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A B S T R A C T

To further explore the clinical applicability of the calcium (Ca) isotope marker (CIM), we determined the
44Ca/42Ca isotope ratio in blood serum and urine. This ratio is expressed in the conventional δ-notation (as
defined in the text below) specifically as CIM-serum for serum and as CIM-urine for urine. Our study tested the
hypothesis that CIM values can differentiate between positive and negative bone mineral balance (BMB) across a
diverse clinical population considering variables such as age, gender, and diet. The threshold values (CIM-serum:
− 0.85 ± 0.06‰ and CIM-urine: 0.23 ± 0.06‰) established in the OsteoGeo study (NCT02967978, Eisenhauer
et al., 2019) were evaluated in 2320 participants as part of a surveillance study referred to as Osteolabs study.
The earlier study revealed women with osteoporosis had an average CIM-serum value of − 0.91 ± 0.21 ‰ (N =

24) and a CIM-urine value of 0.18 ± 0.33‰ (N = 71) that are significantly below the threshold values (p = 0.02
for urine, one-sided Wilcoxon rank test, p < 0.001 for serum, one-sided Student’s t-test). Diseases affecting BMB
such as osteoporosis, acute and chronic kidney disease (CKD), hyperthyroidism, breast cancer, prostate cancer,
and myeloma were associated with significantly lower average CIM values, falling below the equilibrium
thresholds and indicating negative BMB. In contrast, patients receiving osteoprotective treatments such as
denosumab, Romosozumab, bisphosphonates, or hormone replacement therapy for certain diseases, had CIM
values above the equilibrium thresholds indicating a positive BMB. Additionally, Ca supplements taken by some
of the patients ((N = 22 (serum), N = 49 (urine), median dose: 500 mg) showed a Ca isotope composition
approximately 1 ‰ higher than that from a normal diet. Consequently, their CIM values need to be adjusted to
account for the amount and duration of supplementation to be comparable to those with a normal diet. Par-
ticipants taking vitamin D (237 women; 58 men) showed no significant difference from the average values of the
study group. Counterintuitively, the possible impact of malnutrition on individual BMB was most pronounced in
vegans, who exhibited the highest average CIM-urine values compared to patients on a normal diet (p < 0.001, N
= 17). The results of this study were consistent with the registered OsteoGeo study (NCT02967978) and other
earlier published Ca isotope-based studies on BMB. We confirm that the CIM threshold values determined in the
OsteoGeo study are generally valid for this much larger and diverse surveillance study group covering a diverse
population encompassing various medical conditions and therapies.

1. Introduction

Calcium is the most abundant mineral in the human body, with the
average adult body containing approximately 1 kg of Ca phosphate salts,
99 % of which is stored in the skeleton. Calcium ions (Ca2+) are also

present in the blood plasma, as well as in extracellular and intracellular
fluids [1]. Homeostatic negative and positive feedback systems tightly
regulate the concentration of Ca ions in the blood plasma, maintaining it
in a narrow interval from 2.15 to 2.55 mmol/l [2,3]. This concentration
is kept constant through a complex interaction involving Ca absorption
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from the intestines, absorption, and resorption of Ca from the bones, as
well as reabsorption of Ca from the primary urine in the kidneys.

There are at least three hormones intimately involved in the regu-
lation of the level of Ca in the blood: parathyroid hormone (PTH),
calcitonin, and calcitriol (1,25-dihydroxyvitamin D, the active form of
vitamin D). This hormonal “feedback loop” is governed by the para-
thyroid glands and the calcitonin-secreting cells of the thyroid gland by
constantly monitoring the blood Ca level. Falling Ca levels trigger the
parathyroid glands to release the parathormone (PTH) into the blood,
signaling the osteoclast cells to release Ca from the bones. PTH also
signals the kidney to increase Ca reabsorption from the primary urine
before excretion via secondary urine. Additionally, it stimulates the
synthesis of the active form of vitamin D to increase Ca intake from the
intestine. Besides PTH, although currently not applied in clinical routine
the parathyroid hormone-related protein (PTHrP) has been identified to
also play a crucial role in controlling bone Ca release and renal reab-
sorption [4]. PTHrP regulates Ca levels in the blood by promoting Ca
reabsorption in the kidneys and releasing Ca from bones through the
same receptors (class B protein-coupled receptors) [5]. However, PTHrP
has a broader range of functions mostly related to local tissue-specific
roles rather than systemic Ca homeostasis [6].

The disequilibrium between bone formation and bone loss may pri-
marily be age- and hormone-related but also reflects various diseases
like osteoporosis, thyroid disease, acute and chronic kidney disease
(CKD), cancer metastatic bone formation or resorption, and others.
Among them, the most prevalent disease interfering with BMB is oste-
oporosis. For diagnoses and therapy control, the knowledge of the BMB
status is crucial. However, none of the established image-based methods
like the dual X-ray absorptiometry (DXA) or peptide-based biomarkers
like C-terminal telopeptide of type I collagen (CTX), which reflects bone
Ca resorption, or procollagen type I N-terminal propeptide (P1NP),
which reflects bone formation, provide sensitive or specific information
about the current individual BMB [7,8]. In addition, the measurement of
peptide-based biomarkers is also burdened by sample degradation due
to factors like temperature, pH, or duration of transport. This degrada-
tion can impact the concentration and integrity of the analytes of in-
terest, leading to potential inaccuracies in laboratory results [9].

As a common tool for diagnosing osteoporosis, unfortunately, the
sensitivity of DXA is only about 61%, while its specificity is around 85%
for diagnosing osteoporosis. The relatively low sensitivity indicates that
some individuals with osteoporosis may not be detected based solely on
DXA results. Therefore, currently additional clinical tools and risk
assessment models, such as the FRAX tool, are often used alongside DXA
to provide a more comprehensive evaluation of fracture risk and bone
health [10,11].

Innovative technologies for the early diagnosis of osteoporosis are
highly desirable to improve the current healthcare situation for osteo-
porosis. Earlier publications already demonstrated that BMB can be best
estimated by the novel non-radioactive and minimal-invasive CIM
values measured in serum and urine [12–16]. The CIM values reflect the
BMB of the whole skeleton related to the patient’s age, gender, and
health status [15,17,18]. In particular, the BMB status is determined by
comparing the measured CIM value with an empirically determined
threshold value of − 0.85 ± 0.06‰ (N = 80, 2 SD) in serum and of 0.23
± 0.06 ‰ in urine (N = 80; 2 SD) [12], which marks the equilibrium
between Ca mineralization and demineralization in the bones. When Ca
absorption and bone formation exceed bone resorption, BMB is positive
and both CIM values of CIM-serum and CIM-urine are higher than the
respective threshold value [12]. On the other hand, in situations where
bone resorption is the predominant process, BMB is negative and both
CIM values will decrease below the threshold values.

CIM threshold values were determined by an ROC analysis in the
frame of the OsteoGeo study [12]. For this study, post-menopausal
women aged 50–75 years who had at least one risk factor for osteopo-
rosis by age 60 years or at least 2 risk factors by age 50 years, were
invited to participate in the study. Women with a known fracture within

the previous 3 months, those with renal failure, cancer, and hyper-
parathyroidism or on sex hormone treatment were excluded as well as
women with vitamin D deficiency (defined as 25-hydroxy vitamin D
level < 25 nmol/l).

