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The ability to rapidly detect changes in bonemineral balance (BMB)
would be of great value in the early diagnosis and evaluation of
therapies for metabolic bone diseases such as osteoporosis and
some cancers. However, measurements of BMB are hampered by
difficulties with using biochemical markers to quantify the relative
rates of bone resorption and formation and the need to wait
months to years for altered BMB to produce changes in bone
mineral density large enough to resolve by X-ray densitometry. We
show here that, in humans, the natural abundances of Ca isotopes
in urine change rapidly in response to changes in BMB. In a bed rest
experiment, use of high-precision isotope ratio MS allowed the
onset of bone loss to be detected in Ca isotope data after about
1 wk, long before bone mineral density has changed enough to be
detectable with densitometry. The physiological basis of the re-
lationship between Ca isotopes and BMB is sufficiently understood
to allow quantitative translation of changes in Ca isotope abun-
dances to changes in bone mineral density using a simple model.
The rate of change of bone mineral density inferred from Ca
isotopes is consistent with the rate observed by densitometry in
long-term bed rest studies. Ca isotopic analysis provides a powerful
way to monitor bone loss, potentially making it possible to diag-
nose metabolic bone disease and track the impact of treatments
more effectively than is currently possible.
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In humans and most other vertebrates, bone is continuously
replaced through remodeling, resulting from the coupled

actions of bone-forming cells (osteoblasts) and bone-resorbing
cells (osteoclasts). In healthy adults, the rates of bone formation
and resorption are equal, and therefore, net bone mineral bal-
ance (BMB) is near zero. Disruptions in BMB caused by diseases
such as osteoporosis, multiple myeloma, and some metastatic
cancers can have serious or even fatal consequences. Sensitive
methods to directly measure BMB could benefit research and
clinical practice in the study and treatment of bone disease.
The abundances of the naturally occurring isotopes of Ca in

urine and soft tissue (blood and nonbone tissues) should be
sensitive to changes in BMB. A large body of research establishes
that these six isotopes (40Ca, 42Ca, 43Ca, 44Ca, 46Ca, and 48Ca)
react at different rates depending on atomic mass and that these
differences fractionate the isotopes, producing variations in Ca
isotope abundances in nature (1–3). In the body, changes in
BMB should lead to variations in the abundances of Ca isotopes
for two related reasons, one tied directly to bone metabolism and
the other indirectly by the excretion of Ca through the kidneys.
Both processes should shift Ca isotope abundances in urine in
the same direction in response to changes in BMB.
First, in vertebrates, bone formation favors the lighter isotopes

of Ca (4, 5), thus depleting soft tissue of light Ca isotopes. Bone
resorption releases this isotopically light Ca back into soft tissue
with little or no isotope selectivity. As a result of this difference
in isotope fractionation, the Ca isotope abundances in soft tissue
should shift to heavier Ca isotope values when BMB is positive
(bone formation exceeds resorption) and lighter values when

BMB is negative (bone resorption exceeds formation) (4). Uri-
nary Ca is derived from soft tissue. Therefore, shifts in soft tissue
Ca isotopes should be reflected as correlated shifts in the Ca
isotope composition of urine.
Second, Ca isotopes are also fractionated during excretion of

Ca in the kidneys. Comparison of Ca in urine and soft tissue
indicates that heavy isotopes are preferentially excreted (6).
Although the mechanism of this renal Ca isotope effect is not
well understood, Ca isotope abundances in soft tissue should
shift to heavier Ca isotope values when BMB is positive and Ca
excretion rate decreases and lighter values when BMB is nega-
tive and Ca excretion rate increases (see Discussion). As with the
bone metabolism effect, such shifts in the Ca isotope composi-
tion of soft tissue should be reflected in the Ca isotope compo-
sition of urine. Consistent with this expectation, a significant
inverse correlation has been observed between the Ca concen-
tration of urine and its isotopic composition (7).
Two independent bed rest studies have confirmed that Ca iso-

tope abundances in urine shift to lighter values when BMB is
negative (7, 8), which was expected from the two processes de-
scribed above. Bed rest induces bone loss because of skeletal
unloading, and it is used to model the effects of space flight on
human bone metabolism. In samples from four subjects enrolled
in a 17-wk bed rest study, variations in Ca isotope abundances in
urine were consistent with results from established collagen cross-
link assays and X-ray densitometry indicating net bone resorption
(8). In preliminary data from a 35-d bed rest study (7), similar
variations in Ca isotope abundances in urine were observed in
samples from seven subjects.
We report here a more detailed evaluation of Ca isotope

