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Abstract 

Calcium (Ca) isotopes in blood/urine are emerging biomarkers of bone mineral balance (BMB) in the human body. While multiple 
studies have investigated Ca isotopes in patients suffering from diseases affecting BMB, comparatively little effort has been devoted 
to understanding the homeostasis of Ca isotopes in healthy individuals. Here, we report on a longitudinal study of the urine Ca iso- 
tope composition ( δ44/42 CaUrine ) from 22 healthy participants (age 19–60) over timescales ranging from days to months. Data from a 
single participant collected over a 30-day period show that morning urine is an excellent proxy for 24-h pooled urine fractions. Data 
from all participants reveal large inter-individual variability in δ44/42 CaUrine (up to 2.2 ‰ ), which is partly due to anthropometric differ- 
ences, as shown by a correlation between the participants’ body mass index (BMI) and δ44/42 CaUrine values. In contrast, intra-individual 
data reveal encouraging stability (within ∼±0.2–0.3 ‰ ) over timescales > 160 days, indicating that self-referencing approaches for BMB 
monitoring hold greater promise than cross-sectional ones. Our data confirm that intra-individual δ44/42 CaUrine variations are mainly 
a function of Ca reabsorption in the kidney, but also reveal the impact of other (and at times equally important) drivers, such as diet, 
alcohol consumption, physical exercise, or fasting. We also find that a magnetic resonance imaging contrast agent (gadolinium) can 

lead to artifacts during Ca isotope analysis. Based on our results, a series of practical considerations for the use of Ca isotopes in urine 
as tracers of BMB are presented. 
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isotopes, exploring the Ca isotopic homeostasis in animal models 
[2 –7 ], and the human body alike [8 ], with particular focus on (i) bed 
rest experiments to simulate and study the effects of spaceflight 
and microgravity on BMB [9 –12 ], and (ii) the impact of diseases af- 
fecting BMB, such as osteoporosis [13 –15 ], multiple myeloma [16 ], 
or chronic kidney disease [17 ,18 ]. Three studies even documented 
the impact on Ca isotopes of select treatments meant to stimulate 
Ca bioavailability and uptake (Vitamin D3) [19 ], slow down bone 
resorption (e.g. bisphosphonate drugs) [9 ], or fight prostate cancer 
(androgen deprivation therapies) [20 ]. 

At its core, the clinical potential of Ca isotopes hinges on our 
capacity to relate a subject’s BMB to the Ca isotopic composition of 
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Introduction 

Following the initial observation that bones in vertebrates have
significantly lighter calcium (Ca) isotope composition than soft
tissues (i.e. muscle, blood) [1 ], Ca isotopes in blood and urine have
been proposed as potentially powerful tracers of bone mineral
balance (BMB) in the human body. The rationale behind this pro-
posal is that, relative to a healthy control, a subject experiencing
net loss of bone mass would exhibit a shift in blood and urine com-
position toward low, bone-like δ44/42 Ca values (where δ44/42 Ca is
the 44 Ca/42 Ca ratio expressed in delta notation, in units of permil).
Over the last two decades, pioneering studies have started to lay

down the foundation of this novel biomedical application of stable 
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ts blood and/or urine ( δ44/42 CaBlood/Urine ). Because most of the Ca
n the body resides in the bones, simple box models accounting
or Ca influx (diet) and outflux (mainly through urine), as well as
a exchanges between soft tissues, bones and kidney, can theoret-
cally be leveraged to gain such insights. In practice, approaches
ith subtle, yet important, differences have been proposed to re-

ate δ44/42 CaBlood/Urine and BMB. These can be grouped into three
ain categories. In the first, it is assumed that the main driver of

44/42 CaBlood/Urine fluctuations is a large ( ∼−0.6 ‰ , see review in ref.
21 ]) fractionation of Ca isotopes during bone formation (and the
elease of the fractionated bone composition during bone resorp-
ion), and therefore, variations in δ44/42 CaBlood/Urine can be used as
irect and faithful proxies of BMB variations [1 ,9 –11 ,13 ]. In these
odels, when kidney function is accounted for [10 ,11 ,13 ], it is as-
umed to shift the urine composition above that of the blood by a
onstant value ( ∼1.2 ‰ ) regardless of Ca excretion. In this frame-
ork, the rapid shift toward light Ca isotope composition seen in
he blood/urine of participants in bed rest experiments suppos-
dly reflects the transfer of the low δ44/42 Ca values of the bones to
he blood/urine during bone resorption. 
Since these early studies, a better understanding of the key

ole of the kidney in modulating δ44/42 CaUrine values has emerged,
orcing a revision of the framework used to track BMB with Ca
sotopes. In particular, because δ44/42 CaUrine values within a sub-
ect have been shown to vary by more than 1 ‰ as a function of
a excretion, recent studies no longer interpret δ44/42 CaUrine vari-
tions (including the rapid shifts seen in bed rest experiments)
s directly reflecting the transfer of low δ44/42 Ca values from the
ones. Instead, most recent work aims to determine if, despite
he existence of potentially large variations in δ44/42 CaBlood/Urine 

ithin and between individuals, Ca isotopes retain a diagnostic
tility. To do so, the second type of approach uses δ44/42 CaBlood/Urine 

s a proxy for assessing the relative strength of Ca fluxes into
nd out of the bones, and define threshold (or cut-off) values for
44/42 CaBlood/Urine marking the transition from a regime of bone
ormation to one of bone resorption [8 ,14 ,15 ,17 ]. For instance,
he 2019 OsteoGeo study [14 ] and the 2024 OsteoLabs study
15 ], support cut-off values of −0.85 ± 0.06 ‰ for δ44/42 CaSerum 

,
nd + 0.23 ± 0.06 ‰ for δ44/42 CaUrine , and interpret patient data
elow these values as indicative of net bone mass loss. In contrast
o the first two approaches, the third one argues that δ44/42 CaUrine 

alues alone cannot act as a straightforward monitor of BMB, and
nstead advocates for a “baseline” approach where the impact of
enal Ca reabsorption is cancelled out by quantifying both the
aily Ca excretion rate and δ44/42 CaUrine values [12 ]. Just like in
he “cut-off” approach, the goal is still to quantify the relative
mounts of bone formation vs resorption, but here an individ-
al’s BMB is established by comparison of its Ca excretion vs
44/42 CaUrine trend to either that of a healthy control with steady-
tate bone balance, or preferably, their own trend measured at a
ime before onset of bone mass loss (i.e. self-referencing). 
Common to the two most recent incarnations of Ca isotopes in

rine as clinical diagnostic tools is the idea that the δ44/42 CaUrine 

alues of a given individual are primarily controlled by (i) the
atio of bone formation over bone resorption characteristic of
he individual, with (ii) some modulation of this signature that
s imparted by the Ca regulatory function of the kidney. The
ore Ca reabsorbed from the primary urine into the body, the
ore fractionated (toward heavy values) the excreted urine. As
one resorption increases with age, the δ44/42 CaUrine value of an
ndividual will decrease in response [8 ,12 ]. In the cross-sectional
pproaches [8 ,14 ,15 ,17 ], a decline below some universal cut-off
alue indicates transition to a regime of bone mass loss, while in
he self-referencing approach [12 ], a decline away from a subject’s
ealthy baseline is the diagnostic marker of a change in bone
ealth. 
Built into the above frameworks are key assumptions that

eserve close examination. The first, which is only relevant to
he cut-off value approach, is that all individuals of similar
ge have a similar blood/serum δ44/42 Ca value, from which the
44/42 CaUrine value derives solely as a result of kidney-induced
sotopic fractionation. The second is that for a given individual,
44/42 CaBlood/Serum 

is constant over short timescales (hours to
onths) and changes in δ44/42 CaUrine values, which are only
riven by kidney function, are also generally stable over these
imescales. The third is that both the blood and urine Ca isotope
omposition are only minimally affected by other potential
rivers of variability such as diet, demographic, or lifestyle. These
ssumptions are most certainly wrong to some degree. For in-
tance, recent studies have documented significant inter-subject
44/42 CaUrine variability [8 ,10 ,12 ,14 ,15 ], as well as elevated values in
ubjects following a vegan diet [15 ]. Yet, at this writing, the impact
f these assumptions remains to be systematically investigated.
n particular, very little remains known about the range of natural
ariations in the Ca isotope composition of healthy subjects over
ime, or how demographics and/or lifestyle affect an individual’s
aseline Ca isotope composition and its temporal variability. 
To gain insights into this question, we measured the urine Ca

sotope composition from 22 healthy participants over timescales
anging from days to months. The participants were almost evenly
plit between males ( n = 10) and females ( n = 12), and ranged in
ge from 19 to 60 years old. Below, we briefly describe the methods
sed for this study and the quality checks performed to validate
he data. Our results reveal large inter-individual variability
n δ44/42 CaUrine (up to 2.2 ‰ ) but encouraging intra-individual
tability (within ∼±0.2–0.3 ‰ ), indicating that self-referencing
pproaches for BMB monitoring hold greater promise than cross-
ectional ones. Using the answers provided by the participants in
heir questionnaires, we then evaluate the drivers of inter- and
ntra-participant δ44/42 CaUrine variations before discussing the
mplications for the use of Ca isotopes in urine as tracers of BMB.