The obtained results are following theoretical assumptions and Ca
compartment modeling [13]. Comparison of the CIM method to DXA as
the “gold” standard in the OsteoGeo and other follow-up clinical studies
as well as to biochemical bone turnover markers like CTX, NTX, and
P1NP have shown that the CIM is generally the best predictor for bone
Ca loss and osteoporosis with a sensitivity of higher than 94 % for CIM-
serum and 79 % for CIM-urine. Specificity is about 55 % for serum and
79 % for urine predicting about twice as many patients to suffer from Ca
loss and a higher risk of osteoporosis and possible fractures when
compared to DXA, suggesting that CIM indicates low BMB in ‘real time’
and far earlier than radiological measures [12]. The latter may in
particular reflect the observation that most bone fractures occur in
women with normal BMB or osteopenia rather than osteoporosis [19].

About two years after the end of the OsteoGeo study, a yet unpub-
lished follow-up study was conducted using structured telephone in-
terviews to further verify the predictive power of the Ca biomarker in
diagnosing Ca loss, and assessing the higher risk for osteoporosis and
fractures relative to DXA. The interviews reported 12 fractures occurring
within two years post-study. Three of these fractures were non-adequate
and related to high-trauma accidents, while the remaining nine were
attributed to low-trauma osteoporosis-adequate fractures. Among the
nine osteoporosis-related fractures, only three had DXA T-score values
below − 2.5. The other six fractures showed T-scores indicating osteo-
penia or were considered healthy. In contrast, all nine osteoporosis-
adequate fractures were associated with CIM values below the
threshold for both serum and urine. Although the interview data is not
statistically significant, the trend suggests the Ca biomarker’s predictive
power. Until now, only a few studies with restricted numbers of par-
ticipants have shown clinical CIM applications [12,14,15]. For example,
for the first time, CIM values showed that prostate cancer (PCa) patients
receiving androgen deprivation therapies (ADT) had low BMB as early as
12 weeks of treatment. Within this time, bone status changed from CIM
values reflecting normal and healthy values to values comparable to
post-menopausal osteoporotic women. The authors further suggested
verifying Ca isotopes as a sensitive tool to predict fracture risk, and if
CIM can be implemented in clinical practice to monitor bone health in
PCa patients receiving ADT [14]. In another study, Shroff et al. (2022)
concluded that CIM may provide a novel, sensitive, and non-invasive
method of assessing BMB in CKD [15]. Furthermore, Gallant and
Zheng (2022) suggested that Ca isotope may have the potential to be
used as a new standard for BMB in the future [20]. All previous CIM
studies have typically involved fewer than 100 participants. Despite the
small sample sizes, results consistently showed that CIM values above
the threshold are statistically significantly linked to positive bone
health, and values below the threshold are associated with negative
bone health (for statistical details see [13–15]). CIM values significantly
correlate with bone markers such as P1NP, indicating Ca gain and bone
mineralization, as well as with markers like CTX, indicating Ca loss and
bone demineralization [12–15]. The high statistical significance
observed even with small participant numbers is most likely based on
CIM’s large effect size which is expressed by a high Cohen’s d value of
1.11, in the OsteoGeo study. Consequently, CIM studies can achieve
statistically significant results with smaller participant groups, making it
a cost-effective and efficient option compared to other markers that
require larger sample sizes [21,22].

Another notable benefit of using stable Ca isotopes in blood and
urine is sample stability, particularly when compared to peptide-based
biomarker diagnostics. Since stable Ca isotope ratios are measured
using inorganic mass spectrometry, there is reduced sensitivity to and
potential for modification from factors such as organic breakdown
during sample preparation and storage. This ensures greater reliability
and consistency in the diagnostic results. To further demonstrate that
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the CIM approach for early detection of BMB disturbances leading to
osteoporosis is also valid for the general population, we statistically
evaluated 2320 study participants comprising 1697 single urine, 143
single serum, and 560 paired urine and serummeasurements in a total of
2400 samples as part of a post-market clinical follow-up study of the
Osteolabs GmbH, Kiel, Germany, commercially retailing this marker.
The purpose of this clinical follow-up study is to refine and confirm the
validity of the CIM approach in a larger un-selected cohort from the
general population who have a wide range of diseases and receive
varying treatments.

2. Materials and methods

2.1. Study participants

Participants of the study were customers of Osteolabs GmbH, Kiel,
Germany (https: //www.osteolabs.de) in 2020–2023, who either used
the companies’ OsteoTest home, OsteoTest med, or OsteoTest med plus
to test for Ca loss as the major indicator for osteoporosis. The OsteoTest
home is a pure urine test, OsteoTest med is a pure serum test, and
OsteoTest med + comprises both urine and serum tests allowing for the
calculation of the renal reabsorption value (RN-value defined below) to
provide additional information about individual kidney dysfunctionality
[13,23]. All participants gave informed consent to participate in our
study before testing (https://www.osteolabs.de/de/datenschutz.html).
Urine was self-collected by the participants, while blood was collected in
a hospital or a doctor’s office. Before shipment, urine and blood samples
were safely stored in suitable sampling containers following legal reg-
ulations. Participants filled out questionnaires of anthropometric mea-
surements, current and previous health status, previous history of
fracture for the last 24 and 48months, current medication, and uptake of
supplements, e.g., commercial vitamin D and Ca supplements (see
Supplementary Material). All participants resided in Europe during
sample acquisition, with 92.9 % residing in Germany and 4.8 % in the
UK. Upon arrival in the lab, the samples were assigned new labels
following European data protection regulations. Samples were stored
frozen to the day of the chemical analysis. The study was conducted in
full accordance with the Declaration of Helsinki

2.2. Calcium isotope measurement

Laboratory preparation of serum and urine samples follows already
published standardized procedures [12,23]. For CIM measurements,
blood serum was used instead of plasma. The primary difference be-
tween serum and plasma is that plasma contains clotting factors absent
in serum. Ca is enriched in the liquid portion of the blood rather than in
the blood cells. To prevent Ca from adhering to surfaces and to minimize
Ca sequestration and kinetic isotope fractionation during transport and
exposure to higher temperatures, serum (which lacks blood cells) was
used. This also avoids kinetic isotope fractionation between blood cells
and the liquid portion. Additionally, using serum prevents any chemical
reactions between clotting factors and the Ca ion exchange resin during
chemical preparation, ensuring more accurate and reliable CIM
measurements.

