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Abstract

Summary We investigated associations between bone mineral content (BMC) and bone-related biomarkers (BM) in pre-and
early pubertal children of both sexes. In this population, we found that bone turnover markers explain a small part of BMC
variance.

Introduction It is still debated whether BM including bone turnover markers (BTM), sex hormones and calciotropic (including
cortisol) hormones provide information on BMC changes during growth.

Methods Three hundred fifty-seven girls and boys aged 6 to 13 years were included in this study. BM was measured at baseline
and BMC twice at 9 months and 4 years using DXA. Relationship between BMs was assessed using principal component
analysis (PCA). BM was tested in its ability to explain BMC variation by using structural equation modelling (SEM) on cross-
sectional data. Longitudinal data were used to further assess the association between BM and BMC variables.

Results BMC and all BMs, except calciotropic hormones, increased with age. PCA in BM revealed a three-factor solution (BTM,
sex hormones and calciotropic hormones). In the SEM, age accounted for 61% and BTM for 1.2% of variance in BMC (cross-
sectional). Neither sex nor calciotropic hormones were BMC explanatory variables. In the longitudinal models (with single BM
as explanatory variables), BMC, age and sex at baseline accounted for 79-81% and 70-75% in BMC variance at 9 months and 4
years later, respectively. PINP was consistently associated with BMC.

Conclusion BMC strongly tracks in pre- and early pubertal children. In this study, only a small part of BMC variance was
explained by single BTM at the beginning of pubertal growth.
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Abbreviations
BM Biomarkers (including all markers
measured in the blood)

BTM Bone turnover marker

CORT Cortisol

CTX C-terminal telopeptide

DHEAS  Dehydroepiandrosterone sulphate
DXA Dual-energy X-ray absorptiometry
E2 Estradiol

FN Femoral neck

LS Lumbar spine

OCN Osteocalcin

25(OH)D  25-Hydroxy vitamin D/calcifediol
PCA Principal component analysis
PINP N-terminal propeptide

PROGE  Progesterone

PTH Intact parathyroid hormone

SEM Structural equation modelling
SHBG Sex hormone-binding globulin
TEST Testosterone

WB Whole body

Introduction

Puberty is a period characterized by accelerated bone ac-
crual and major changes in hormone levels in both sexes.
Bone mass accumulation during pubertal spurt contributes
largely to peak bone mass. This is a determinant of adult
bone mineral mass/density, a low level of which can con-
tribute to osteoporosis and fracture risk later in life [1, 2].
Peak bone mass is achieved in most skeletal sites by the
end of the second decade of life. Bone mass is primarily
determined genetically, genetics accounting for approxi-
mately 60 to 80% of the bone mineral mass/structure var-
iance [1]. The remaining variance is explained by lifestyle/
environmental factors including nutrition and physical ac-
tivity [2]. Risks and protective factors in the first two de-
cades of life are thought to have strong influences on the
growing skeleton [3]. Thus, the detection of risks for
(in)sufficient bone development during growth by means
of sensitive biomarkers (BM) would enable early evalua-
tion and preventive measures in optimizing mineral accrual
during the critical years of growth.

Bone mineral mass changes are influenced by various
hormones, which directly or indirectly regulate bone physi-
ology [4]. These include sex hormones such as estradiol (E2),
testosterone (TEST), progesterone (PROGE), parathyroid
hormone (PTH), 25-Hydroxyvitamin D [25(OH)D], and

@ Springer

cortisol (CORT) that all exert direct or indirect influences
on bone growth and on bone health. Their levels may also
provide information about bone metabolism [4—6]. In addi-
tion, serum or urinary bone turnover markers (BTM) provide
information on the rate of bone turnover, which is markedly
accelerated during puberty [7-9]. During growth, they may
be sensitive markers allowing a dynamic picture of bone
turnover processes and may allow an early detection of ab-
normal bone mass changes [9, 10]. From the studies on the
associations between BTM and bone mass, it is still debated
whether BTM in children are clinically valuable in informing
onthe current or later state of bone mineral changes [ 7, 9-14].
Only few studies have investigated associations of various
BMs with bone mineral mass in children [7, 11, 13-18].
Some have suggested a significant association of bone min-
eral mass with different BMs [11, 13, 15-18], while others
did not find evidence for a predictive contribution [14].
These studies have focussed on either BTM, sex hormones
or calciotropic hormones separately and have not investigat-
ed all BMs jointly [11, 13—18]. They mostly used cross-
sectional data[11, 14—18] or applied statistical analyses with
drawbacks (e.g. stepwise regression, or analyses without ad-
justment) [11, 13, 16—18]. More advanced statistical tech-
niques such as principal component analysis (PCA),
allowing to explore result patterns [19], or structural equa-
tion modelling (SEM), able to model more complex relation-
ships [20], have not been applied yet to bone growth and its
determinants in pre- and early pubertal stages.