aterials and methods 

tudy design 

he study aimed at characterizing the natural temporal variabil-
ty of Ca isotope compositions in urine ( δ44/42 CaUrine ) in adults. The
tudy was approved by the Caltech IRB review board (# IR21-1172)
fter being reviewed in accordance with the requirements of Part
6, ‘Protection of Human Subjects’ of Title 45 of the Code of Fed-
ral Regulations and the “U.S. Department of Health and Human
ervices (DHHS) Federal-Wide Assurance (FWA) for the Protection
f Human Subjects for Domestic Institutions,” California Institute
f Technology Assurance # FWA00003897. Participation was open
o all adult volunteers (18 years old or more). Due to biosafety
oncerns during the processing of urine samples by the research
eam, individuals who were either HIV positive or experiencing
hronic urinary tract infections were excluded from this study. 
Study participants were recruited on the California Institute

f Technology campus by members of the research team. All
articipants provided informed written consent and received a
ampling kit containing the following: a sterile urine cup (90 ml),
 disposable plastic Pasteur pipette, a sterile 2 ml polypropylene
ial labeled with a unique 4-digit identifier code, a hand sanitiz-
ng wipe, and a flyer detailing instructions for sample collection.
sing this kit, participants sampled a ∼2 ml urine aliquot and
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Table 1. Ca chromatographic extraction protocol on the prepFAST 

MC (1 ml of DGA resin) 

Step Reagent Volume (ml) 

Column conditioning 2 M HNO3 5 
Sample loading 2 M HNO3 3 
Matrix elution 2 M HNO3 3 
Matrix elution (Sr) 6 M HNO3 10 
Ca elution 0.1 M HCl 6 
Column washing 0.1 M HCl 4 
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placed it into the 2 ml vial, which they then returned to a drop
box on campus. At the time of sample collection, the participants
filled out an online questionnaire detailing (i) the time of sample
collection, (ii) the 4-digit code of their urine sample vial, and
(iii) relevant information about their demographic (e.g. age,
gender, ethnicity), health and lifestyle, as well as bone health.
A copy of the questionnaire template is available in Table S1.
Upon submission of the online questionnaire, a unique ID code
was automatically created and assigned to each participant.
Participants were allowed, but not required, to provide multiple
samples over the duration of the study. Several participants
provided more than four samples over periods ranging from days
to months. The unique ID code was used to group samples from
a given participant while maintaining their anonymity. 

To assess the natural temporal variability of δ44/42 CaUrine in
adults, we focused on participants that provided four or more
samples during the duration of the study. These fall into two
categories: 

(i) High-resolution, 30-day sampling. One participant (male, 36
years old at time of enrollment), hereafter referred to as
Participant 1 ( Table S2), provided samples for every urina-
tion over a 30-day period ( n = 104). In addition, the par-
ticipant also provided a 24-h pooled sample for each day
( n = 30). Finally, the participant submitted another six sam-
ples (morning urine), taken 10 months later, over a 2-week
period. These samples give us an opportunity to study
short- to medium-term variations in δ44/42 CaUrine in a sin-
gle individual and quantify the impact of external factors
like changes in diet or lifestyle.

(ii) Low-resolution, week- to month-long sampling. All other partic-
ipants (Participants 2–22, Table S3) provided a more limited
number of samples (between 4 and 16), over timescales
ranging from days to months. In total, 12 female (age 19–60)
and 9 male (age 23–35) participants provided 160 samples.

Sample preparation 

Reagents and materials 
All sample processing and analyses were performed in a Class
1000 clean laboratory at the Isotoparium (California Institute of
Technology). Ultrapure water (resistivity > 18.2 M � cm at 25°C)
was obtained from a Milli-Q Advantage A10 water purification
system (MilliporeSigma). Reagent grade concentrated nitric acid
and hydrochloric acid (Fisher Chemicals) were distilled twice by
sub-boiling in Savillex DST-1000 acid purification systems. Op-
tima grade hydrogen peroxide (31%) was purchased from Fisher
Chemicals and used as such. All Teflon labware used in this study
(i.e. PFA vials and beakers from Savillex) was pre-cleaned using
a 4-step protocol with boiling 7 M HNO3 , 6 M HCl, diluted aqua
regia (3:1 mixture of HCl:HNO3 ), and finally double distilled 1.5 M
HNO3 solution. Metal-free centrifuge tubes were acquired from
VWR and Eppendorf. Polypropylene labware was rinsed three
times with MQ water and leached with 10% (vol.) HCl by heating
overnight. 

Sample digestion 
Upon receipt, urine samples were visually examined and those
containing visible red blood cells were excluded from the study.
This additional exclusion criterion was implemented owing to
(i) biosafety concerns for the research team during sample pro-
cessing and (ii) the possibility that the blood’s distinct Ca isotope
composition could lead to biased results. For samples passing
this screening, a 0.4–1 ml aliquot of urine was pipetted into a
clean Savillex PFA beaker. The samples were then digested twice 
via acid attack on a hot plate using 1 ml of concentrated HNO3 

and 1 ml of 31% H2 O2 at 130°C overnight. After cooling down, the
digests were evaporated to dryness and dissolved in 5 ml of 2 M
HNO3 , from which 3 ml of the sample solution was used for the Ca
purification and 2 ml was used for the elemental quantification. 

Automated Ca purification 
Purification of Ca from the sample matrix was done using a fully
automated low-pressure chromatography prepFAST MC system 

from ESI and either (i) pre-packed Sr-Ca columns from ESI (part 
number CF-1000) or (ii) self-packed DGA resin columns from 

Eichrom (normal, 50–100 μm). In both cases, a single column was 
used to purify up to 100 samples. The automated Ca purification
protocol is provided in Table 1 . Samples were processed in batches
of 20–42 samples. To monitor the performance of the prepFAST 

MC (e.g. recovery yield) and ensure data accuracy, a procedural 
blank and reference materials were run at the beginning and end 
of each batch (i.e. at least two blanks and two reference materials
per batch). Purified Ca fractions were collected in clean Teflon 
beakers, dried down on a hot plate and re-dissolved in a 2:1
mixture of concentrated HNO3 and H2 O2 , heated on a hot plate 
at 130°C overnight for removal of organic compounds from the 
resin. Finally, the Ca fractions were evaporated to dryness and 
re-dissolved in 1 ml of 2% vol. HNO3 for element quantification 
and isotope ratio measurements. 

Mass spectrometry 

Concentration work (iCAP) 
Elemental quantification was accomplished using an iCAP RQ 

ICP-MS (Thermo Fisher Scientific). For this purpose, the sample 
digests were diluted in 2% vol. HNO3 50 times for the Ca quan-
tification, and 1000 times for the two most abundant elements in
urine: Na and K. The post-chemistry purified Ca fractions were 
diluted 125 times in 2% vol. HNO3 . Calcium, Na, and K quan-
tifications were accomplished via external calibration using five 
calibration standards (SPEX CertiPrep), with concentrations rang- 
ing from 0 to 500 μg/l in standard mode (no gas) and 0 to 1000 μg/l
in He mode with kinetic energy discrimination mode, respectively.
Indium (SPEX CertiPrep), at a final concentration of 2 μg/l (no gas
mode) or 5 μg/l (KED mode) was used as an internal standard to
correct for instrument instability and potential matrix effects. 

Isotope analyses 
Calcium isotope analyses were performed on a Neptune Plus 
(Thermo Fisher Scientific) in dry plasma conditions using a Jet 
sample and X skimmer cone (both Ni) for enhanced sensitivity.
An Aridus3 desolvating nebulizer (CETAC) was used throughout 
this study. To resolve polyatomic interferences, such as 40 ArH2 

+ ,
12 C16 O2 

+ , 14 N3 
+ , and 14 N2 

16 O+ , measurements were performed 

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae050#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae050#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae050#supplementary-data
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Table 2. Instrument settings and data acquisition parameters for 
high-precision Ca isotope analysis by MC-ICP-MS 

Instrument settings for Ca measurements 

RF power 1200 W 

Sample gas 0.7 l/min 
Auxiliary gas 0.7 l/min 
Cooling gas 16 l/min 
Sampler cone Ni jet-type sampling cone: 1.1 mm aperture Ø
Skimmer cone Ni skimmer cone: 0.8 mm aperture Ø
Nebulizer Concentric, 100 μl min−1 

Resolution mode Medium or high 
Typical sensitivity 6–13 V of 44 Ca for 1 μg/g Ca solution in HR 
Mode Static, multicollection 
Idle time 3 s 
Integration time 4.194 s 
Number of cycles 50 

