed rest experiments, that measurements of the
Ca isotope composition of urine using mass spectrometry can be used to monitor rapid changes in net bone mineral
balance that are not directly observable by other means (1, 2). We propose to extend these experiments to the
International Space Station (ISS), in order to demonstrate the utility of Ca isotopes as a tool for monitoring bone mineral
balance and countermeasures to bone resorption in space. This proposal builds on a successful existing collaboration
between researchers at Arizona State University (ASU) and Johnson Space Center (JSC) to study and apply the Ca
isotope method as a bone biomarker (2, 3). The proposed project paves the way for future development of capability to
measure Ca isotopes in-flight, to monitor bone health during exploration-class space missions where in situ evaluation
of countermeasure effectiveness will be required to assure crew health and safety. The project will also have broad
clinical application for Earth-based populations. Our proposal falls under the Spaceflight Biochemical Profile Human
Research Program (HRP) research emphasis, and addresses Integrated Research Plan (IRP) Gap N3: How do nutritional
status/nutrition requirements change during spaceflight? 
References: 

(1). Morgan JL, Skulan JL, Gordon GW, Romaniello SJ, Smith SM, Anbar AD (2012). Rapidly assessing changes in
bone mineral balance using natural stable calcium isotopes. Proc. Natl. Acad. Sci. USA 109, 9989-9994; 

(2). Skulan J, Bullen T, Anbar AD, Puzas JE, Shackelford L, LeBlanc A, Smith SM (2007). Natural calcium isotopic
composition of urine as a marker of bone mineral balance. Clin. Chem. 53,1155-1158; 

(3). Morgan JLL, Skulan JL, Gordon GW, Romaniello SJ, Smith SM and Anbar AD (2011). High-precision
measurement of variations in calcium isotope ratios in urine by multiple collector inductively coupled plasma mass
spectrometry. Anal. Chem. 83, 6956–6962. 

  

Rationale for HRP Directed Research:   

Research Impact/Earth Benefits:

Our research has demonstrated that changes in the natural Ca isotope composition of blood and urine reflect changes in
net bone mineral balance (BMB) within days of the onset of disruption of BMB. By contrast, changes in BMB require
months or years to produce changes in bone mineral density large enough to be detected by radiological techniques such
as dual-energy x-ray absorptiometry (DXA), which currently are the only clinically practical methods of determining
BMB. By permitting rapid measurements of changes in BMB, Ca isotopes allow disruptions in BMB to be detected
before they have caused significant skeletal damage, and the effectiveness of countermeasures to abnormal bone loss or
gain to be quickly evaluated in individual people. 
The usefulness of this technique extends beyond measuring bone loss in spaceflight to the detection and evaluation of
treatment for any disease involving disruption in BMB, including osteopenia/osteoporosis, cancer, and Paget’s disease.
For example, we currently are exploring the application of the Ca isotope technique to the early detection of osteolytic
lesions in multiple myeloma. The potential usefulness of Ca isotopes supports their widespread clinical application. We
are exploring the possibility of using laser fluorescence, rather than conventional mass spectrometry, to build small,
compact Ca isotope measurement instruments suitable to both spaceflight and clinical use. 

Beyond the numerous potential clinical applications of Ca isotopes per se, our research on Ca isotopes has been a
driving force behind international research into biomedical application of other isotope and elemental systems, including
Fe, Zn, and Cu. Collectively, these efforts hold the promise of the development of an entirely new and powerful class of
disease biomarkers. 

  

Our results confirm that Ca isotopes act as an accurate, near-real time monitor in spaceflight and allow us to address the
five primary questions posed at the beginning of the study. 
Question 1: Is the observed pattern of decreasing d 44/42Ca values with bone loss in previous bed rest studies similar to
the pattern in astronauts in spaceflight? 

In our previous bed rest studies (Morgan et al., 2012), urinary d44/42Ca begins to fall on day 4 of bed rest and drops to
values significantly lower than baseline (-0.2‰, p < 0.001) by day 15. Data from the ISS indicates that urinary d44/42C
in Advanced Resistive Exercise (ARED) and interim Resistive Exercise Device (iRED) treatment groups decreased
significantly by flight day (FD) 15 (~-0.26‰) comparable in magnitude and timing to the bed rest studies. 

Question 2: Is the magnitude of bone loss calculated from Ca isotopes measurements and a mass balance model
supported by the DEXA data from before and after spaceflight? 