variations from a 30-d bed rest study. This study was designed to
assess how rapidly the Ca isotope signal appears and evaluate its
potential as a quantitative measure of bone loss. The study in-
cluded 12 participants monitored for 12 d before bed rest,
30 d during bed rest, and 7 d after bed rest. A 10-d diet rotation
was controlled and consistent for all participants during the du-
ration of the study. Urine samples were collected at time points
throughout the study to examine short-term variations in Ca
isotope abundances either from analyses of 24-h pooled samples
or in some cases, on all individual voids throughout the day.
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N-telopeptide (NTx; a marker of bone resorption) was measured
in select urine samples. Bone-specific alkaline phosphatase (BSAP;
a biochemical marker of bone formation) was measured in serum
samples from eight blood collections throughout the study.
We present high-precision characterization of Ca isotope

abundance in ∼200 urine samples. Urine samples were given pri-
ority over blood; higher Ca concentrations in urine compared with
blood ease analytical challenges, and urine samples are easier to
obtain from subjects. This number of sample analyses is not prac-
tical with the time-consuming mass spectrometric methods used in
previous studies (6–8). Therefore, we applied a validated method
that uses multicollector inductively coupled plasma source mass
spectrometry (9).

Results
Data are presented as δ44/42Ca relative to a standard ICP1 (9) in
parts per ten thousand (pptt) units [δ44/42Ca = ([44Ca/42Ca]sample/
[44Ca/42Ca]standard − 1) × 10,000]. This notation follows the
new International Union of Pure and Applied Chemistry con-
vention for high-precision measurements of natural isotope
variations (10).
Urinary δ44/42Ca of subjects entering the study ranged from

−0.3 to 7.8 pptt (1 SD = 2.5 pptt) (Table S1). To permit com-
parison between individuals, and because the primary parameter
of interest is the change from the onset of bed rest, each subject’s
δ44/42Ca was referenced to their individual average pre-bed rest
baseline δ44/42Ca value (determined as the average of δ44/42Ca
from days −12 to −1). During the pre-bed rest period, the
δ44/42Ca of each subject varied by up to 0.9 pptt (1 SD). There was
no significant relationship between pre-bed rest urinary δ44/42Ca
and time, body mass index, sex, or age.
Between days 7 and 30 of bed rest, the δ44/42Ca value for all

subjects decreased by ∼2 pptt and remained low during the re-
mainder of bed rest and into the post-bed rest period (P < 0.001)
(Fig. 1A and Table 1). A generalized estimating equation was
used to examine the significance of the Ca isotope variations
while properly accounting for the tendency for multiple samples
from each subject to cluster. By day 10 of bed rest, the average
baseline-normalized δ44/42Ca during bed rest was significantly
lower than the pre-bed rest mean (P = 0.043).
In addition, we observed a significant correlation between

urinary δ44/42Ca and Ca concentration (r2 = 0.45, P < 0.0001)
(Fig. S1A) and between urinary δ44/42Ca and total urinary Ca
excretion rate (r2 = 0.48, P < 0.0001) (Fig. S1B). Total urinary
Ca excretion was calculated from the weight and Ca concentra-
tion of 24-h urine pools.

Discussion
δ44/42Ca and BMB. The systematic decrease in urinary δ44/42Ca
after the start of bed rest (Fig. 1A and Table 1) is consistent with
the expectation that the onset of negative BMB shifts the iso-
topic composition of Ca in urine to lighter values. Bone bio-
chemical markers support this interpretation. Resorption
markers can respond quickly to changes in bone biology, because
differentiation of osteoclasts occurs after just 4 d in vitro (11).
Biomarkers of bone resorption, including NTx and C-telopep-
tide, have been observed in urine and serum after just 2 d of bed
rest (12). Here, NTx increased by day 9 of bed rest (P < 0.001),
the first analysis after initiation of bed rest (Fig. 1B and Table 1).
Throughout bed rest and into the post-bed rest period, the NTx
signal remained significantly elevated relative to pre-bed rest,
indicating that bone resorption increased.
BSAP (a biochemical marker of bone formation) did not

change significantly during bed rest (P = 0.52) (Fig. 1C and
Table 1). This result is consistent with current understanding of
bone physiology and results of previous bed rest and space flight
experiments. Osteoblast cells can take up to 30 d to differentiate,
and therefore, a significant increase in bone formation rates was