Desolvating system 

Type Aridus3 
Ar sweep gas 2.7–4 l/min 
N2 additional gas 6–10 ml/min 
Spray chamber T 110°C 
Oven T 140°C 

Table 3. Cup configuration for Ca isotopic analysis by MC-ICP-MS 
in MR or HR mode 

Cup L4 L2 L1 C H1 H2 H3 

Resistor ( �) 1011 1011 1011 1011 1011 1011 1011 

Isotope/mass 42 Ca 43 Ca 43.5 44 Ca 45 Sc 46 Ca 47 Ti 
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Figure 1. Three isotopes plot showing the δ44/42 CaSPEX vs δ44/43 CaSPEX 

for the data obtained in this study. (a) Samples provided by Participant 
1 (36-yr old male) over a 30-day period as well as six additional 
samples taken 10 months later over a 2-week period. (b) Samples 
from all other participants and reference materials. The dashed 
line represents the expected MDF line for measurements performed 
under ideal conditions: δ44/42 Ca = 1.973 × δ44/43 Ca (exponential law). 
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n either medium or high mass resolution mode, and a static
up configuration monitoring masses 42 through 47 was used.
ll Faraday cups were assigned 1011 � feedback resistors. Cup
ains were calibrated before each Ca measurement session (i.e.
t least daily). The instrument was tuned for optimal sensitivity
nd stability, and typical tuning conditions and parameters are
ummarized in Tables 2 and 3 . 
Standard and sample solutions diluted to a final Ca concentra-

ion of 1 μg/g in 2% vol. HNO3 were aspired using a PFA nebulizer
ith a nominal flow rate of 100 μl/min, yielding a typical beam

ntensity of 6-13 V on 44 Ca, corresponding to an average sen-
itivity of 455 V/ppm. On-peak-zeros were measured before all
amples and standards using a 50–60 s uptake and 42 s on-peak
easurement (i.e. 10 cycles) of clean acid solution from the same
atch used to dilute the samples to monitor memory effects
f the sample introduction system and remove background
rom all measurements. Typical background intensities were
–9 mV on 44 Ca. Sample and bracketing standard measurements
onsisted of 50–60 s of sample uptake, followed by 50 cycles of
.192 s integration time each, for a total 209.6 s of static on-peak
ample measurement. The introduction system was then rinsed
or 60 s between samples using 2% vol. HNO3 before repeating
he cycle for the next standard/unknown. Instrumental mass
iscrimination was corrected for using the sample-standard
racketing approach. Each unknown measurement was brack-
ted by measurements of a single element Ca ICP solution from
PEX (CertiPrep, lot #24-71CAY). The SRM 915b was measured in
ultiple sessions against the SPEX solution and has a δ44/42 Ca
alue of −0.283 ± 0.024 ‰ (2SE, n = 7) relative to SPEX. 
Within each measurement sequence, two secondary reference
aterials were measured to ensure data accuracy: (i) the NIST
RM 1486 Bone meal reference material and (ii) the IAPSO seawa-
er standard (batch #P165). These materials were subjected to the
ame chemical processing as the samples and analyzed alongside
he samples to monitor the performance of the entire sample pro-
essing and analysis. For each batch of sample, a procedural blank
as also processed. Full procedural blank values ranged from
0 to 180 ng of Ca, which is more than two orders of magnitude
ower than the sample Ca content, and therefore negligible. 

otations 
he data in this study were acquired by bracketing against a
PEX single element Ca solution. Values measured relative to the
PEX solution are thus provided in Tables S2 and S3 and shown
n Fig. 1 when performing quality control on the measured data.
or ease of comparison with literature data, however, Ca isotope
ompositions shown in all other figures are expressed as δ44/42 Ca
alues relative to the widely used SRM 915a Ca isotopic reference

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae050#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae050#supplementary-data
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Figure 2. (a) δ44/42 Ca values for the IAPSO seawater standard (blue) and 
the NIST SRM 1486 Bone meal reference material (tan) measured along- 
side samples in this study. Each data point represents a different analyti- 
cal session (both materials were measured in each session), while the hor- 
izontal bands represent the average values. (b) Difference in δ44/42 Ca value 
between the two reference materials for each analytical session. The 
average value ( −1.408 ± 0.025 ‰ , 2SE) is in excellent agreement with the 
recommended value of −1.406 ± 0.027 ‰ (see main text for references). 

Figure 3. δ44/42 CaUrine values as a function of time relative to MRI exam, 
with contrast agent (Gd). Because Gd is not separated from Ca during 
column chromatography, excretion of Gd into urine post-MRI results in 
departure of the δ44/42 CaUrine during isotope analysis (i.e. matrix effects). 
Individual urine samples (open circles) and 24-h pooled values (orange 
bands) return to pre-Gd injection levels after 24–48 h. 
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material: 

δ44 / 42 C aSRM 915a = [(44 Ca /42 Ca ) sample /(
44 Ca /42 Ca ) SRM 915a − 1 ] × 10 3 . 

(1)
Our data were recast onto the SRM 915a scale using the

well-documented isotopic offset between SRM915b and SRM915a
( + 0.352 ± 0.009 ‰ , 2SE, n = 36) [22 ], and our calibration of
SRM915b against the SPEX solution, as 

δ44 / 42 CaSRM 915a = δ44 / 42 CaSPEX + ( 0 . 634 ± 0 . 025 ) . (2)

Note that because the SRM915b to SRM915a offset was re-
ported in Ref. [22 ] as δ44/40 Ca, it was converted to δ44/42 Ca by
multiplying by ln( M44 / M42 )/ln( M44 / M40 ) ∼ 0.488, which assumes
that the isotopic fractionation is mass-dependent and follows
the exponential (kinetic) law [23 ]. Uncertainties are reported
as ‘2SE external reproducibility’ and calculated as 2 × σStandard

/ 
√ 

n , where 2 × σStandard is the daily external reproducibility of
repeat measurements of a SPEX single element Ca bracketed
by itself (measured at the same concentration as the sample),
and n is the number of repeat analyses of the same sample
solution (typically n = 2–4). Depending on the analytical session
and solution concentration, 2 × σStandard varied between ±0.06
and ±0.13 ‰ , resulting in 2SE uncertainties for replicate analysis
of samples between ±0.03 and ±0.09 ‰ . 

Results 

For all samples, a summary of the data is presented in Tables S2
(Participant 1) and S3 (Participants 2–22), including the sample’s
tube ID, the participants’ demographic information, and the
concentration and isotopic composition of Ca, as well as the Na
and K concentrations. 

Data accuracy and reproducibility 

Data accuracy on both reference materials and samples was ex-
amined by checking the mass-dependency of the isotope effects.
Under ideal measurement conditions, delta values obtained on
adequately purified Ca fractions should scale with the mass
difference of the isotopes considered: i.e. δ44/42 Ca ∼2 ×δ44/43 Ca.
Figure 1 shows that all data reported herein are indeed mass-
dependent, indicating that the chromatographic purification
protocol efficiently removed the sample matrix and testifying to
the data’s accuracy. Furthermore, tests conducted on a prepFAST
MC system [24 ] showed no measurable Ca isotope fractionation
for yields above 75%, and the measured recovery yields for our
samples were consistently high, ranging from 77% to 110%. 

To assess data accuracy and reproducibility, 11 replicates of
the NIST SRM 1486 Bone meal reference material and the IAPSO
seawater standard were processed and measured alongside
the urine samples. As shown in Fig. 2 , values obtained over
1.5 months and 11 analytical sessions are highly reproducible,
giving average values of −0.420 ± 0.032 ‰ (2SE) for the bone
meal and + 0.988 ± 0.033 ‰ (2SE) for the seawater, in reasonable
agreement with the average literature data of, respectively,
−0.490 ± 0.026 ‰ ( n = 5, 2SE) [25 –28 ] and + 0.916 ± 0.009 ‰ ( n = 39,
2SE) [9 ,22 –24 ,29 –56 ]. Furthermore, the difference between the
two materials ( −1.408 ± 0.025 ‰ ) is indistinguishable from the
average value of −1.406 ± 0.027 ‰ calculated using literature
data. In combination, these results confirm that no significant
mass-dependent fractionation (MDF) on the column occurred,
and that the Ca isotope variations observed are primary to the 
urine samples. 