Both serum and urine samples were subject to acid digestion and Ca
extraction prior to isotopic measurement. Each batch of sample prepa-
ration included 20 samples, standard reference materials (NIST SRM
915a and NIST SRM 1486), in-house standards (urine AK1 or blood
SERA-1), and a procedural blank. The samples were shaken to homog-
enize, and Ca concentration was measured using an Indiko Plus Clinical
Chemistry Analyzer (Thermo Fisher Scientific, Bremen, Germany). The
digestion was performed in a microwave digestion system MARS 6
(CEM, Matthews, NC, USA) using 50 ml digestion beakers. A mixture of
8 ml of concentrated double-distilled nitric acid and 2 ml of 30 % H2O2
(Merck Suprapure®, Merck KGaA, Darmstadt, Germany) were added to
1 ml urine sample and 0.25 ml serum sample. The samples were heated

in the microwave digestion system to 180 ◦C, held at that temperature
for 30 min, and subsequently cooled. The solutions were transferred
from the digestion beakers to 15 ml perfluoroalkoxy (PFA) beakers
(Savillex, Eden Prairie, MN, USA) and evaporated at 120 ◦C. The dried
material was dissolved in 1 ml of 1 mol/l nitric acid and homogenized.
The Ca in the digested sample was purified using a prepFAST MC
automated column chromatography system (ESI, Omaha, NE, USA). The
collected Ca fraction was evaporated at 120 ◦C, treated with 1 ml of
concentrated double-distilled nitric acid and 0.5 ml of 30 % H2O2 at
120 ◦C for 4 h, and evaporated at the same temperature. The Ca fraction
was then reconstituted with 0.2 mol/l of nitric acid for the isotope ratio
measurements. Ultrapure water (18.2 MΩcm resistivity at 25 ◦C) pro-
duced using a Milli-Q system (Merck KGaA, Darmstadt, Germany) was
used throughout the experiment. Procedural blanks were found to be
typically around 250 ng. Thus, blanks contribute to <1 % of the
measured Ca and do not skew results.

The mass-spectrometer procedure was reported earlier [12]. In brief,
Ca isotopic compositions were measured using a Neptune Plus MC-ICP-
MS (Thermo Fisher Scientific, Bremen, Germany) equipped with APEX-
IR or APEX2-IR (ESI, Omaha, NE, USA) sample introduction system. The
isotopes at the mass-to-charge ratio (m/z) of 42, 43, 43.5, and 44 were
measured at medium mass resolution (MR, m/Δm =~4000) on the low
mass side of the plateau. To enhance the precision and accuracy of the
Ca isotope measurements, we utilized the measurement of mass 43.5,
corresponding to doubly positive ionized (87Sr)2+. This approach
effectively removes the isobaric interference of other relevant doubly
ionized Strontium (Sr) isotopes (84Sr, 86Sr and 88Sr) on the singly posi-
tively ionized Ca isotopes of 42Ca, 43Ca and 44Ca. This approach ensures
a more precise and accurate determination of the Ca isotope ratios.

The sample was measured using the sample-standard-bracketing
approach in which the concentration of the sample and standard were
matched within ±30 %. NIST SRM 915a was used as the external stan-
dard for the sample-standard bracketing purpose. The Ca isotopic
composition is expressed as δ44/42Ca in per mill (‰) as follows:

δ44/42Ca =

( ( 44Ca
/42Ca

)

sample
( 44Ca

/42Ca
)

reference

− 1

)

(1)

Each sample was measured at least four times in the same mea-
surement session but not in an adjacent sequence. For data quality
reasons, a measurement session is rejected if more than one of the
analyzed reference materials deviates >0.2‰ from its referenced value
or if the data fall outside the mass-dependent fractionation line. A
sample measurement was repeated when the 2SE of at least three single
measurements was >0.5 ‰. Following Morgan et al. (2011) a single
measurement was rejected when the absolute value of δ44/42Ca – 2⋅δ43/
42Ca was >0.2‰. Typically, about 2.5 % of about 200 analytical runs of
a measurement session were excluded [24]. Our collection of analyzed
reference materials (Table S1) covers all relevant sample matrices,
including blood and urine, as well as additional complex matrices such
as bone and seawater. Long-termmonitoring (>6 years) of our reference
material revealed a standard deviation of lower than 0.07‰. This value
ensures long-term reproducibility and time-independent comparability
of the CIM data for precise monitoring of changes in individual health
status and long-term therapies. See more details in section 1 of the
supplementary material (Table S1).

2.3. Clinical chemical parameters

Clinical parameters were determined in serum samples using a
photometric-based Indiko Plus Clinical Chemistry Analyzer (Thermo
Fisher Scientific, Bremen, Germany). Vitamin D concentration (nmol/l)
and creatinine level (mg/dL) were determined in serum, while Ca con-
centration (mmol/l) was determined in serum and urine. For partici-
pants using the OsteoTest med plus test, the CIM values were measured
in both serum and urine, allowing the calculation of the Ca reabsorption
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RN-value based on the Ca isotope difference between serum and urine
(Δurine-serum = CIM-urine - CIM-serum) as explained in section 2 of the
Supplementary Material [13,15]. The calculation of the estimated
glomerular filtration rate (eGFR) was performed from the Cockcroft-
Gault equation from the creatinine concentration in serum, reported
age, and weight, and applied only for men. For women, the calculated
value was then multiplied by 0.85 for gender-specific eGFR values [25].
An eGFR value of <90 mL/min indicates renal dysfunction [26], while
creatinine value is considered to be abnormal for values higher than
45–84 μmol/l in women and 59–104 μmol/l in men.

2.4. Adjustment of measured isotope values to the intake of calcium
supplements

For inter- and intra-individual comparability of CIM values to the
equilibrium values, all participants must consume Ca with a fairly
constant isotope value. The latter is well justified because, for Euro-
peans, the Ca uptake is dominated by dairy products and vegetables at
about 90 % [23]. However, variation of the Ca isotope in blood and
urine may occur from the intake of Ca supplements wherein the Ca
originates from non-biological inorganic sources (such as carbonate
rocks or coral material). They are enriched in the heavy Ca isotopes up to
about 1 ‰ higher than the typical Western European diet [27]. As a
result, the individual Ca equilibrium value is shifted from the general
equilibrium threshold value toward higher values. To accurately assess
the influence of calcium supplements, participants were required to
disclose specific details about their supplement intake. The self-
declaration form requested information on the amount of Ca supple-
ments consumed and the duration of their usage. This data is crucial for
evaluating the potential effects of supplemental Ca on the study results
and is tailored individually for each participant based on their specific
information regarding the duration and amount of Ca supplements
taken.

Consequently, individuals who routinely take Ca supplements in
amounts that are comparable to or even higher than the natural Ca
content of their diet will have higher CIM values in serum and urine,
eventually increasing above the CIM threshold and indicating an
apparent positive BMB. To allow comparability of inter- and intra-
individual values and to CIM measurements between individuals, the
measured CIM values need to be adjusted for the influence of Ca sup-
plements. Detailed calculations considering the amount of Ca supple-
ment and the duration of uptake are shown in section 3 of the
Supplementary Material.

2.5. Statistical analysis

Quantitative data are presented as mean and 1σ-standard deviation,
unless otherwise specified. Box plots are presented to show the data
distribution, whereby the whiskers indicate the 90th and 10th percen-
tiles. All outliers outside the 90th and 10th percentiles are shown in the
box plots. Normality was evaluated with the Shapiro-Wilk test. The
difference between groups was calculated using the t-test for data with
normal distribution or the Mann-Whitney rank-sum test for data that do
not have normal distribution. If three or more groups were present, the
Kruskal-Wallis test was used, followed by Dwass-Steel-Critchlow-Fligner
(DSCF) post-hoc pairwise analysis. The relationship between two
continuous variables was assessed using the Pearson correlation test
unless otherwise specified. Two-tailed tests with a significance level (p)
of 0.05 were used in this study, unless otherwise specified. Statistical
analyses were performed using Jamovi version 2.3.28.0 (Jamovi, Syd-
ney, Australia). Graphs were constructed using SigmaPlot 14 (Systat
Software Inc., San Jose, CA, USA).