not expected on the timescale of this study (13). Moreover, in the
absence of heavy resistive exercise, bone formation rates gen-
erally do not change during bed rest or space flight (14).
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Fig. 1. Variation in Ca isotopes and biomarkers before, during, and after
bed rest. Changes were calculated as the difference between the mea-
sured value at each time point and the average of the pre-bed rest values
(baseline) for that individual. Gray bar that includes zero is 1 SD of pre-bed
rest values. (A) Change in urinary Ca isotopes during bed rest in parts per
ten thousand. All values are mean ± 1 SD of all difference determinations
from that time point (n = 12). The 25 data points represent Ca isotope
abundance determination in more than 200 individual samples. The value
from the previous published bed rest study (7) is plotted for comparison.
(B) Percentage change from baseline in concentration of NTx, a bone re-
sorption biomarker (mean ± 1 SD, n = 12). (C ) Percentage change from
baseline in concentration of BSAP, a bone formation biomarker (mean ± 1
SD, n = 12).
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As inferred from Ca isotope and concentration data in the study
by Heuser and Eisenhauer (6), we found that urinary δ44/42Ca is
inversely correlated with Ca concentration and total urinary Ca ex-
cretion rate (Fig. S1). This correlation suggests that at least some of
the lightward shift in urinary δ44/42Ca observed after the start of bed
rest resulted from an increase in Ca excretion arising fromenhanced
bone resorption. The relative importance of this renal isotope effect,
which is indirectly linked to change in BMB, vs. the direct isotope
effect from bone biology, is assessed in the next section.
Unlike the study by Heuser and Eisenhauer (6), we did not see

a correlation between age and urinary δ44/42Ca. This difference in
results is not surprising given the differences in study designs. The
work by Heuser and Eisenhauer (6) compared the urinary Ca
isotope composition of a young boy in active skeletal growth with
an elderly woman of an age at which rapid bone loss is common.
The ages of all participants in the present study were such that
their bone mineral mass should be relatively stable. Therefore, no
such relationship was expected.
Subjects entering this study showed a range of 8.1 pptt in uri-

nary δ44/42Ca. Few data on normal variation in urinary δ44/42Ca
are available for the human population. δ44/42Ca variation of 8.1
pptt is within the range of δ44/42Ca measured for common di-
etary sources of Ca (4, 15) and therefore part of the back-
ground variation could result from differences in dietary history.
Metabolic and physiological variation, such as in Ca absorption,
renal Ca excretion rate, or efficiency, may also contribute to in-
traindividual variability (16–20). Additional research is needed to
determine the causes of the variation observed in the pre-bed rest
background urinary δ44/42Ca.
However, the observed shift in δ44/42Ca during bed rest cannot

be ascribed to changes in dietary Ca or other uncontrolled, sys-
temic environmental signals during the study. Although the Ca
isotope composition of the study diet has not yet been measured,
participants were fed the same diet, and therefore, the average Ca
isotope intake over the 10-d menu rotation was the same. Subjects
started the bed rest study on different calendar dates, and the
10-d diet rotation did not correspond to the sampling schedule.
δ44/42Ca differs importantly from biochemical markers such as

NTx and BSAP in that the change in δ44/42Ca from baseline pro-
vides a direct indication of change in BMB. This follows because
the abundances of Ca isotopes in urine and soft tissue represent
the net effect of changes in bone formation and resorption and Ca
excretion integrated over the 2- to 3-d residence time of Ca in soft
tissue compartments (21, 22). In contrast, each biochemical
marker reflects only one process (either bone resorption or for-
mation). Mathematically combining these biochemical markers
into a single quantitative measure of net BMB has not been and
may not be possible, because neither marker can be quantitatively
related to the rate of the process that it measures, let alone to the
other marker (23, 24). The application and interpretation of
biochemical markers are also confounded by high interlaboratory
analytical variability (25). However, interlaboratory variation of
δ44/42Ca is within the analytical uncertainty for any single labora-
tory (9, 26), which permits direct comparison between isotopic
measurements made by different laboratories.

At present, X-ray densitometry is the definitive way to monitor
changes in BMB (27). Monitoring changes in urine δ44/42Ca
seems to be substantially more sensitive than X-ray densitome-
try. Using the Ca isotope method, variations in BMB were de-
tectable within 10 d of the start of bed rest compared with the
12 wk required for bed rest to produce a change in bone mineral
density detectable by bone X-ray densitometry (28).