Impact of MRI contrast agent (gadolinium) 
During the 30-day sampling period, Participant 1 underwent a 
magnetic resonance imaging (MRI) procedure with a contrast 
agent (gadolinium, Gd). Following injection, Gd is excreted from 

https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae050#supplementary-data
https://academic.oup.com/metallomics/article-lookup/doi/10.1093/mtomcs/mfae050%22%20/l%20%22supplementary-data
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Figure 4. δ44/42 CaUrine values from Participant 1 (36-yr old male) over a 30-day period. Symbols are color coded according to the time of collection 
(morning = orange, afternoon = yellow, evening = blue, and night = purple). Morning is defined as first urination after waking up (or until 12.30 p.m.), 
afternoon is 12.31 p.m. to 6 p.m., evening is 6 p.m. to 11.59 p.m., and night is 12 a.m. till first urination. Orange bands denote the 24-h pooled values for 
each day (the missing band for day 8 and 25 are due to lost samples). Data affected by matrix effects due to the presence of Gd in urine following the 
MRI exam (Fig. 3 ) are not plotted here (day 27). 
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Figure 5. δ44/42 CaUrine plotted against time since last urination for all 
samples from Participant 1 (36-yr old male) over a 30-day period. While 
the average value calculated using all samples (dashed line) and only 
the morning urine samples is the same ( + 0.63 vs + 0.64 ‰ , respectively), 
the range of variation is smaller in the morning urine ( ±0.16 ‰ , 2SD) 
compared to all urine samples ( ±0.22 ‰ , 2SD). 
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he body through urine over the next few days. Because Gd is not
eparated from Ca during column chromatography, the purified
a fraction of urine samples following the MRI procedure con-
ained both Ca and Gd in high abundances, and the latter could
heoretically affect the isotopic analyses (i.e. matrix effects).
s shown in Fig. 3 , the presence of Gd in urine indeed induces
ystematic biases in the measured Ca isotope composition. After
njection, δ44/42 CaUrine values increased by up to ∼4.5 ‰ relative
o the pre-injection value, and the data departed significantly
rom the mass-dependent line ( δ44/42 CaSPEX = + 4.5 ‰ , δ44/43 CaSPEX 

 + 17.98 ‰ ). Individual and 24-h pooled δ44/42 CaUrine values
eturned to pre-Gd injection levels and mass-dependent behavior
fter 24–48 h. 

hort-term variability: 30-day experiment 
igure 4 shows the δ44/42 CaUrine values of all samples from Par-
icipant 1 (36-year-old male) over a 30-day period. During this
eriod, the participant’s diet was not fixed, nor was his daily
outine or the frequency of activities that might affect Ca uptake
nd regulation (e.g. physical exercise, alcohol consumption, food
ntake frequency). 
Over the 30-day period, the data from all individual urine

amples reveal limited variability of the δ44/42 Ca values about
 mean value of + 0.63 ± 0.22 ‰ (2SD). Similar average values,
ut smaller variances, are observed in both the 24-h pooled
amples ( + 0.62 ± 0.16 ‰ , 2SD) and in the morning urine samples
 + 0.64 ± 0.16 ‰ , 2SD), indicating that some of the variations seen
n individual samples are high-frequency noise due to secondary
ontrols (e.g. diet) that is averaged out in the morning urine/24-h
ooled fractions. This averaging effect is clearly visible when
he Ca isotope composition is plotted against the time since last
rination: the scatter in the data decreases as the time since
rination increases (Fig. 5 ). While individual urine samples were
ollected at intervals ranging from 2 to 13 h, the morning urine
amples were all collected at least 6.5 h after the previous sample.
Figure 4 also allows examination of the data at the daily scale.

or each day, individual urine samples are plotted as circles (col-
rs denote time of day, see figure caption) and the corresponding
4-h pooled samples are shown as orange bands. In many cases,
ndividual urines from a given day have Ca isotope compositions
ndistinguishable from each other as well as from the 24-h pooled
raction. Samples collected throughout the day/night can, how-
ver, show significant variability around the 24-h pooled value (see
or instance afternoon samples on day 9, including the sample
abeled workout ). In contrast, δ44/42 Ca values in morning urines sel-
om deviate from the 24-h pooled value (Fig. 6 ). Ignoring the sam-
les affected by the MRI contrasting agent (which are not plotted
n any figure except Fig. 3 ), only a few notable departures exist: 

— The most striking is visible on day 26, where a urine
sample collected in the afternoon has a δ44/42 CaUrine 

of + 1.04 ± 0.06 ‰ , far above the monthly average value
of + 0.63 ‰ . This sample was taken more than 15 h after the
last food consumption by Participant 1 and is thus labeled
as fasting .
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Figure 6. δ44/42 CaUrine values of (a) 24-h pooled fractions and (b) morning urine, from Participant 1 (36-yr old male) over a 30-day period. (c) Difference 
( �44/42 Ca) between the morning urine and the 24-h pooled fraction. In most cases, δ44/42 Ca values in morning urines seldom deviate from the 24-h 
pooled value. Notable exceptions are shown as filled symbols. Dark red symbols denote days in which the participant consumed alcohol. Blue symbols 
denote days in which the participant consumed excess food/soft drinks. Gray symbols denote days in which the participant was nearly fasting by the 
time the morning urine was collected (i.e. almost no food for dinner). 
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— The next one is seen on day 9, where the morning urine
(orange circle) is isotopically heavier than the individ-
ual urines of the day and the 24-h pooled fraction by
0.17 ± 0.05 ‰ . This sample was collected the morning fol-
lowing consumption of alcohol by Participant 1. A smaller
increase is seen in the morning urine of day 15 after con-
sumption of alcohol. Except for these two days, Participant
1 entirely abstained from alcohol, and these two samples
are labeled as post-alcohol .

— Similarly, on day 14, the morning urine was isotopically
heavier than the 24-h pooled fraction by 0.17 ± 0.06 ‰ . Un-
like on day 9, however, it is not the morning urine value
that is offset toward higher value relative to other samples,
but the 24-h pooled fraction value that is unusually low,
as it displays the lowest value of any 24-h pooled fraction,
at + 0.43 ± 0.04 ‰ . On that day (Christmas day), Participant
1 consumed excessive food and non-alcoholic drinks, and
the 24-h value appears to be dominated by the evening uri-
nation (first post-dinner urination).

— Finally, on day 24, the morning urine was isotopically heav-
ier than the 24-h pooled fraction by 0.14 ± 0.06 ‰ . No ob-
vious external driver was identified for this anomalously
elevated morning urine value. Like for day 14, the 24-h
value seems controlled by the day and night urines: indeed,
the 24-h value overlaps with all other samples taken that
day, which have a uniform composition, different from the
morning urine.

In Fig. 7 , Ca isotope compositions are plotted as a function
of Ca excretion (or a proxy thereof, such as the Ca/K ratio). For
the 24-h pooled samples, the total weight of urine collected was
measured, and Ca excretion can be calculated (Fig. 7 a). For other
samples, no weighing was done, and the Ca concentration is used
as a rough proxy for Ca excretion (Fig. 7 b). For all samples (pooled
and individual urines), δ44/42 CaUrine values are plotted against
Ca/K ratios as well (Fig. 7 c and d). Potassium was chosen as the
normalizing element as it is (i) primarily excreted in urine where
it is therefore very abundant, and (ii) shows the least amount of
correlation with Ca: i.e. the normalization to potassium mitigates
dilution effects without canceling out potentially significant
variability in the data. The concentration data obtained on the
samples reveal a negative correlation between δ44/42 CaUrine values
and (proxies of) Ca excretion. As posited by earlier works [9 –13 ,17 ],
this trend is likely to reflect isotopic fractionation in the kidney
during Ca reabsorption from the primary urine into the body. The 
linear trend seen in the log-linear space of Fig. 7 is consistent
with a Rayleigh distillation process whereby the more intensely 
Ca is being reabsorbed into the body, the more the Ca excreted in
the urine is isotopically heavy. 

While the 24-h pooled data show a single population in 
δ44/42 CaUrine vs Ca excretion space, two outliers are seen in the 
individual urine samples. The first is the fasting sample, identified 
based on its elevated δ44/42 CaUrine value, and which plots here 
slightly above the rest of the samples. The second is the workout
sample (green circle in Fig. 7 b and d), identified in Fig. 4 owing
to its low δ44/42 CaUrine value, which stands out in Fig. 7 due to its
unusually low Ca concentration (and Ca/K ratio). This sample was 
collected less than 2.5 h after the previous urine sample (Fig. 5 ),
but in the interval, Participant 1 underwent an intense workout 
of 1.5 h, hydrating only with water and consuming no food. Inter-
estingly, the other outliers identified solely based on δ44/42 CaUrine 

values (i.e. post-alcohol and excessive food/soft drinks) all plot 
within the general trend defined by the rest of the individual
samples, indicating that their isotopically high and low values are 
most likely to be controlled by normal kidney regulation. This is 
in contrast to the workout outlier, and to a lesser extent the fasting
outlier as well, which seem to be affected by other biological 
functions. 