3. Results

3.1. Characteristics of the participants and clinical parameter values

A total of 2320 study participants (1935 women and 385 men)
provided 1697 single urine, 143 single serum, 559 paired urine and
serum sample, or multiple samples of each kind (Table 1). In total 2960
samples. Among these, 143 multiple urine samples, up to six per indi-
vidual, were attributed to 63 study participants, providing time series
(longitudinal data) for therapy or medication monitoring (see Fig. 5).
Descriptive age, weight, and height statistics were calculated based on
the number of study participants. For study participants who provided
more than one urine and serum sample, the values were not averaged
per person but treated like individual measurements. Table 1 summa-
rizes the characteristics of the participants, noting that not all parame-
ters could be fully acquired from the participants. Due to the partially
incomplete data, a lower number of participants was considered
compared to the total number of participants. Additionally, the clinical
parameter values across all groups do not show normally distributed
data.

From Table 1 it can be seen that there was no significant difference in
age (p = 0.62) between women and men. However, weight and height
were significantly different (p< 0.001 for both). Among the participants
274 (14 %) and 366 (18 %) women experienced at least one or more
fractures in the 24 and 48-month intervals before the Ca isotope testing,
respectively. Concerning men, 56 (14 %) and 72 (20 %) had at least one
fracture in the respective time intervals.

The vitamin D concentration significantly differed between women
and men (p = 0.012, Table 1). The eGFR values in women (86.1 ± 17.8
mL/min) were significantly lower compared to men (96 ± 22 mL/min)
(p < 0.001).

Table 1
Characteristics of the participants enrolled in this studyϮ.

Characteristics Women (n,
%)

Men (n, %) p value

Age (years) 61 ± 12
(1935)

59 ± 17
(385)

0.624

Weight (kg) 68 ± 15
(1784)

84 ± 18
(344)

<0.001*

Height (cm) 167 ± 7
(1790)

180 ± 8
(343)

<0.001*

Number of participants experiencing
fracture in the previous 24 months 274 (14 %) 56 (14 %) n/a

Number of participants experiencing
fracture in the previous 24 to 48
months

366 (18 %) 72 (20 %) n/a

Number of fractures in the previous 24
months

0.20 ± 0.64
(1935)

0.24 ± 0.85
(385)

0.758

Number of fractures
in the previous 24 to 48 months

0.17 ± 0.66
(1935)

0.18 ± 1.14
(385) 0.943

Serum Ca (mmol/l)
2.49 ± 0.26
(535)

2.45 ± 0.31
(159)

0.429

Urine Ca (mmol/l) 3.19 ± 2.16
(1892)

3.39 ± 2.60
(358)

0.534

CIM-serum (‰)
− 0.85 ±

0.20 (538)
− 0.75 ±

0.24 (164) <0.001*

CIM-urine (‰)
0.24 ± 0.31
(1897)

0.36 ± 0.34
(359) <0.001*

Δ44/42Ca
1.07 ± 0.23
(433)

1.08 ± 0.24
(127)

0.362

Vitamin D (IU) 93.9 ± 36.2
(237)

81.4 ± 33.1
(58)

0.012*

eGFR (mL/min)
86.1 ± 17.8
(236)

96.0 ± 21.6
(58) <0.001*

Creatinine (mg/dL)
0.78 ± 0.13
(332)

1.06 ± 0.78
(85) <0.001*

Ca reabsorption RN-value (%) 96 ± 3 (288) 96 ± 3 (71) 0.482

Note: ϮTotal N = 2400 samples with 9 participants who did not identify their
gender. The data in all groups do not show a normal distribution. *Mann-
Whitney test shows significantly different results on p < 0.05.
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No statistically significant difference was found in serum Ca con-
centration between women (2.49 ± 0.26 mmol/l) and men (2.45 ± 0.31
mmol/l) (p = 0.429). Similarly, there was no statistical difference in
urine Ca concentration between women (3.19 ± 2.16 mmol/l) and men
(3.39 ± 2.60 mmol/l) (p = 0.534).

The average CIM-serum value was significantly different, with
women at − 0.85 ± 0.20 ‰ and men at − 0.75 ± 0.24 ‰, respectively.
The CIM-urine values of men at 0.36 ± 0.34 ‰ and women at 0.24 ±

0.31 ‰ were significantly different (p < 0.001 in both cases). The Ca
isotope difference between serum and urine in the same individual
(Δurine-serum = CIM-urine− CIM-serum) was not significant (p = 0.362).
Based on that, the average Ca isotope-based calculated renal Ca reab-
sorption rate (RN-value) calculated from the Δurine-serum values for
women and men were both 96 %, which were statistically insignificant
(p = 0.482). For detailed calculation of the RN-value, see the Supple-
mentary Material.

The comparison of CIM values among individuals and in time series
depends on the common Ca isotope value of the diet. Hence, for par-
ticipants consuming Ca supplements, CIM values must be adjusted to the
general Threshold Equilibrium (TE) value for comparability to people
not consuming Ca supplements (Table 2, for more details see the Sup-
plementary Material). The average measured CIM-serum value for
women taking supplements (N = 15) was − 0.77 ± 0.15 ‰ and the
corresponding supplement adjusted value was − 1.11 ± 0.20 ‰
(Table 2), as described in the Supplementary Material. The average
measured CIM-urine value for women (N = 38) taking up supplements
was 0.29± 0.29‰ and the corresponding adjusted CIM-urine value was
− 0.01 ± 0.35 ‰ (Table 2). The CIM values for women and men taking
supplements were not significantly different neither before nor after
correction (see values for men in Table 2). The adjustment for Ca sup-
plements was calculated based on the known amount of Ca supplements
consumed by the patient, the duration of supplement intake, the esti-
mated Ca intake from a normal diet (assumed to be 800 mg/day), and
the residence time of Ca in the bone (2000 days). The calculated
adjustment value was then added to the measured CIM values for serum
and urine. This adjustment enables a meaningful comparison of CIM
values between participants with and without the intake of dietary Ca
supplements. For more detailed calculations, please refer to the Sup-
plement Material.

3.2. Correlations between Ca isotopes and clinical parameters

Correlations between CIM values and clinical data are presented in
Table 3 and in the diagrams of Fig. 1 and S4. CIM-urine strongly
correlated with CIM-serum (n = 560; R = 0.763; p < 0.001) (Fig. 1).
CIM-urine had a significantly moderate to strong correlation with urine
Ca concentration and Ca reabsorption (R = -0.499 and ρ = 0.753,
respectively, p < 0.001 in both cases). CIM-serum had significant but
weak correlations with urine Ca concentration and Ca reabsorption (R=

-0.270 and ρ = 0.187, respectively, p < 0.001 in both cases). CIM-urine
and CIM-serum also only had weak inverse correlations with age and
serum Ca concentration (− 0.233 < R < − 0.089, p < 0.05) and weak

positive correlations with eGFR (R= 0.253 for CIM-urine and R = 0.219
for CIM serum, p < 0.001 in both cases). CIM-serum significantly posi-
tively correlated with height (R = 0.119, p = 0.012), while CIM-urine
inversely correlated with serum vitamin D (R = -0.178, p = 0.002).
No significant correlation was observed between Ca isotopes and both
weight and creatinine value.