Quantifying Bone Loss. Because δ44/42Ca is directly related to net
BMB, it should be possible to use Ca isotopes to quantitatively
assess the extent of bone loss (or gain). To illustrate this potential,
we used an updated isotope mass balance model based on models
developed in the works by Skulan and DePaolo (4) and Heuser
and Eisenhauer (6). The model quantifying the amount of bone
lost during the 30-d bed rest study is depicted in Fig. 2. This model
uses the difference in Ca isotopic composition of urine before and
during bed rest to estimate the rate of bone loss. It is similar to the
model by Heuser and Eisenhauer (6) in that it explicitly includes
renal Ca isotope fractionation. We have also extended the model
to explicitly include hepatic Ca isotope fractionation. However, we
show that hepatic isotope fractionation is unlikely to affect esti-
mates of bone loss, because this flux is not expected to vary with
changes in BMB (Materials and Methods).
In addition to measurements of δ44/42Ca, the model requires

that we estimate values for the fractionation factor of Ca iso-
topes during bone mineralization (ε44/42Cabone), the renal Ca
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Fig. 2. Schematic of model pools and fluxes, including the isotopic frac-
tionations for various transformations. Fdiet is the flux of calcium absorbed
from diet, Fbone and Fresorp are the bone formation and resorptionfluxes, and
Furine and Fbile are the net excretion fluxes of calcium through urine and bile,
respectively. δ44/42Casoft and δ44/42Cabone are the Ca isotopic compositions of
the soft tissue and bone pools, δ44/42Cadiet and δ44/42Caurine are the isotopic
compositions of the fluxes of Ca absorbed from diet and excreted in urine,
and ε44/42Cabone, ε44/42Caurine, and ε44/42Cabile are the isotopic fractionations
associated with forming bone, urine, and bile, respectively, from the soft
tissue pool.

Table 1. Summary of data for 12 subjects in bed rest

Biomarker Unit
Pre-bed rest (days −14 to 0)

mean ± 1 SD; N
Bed rest (days 7–30)
mean ± 1 SD; N P

BSAP U/L 25.7 ± 8.2; 24 24.85 ± 6.5; 48 0.52
NTx nmol/d 539 ± 218; 49 742 ± 324; 91 <0.001
δ44/42Ca pptt 2.4 ± 2.5; 47 0.9 ± 2.3; 116 <0.001

P values represent the significance of the difference between the populations of data obtained during days
−14 to 0 and days 7–30. BSAP, bone-specific alkaline phosphatase; N, number of samples pre-bed rest and
during bed rest (post-bed rest samples are not included here); NTx, N-telopeptide; pptt, parts per ten thousand.
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isotope fractionation factor (ε44/42Caurine), the mass of skeletal
Ca (Mbone), the background rate of skeletal remodeling (Fbone),
and the rate of intestinal absorption of dietary Ca (Fdiet).

� ε44/42Cabone. We estimated the fractionation factor of bone
formation to be 7.5 ± 1 pptt (1 SD) and based the estimate
on the offset between bone and diet in terrestrial verte-
brates (4, 5). This value seems to be similar among a phylo-
genetically wide range of vertebrates (4, 5) and is unlikely to
vary between individuals.

� ε44/42Caurine. Renal Ca isotope fractionation is an important
but poorly constrained term (6). Soft tissue tend to have
a Ca isotopic composition similar to the composition of
diet, whereas urine tends to be isotopically heavy (4, 6, 8).
For example, δ44/42Ca of all urine samples from a 17-wk bed
rest study were higher than the dietary mean by an average of
9 pptt (8). In data from an animal model, δ44/42Ca of urine
collected from a sow was 11.4 pptt higher than δ44/42Ca of
simultaneously collected serum (Table S2). These values are
nearly identical to the values estimated or measured in the
work by Heuser and Eisenhauer (6) (9.6 pptt for humans
and 10 pptt for sows). Together, these data indicate that
the renal fractionation is almost certainly positive and that
ε44/42Caurine ∼ 10 pptt.

� Mbone. Assuming an average skeletal mineral mass of 3,000 g
(29) and a Ca content in bone mineral of 32.2% (30), we
estimate that ∼1,000 ± 100 g Ca is stored in the average
human skeleton.

� Fbone. We estimated the background rate of skeletal remod-
eling to be 500 ± 100 mg Ca/d based on two studies. In the

first study, Smith et al. (21) estimated rates of new bone
formation of 190–635 mg Ca/d for male and female volun-
teers. In a follow-up study, the work by Smith et al. (22)
estimated the rate of bone formation of 16 astronauts at
490 ± 153 mg Ca/d before spaceflight and 434 ± 194 mg
Ca/d during spaceflight.