Long-term and inter-participant variability 

Ten months after the 30-day high resolution sampling exper- 
iment, Participant 1 provided six additional morning urine 
samples collected over a 2-week period. The δ44/42 Ca values for 
these new samples range from + 0.44 ± 0.04 ‰ to + 0.59 ± 0.04 ‰
(Fig. 8 ). While within error of the average morning urine values
measured during the 30-day experiment ( + 0.64 ± 0.16 ‰ , 2SD),
half of these new samples have the lowest Ca isotope composition 
measured for any morning urine samples from Participant 1. At 
face value, this small shift toward lower δ44/42 Ca values could 
represent (i) a slight underestimation of the long-term Ca isotope 
variability in the participant’s urine based on the 30-day data or 
(ii) the impact of prolonged changes in diet (specifically increase 
in dairy consumption), as the additional six samples were col- 
lected 1.5 month after Participant 1 had spent 2.5 months abroad.
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Figure 7. δ44/42 Ca values in urine samples from Participant 1 (36-yr old male) plotted against Ca excretion (or a proxy thereof). Left and right panels 
show values for, respectively 24-h pooled fractions and individual urines. The data define a negative trend, which previous works have interpreted as 
reflective of renal functions. Dashed and dotted lines in panel (a) show the slopes obtained in bed rest experiments by, respectively, Heuser et al . (2019) 
and Morgan et al . (2012). Amongst individual urines, two outliers are seen: one sample collected after > 15 h of fasting (gray), and another collected 
less than 2.5 h after the previous sample during which the participant underwent an intense 1.5-h workout (green). Orange symbols denote morning 
urines, with circles showing samples taken during the 30-day high-resolution experiment, and triangles showing samples collected 10 months later 
over a 2-week period. 
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upport for the second hypothesis comes from considering the Ca
oncentration (Ca/K ratio) data. Indeed, in δ44/42 Ca vs Ca (or Ca/K)
pace, the six additional sample samples (triangles in Fig. 7 b and
) plot on the lower edge of the domain defined by the rest of the
orning urine (i.e. small systematic offset). 
Twenty-one other participants provided multiple samples 

4–16) over timescales ranging from days to months. The data,
hown in Fig. 9 a, reveal significant inter-participant variabil-
ty in δ44/42 CaUrine values with the entire population covering
 range from −0.24 ± 0.06 ‰ to + 1.94 ± 0.04 ‰ . In contrast,
ntra-participant variability (i.e. the spread in δ44/42 CaUrine values
etween samples from a given participant) is often limited.
sing the variance of the data from Participant 1 ( ±0.22 ‰ )
s a reference, most participants (13 out of 21) have simi-
arly stable δ44/42 CaUrine values over timescales up to 160 days
Fig. 9 b). The increased variability observed in the data from
he remaining eight participants (Fig. 9 c) is discussed in the
Discussion’ section. A general decrease in δ44/42 CaUrine values is
bserved with increasing age (Fig. 9 a), although clear departures
rom this general trend are seen (e.g. Participants 4, 16, 17,
r 9). 
In addition to providing samples of individual urine, one

articipant (Participant 10) also provided a 24-h pooled urine
ample. Compared to the 24-h sample ( + 0.58 ± 0.03 ‰ , 2SE,
 = 11), individual urine samples have higher δ44/42 Ca values (up
o + 0.90 ‰ ). One final sample from Participant 10, collected after 5
ays of vegan diet, displays a δ44/42 CaUrine value of + 1.04 ± 0.04 ‰
nd a characteristically low Ca/K ratio (0.008). 
In Fig. 10 , the δ44/42 Ca values in urine samples from all partic-

pants are plotted against Ca concentration ( Fig. 10 a) and Ca/K
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Figure 8. δ44/42 CaUrine values for morning urines from Participant 1 
(36-yr old male) over a 10-month period. The orange horizontal band 
denotes the average and 2SD defined by the data during the first 30-day 
period. Samples collected nearly 10 months later have similar Ca 
isotope compositions, indicating a stability of the participant’s 
δ44/42 CaUrine values over nearly a year. 
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ratio ( Fig. 10 b). The data from most participants (both male and
female; dark blue symbols in Fig. 10 ) define the same negative
trend seen in the data from Participant 1, but expand it 2-fold,
from ∼0.50 ‰ to more than 1 ‰ . At the same time, the data from
some participants (shown as bright colored symbols in Fig. 10 )
deviate from the general trend defined by most participants.
For some of these, useful context (and potential origins of these
departures) was provided by the participants in the question-
naires associated with each sample. For instance, moving from
the highest to the lowest Ca isotope ratios: 

— Participants 9 (violet circles) and 17 (green triangles with
white outline), whose samples have δ44/42 Ca values mostly
around 1.1 ‰ , are the only participants who reported con-
suming more than 10 units of alcohol per week.

— Participant 21 (blue triangles), whose samples have nearly
identical δ44/42 Ca values despite their Ca concentrations
spanning one order of magnitude (and Ca/K ratios spanning
two orders of magnitude), is one of only two participants
who reported consuming dairy and milk every day.

— Participant 12 (pink circles) is a 60-year-old woman who
has experienced menopause. The strong departure of data
from her samples toward negative δ44/42 Ca values nearly
perpendicularly to the trend defined by the other partici-
pants could be related to bone mass imbalance.

Discussion 

Magnitude and timescales of δ44/42 CaUrine 
variability 

Our systematic study of Ca isotopes in urine from 22 participants
reveals large inter-subject variability with δ44/42 CaUrine values
covering a range of nearly 2.2 ‰ . While a general decrease in
δ44/42 CaUrine is observed as participants’ age increases, a virtually
identical range of variations is seen between participants of sim-
ilar age: e.g. Participants 4 and 16 are 25 and 26 years old, respec-
tively, and their δ44/42 CaUrine values differ by 2.1 ‰ (Fig. 9 a). In con-
trast to the large inter-subject variations, our data reveal remark-
able intra-subject stability, with 14 out of 22 participants having
δ44/42 CaUrine values constant within ±0.30 ‰ over timescales of 100
days or more (Fig. 9 b). A similar result was very recently reported
in the OsteoLabs study [15 ] for 63 individuals over periods of up to
2 years. Such stability over monthly to yearly timescales supports 
one of the key assumptions behind the use of δ44/42 CaUrine as 
tracers of BMB: i.e. the mid-term average δ44/42 CaUrine value of 
a participant (with stable dietary, behavioral and physiological 
states) can be established by measuring the δ44/42 Ca value of 
a single urine sample. At the same time, our data show that
small to large variations in δ44/42 CaUrine do exist within some 
individuals, with seven participants showing intra-variability 
between 0.5 and 0.6 ‰ , and two participants pushing this number
up to ∼0.8 ‰ . Below we systematically consider the primary and
secondary controls affecting urine Ca isotope compositions. 

Factor controlling δ44/42 CaUrine 

Age 
The relative importance of bone mineralization and bone resorp- 
tion in humans varies drastically over an individual’s lifetime.
Bone mineralization dominates during childhood and teenage 
years as the skeleton is rapidly being built and continues to do
so until the mid-twenties, at which point the peak bone mass is
reached and a near steady-state between mineralization and re- 
sorption is established. Past the peak bone mass and as humans 
age, bone resorption tends to slightly exceed mineralization,
which in the more extreme cases will lead to osteopenia and 
osteoporosis [57 ,58 ]. As bones are isotopically light relative to 
soft tissues for Ca (by ∼−0.3 ‰ ) [1 ,10 ,13 ,14 ], the expectation is
that a general decrease in δ44/42 Ca values will be observed in the
serum/urine of individuals of increasing age. Our data conform 

to this general expectation, with δ44/42 CaUrine values decreasing 
by ∼0.6 ‰ going from participants in their early 20s to early 60s
(Figs 9 and 11 ), in good agreement with results from previous
work [8 ,13 ,15 ]. This broad evolution across individuals indicates
that δ44/42 CaUrine values do reflect, to some extent, the BMB in 
the human body. At the same time, the large differences seen 
amongst individuals of similar ages clearly indicate that an 
individual’s urine Ca isotope composition is also controlled by 
other, equally important, factors. 

Taken at face value, our results on 22 participants seem to sug-
gest that monitoring of BMB with Ca isotopes cannot simply be 
done by comparing an individual’s δ44/42 CaUrine value to that of a 
hypothetical healthy control of similar age or to a threshold value 
(i.e. cut-off approaches). An obvious limitation of our dataset,
however, is that it is small and biased toward younger partici-
pants, with 19 out of 22 of them being less than 40 years old. To
know if the same extent of variability seen in our data extends to
all ages, we turn to previous studies [8 ,14 ], and particularly the re-
cent OsteoLab study [15 ], which reports on a large dataset of 2320
participants. Significant inter-participant δ44/42 CaUrine variations 
are seen in children and young adults ( ∼1–1.5 ‰ ) as well as in
adults above 40-year-old ( ∼2–3 ‰ ). Focusing on data from women,
who constitute the vast majority of the participants in the Oste- 
oLab study ( n = 1935) [15 ] and thus carry the strongest statistical
significance, nearly identical ranges, medians and distributions 
of δ44/42 CaUrine values are observed for all age brackets above 40 
(i.e. the “> 40–60”, the “> 60–80”, and the “> 80” bracket). All three
age sub-groups show the same range of δ44/42 CaUrine variability 
seen in our data ( ∼2 to 3 ‰ ), indicating that, while limited, our
dataset is reasonably representative of larger adult populations.
Importantly, while the OsteoLab study proposed a δ44/42 CaUrine 

value of + 0.23 ± 0.06 ‰ as a statistically sound threshold for the
diagnosis of osteoporosis, we note that the median δ44/42 CaUrine 

values of all age sub-groups above 40 are either equal to, or
below, this cut-off value. In isolation, the cut-off δ44/42 Ca
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pproach would seemingly lead to a nearly 50% rate of false
ositive for women over 40 years old, raising questions about
he efficiency of such an approach, and highlighting the need to
urther understand what other controls affect δ44/42 CaUrine values.