3.3. Ca isotopes pattern with gender, age and osteoporosis

3.3.1. Women and age
On average, the CIM values for women and men in both serum and

urine differ significantly, with women exhibiting about 0.1‰ lower CIM
value than men in both serum and urine (Table 1, Fig. 2a and c). This
aligns with the fact that 85 % of all osteoporosis cases in Germany are
women [28]. This difference is observed despite the average age being
statistically indistinguishable between genders. This discrepancy likely
reflects the impact of menopause, which typically occurs around the age
of 51 in women [29], leading to a substantial decline in estrogen pro-
duction and reduction of bone Ca absorption. The average nominal CIM
value of − 0.85 ± 0.2 ‰ in serum and of 0.24 ± 0.31 ‰ in urine is
compatible with the equilibrium values as determined earlier in the
OsteoGeo study. We argue that the decreasing trend of CIM values,
coincidence with the equilibrium value of OsteoGeo study, indicates the
transition from a balanced to an average imbalanced Ca budget in the
women’s bodies reflecting the decline of estrogen production in their
fifties.

3.3.2. Men and age
Similarly, CIM-urine of men showed a weak inverse relationship to

age (Table 3, Fig. 2b and d). The younger age group (<20 years old) did
not show any significant difference due to the low number of partici-
pants (n = 1). However, a significant difference in CIM-urine was
observed between the age groups of >20 to 40 years old and > 40 to 60
years old (p = 0.003). Concerning CIM-serum in men, the age group of
>40 to 60 years old had significantly lower values compared to the age
groups of >20 to 40 and > 60 to 80 years old. In comparison to women,
the men show higher CIM values in the age intervals of 20 to 40 and 40
to 60 years likely due to higher Ca absorption in young men and the
estrogen decline in women. In contrast, in the age interval of 60 to 80
years, there is no significant difference between women and men. This is
interpreted to likely indicate that the loss of testosterone in men older
than 60 causes a decline of bone Ca absorption and CIM serum values
[30–32].

3.3.3. Osteoporosis in women and men
The average Ca isotope values in women and men with self-disclosed

osteoporosis showed the lowest value in both urine and serum values
(women: CIM-urine = 0.18 ± 0.33 ‰, N = 71 and men: CIM-urine =

0.25 ± 0.34‰, N = 10; women: CIM-serum = − 0.91 ± 0.21‰, N = 24
and men: CIM-serum = − 1.11 ± 0.33 ‰, N = 2) compared to the total
average (Fig. 2a-d). The CIM-urine and CIM-serum values of women
with self-disclosed osteoporosis were significantly below the threshold
values (one-sided p < 0.05 in both cases). Given the very low number of
men with self-disclosed osteoporosis (N = 2), it was not possible to
perform any analysis between groups.

3.4. Ca isotope pattern in different medical conditions

All participants, regardless of gender, with self-reported osteoporosis
or reported fractures within the last two years showed an average CIM-
urine value around the equilibrium threshold for neutral BMB (Fig. 3,
Table S3). Although statistically not significant, participants with oste-
oporosis exhibited the largest negative deviation in their individual CIM-
serum values compared to the threshold value. However, the trend of
lower CIM-serum in osteoporosis was not reflected in the fracture group.
Participants with low Ca reabsorption, based on RN calculation, also

Table 2
Calcium isotope marker (CIM) values of participants adjusted for the con-
sumption of Ca supplement.

Ca isotope marker Women (n) Men (n) p value

CIM-serum (‰)
original − 0.77 ± 0.15 (15) − 0.77 ± 0.23 (7) 0.976Ϯ

adjusted − 1.11 ± 0.20 (15) − 1.03 ± 0.32 (7) 0.481Ϯ

CIM-urine (‰)
original 0.29 ± 0.29 (38) 0.46 ± 0.53 (11) 0.692*
adjusted − 0.01 ± 0.35 (38) 0.12 ± 0.60 (11) 0.990*

Note: The Ca supplement consumed daily were mostly ranging from 100 to 1000
mg, with a median of 500 mg. Ϯt-test; *Mann-Whitney test; results are significant
at p < 0.05.
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showed significantly lower CIM-urine values than the threshold (Wil-
coxon rank test, p < 0.001). However, kidney dysfunction and low Ca
reabsorption patients tend to correspond to CIM-serum around the
equilibrium threshold for neutral BMB. In this study, the relationship
between eGFR and RN-value was not significant (R = 0.087, p = 0.137,
N = 294, Fig. S5), but all participants with known eGFR and RN-value
had relatively good renal condition with RN-value above 70 %.

Cancer patients had different CIM-urine patterns depending on the
type of cancer. Breast cancer patients had CIM-urine around the equi-
librium threshold for neutral BMB value (p= 0.272) but CIM-serum well
above the threshold value, although the difference was not significant (p
= 0.126). On the other hand, prostate cancer patients had lower CIM-
urine than the threshold (p = 0.012) but the CIM-serum were close to
the threshold value (p = 0.947). Blood cancer patients have slightly
higher levels of both CIM-urine (p = 0.047) and CIM-serum (p = 0.133)
compared to the equilibrium threshold value.

Participants diagnosed with hypo- or hyperthyroidism had CIM-

serum and CIM-urine oscillating around the thresholds and the differ-
ences were not significant at the 5 % significance levelp > 0.05 in all
cases). However, the spread of the data related to hypothyroid showed a
wide range of CIM-urine, tending toward values well below and above
the threshold value.

3.5. Effect of medication, diet, height, and smoking on ca isotope pattern

The difference in CIM values between participants with self-reported
osteoporosis taking osteoprotective medication (bisphosphonates,
denosumab, or Romosozumab) (CIM-urine = 0.44 ± 0.41 ‰ (N = 39))
compared to those not taking osteoprotective medication (CIM-urine =

0.21 ± 0.30 ‰ (N = 38)) was significant in urine (t-test, p = 0.012,
Fig. 4a). CIM-serum tends to show a similar trend as in urine, but the
difference is not significant due to the low number of data (N = 8). The
positive effect of osteoprotective medication was also seen in the dif-
ference in individual Ca isotope values before and after osteoprotective
interventions (Fig. 5). Fig. 5b exhibits an individual with osteoprotective
intervention of bisphosphonates starting shortly after months 0 and 5 in
the context of a breast cancer treatment. This patient started with a CIM-
urine value below the threshold (0.11 ‰) at month 0 and received
bisphosphonate treatment in month 3. Later Ca isotope measurement in
month 7 showed that the CIM-urine value reached a maximum (0.68‰),
then declined in the following months toward lower values but stayed
above the threshold.

There is no difference in the CIM values of the participant groups
consuming Ca supplements or vitamin D compared to those not
consuming the supplements (Table S4). This result is independent of the
adjustment of those study participants who took Ca supplements. Study
participants with a vegetarian and in particular vegan diet showed
significantly higher CIM-urine relative to those with a normal diet. Two
vegan patients were taking Ca supplements which have been adjusted to
normal dietary Ca values. Unfortunately, there is only one vegan CIM-
serum value available so that no inferences can be made.

A weak positive correlation exists between body height and CIM-
serum (Table 3). Body height and Ca absorption efficiency are linked,
with taller individuals potentially requiring more Ca to support their
larger bone structure. There is no statistical linkage between CIM-urine
and height.