� Fdiet. The average measured dietary Ca intake during bed
rest for all subjects in this study was 1,450 ± 170 mg Ca/d.
Accounting for the bioavailability of foods in the typical diet
(31), we estimated that 390 ± 96 mg Ca/d was absorbed in
the intestines.

The model-derived relationships between the δ44/42Ca shift of
urine during bed rest and BMB based on these parameters are
shown in Fig. 3. The relationships permit a straightforward ex-
trapolation of the rate of bone loss from a measured shift in
δ44/42Ca. Because the exact value of ε44/42Caurine (the renal frac-
tionation) has not yet been directlymeasured in humans, curves for
ε44/42Caurine = 0 and ε44/42Caurine = 10 pptt are shown to give
a sense of the parameter uncertainty. It is apparent that, as renal
fractionation increases, a given shift in urinary δ44/42Ca corre-
sponds to a smaller change in BMB. Hence, the net effect of renal
fractionation is to amplify variations in urinary δ44/42Ca in response
to changing BMB. This finding increases the sensitivity of the
δ44/42Ca technique for detecting variations in BMB. This increase
in sensitivity is greatest as renal fractionation rises from 0 to about
5 pptt. Greater increases add relatively little additional sensitivity,
and therefore, uncertainty in the value of ε44/42Caurine adds mini-
mal uncertainty to the calculation of BMB as long as renal frac-
tionation in humans is above about 5 pptt (which is likely) (Fig. 4).

Fig. 3. Estimating changes in BMB from variations in δ44/42Ca using the Ca
isotope model. The curved fields indicate predicted percentage bone loss per
month for subjects as a function of the shift in δ44/42Ca of urine from the
baseline value. Predictions are shown for two different values of renal
fractionation factor (ε44/42Caurine; abbreviated here as εurine): 0 and 10 pptt.
The width of the shaded fields indicates the combined 1σ uncertainty of the
Ca isotope model. The gray vertical box indicates the observed mean base-
line-normalized difference in abundance of δ44/42Ca during bed rest for all
subjects in this study. The width of this box indicates 2 SE widths about the
mean. The conversion from milligrams Ca per day to percentage bone loss is
(mg Ca/d) × (30 d/mo) × (1 g/1,000 mg)/(1,000 g Ca/person) × 100%.

Fig. 4. Sensitivity of the Ca isotopemodel to the value assumed for the renal
fractionation factor (ε44/42Caurine) for the conditions of our study. The black
line represents the model output assuming the following: a Ca isotope shift
during bed rest of −2.0 ± 0.4 pptt, a value for the renal fractionation given by
the x axis, and all other values and uncertainties as given in the text. The gray
shaded area represents the model uncertainty determined by formal propa-
gation of the uncertainty in the model parameters and Ca isotope measure-
ments using the partial derivatives of all model equations with respect to the
input variables. Estimates of the Ca isotopic offset between urine and blood in
humans (6) and measurements of this offset in sows reported here (Table S2)
indicate that the most likely value for human renal fractionation is about 10
pptt. As long as this value is >5 pptt, the exact value of this parameter does
not significantly alter our estimates of bone loss during bed rest.
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Using this model, we estimate that subjects lost on average
0.25 ± 0.07% (1 SD) of their bone mass from days 7 to 30 of bed
rest (∼109 mg Ca/d), assuming a renal isotopic fractionation of
10 pptt. The estimated error includes all measurement and
model uncertainty, except for the uncertainty in renal isotopic
fractionation. This rate of bone loss extrapolates to a loss of 1.0 ±
0.3% of skeletal mass over 90 d, which is equivalent, within error,
to bone loss rates determined by X-ray densitometry scans in
long-term bed rest studies (14, 22, 32–34). Thus, the Ca isotope
model used here yields quantitative results that are consistent
with the best existing measures of changes in BMD.

Conclusion. Measurement of naturally occurring Ca isotopes has
the potential to reduce the duration of experimental studies of
bone metabolism, accelerating the pace of discovery of new
treatments for metabolic bone disease. The Ca isotope technique
also promises to provide insights into the short-term dynamics of
bone metabolism. Research into renal and hepatic Ca isotope
fractionation will increase this use by refining our knowledge of
the quantitative relationship between Ca isotopes and BMB. In
the future, the Ca isotope technique may be useful in clinical
settings to allow close monitoring of subjects at risk for bone
loss and safe, rapid assessment of individual subjects’ response
to treatment.