ody mass index 
o investigate the origin of inter-participant variability,
44/42 CaUrine values were plotted against key anthropometric 
easurements of the participants: height, weight, and body
ass index (BMI = weight/height2 in kg/m2 ) (Fig. 12 ). The high
orrelation of the BMI with total body fat makes it a useful
roxy for epidemiological purposes, and standard ranges (e.g.
nderweight, normal weight, overweight, obesity) have been
efined based on correlations between BMI and mortality rates.
n height and weight spaces, δ44/42 CaUrine data from men and
omen define mostly distinct populations, consistent with males
eing generally taller and heavier than females. These differences
isappear in BMI space, where the data from both males and
emales largely overlap as most participants display BMI values
onsidered healthy (i.e. between 18.5 and 25) [59 ]. 
Figure 12 reveals interesting structure in the data, with

44/42 CaUrine values in female participants being broadly corre-
ated with height, weight, and BMI values, while more scatter
s observed in samples from male participants. In BMI space in
articular (Fig. 12 c), the data from all but two female participants
Participants 5 and 12) define a strong positive relationship. Par-
icipant 12 is one of only two participants who reported having
xperienced menopause and the offset toward lower δ44/42 CaUrine 

alues seen in her data could possibly reflect the impact of a
ostmenopausal increase in rate of bone mass loss. Participant
 is a 25-year-old female with a BMI of 30.9, a score that is in
he Obesity Class I category according to the WHO classification
59 ]. While it is tempting to propose that the low δ44/42 CaUrine 

alues of Participant 5 might reflect an increased rate of bone
ass resorption due to the participant’s elevated BMI/weight, the
onnections between BMI and bone are complex, with high BMI
i.e. obesity) having both positive and negative feedback on BMB
60 ]. It is therefore possible that the low δ44/42 CaUrine values of
articipant 5 reflect some aspect of her BMB, but we cannot rule
ut other potential drivers (e.g. kidney function). 
In Fig. 12 c, the gray dashed line shows a regression fit [and 95%

onfidence interval (CI) envelope] through the average data from
oth male and female participants. This fit excludes Participants 5
nd 12 (for the reasons discussed above), as well Participant 20, a
0-year-old male participant whose δ44/42 CaUrine values plot below
he trend defined by other participants. This participant reported
onsuming significant amounts of dairy products, which could
ave affected his data [61 –63 ]. The positive relationship shown
n Fig. 12 c indicates that, over a BMI range of 18 to 28 kg/m2 (i.e.
rom normal weight to overweight, but excluding obesity), an
ndividual’s δ44/42 CaUrine value will increase (decrease) by ∼0.10 ‰
or each unit of BMI gained (lost). This positive trend, although
reliminary, is in line with the documented positive effect of
MI on bone mineral density, resulting from higher physical
onstraints and estrogen production by adipose tissues [60 ]. 
The recognition of a broad correlation between δ44/42 CaUrine 

alues and BMI provides a potential path toward canceling some
f the inter-participant Ca isotope composition variations. Indeed,
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Figure 10. δ44/42 Ca values in urine samples from all participants plotted 
against (a) Ca concentrations and (b) Ca/K ratios. Circles and triangles 
denote, respectively, females and males. Brightly colored symbols 
denote participants whose data deviate from the general trend defined 
by most participants. See text for details. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Boxplot showing the δ44/42 CaUrine values from all 22 
participants as a function of age. A decreasing trend is observed in 
agreement with the expected higher rates of bone resorption in older 
adults. 
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while the average δ44/42 CaUrine values of all participants vary by
more than 1.75 ‰ , the spread at a given BMI value is typically less
than 0.5 ‰ . This statement excludes Participants 5 and 12, whose
respective obesity and menopause are likely confounding factors
driving their Ca isotope composition toward light values. While
more data from a larger population will be necessary to confirm
these findings, our data suggest that an individual’s BMB could
potentially be determined by comparing their δ44/42 CaUrine value
to that of a healthy control of similar BMI (or after normalization
to a reference BMI using the slope of 0.10 ‰ /unit of BMI shown in
Fig. 12 c). 

Renal function 
The kidney plays a critical role in regulating Ca homeostasis in
the body [64 ]. In a healthy individual, most of the Ca present in
the primary urine is reabsorbed into the body before urine excre-
tion. This process involves a combination of passive and active
transporters, and while the exact drivers of isotopic fractionation
are still unclear [65 ], the overall effect is that the light isotopes
of Ca are preferentially reabsorbed in the kidney. Most often, the
kidney is described as the seat of a Rayleigh distillation process
[12 ,13 ,17 ], and the Ca isotope composition of the urine can thus
be expressed as a function of the isotopic composition of the 
primary urine, δ44/42 Ca0 , and the fraction of Ca remaining in the
excreted urine, f , as 

δ44 / 42 CaUrine ( f ) = δ44 / 42 Ca0 + ( f (α−1 ) − 1 ) × 1000 . (3) 

For a typical Ca reabsorption of 98% ( f = 0.02), the urine
excreted from the body is typically ∼1.2 ‰ heavier than blood 
[11 ,14 ]. Assuming that there is no fractionation between the 
blood and the primary urine [65 ], and using Equation 3 , yields a
value of α∼0.9997, equivalent to a fractionation factor �44/42 Ca 
of ∼−0.30 ‰ : i.e. at each point in time, the instantaneously reab-
sorbed Ca is 0.3 ‰ lighter than the Ca in the urine it is reabsorbed
from. In such a framework, even limited variations in the extent 
of Ca reabsorption can significantly impact the excreted urine 
δ44/42 Ca values. For instance, varying the Ca excretion by 1 natural 
log unit around 2% (half a log unit in both directions) would yield
anticorrelated δ44/42 CaUrine variations covering a range of ∼0.30 ‰ 

(i.e. the fractionation factor describing the Rayleigh distillation).
In excellent agreement with these first-order predictions,

the 24-h data from Participant 1 for which Ca excretion could
be calculated, cover a range of δ44/42 CaUrine of ∼0.3 ‰ , while Ca
excretions vary by a factor 3 ( ∼1 natural log unit) (Fig. 7 a and c).
Using the Ca/K ratio as a proxy for Ca excretion, a similar picture
is painted by the individual urine samples of Participant 1, albeit 
with a shallower slope, whereby the δ44/42 CaUrine values vary by 
0.45 ‰ over a Ca/K ratio spread of 3 natural log units (Fig. 7 b and
d). This observation extends to most of the other 21 participants
of the study as well, whose combined δ44/42 CaUrine values mainly 
range from + 0.1 to + 1.1 ‰ , while the corresponding Ca/K ratios
vary by ∼5 natural log units (or a factor ∼150) (Fig. 10 b). A handful
of participants have δ44/42 CaUrine vs Ca/K relationship that deviate 
from this kidney-controlled slope, with some showing much 
steeper (Participants 16 and 17) or shallower slopes (Participants 
9, 18, and 21) and even two participants showing δ44/42 CaUrine 

variations unrelated, or positively correlated, to Ca excretions 
(Participants 4 and 12). For these participants, controls other 
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Figure 12. δ44/42 Ca values in urine samples from all participants plotted against (a) height, (b) weight, and (c) BMI. Circles and triangles denote, 
respectively, females and males. Small symbols denote individual urine samples, while larger symbols show the average value for each participant. 
Brightly colored symbols with black outline denote participants whose data deviate from the general trend defined by most participants (gray dashed 
lines and 95% CI envelope, slope of ∼0.10 ‰ /unit of BMI). See text for details. 
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han healthy kidney function (like the impact of menopause for
articipant 12) must be at play (see below). 
Given the significant impact of BMI on an individual’s

44/42 CaUrine values (‘Body mass index’ section), removing this
ffect from the data could be beneficial to clarify the extent
nd possible origin of inter-participant Ca isotope variations. In
ig. 13 , we compare the data before (top panel) and after (bottom
anel) normalization of the δ44/42 CaUrine values to an arbitrary BMI
alue of 22 (i.e. the median of the healthy BMI range). Significant
ifferences can be seen in the data distribution before and after
MI-normalization. (i) Participants 16, 17, and 9, who stood out
ecause of their elevated ‘measured’ δ44/42 CaUrine values, plot
ogether within the range defined by most participants after BMI-
ormalization. (ii) The data from Participant 5 (BMI ∼31), which
sed to plot at the low end of the region defined by most partic-
pants, clearly stand out after BMI-normalization, plotting ∼1 ‰
elow most other participants. (iii) Participants 4 (25 years old)
nd 12 (60 years old), which despite being 35 years apart had data
hat directly overlapped at the lowest δ44/42 CaUrine values among
ll participants, now display average δ44/42 CaUrine values nearly
.5 ‰ apart. The shift is entirely due to the low BMI of Participant 4,
hose data were shifted up into the region defined by most partic-

pants as a result of the BMI-normalization. (iv) Finally, Participant
0, whose data did not stand out before BMI-normalization, is
ow showing very low δ44/42 CaUrine values, even overlapping
ith Participant 12. At present, we cannot say whether the low