Our previously developed mass balance model indicates that a shift in Ca isotopes of -0.26‰ correlates to a loss of ~100
mg of Ca per day. This is consistent with loss rates calculated from Ca isotope data in bed rest studies. Morgan et al.
(2012) report that bed rest subjects lost 0.25 ± 0.07% of whole body bone mass between days 7-30, which is consistent
with previously reported rates of bone loss in bed rest (e.g., 0.19 ± 0.07%/month), and with rates of bone loss measured
by DXA in the bed rest subjects. 

For the ISS subjects, the magnitude of bone loss calculated from Ca isotope data is consistent within error with bone loss
indicated by DXA data from before and after spaceflight. For the cohorts losing bone (ARED and iRED), rates of bone
lose were ~2-4% over 120-215 days in space, consistent with loss rates calculated by the mass balance model and by
DXA. 

Question 3: How does the high temporal resolution Ca isotope data compare to protein biomarker data (NTX, BSAP)
measured in the same samples? 

Ca isotopes offer high temporal resolution comparable to protein biomarkers. Previous studies indicate that protein
biomarkers and Ca isotopes respond to skeletal unloading by day 9 of bed rest. Ca isotopes offer the same high temporal
resolution tracking during spaceflight that they do during bed rest: data from the ISS shows both Ca isotopes and protein
biomarkers responding to skeletal unloading due to microgravity by FD 15. 

Question 4: What does the Ca isotope data say about the relative effectiveness of exercise (iRED, ARED) and
pharmaceutical countermeasures (bisphosphonates)? 
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Task Progress:

All crewmembers underwent a 30-day adjustment period at the beginning of flight, during which they performed no
resistive exercise. Treatment with ARED and iRED is therefore considered to start at FD 30. The dramatic decrease in
d44/42Ca in the exercise-only groups during FD 0-30 reflects untreated bone loss due to skeletal unloading. The
ARED+Alendronate group received Alendronate several months before flight. Thus, their baseline and all in-flight
measurements reflect a state of inhibited bone turnover. 

The differences between d44/42Ca measurements in the three treatment groups is striking: crewmembers treated with
ARED+Alendronate maintained near constant d44/42Ca throughout spaceflight, while those treated with exercise alone
showed a more variable response, but overall had lower d44/42Ca during spaceflight relative to pre-spaceflight baselines.
This suggests that ARED+Alendronate effectively maintained BMB in all crewmembers. Direct comparison of the
effectiveness of ARED+Alendronate with exercise alone is not possible: The ARED+Alendronate group was protected
from bone loss throughout spaceflight, while the exercise groups were unprotected for the first 30 days of spaceflight,
resulting in measurable bone loss over that period. For most crewmembers, exercise alone was not sufficient to
completely restore preflight BMB before the end of the mission. 

Ca isotope values from the ARED and iRED groups diverge after the start of exercise on FD 30. The differences
between the groups are not statistically significant, which is unsurprising given the large inter-personal variation of
baseline d44/42Ca values. However, the ARED group shows a trend of increasing d44/42Ca over time, while mean
d44/42Ca of the iRED changes insignificantly (+0.17‰ for ARED vs +0.03‰ for iRED), suggesting that ARED
provided better protection from bone loss than iRED. In the exercise only groups, Ca isotope data reveal considerable
inter-personal variation in BMB during spaceflight, which results in large standard deviations in d44/42Ca group means.
Some crewmembers in each exercise group recovered to near neutral BMB during spaceflight, while others remained in
negative BMB despite exercise. Individual differences in response of BMB to exercise could be caused by differences in
the type and intensity of exercise performed by crewmembers, and/or by inherent physiological differences. The relative
importance of these two possible causes of inter-personal differences cannot be resolved with available evidence. 

Question 5: Can the Ca isotope data be used to tailor personalized treatment plans for astronauts? 

The behavior of BMB in spaceflight is highly dynamic, and the degree of skeletal response to microgravity is not
universal. Ca isotopes provide information on the dynamics of BMB that cannot be gained from biochemical markers or
DXA. By revealing previously inaccessible dynamics of individual bone metabolism in spaceflight, d44/42Ca
monitoring may be useful for guiding individualized bone loss countermeasures. 

Trends in d44/42Ca values in 24-hour pooled urine samples from 30 ISS crewmembers suggest that ARED+Alendronate
effectively maintained BMB in all crewmembers, while exercise alone did not always maintain BMB. Further, the data
reveal what may be an interpersonal differential response to type of exercise intervention. The range of responses
underlines the importance of individualized monitoring of net BMB, and of creating individualized treatment plans. 

Reference 

Morgan JL, Skulan JL, Gordon GW, Romaniello SJ, Smith SM, Anbar AD (2012). Rapidly assessing changes in bone
mineral balance using natural stable calcium isotopes. Proc. Natl. Acad. Sci. USA 109, 9989-9994 
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