There is no significant difference between smokers and non-smokers
(Table S3) in their Ca isotope composition although it is reported that
smoking has a direct impact on bone health, contributing to an increased
risk of osteoporosis and fractures.

4. Discussion

To further test the clinical applicability of the CIMmethod, we tested

Table 3
Correlation between CIM values and clinical parameters.

Parameters CIM-urine [‰] CIM-serum [‰]

n Correlation coefficient (R) p value n Correlation coefficient (R) p value

CIM-urine 560 0.763 <0.001
Age (years) – all participants 2265 − 0.157 <0.001* 704 − 0.233 <0.001*
women 1897 − 0.176 <0.001* 538 − 0.231 <0.001*
men 360 − 0.078 0.138 164 − 0.153 0.051
Weight (kg) 2008 0.016 0.472 442 0.025 0.595
Height (cm) 2012 0.025 0.269 443 0.119 0.012*
Serum Ca (mmol/l) 557 − 0.089 0.036* 696 − 0.136 <0.001*
Urine Ca (mmol/l) 2257 − 0.499 <0.001* 560 − 0.270 <0.001*
Vitamin D (IU) 294 − 0.178 0.002* 296 − 0.111 0.057
eGFR (mL/min) 294 0.253 <0.001* 295 0.219 <0.001*
Creatinine (mg/dL) 294 0.040 0.498 417 0.089 0.069
Ca reabsorption RN-value (%)Ϯ 360 0.753 <0.001* 360 0.187 <0.001*

Note: Pearson correlation was used to evaluate the correlation between Ca isotopes and clinical parameters unless otherwise specified. ϮThe correlation was evaluated
using Spearman rank order correlation. *Correlation is significant on p < 0.05. The value of 0.1 < |R| < 0.3 indicates weak correlation, 0.3 < |R| < 0.5 indicates
moderate correlation, and 0.5 < |R| < 1.0 indicates strong correlation [55].

Fig. 1. Correlations between CIM-urine and CIM-serum (n = 560; Pearson R =

0.763; p < 0.001). The solid dark red line represents the regression line. Solid
blue lines represent the 95 % prediction interval. Vertical and horizontal dash
lines intercept at the respective threshold CIM values for CIM-serum = − 0.85‰
and CIM-urine = 0.23‰, where the fraction of bone loss equals the fraction of
bone gain (FBoneLoss = FBoneGain) [12]. Therefore, the upper right quadrant in-
dicates FBoneLoss < FBoneGain, while lower left quadrant indicates FBoneLoss >

FBoneGain. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 2. Box plots of CIM-urine and CIM-serum in women (a and c, respectively) and men (b and d, respectively) at different age groups and in participants with
reported osteoporosis. The red horizontal dashed lines represent the threshold CIM-urine and CIM-serum values in the respective figures, where the fraction of bone
loss equals the fraction of bone gain (FBoneLoss = FBoneGain) [12]. The red lines represent the approximated drop of the Ca isotope values in urine and serum as a
function of age (δ44/42Caurine = 0.0000933× Age2 − 0.018× Age+ 1.047 and δ44/42Caserum = − 0.008× Age − 0.2675 for urine and serum, respectively). There was a
significant difference in the CIM-urine and CIM-serum values between groups in women and men (Kruskal-Wallis tests, p < 0.001 and p = 0.010, respectively).
Pairwise comparisons of the CIM-urine and CIM-serum in women showed a similar pattern, in which the Ca isotope values in the age group of >20 to 40 years old
were significantly different to the age groups of >40 to 60 years old, >60 to 80 years old, >80 years old, and those with osteoporosis (p < 0.05 in all case). In men,
the CIM-urine values in the age group of >20 to 40 years old were significantly different compared to the age group of >40 to 60 years old (p = 0.003), while the
other pairwise comparisons of the CIM-urine values did not provide significant results (p > 0.05). The CIM-serum values in men showed a significant difference
between >40 to 60 years old and > 60 to 80 years old (p = 0.026), and between >20 to 40 years old and > 40 to 60 years old (p < 0.001). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Box plots of CIM-urine (a) and CIM-serum (b) in the participants with various pre-existing medical conditions as indicated in their questionnaires. The
horizontal dashed lines represent the threshold CIM-urine and CIM-serum values in the respective figures, where the fraction of bone loss equals the fraction of bone
gain (FBoneLoss = FBoneGain) [12]. The health status was also assessed based on the reported medication and clinical parameters. Participants who had low eGFR (<60
ml/min) were considered to suffer from kidney dysfunction. Participants who had Ca reabsorption (RN-value) below 95 % and were not diagnosed with kidney
dysfunction (based on the questionnaire and clinical parameters) were grouped in low Ca reabsorption.
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the hypotheses that the threshold values for Ca isotopes in serum and
urine that were determined in the OsteoGeo study can distinguish be-
tween positive and negative BMB even in a larger group of people in-
dependent of age, gender and diet and with a wide variety of medical
conditions, drugs and therapies.

4.1. Comparison of the Osteolabs to the OsteoGeo study

In particular, the Osteolab’s CIM diagnostic test is based on a single
clinical pilot study (OsteoGeo, NCT02967978) with 100 study partici-
pants pre-selected by applying distinct inclusion and exclusion criteria.
Specifically, the OsteoGeo study did not include men and solely focused
on women [12].

The average CIM values for women with DXA confirmed osteoporosis
in the OsteoGeo study (CIM-serum= − 0.99± 0.10‰; CIM-urine= 0.10

± 0.21 ‰; N = 14) were in accordance with those of the self-reported
osteoporotic women of the Osteolabs study of CIM-serum = − 0.91 ±

0.21 ‰ (N = 24) and of CIM-urine = 0.18 ± 0.33 ‰ (N = 71). These
results indicate that the findings of the OsteoGeo study also apply to the
much larger Osteolabs data population. The Osteolabs study average
CIM-serum and CIM-urine tend to be about 0.08 ‰ higher than the
OsteoGeo study’s values. It probably reflects that the Osteolabs study
participants were about ten years younger, corresponding to commonly
better bone health conditions. Furthermore, the OsteoGeo study applied
relatively strict inclusion and exclusion criteria to improve the selection
of women with osteoporosis, i.e., including female patients with at least
one (above 60 years old) or two (above 50 years old) osteoporosis risk
factors. The pre-selection of study participants based on their age shifts
their average value toward lower average CIM values in the OsteoGeo
study compared to the Osteolabs data where the participants are on

Fig. 4. Box plots of CIM-urine (a) and CIM-serum (b) in participants who had osteoporosis and those who were treated with osteoprotective medication to prevent
bone loss (bisphosphonate, denosumab, and Romosozumab). The horizontal dashed lines represent the threshold CIM-urine and CIM-serum values in the respective
figures, where the fraction of bone loss equals the fraction of bone gain (FBoneLoss = FBoneGain) [12]. There was a significant difference in the CIM-urine values of
participants with osteoporosis but not taking osteoprotective medication compared to those who were treated with osteoprotective medication (t-test, p = 0.012),
indicating that those not taking osteoprotective drugs showed low CIM values and a negative BMB. In contrast, those with CIM-urine above the threshold indicate a
positive BMB. However, the CIM-serum values were not significantly different between the two groups (t-test, p = 0.082) because of the low number of participants
(n = 8).