Materials and Methods
Experimental Methods. The bed rest study was conducted at the University of
Texas Medical Branch at Galveston’s Institute for Translational Sciences—
Clinical Research Center. Bed rest conditions were rigorously controlled,
including room temperature and participant sleep and wake cycles. Energy
intake was adjusted so that each participant maintained a constant weight
(±3% of weight on bed rest day 3). Apart from this adjustment, participants
were fed the same diet consisting of the same meals rotated on a 10-d cycle.
Because participants entered the study on different calendar days, the diet
cycle does not correspond to different study days. During bed rest, partic-
ipants were confined to a strict −6° head-down tilt bed rest. They were
monitored to ensure round-the-clock compliance. Details have been reported
elsewhere (34–36). In this study, 12 subjects (8 male subjects and 4 female
subjects) with an age range of 25–49 y and an average age of 32 ± 8 y were
enrolled. All participants were of normal health with body mass indices be-
tween 20 and 30. All of the women were premenopausal. Demographic in-
formation for each subject is presented in Table S3. Details of participant
recruitment and exclusion criteria are given elsewhere (35). Subjects began
the ∼54-d study at different times throughout a 6-mo period. The Johnson
Space Center Committee for the Protection of Human Subjects and the Uni-
versity of Texas Medical Branch Institutional Review Board approved the
study protocol. All subjects provided written, informed consent before they
were enrolled.

Urine and blood samples were collected from all subjects, and food
samples were collected from the 10-d meal rotation. The urine was
acidified with trace metal-grade 20% HNO3 and shipped to Arizona State
University. Digestion, purification, and measurement of selected samples
followed the method in the work by Morgan et al. (9). Details of
chemical and mass spectrometric methods, and of the isotopic standard
(ICP1) used in the present study, are provided in the Supplemental
Information.

Mathematical Model. We derived a quasi-steady-state solution for the rate of
bone loss during bed rest as a function of the shift in the Ca isotopic com-
position of urine (Fig. 2). In addition to Ca isotope fractionation during bone
formation, the model allows for additional isotope fractionation during
renal and hepatic (bile) excretion of Ca, which was proposed in the work by
Heuser and Eisenhauer (6).

In this model, Fdiet is the flux of calcium absorbed from diet, Fbone and
Fresorp are the bone formation and resorption fluxes, and Furine and Fbile are
the net excretion fluxes of calcium through urine and bile, respectively. For
simplicity, δ44/42Ca is abbreviated to δ in equations. δsoft and δbone are the Ca
isotopic compositions of the soft tissue and bone pools, δdiet and δurine are
the isotopic compositions of the fluxes of Ca absorbed from diet and ex-
creted in urine, and εbone, εurine, and εbile are the isotopic fractionations as-
sociated with forming bone, urine, and bile from the soft-tissue pool. For
example, the isotopic composition of urine is given by Eq. 1:

δurine ¼ δsoft þ εurine: [1]

We assume that subjects are in a state of long-term equilibrium before bed
rest, such that there is no net change in bone mass and the isotopic com-
position of bone is in equilibrium with the soft tissue pool. The implication is
that, before bed rest (as indicated by the superscript i), the fluxes and iso-
topic composition of absorbed and excreted calcium must be equal (Eq. 2):

Fdiet ¼ Fiurine þ Fbile [2]

and Eq. 3:

δdiet ¼ Fiurineδ
i
urine þ Fbileðδiurine − εurine þ εbileÞ

Fiurine þ Fbile
¼ Fdietδiurine þ Fbileðεbile − εurineÞ

Fdiet
:

[3]

Additionally, the isotopic composition of bone is given by Eq. 4:

δbone ¼ δisoft þ εbone ¼ δiurine − εurine þ εbone [4]

When bed rest begins, we allow the rate of bone loss to increase, but we hold
the dietary Ca flux and bone formation flux constant. Because the Ca content
of soft tissue is tightly regulated, the Ca released frombone resorption during
bed rest must be quickly excreted. This excretion happens primarily through
the kidneys, where decreased Ca resorption during urine formation results in
increased Ca excretion. We assume that the flux of hepatic Ca excretion flux
via bile remains constant.