In this exploratory cross-sectional and longitudinal
study conducted in a large sample of pre- and early puber-
tal healthy girls and boys, we aimed to evaluate whether
BMs including BTMs [osteocalcin (OCN), N-terminal
propeptide (PINP), and C-terminal telopeptide (CTX)],
sex hormones [TEST, E2, PROGE], calciotropic hormones
[PTH, 25(OH)D] and CORT are associated with changes in
bone mineral content (BMC) as assessed by dual-energy
X-ray absorptiometry (DXA). First, we investigated corre-
lations between BMC and BM, and analysed them using
PCA. Based on previous results suggesting a relationship
between BTM [10, 14], sex hormones [4, 18], and
25(OH)D with PTH [6], and data obtained by PCA, we
formed groups of variables (constructs) in a first step.
This information was used to build further models (SEM)
to investigate whether BM groups (constructs) explained
variations in BMC using cross-sectional data. To further
investigate results obtained by SEM, we assessed whether
baseline BMs explain BMC variance at follow-up (9
months and 4 years) using multiple linear regression on
longitudinal data.
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Subjects and methods
Setting and sample

This study includes a large cohort of public-school children
(n = 357) with samples collected at baseline and follow-up
data (at9 months and 4 years) of the KISS study. The 9-month
interval corresponds to the duration of a school year. The
KISS study was a cluster-randomized, school-based, physi-
cal activity intervention that was conducted between August
2005 (baseline) and July 2006 (post intervention) in 1st and
5th grade students (6- to 13-year-old children). A 4-year fol-
low-up was conducted in 2009. For the present study, a given
sample of 357 participants (including intervention and con-
trol group participants) was used. Of the 502 children initial-
ly participating in the KISS study, 136 participants were ex-
cluded due to refusal of blood sampling and/or missing re-
sults for BMs. Furthermore, we excluded 9 participants be-
cause they werenotinapre- orearly pubertal stage atbaseline
(see Fig. 1 Appendix for further information). The study de-
sign and intervention effects on primary and secondary end-
points, including bone mineral density/content, were pub-
lished previously [21, 22]. Informed consent for all measure-
ments was obtained from children and one of their parents.
The protocol has been approved by local ethics committees
[21].

Demographics, puberty and anthropometry

Pubertal stage was estimated by a self-assessment question-
naire with a simple explanation summarizing the Tanner
stages which we then categorized as pre-pubertal (Tanner 1)
and early pubertal (Tanner 2 and 3). Due to the limited reli-
ability and validity of the Tanner stages self-assessment [23],
Tanner stage was used only for descriptive purposes and not
included in the models to adjust for growth/puberty. Instead,
we used age to adjust for growth. Standing height was mea-
sured by a wall mounted Harpenden stadiometer (Holtain,
Crymych, UK) and body weight was determined using an
electronic scale (Seca, Basel, Switzerland; accuracy 0.05 g).
Height-for-age and weight-for-age according to World Health
Organization references were determined to allow for a com-
parison of our sample with normal values [24].

Bone mineral content and density

Bone mineral content (BMC, g) and areal density (BMD,
g/em?) were determined for total body (WB), femoral neck
(FN) and L1-L4 vertebrae (LS) in antero-posterior view using
DXA (DXA; Hologic QDR-4500, Waltham, MA, USA). The
densitometer instrument was located in a truck, allowing for
realising the measurements at different schools. The coeffi-
cient of variation of repeated measurements for femur, lumbar

spine and total body determined in young healthy adults varies
between 1-1.6% for BMD, and 0.3-3% for BMC [25]. In
addition, BMC and BMD values were z-transformed using
age- and sex-specific reference values [26]. In this article,
we primarily focused on BMC outcomes.