Fig. 5. Measured CIM-urine values of the same individuals who were repeatedly tested (a) and selected time series of a participant monitoring the intervention of an
osteoprotective measure applying a bisphosphonate in the context of an aromatase inhibitor cancer treatment (b). Each line indicates δ44/42Ca time series of in-
dividual participants. Time at zero refers to the first sampling, and the subsequent sampling is counted from the first sampling time. Dark blue lines represent
participants consuming Romosozumab, and the light blue line represents a participant consuming bisphosphonate after the first sampling. The dark red line rep-
resents a participant diagnosed with osteoporosis but did not take osteoprotective drugs. Grey lines indicate participants without special remarks. The light red line
represents a participant diagnosed with osteoporosis at the third (last) sampling. The horizontal dashed lines represent the threshold CIM-urine and CIM-serum values
in the respective figures, where the fraction of bone loss equals the fraction of bone gain (FBoneLoss = FBoneGain) [12]. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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average about ten years younger.

4.2. CIM value changes as a function of age

It is a common knowledge that both men and women experience
continued bone loss with aging after having passed the peak-bone stage
at an age between 25 and 35. Women are at a higher risk due to lower
peak bone mass and accelerated bone loss post-menopause. Women
experience a rapid decline in bone density following menopause due to a
significant drop in estrogen levels, which is critical for maintaining bone
density. This period sees the highest rate of bone loss, with a substantial
risk of developing osteoporosis. By the age of 65–70, the rate of bone loss
in men and women begins to equalize. This is exactly what is seen and
reflected in the CIM data.

4.3. Time series data and medication monitoring

Besides diagnosing BMB and the pathology of osteoporosis, CIM is
potentially very useful to monitor the effect of osteoporosis therapy.
Generally, the Osteolabs study data showed that osteo-protective
medication increased the CIM values in the participants (Fig. 4), cor-
responding to an improved BMB. Time series data of a selected number
of participants proved that the CIM-urine steeply rose shortly after the
administration of the osteo-protective drug. In particular, Romosozu-
mab increased the CIM-urine up to at least 0.8 ‰ in less than eight
months. Similarly, bisphosphonate consumption increased CIM-urine by
0.57‰ (N= 1) at month 7 (Fig. 5). This result agrees well with an earlier
study of oral bisphosphonate consumption for bed-rest participants,
which had a maximum increase of ~0.5‰ for the δ44/40Caurine in a time
interval of 17 weeks, comparable to an increase of ~0.3 ‰ for CIM-
urine, at month 2 [18]. A higher increase in the CIM-urine of the pa-
tients with lower BMB after bisphosphonate consumption is expected as
the whole body has sensed Ca inadequacy for a longer time-period, in
comparison to a non-resting control group. This is in agreement with
current studies which tend to show that Romosozumab is more effective
than oral bisphosphonate in reducing fracture risk [33].

4.3.1. The uptake of vitamin D, calcium supplementation, and CIM values
The role of vitamin D and the uptake of Ca is controversial. Yao et al.

(2019) conducted a systematic review and meta-analysis to assess the
effectiveness of vitamin D and Ca supplementation in preventing frac-
tures [34]. Key findings of this study were that the combined supple-
mentation of Ca (800 to 1200 mg/day) and vitamin D (400 to 800 IU/
day) was associated with a 6% reduction in the risk of any fracture and a
16 % reduction in the risk of hip fractures. However, the study also
confirmed that vitamin D alone did not provide significant benefits in
fracture prevention. Yao et al. (2019) also noted that while the com-
bined supplementation showed some effectiveness, five of the six trials
they referred to had a high risk of bias, suggesting that the evidence
should be interpreted with caution. The study emphasizes that while
there is some evidence supporting the combined use of vitamin D and Ca
to reduce fracture risk, the potential benefits should be weighed against
the risks, such as an increased likelihood of kidney stones and possible
cardiovascular issues in elderly patients [34,35].

In general, the evidence on the effectiveness of Ca and vitamin D
supplementation for preventing osteoporosis-related fractures is mixed.
Large-scale studies, such as the Women’s Health Initiative (WHI) found
no statistically significant reduction in fractures with daily supplemen-
tation of 400 IU of vitamin D and 1000mg of Ca [36]. Moreover, the U.S.
Preventive Services Task Force (USPSTF) even concluded that there is
inadequate evidence to support higher doses of these supplements for
fracture prevention [37].

Our finding that the uptake of Ca supplements and vitamin D was not
reflected by an increase of the CIM values (p > 0.05 in both cases) aligns
with previous literature indicating no clear evidence that Ca and vitamin
D supplementation significantly impacts osteoporosis or fracture

prevention [35–37]. This suggests no significant improvement in BMB
and overall bone health with Ca and vitamin D treatment. These results
are in contrast with the current guidelines for osteoporosis treatment,
which consider vitamin D uptake essential for osteoporosis prevention
[38].

4.3.2. The influence of specific diseases on the BMB and Ca isotope values
in serum and urine

The data analysis shows that certain diseases are reflected in serum
and urine CIM values (Fig. 3, Table S3). Osteoporosis cases are charac-
terized by average CIM values below equilibrium levels in both urine
and serum. However, there is a significant number of outliers, especially
with urine CIM values above the equilibrium level which cause the
difference to the threshold value not be significant. We speculate that
these outliers likely reflect the influence of secondary effects related to
other diseases superimposing osteoporosis as the primary disease
(Fig. 3). Various conditions, such as vitamin D intoxication and
sarcoidosis, may cause renal upregulation of Ca reabsorption. The most
prominent condition is probably hyperparathyroidism, which is associ-
ated with elevated levels of parathyroid hormone (PTH or PTHrP),
reduced calcitonin concentrations, and increased renal Ca reabsorption.
This typically results in increased CIM urine values due to renal upre-
gulation but decreased CIM serum values due to the release of bone Ca.
Additionally, the degree of osteoporosis at the time of sampling also
influences the wide CIM values of the participants with osteoporosis.

The average CIM values for fractures of the last 24 months, kidney
dysfunction, and prostate cancer with low PSA levels showed values that
were below the equilibrium threshold value, indicating an osteoporotic
situation with negative BMB, Ca loss, and bone demineralization. In
contrast, breast and blood cancers displayed CIM values above the
equilibrium threshold and, therefore, indicated positive BMB associated
with Ca gain and bone mineralization.

The negative amplitude in prostate cancer below the equilibrium
threshold value was probably related to the intervention with ADT
therapies which have a negative impact on the Ca balance since ADT can
cause bone demineralization [14,16]. Additionally, kidney dysfunction
reduces renal Ca reabsorption, leading to systemic Ca deficiency and a
negative bone mineral balance (BMB). This imbalance is counteracted
by increased Ca resorption from the bones, which further negatively
affects the BMB. This process is reflected in Ca and inorganic mineral
(CIM) values falling below the equilibrium threshold [13,15,20].