44/42 CaUrine values for Participant 20 testify to a net bone resorp-
ion or the impact of high-dairy consumption by this participant.

ime since last urination 
s shown by the data from Participant 1 (Fig. 5 ), the Ca isotope
omposition of an individual urine sample depends on the time
ince last urination. Urine samples collected soon ( < 6 h) after the
revious urination cover a range of δ44/42 Ca values ∼50% greater
han samples collected a long time ( > 8 h) after the last urination.
his increased variability in δ44/42 CaUrine is accompanied by an
ncreased variability in Ca concentration and Ca/K ratio, and
or the most part reflects the impact of Ca reabsorption in the
idney (Fig. 7 d). Indeed, samples collected shortly after a previous
ample are more likely to capture the short-term fluctuations
n Ca homeostasis in the body (higher and lower levels of Ca
xcretion), and by extension, fluctuations in Ca isotope compo-
ition. Practically, these results imply that a urine sample will be
ost representative of the BMB if taken a long time after the last
rination (e.g. morning urine), and not directly after an activity
ikely to influence Ca excretion (eating, physical exercise). 

asting 
ne sample from Participant 1 was collected more than 15 h after
ast food consumption and is characterized by a low Ca concen-
ration (and Ca/K ratio) as well as an elevated δ44/42 CaUrine value
 + 1.04 ± 0.06 ‰ ) (Fig. 4 ). To better understand this result, in Fig. 14 ,
he isotopic composition and Ca content of all individual urines
rom Participant 1 are plotted as a function of the time since last
ood. Samples collected more than 12 h after eating tend to have
ow [Ca] and Ca/K ratios, testifying to a high level of Ca reabsorp-
ion into the body. Isotopically, however, only the sample taken
5 h after the last food shows a clear departure from its corre-
ponding 24-h pooled fraction (i.e. the daily averaged Ca isotope
alue). In a Ca isotope vs Ca excretion plot, this sample plots
bove the general trend corresponding to the normal kidney reg-
lation ( Fig. 7 b and d), suggesting that the elevated δ44/42 CaUrine 

alue reflects a specific regime of Ca regulation triggered by
rolonged fasting. 

lcohol consumption 
ata from Participant 1 show an increase in δ44/42 CaUrine values
n the morning urine following alcohol consumption (Figs 4
nd 6 ). In Fig. 15 , the data from all participants are shown as
 function of the typical number of units of alcohol consumed
er week. In line with the data from Participant 1, the few par-
icipants that reported consuming more than 6 units of alcohol
er week show elevated δ44/42 CaUrine values relative to the other
articipants. This includes Participant 17, whose data displayed a
uch steeper δ44/42 CaUrine vs Ca/K slope than other participants

Fig. 10 ). Alcohol is known to lead to both increased urine flow
nd increased Ca loss in urine [66 ,67 ]. Since data from Participant
 show no direct impact on the δ44/42 Ca value of the urination
irectly following alcohol consumption (e.g. evening urine on
ay 9), but elevated δ44/42 CaUrine values in the morning urine
ollowing alcohol consumption (e.g. morning urine day 10), we
ypothesize that the latter might reflect the body’s response to
epletion of Ca stores and higher retention of Ca during kidney
unction. More specifically, we propose the following succession
n time. (i) Alcohol consumption triggers (ii) increased urine flow
ith typical Ca retention ( ∼98%) by the kidney, leading to excess
rinary Ca excretion without modification of the δ44/42 CaUrine .
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Figure 13. δ44/42 Ca values in urine samples from all participants plotted 
against Ca/K ratios both before (top panel) and after (bottom panel) 
BMI-normalization (to an arbitrary value of 22). Symbols as in Fig. 10 . 
Brightly colored symbols denote participants whose data deviate from 

the general trend defined by most participants. See text for details. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Urine Ca isotope composition (a), concentration (b) and Ca/K 
ratio (c) for individual urine samples from Participant 1 plotted against 
the time since last food (in hours). Panel (a) shows the difference 
between a given sample and its corresponding 24-h pooled fraction to 
highlight departures from the daily average value. Samples collected 
less than 4 h since the last urination (and thus more likely to be affected 
by short term fluctuations in kidney function) are shown as smaller 
symbols. Samples collected more than 12 h after eating tend to have low 

[Ca] and Ca/K ratios. The one sample collected more than 15 h after 
eating (labeled Fasting ) displays both low Ca content and a significantly 
elevated δ44/42 Ca value. 
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This increased Ca excretion in turn leads to (iii) increased renal Ca
reabsorption, inducing an increase in δ44/42 CaUrine in the next uri-
nation (e.g. the morning urine on day 10 and 16 for Participant 1;
Fig. 4 ). 

Diet 
The diet is the source of Ca to the body and fluctuations in its
isotopic composition will directly impact the blood/urine com-
position. In healthy adults, for whom bone mass is essentially
at steady state, changes in the Ca isotopic composition of the
diet should be rapidly reflected in the urine δ44/42 Ca values. Our
data provide at least two clear lines of evidence supporting this
expectation. (i) The first comes from the 30-day monitoring of
Participant 1, and specifically day 14. On that day, the 24-h pooled
fraction shows a δ44/42 CaUrine value ∼0.2–0.3 ‰ lower compared
to any other day in a 2-week period. The participant reported
consuming excessive food and non-alcoholic drinks, and the 24-h
value appears to be dominated by the evening urination (first
post-dinner urination). (ii) The second comes from Participant
10, who provided a 24-h sample, which was measured multiple
times and can be used to anchor her δ44/42 CaUrine to the value
of + 0.58 ± 0.03 ‰ . Two months later, Participant 10 also collected
a sample after 5 days of vegan diet, which displays an elevated
δ44/42 CaUrine value of + 1.04 ± 0.04 ‰ . This increase in δ44/42 Ca val-
ues is consistent with the absence of dairy products, which are iso-
topically light, from the participant’s diet. In fact, the magnitude 
of the shift seen in Participant 10’s δ44/42 CaUrine value ( + 0.46 ‰ ),
is in excellent agreement with (i) the ∼0.40 ‰ increase in food
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Figure 15. Boxplot showing the δ44/42 CaUrine values from all 22 partici- 
pants as a function of units of alcohol consumed per week. To assess this 
number, participants were provided the following guideline: “For refer- 
ence, a pint of beer = 3 units, a regular glass of wine = 2 units, 1.5 fl oz of 
spirits = 1 unit.” Participants that reported consuming > 6 units of alcohol 
per week show elevated δ44/42 CaUrine values relative to other participants. 
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44/42 Ca expected for someone switching from a typical European
iet to a vegan diet [13 ], as well as (ii) previously reported effect of
airy consumption on bodily Ca isotope compositions [63 ]. Some
dditional support can be found also in the data from participants
hat reported consuming dairy products 5–7 days a week, as sev-
ral of them display low δ44/42 CaUrine values and/or δ44/42 CaUrine vs
a/K relationship with shallower slopes than other participants
Participants 18, 20, and 21). 

hysical exercise and sweating 
hile the data from all participants did not reveal a systematic
ifference between those who exercised regularly and those
ho did not, the impact of physical exertion and/or sweating is
learly visible in one sample from Participant 1 (labeled workout
n Figs 4 , 5 , and 7 ). Collected shortly after the previous urine
ample and immediately after a 1.5-h intense workout (squash
ame) during which the participant only hydrated with water,
his sample displays an anomalously low Ca concentration and
sotopic composition. The position of this sample in the Ca
sotope vs Ca excretion space (Fig. 7 b and d) cannot be explained
y normal kidney regulation function. Considering the very
imited time interval captured by the workout sample (2.5 h), and
he fact that the participant underwent essentially one singular
ctivity during that time, we hypothesize that the low Ca content
nd isotopic composition of that sample is due to loss of the
omplementary, isotopically heavy Ca via perspiration. This
ypothesis builds on the observation that perspiration during
xercise can lead to significant dermal calcium loss, on the order
f 60–120 mg of Ca per hour [68 ,69 ]. Future experiments, ideally
ollecting both urine and sweat, would be needed to confirm this
ypothesis. 