Becauseof the short residence timeofCa in soft tissue, the soft tissueCapool
attains a state of quasiequilibrium after several days of bed rest. In this state,
the mass and isotopic composition of soft tissue Ca is in equilibrium with
the pool of bone Ca, which is slowly adjusting to bed rest on a timescale of
years. During this period, we can write the following mass balance for soft
tissue (Eq. 5):

0 ¼ Fdiet − FboneþFresorp − Fbile − Furine [5]

and Eq. 6:

0 ¼ Fdietδdiet − Fboneðδsoft þ εboneÞ
þ Fresorpδbone − Fbileðδsoft þ εbileÞ− Furineðδsoft þ εurineÞ: [6]

When we substitute Eqs. 1–5 into Eq. 6 and solve for Fresorp,, all of the terms
involving excretion of Ca in bile cancel, and therefore, we obtain Eq. 7:

Fresorp ¼ Fboneðεbone − εurineÞ þ Fdietðδurine − δiurineÞ
εbone − εurine − ðδurine − δiurineÞ

¼ Fboneðεbone − εurineÞ þ FdietΔ
44=42Cabaseline

εbone − εurine −Δ44=42Cabaseline
; [7]

where Δ44/42Cabaseline = δurine-δiurine.. We report the relative rate of bone loss
or gain relative to the mass of skeletal Ca, Mbone, as Eq. 8:

BMB ¼ Fbone − Fresorp
Mbone

: [8]

We use equation Eq. 7 to assess the sensitivity of our BMB estimate to
uncertainties in the renal fractionation over a range of possible values from
εurine = 0 to +15 pptt, with the most probable values near +10 pptt (Fig. 4).
Errors in the estimate of the renal fractionation factor have minimal effect
on estimates of BMB as long as this fractionation factor is greater than
about 5 pptt.
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SI Text
Analytical methods were previously validated (1). Urine samples
were dissolved in a microwave digestion system (MARS system;
CEM Corporation) using trace metal-grade concentrated
HNO3 and 30% H2O2. Digestion continued in Teflon reaction
vessels with alternating rounds of aqua regia and HNO3/H2O2
until high aqueous surface tension indicated that the samples
were low in dissolved organics. Two-column purification pro-
cedures were performed. First, Biorad AG50-WX-12 200- to
400-mesh resin was used with a hydrobromic acid (HBr) based
elution scheme (1) to remove major elements including K, Na,
Mg, and Ti. Second, Eichrom Sr-specific resin was used to
separate Ca and Sr. Quantitative chemical recovery is required
to prevent laboratory-induced isotopic fractionation; yields
were measured by quadrupole inductively coupled plasma MS
(ICP-MS; X Series; Thermo Scientific), and all were greater
than 85%. The process blank consistently contained less than
0.5 μg Ca.
Isotope abundances were measured by multiple-collector ICP-

MS (ThermoScientific) in the W. M. Keck Foundation Labora-
tory for Environmental Biogeochemistry using the method in the
work by Wieser et al. (2). Samples were introduced into a 1,200-
W plasma with a desolvating system (Apex) in medium-mass
resolution. Ca concentrations were between 1.5 and 5 ppm de-
pending on instrumental sensitivity, resulting in beam intensities
of 0.5–1.5 V on 42Ca. Each analysis collected 30 measurement
cycles; ratios of the ion beams 44Ca/42Ca, 44Ca/43Ca, 48Ca/42Ca,
and 48Ca/43Ca were calculated and averaged into a single mea-

surement. Standard–sample–standard bracketing was used to
correct for instrumental mass bias. The bracketing standards
used for all samples and external standards were the in-house
standard National Institute of Standards and Technology Ca ICP
solution (National Institute of Standards and Technology lot no.
X-10–39Ca; “ICP1”). For comparison with other literature val-
ues, the δ44/42CaICP1 values for International Association for the
Physical Sciences of the Ocean standard seawater and standard
reference material SRM 915a measured relative to ICP1 were
7.6 ± 1.5 pptt and −1.5 ± 1.3 pptt, respectively. In this manu-
script, all Ca isotope measurements are measured and reported
relative to ICP1, except where values are reported relative to
subjects’ pre-bed rest baseline value.
The abundance ratio of δ44/42Ca can be measured using <25 μg

Ca with a typical precision of ±2.0 (±2 SD) pptt compared with
a standard. Measurement accuracy was comparable with the
measurement accuracy of other published methods and de-
termined by measuring the Ca isotope ratios on selected urine
samples using both multicollector inductively coupled plasma
source MS and thermal ionization MS (the traditional in-
strument for measuring Ca isotopes). Measurement accuracy
was within the measurement precision for the two instruments.
Sow urine and blood samples were obtained from Thomas

Crenshaw (University of Wisconsin, Madison, WI). These sam-
ples were analyzed with thermal ionization MS at the Berkeley
Center for Isotope Geochemistry in 1999 using a well-established
isotope double-spike technique (3).