The positive CIM amplitudes in breast and blood cancer (leukemia
and lymphoma) above the equilibrium threshold may be due to standard
osteoprotective measures with anti-resorptive agents substances such as
denosumab, Romosozumab, and/or bisphosphonates [39], which have a
positive effect on Ca absorption and bone mineralization [40]. The latter
is reflected by CIM values in serum and urine that were above the
equilibrium threshold, indicating an enhanced mineralization and
increased bone mass. Moreover, other factors potentially increase CIM
values in cancer patients, such as osteoblastic bone lesions, which could
be found in 20% of breast cancer bone metastasis and> 50% of prostate
cancer bone metastasis [41,42]. This result is in contrast to those
observed in multiple myeloma, a different type of blood cancer, which
showed lower CIM-serum as a manifestation of bone destruction
commonly regarded as the hallmark of the disease [43].

Participants with thyroid diseases showed a wide range of CIM-urine
values, from − 0.4 to 2.3 ‰. Untreated hyperthyroidism causes
enhanced bone turnover, accompanied by higher osteoclast activity and
a higher risk for osteoporosis [44]. In contrast, hypothyroidism results in
low bone turnover but higher bone Camineralization which resulted in a
wide spread of the data toward higher CIM-urine above the threshold
values (CIM-urine= 0.28± 0.33, N= 268, Fig. 3a), indicating enhanced
mineralization and bone mass accumulation for a large number of par-
ticipants. As most of the participants with pathologies received thyroid
hormones, the CIM values may reflect the difference in disease pro-
gression or medication effectiveness. Unlike the application of the CIM
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values that showed the effect of thyroid disease, applying conventional
diagnostic methods did not show a direct relationship between thyroid
hormone levels and bone mineral density (BMD) [45,46].

4.4. The influence of diet on the calcium isotope values in serum and urine

Study participants with a vegetarian (mean value: 0.31 ± 0.22‰, N
= 72) and in particular vegan diet (mean value: 0.53 ± 0.35‰, N = 17)
showed average significantly higher CIM-urine values relative to those
with a conventional diet (mean value: 0.26 ± 0.29 ‰, p-value: 0.049
and < 0.001 for vegetarian and vegan, respectively), for details see
Table S3 in the appendix. Unfortunately, there is only one vegan for
whom we have a serum sample. There is no paired CIM-urine and CIM-
serum value available.

The result that vegan CIM-urine show higher values is surprising and
contradictory because, according to a large cohort study [47], the
calculated average daily Ca intake for a vegan diet was in the order of
less than ~525 mg Ca and the vegans simultaneously showed the lowest
plasma levels of vitamin D on average of only about 55.8 nmol/l. Based
on the same cohort, it was also reported that vegans had a 30 % higher
risk of bone fractures [48]. Therefore, a low Ca intake of less than ~525
mg for vegan [48] is expected to result in a low bone mineralization rate
and low CIM-urine values which is in contrast to our observation of high
CIM-urine in vegans.

Unfortunately, except for information about the uptake of supple-
ments, we do not have specific data on the vegan diet of the study
participants. Therefore, it cannot be excluded that vegans consume a
special vegan-related diet like Ca-set tofu, Ca-fortified milk imitation, or
a similar enriched diet to account for their Ca deficiency. To reconcile
relatively high CIM-urine values and low Ca consumption, we have to
take into account that some, if not all vegans eat a Ca-enriched Ca-set
tofu or Ca-fortified milk imitation to ensure adequate Ca intake to ac-
count for their diet-related Ca deficiency. Ca-set tofu is a type of tofu that
has been coagulated using a Ca salt, typically calcium sulfate (gypsum,
CaSO4) or calcium chloride (CaCl2), during the tofu-making process
which increases its Ca content from the usual Ca level of about 100 to
150 mg/100 g [49] to about 350 to 450 mg/100 g and up to 680 mg/
100 g [50,51], significantly. Ca-fortified milk imitation is plant-based
“milk” derived from low-contained almond drinks, soy drink, coconut
drink, etc., that is added with Ca to match the Ca content of cow milk
[52]. Calcium from biological sources would not change the Ca isotope
composition of serum and urine. In contrast, Gypsum and calcium
chloride are of non-biological origin and can also be considered to be
just like normal Ca supplements (see Table S2) also about 1 ‰ higher
than the supplement-free and normal diet. This kind of diet would shift
from the general equilibrium threshold value toward higher values as we
see in vegan urine. In the future, the impact of a Ca-enriched diet on the
serum and urine CIM values has to be examined in detail.

Without a Ca-enriched diet, a vegan diet may interfere with PTH and
PTHrP levels, potentially leading to secondary hyperparathyroidism
associated with increased bone Ca resorption and reduced bone miner-
alization rates, resulting in net bone Ca loss [53,54]. To confirm sec-
ondary hyperparathyroidism, we would expect to see low CIM-serum
values (indicating bone Ca loss) but high CIM-urine values (indicating
increased renal Ca reabsorption). However, we currently lack paired
CIM-serum and CIM-urine values for vegans, and thus, this hypothesis
remains to be validated by future research.

5. Weakness of the study

The Ca isotope value of a diet depends primarily on the type of diet,
mainly reflecting the daily intake of dairy products and, to a lesser
extent, vegan or vegetarian diets.

Measured CIM-serum and CIM-urine values are adjusted to a normal
diet if Ca supplements are consumed. Future studies have to evaluate the
role of Ca-fortified non-dairy kinds of milk and tofu products on the CIM

values.
It has not yet been tested whether socioeconomic status and different

dietary behaviors might also influence the Ca isotope composition of the
diet.

This study relied on self-declaration of diseases, therapies and
medications. Inaccuracies in reporting may distort data.

Participants of this study may not represent the general population,
hence results may not be generalized.

6. Conclusions

The threshold values as reported earlier in the OsteoGeo study were
confirmed by the Osteolabs study presented here. The Osteolabs study
also showed that all factors positively or negatively affecting the
musculoskeletal metabolism were reflected by a change of the CIM value
in urine and serum. Diseases, such as osteoporosis, prostate cancer, or
thyroid diseases, medications, and hormonal therapies (e.g., ADT and
thyroxine) related to a negative BMB were reflected by CIM values
significantly below the threshold value. Osteoprotective medications
like bisphosphonates, denosumab, and Romosozumab were related to a
positive BMB, reflected by CIM values significantly above the threshold
values. Other individual factors like age and sex were also reflected by
the CIM values. The Osteolabs study also revealed interesting results for
vegans showing that their CIM-urine is the highest compared to non-
vegans.

This study supports earlier findings that CIM values are a strong
predictor of BMB [13], reflect renal function, and indicate side effects of
diseases and medical therapies influencing the musculoskeletal system.
The significant correlations between individual attributes like gender,
age, and health status offer the possibility of performing a predictive,
minimally-invasive, easily repeatable and early detection of Ca loss and
metabolic diseases affecting the musculoskeletal metabolism. It also
offers the possibility of performing minimally invasive ‘liquid biopsies’
to assess bone health. Although Osteolabs is commercially distributing
Ca isotope diagnostics, the clinical application is still in its infancy and is
currently treated more as a sophisticated research tool. However, as part
of a comprehensive bone biomarker panel, it proves to be an innovative
and excellent adjunct to current diagnostics, enabling the early identi-
fication of patients who may benefit from osteoporosis treatment,
allowing real-time monitoring of the therapeutic response, and pre-
dicting fracture risk. Isotope diagnostics to monitor the effect of bone
anabolic medications may allow personalized treatments to improve
bone health, early identification of bone metastasis, monitoring the
response to certain chemotherapeutic agents and reducing fracture risk
in patients with kidney impairment.
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