onresolvable impact of other parameters 
he controlling factors discussed above are but a subset of the in-
ormation provided by the participants. While we systematically
nvestigated all parameters, our data did not reveal any signifi-
ant link between the Ca isotope composition of urine and the
ollowing: gender, race, ethnicity, consumption of multivitamin,
unctual consumption of antacid tablets, daily water consump-
ion, water sources, or smoking. This is not to say that some of
hese parameters have no impact on the Ca isotope composition
f humans. For instance, smoking has been shown to cause imbal-
nces in the mechanisms of bone turnover resulting, both directly
e.g. decrease in osteogenesis) and indirectly (e.g. suppression of
ppetite, increase in free radicals promoting bone resorption),
n lower bone mass and bone mineral density [70 ]. Instead, we
imply state that, given the still limited size of the population
tudied here, our data do not allow us to resolve the impact of
hese potential factors on the participants δ44/42 CaUrine values. 

mplications for Ca isotopes as a medical tool 
he promise of Ca isotopes as a potential biomarker is that of a
oninvasive, natural tracer, which would provide from a single
rine sample, a quantitative assessment of the global BMB of an
ndividual. As discussed in the introduction, in such a framework,
everal key assumptions are being made, including (i) that individ-
als of similar age have a similar blood/serum δ44/42 Ca value, and
y extension, similar δ44/42 CaUrine value (assuming healthy kidney
unction) or (ii) that for a given individual, δ44/42 CaBlood/Serum 

is
onstant over short timescales (hours to months), and changes
n δ44/42 CaUrine values are thus only driven by kidney functions
nd are independent of other potential drivers such as diet, de-
ographic, or lifestyle. The results presented above provide some
ew insights into the validity of these assumptions, and below, we
ummarize them and present some practical recommendations
or the use of Ca isotopes as a biomarker of BMB. 

(i) Large inter-individual variability in δ44/42 CaUrine might be
a severe hindrance to cross-sectional approaches of BMB
monitoring with Ca isotopes. In line with the results on
a large population reported in the OsteoLabs study [15 ],
the range of natural variations in the δ44/42 CaUrine values of
the 22 participants studied here spans nearly 2.2 ‰ . This is
particularly large considering that all 22 participants have
lived for the last few months to years in the same general
area, and therefore, geographic differences are not repre-
sented in our dataset. While our data show that some of
the variability coming from kidney regulation and differ-
ences in BMI can be accounted for by, respectively, combin-
ing Ca excretion and Ca isotopes (Fig. 10 ), and normalizing
to an arbitrary BMI value (Fig. 13 ), our current understand-
ing of the causes of isotopic difference between individuals
remains too limited to make cross-sectional approaches re-
liable at this point (‘Age’ section).

(ii) Limited intra-individual variability in δ44/42 CaUrine suggests
that self-referencing approaches for BMB monitoring hold
greater promise than cross-sectional ones. While the dif-
ferences in δ44/42 CaUrine between participants span a 2.2 ‰
range, most participants display values stable within ±0.2–
0.3 ‰ over timescales of 160 days, with Participant 1 extend-
ing this range to nearly 1 year (Figs 8 and 9 ). Independent
results from the OsteoLabs study [15 ] show similar intra-
individual stability in 63 individuals over periods of up to
2 years. Stability over such timescales is a key assump-
tion of BMB monitoring using Ca isotopes in urine, which
these data thus seem to validate. As such, monitoring of
the at-risk population would most efficiently be done by
following a ‘baseline’ approach [12 ], for instance, through
the early establishment of a healthy reference value for
each subject (ideally around the time of peak bone mass,
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30–40 years old), followed by long-term episodic monitoring
(every 6 months to a year) to detect early onset of changes
in bone mass.

(iii) Morning urine is an excellent proxy for 24-h pooled urines.
As shown by the data from Participant 1 (Figs 4 and 6 ),
morning urines and 24-h pooled urines have nearly invari-
ably identical Ca isotope compositions (within error). In
contrast, samples taken during the day show 50% more
variability in their δ44/42 Ca values (Fig. 5 ), being more sub-
ject to rapid changes linked with diet and kidney func-
tion, as well as other processes like physical exercise. We
therefore recommend that urine samples intended for Ca
isotope analysis be collected in the morning, before the
first food of the day, as these samples will give more ro-
bust/representative values. If morning urine cannot be ob-
tained, a sample taken more than 4–6 h after the last uri-
nation is highly preferable.

(iv) Diet, lifestyle, and other medical procedures can influence
δ44/42 CaUrine . Our data show that changes in diet, even if
punctual, can have a significant impact on urine Ca iso-
tope composition. This includes consumption of alcohol or
dairy products, or more drastic changes (e.g. from omniv-
orous to vegan) as well as intermittent/prolonged fasting.
Similarly, the introduction in the human body of external
tracers (such as an MRI contrast agent), can affect the anal-
ysis of Ca isotopes (Fig. 3 ). Values most representative of
the long-term Ca homeostasis, and by extension, BMB of
an individual will therefore be obtained on samples col-
lected not directly after sudden changes in diet, consump-
tion of alcohol, intake of unusual amounts of food (higher
or lower), or other medical procedures.

Current limitations and open questions 
Despite the large analytical undertaking that this study rep-
resents, the population size remains limited ( n = 22). Some of
the hypotheses presented in the study, such as the impact of
alcohol or dairy consumption, or the potential loss of heavy Ca
isotopes through perspiration, will need to be investigated more
systematically in future studies for a statistically significant
assessment to be done. Our data analysis also relies on the ability
of the study participants to accurately fill in the questionnaire
accompanying each sample submission. This is a potential
concern for some categorical questions, such as the amount of
water/dairy/meat/alcohol consumed per day/week, where each
participant brings their own biases toward such self-assessments.

This study was limited to the investigation of Ca isotopes in
urine samples, which are strongly influenced by the regulatory
function of the kidney. While this approach allowed us to place
novel constraints on the magnitude and timescales of Ca isotope
variations in urine, additional insights into BMB would have
undoubtedly been obtained by also studying blood samples from
each participant. Most importantly, this would have allowed to
clearly deconvolve the impact of kidney regulation from other
drivers of Ca isotope variations. 

Concluding remarks 

The last two decades have seen an exciting expansion of isotope
metallomics , a field which aims to leverage the natural isotopic
variations of metabolically critical metals (e.g. Mg, Ca, Cu, Fe,
Zn) to study the function (and dysfunction) of the human body.
Of all the bio-relevant metals studied to date, Ca isotopes have
shown what may arguably be the greatest potential to becoming 
a diagnostic tool, specifically of BMB. To fully realize this poten- 
tial requires not only the study of the impact of diseases and
conditions affecting the Ca homeostasis, but also establishment 
of a robust benchmark from healthy subjects, which has received 
much less attention. 

Here, we thus investigated the Ca isotope composition of urine 
samples ( n = 300) from 10 male and 12 female participants (age
19–60), over timescales ranging from days to months. Our data 
reveal large inter-individual δ44/42 CaUrine variability (up to 2.2 ‰ ).
While some of this variability seems to stem from differences in
anthropometric measurements between participants (BMI), our 
results overall bode unfavorably for cross-sectional approaches of 
BMB monitoring using Ca isotopes. In contrast, most participants 
displayed encouraging intra-individual δ44/42 CaUrine stability 
(within ∼±0.2–0.3 ‰ ) over timescales > 160 days, suggesting that 
self-reference approaches to BMB monitoring using Ca isotopes 
might be more effective. 

At this writing, high-precision Ca isotope analyses remain 
a challenging task necessitating state-of-the-art specialty 
instruments (MC-ICPMS), and highly skilled operators. But as 
the automation of sample processing (e.g. prepFAST MC) and 
measurement continues, the barrier to performing high-precision 
Ca isotope analysis gets lower. As such, it is not unreasonable to
imagine that Ca isotopes could become a routine test performed 
on annual (or more frequently collected) urine samples. Our data 
provide some important insights into how such monitoring could 
work. Since we found that morning urine is an excellent proxy 
for the 24-h pooled urine fraction, the patient to monitor would 
ideally collect a sample of morning urine (first urination of the 
day, pre-breakfast) to be sent for Ca isotope analysis. The sample 
would be taken on a day representative of the typical dietary,
behavioral and physiological states of the patient, so as to avoid 
complications arising from other drivers of δ44/42 CaUrine variability,
such as alcohol consumption, excessive food intake, intense phys- 
ical activity, fasting, or injection of non-natural agents into the 
body (e.g. gadolinium during an MRI). Under such conditions, a sig- 
nificant drop (the magnitude of which remains to be established 
by future studies) in δ44/42 CaUrine from the established bench- 
mark value of the patient could signal a potential disturbance 
of the patient’s BMB, and a need for a more sustained medical
examination. 

As more studies continue to refine our understanding of the 
Ca isotope homeostasis of the human body, the exact modalities 
of such an approach to health monitoring will become clearer.
These include studies of larger populations, both healthy and 
diseased, as well as more targeted studies aimed at assessing 
the impact of specific potential confounding factors (e.g. smok- 
ing), or unraveling the mechanistic drivers behind Ca isotope 
fractionation during bone formation, urine formation, and other 
important metabolic function affecting Ca. 
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