1. Morgan JLL, et al. (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.

2. Wieser ME, Buhl D, Bouman C, Schwieters J (2004) High precision calcium isotope ratio
measurements using a magnetic sector multiple collector inductively coupled plasma
mass spectrometer. J Anal At Spectrom 19:844–851.

3. Skulan J, et al. (2007) Natural calcium isotopic composition of urine as a marker of
bone mineral balance. Clin Chem 53:1155–1158.
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Fig. S1. Urinary δ44/42Ca plotted vs. (A) Ca concentration (mmol/g) from 24-h urine pools and (B) total daily Ca flux (mmol/d) per 24-h period. Ca excretion rate
(Ca flux) was obtained by multiplying the Ca concentration of the 24-h pool by mass (weight in grams) of urine excreted per 24-h period. The negative
correlation strengthens the interpretation that the shift to low δ44/42Ca reflects an influx of isotopically light Ca from bone resorption. Two trend lines are
plotted for each graph. (A) Linear regression: r2 = 0.45, P < 0.0001; power law: r2 = 0.59. (B) Linear regression: r2 = 0.48, P < 0.0001; power law: r2 = 0.60.
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11

±
1.
69

;
9

−
1.
97

±
1.
30

;
8

0.
09

±
1.
62

;
8

−
0.
86

±
0.
56

;
4

−
1.
86

±
0.
74

;
4

−
1.
08

±
2.
24

;
9

29
−
0.
36

±
0.
95

;
3

3.
58

±
1.
47

;
8

1.
01

±
0.
84

;
3

−
2.
76

±
2.
18

;
10

5.
40

±
2.
06

;
9

−
1.
74

±
1.
66

;
11

0.
41

±
1.
47

;
9

−
0.
90

±
1.
30

;
9

−
0.
61

±
1.
33

;
9

31
0.
03

±
0.
07

;
4

−
3.
41

±
1.
15

;
10

33
−
0.
20

±
0.
91

;
4

2.
09

±
0.
98

;
3

−
0.
96

±
0.
35

;
3

−
1.
61

±
1.
55

;
8

−
1.
68

±
1.
11

;
4

1.
65

±
1.
57

;
9

−
3.
42

±
0.
61

;
3

−
0.
80

±
0.
98

;
4

34
1.
15

±
1.
77

;
8

3.
51

±
2.
33

;
9

0.
12

±
0.
91

;
5

−
1.
47

±
1.
06

;
5

−
1.
96

±
1.
23

;
7

−
1.
05

±
1.
83

;
17

1.
16

±
1.
07

;
4

36
0.
13

±
1.
67

;
14

−
1.
25

±
0.
72

;
3

−
0.
22

±
1.
46

;
7

0.
13

±
0.
72

;
3
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Table S2. Ca isotope composition of pig feed and urine and
serum collected simultaneously from the same pig measured
relative to calcium isotope standard 915a, δ44/40Ca (‰) ± 2 SD,
and the same values converted to δ44/42Ca (pptt) relative to ICP1

δ44/40Ca (‰), 915a δ44/42Ca (pptt), ICP1

Sow urine 1.71 ± 0.16 6.84 ± 0.78
Sow serum −0.57 ± 0.08 −4.28 ± 0.39
Sow feed 0.46 ± 0.23 0.75 ± 1.12

Pig samples were supplied by Thomas Crenshaw (University of Wisconsin,
Madison, WI).

Table S3. Demographic data for subjects in 6° head-down bed
rest study

Subject Age (years) Sex Height (cm) Weight (kg) BMI* (kg/m2)

P1 32 Male 176 71.3 22.9
P2 27 Male 172 67.3 22.7
P3 34 Female 171 80.4 27.6
P4 29 Female 155 55.3 22.9
P5 29 Female 177 57.5 18.5
P6 26 Male 172 78.3 26.4
P7 25 Male 186 87.0 25.1
P8 25 Male 176 73.5 23.7
P9 46 Male 176 89.3 29.0
P10 28 Male 177 79.5 25.3
P11 30 Male 170 78.5 27.1
P12 49 Female 169 66.5 23.3

*Body mass index.
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