Biomarkers

Blood was collected between 7:30 and 9:30 a.m. in all chil-
dren after an overnight fast. Blood was drawn in vacutainers
which were immediately put on ice. After the sampling, the
blood was transported to the hospital where the blood was
centrifuged, divided into 1.0 ml aliquots and stored at — 70
°C until batch analyses. OCN (N-MID-Osteocalcin), PINP,
CTX, PTH, Total TEST, E2, SHBG, PROGE, CORT and
dehydroepiandrosterone sulphate (DHEAS) were measured
using ECLIA on the automated analyser Elecsys 2010
(Roche Diagnostics, Rotkreuz, Switzerland) [27, 28].
25(OH)D (25-Hydroxy Vitamin D) was determined using an
enzyme-immunoassay (EIA) on the IDS-iSYS
(Immunodiagnostic Systems, Frankfurt/Germany) [29]. In or-
der to approximate the free TEST and free E2 serum concen-
tration, the free androgen index [(TEST/SHBG) x 100] and
the free estradiol index [(E2/SHBG) x 100] were calculated
[30, 31]. All BMs were scaled according to SI units
(International System of Units).

Statistics

Sample characteristics are presented as means + standard
deviations for continuous variables and as frequencies (%)
for categorical variables. The sex and age stratified distri-
bution of BMs at baseline is shown by boxplots and by 5th,
50th and 95th percentiles. Correlation analyses were used
to investigate the distribution and bivariate associations
between BMC and BM variables (Pearson and
Spearman’s rank correlation coefficient). We first analysed
cross-sectional and then longitudinal data.

Using cross-sectional baseline data, we applied PCA to
reduce the dimensionality of the various BMC and BM
variables on a smaller number of components called fac-
tors. Those factors still retain most of the variability of the
original variables [19]. The number or factors was deter-
mined by Scree-Test and parallel analysis. Components
were rotated (oblimin) in order to simplify the structure
and interpretability. Factor loadings (between — 1 and +
1) show the strength of association of a variable with the
respective factor [19].

The components identified in PCA were subsequently
analysed in a SEM using latent variable analysis in R
[20, 32] in order to model the cross-sectional relationships
between BMC and BM. The SEM model was estimated
using Maximum Likelihood (ML). To account for the
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skewness of the data, we used the Satorra-Bentler scaled
statistical test and derived standard errors and p values
using non-parametric bootstrapping (replacement sam-
pling, n = 5000) [32]. A mean-square error of approxima-
tion (RMSEA) below 0.06 was considered good (below
0.10 as acceptable); Standardized Root Mean Square
Residual (SRMR) below 0.08, comparative fit index
(CFI) above 0.95 and a xz/df ratio below 3 were consid-
ered as satisfactory fit [20, 33]. Standardized (fstd) and
unstandardized () coefficients were calculated.
Sensitivity analyses for the PCA and the SEM were done
by performing analyses for boys and girls separately (to
investigate whether they lead to the same conclusion).

Using the longitudinal data, we investigated whether
single BTM and sex hormone levels measured at baseline
were associated with BMC (FN, LS, WB) at follow-up (9
months and 4 years) by means of robust multiple linear
regressions models [34]. These models were adjusted for
baseline BMC, age and sex. Additionally, sensitivity anal-
yses were done by adjusting for treatment (treatment vs.
control group) and by applying a model including a ran-
dom intercept (by participant) and a random slope for age.
Analyses were performed using R, version 3.5.0 and Stata
for Windows version 13.1 (Stata Corp LP, College Station,
TX, USA).

Results

Sample characteristics and BMC for girls and boys at base-
line and 9 months are shown in Table 1. The majority of
participants were in a pre-pubertal (Tanner 1) maturation
stage at both time points. Absolute BMC values increased
from baseline to follow-up in both genders. Mean z-scores
for height, BMI, BMC and BMD showed normal values (in
comparison to age-matched healthy individuals [26]).

Figure 1 shows boxplots of all BMs by sex and age groups
(67 years, 7.1-8 years, 10—11 years and 11.1-13 years).
BTM (OCN, PINP, CTX) increased with age in both sexes
(no statistical test applied). This increase was seemingly more
pronounced in girls. A similar pattern was found for
TEST/SHBG, E2/SHBG and PROGE. PTH, 25(OH)D and
CORT showed large variation but remained relatively stable
across different age groups. There was a substantial variation
for all parameters. Additional information including further
parameters (E2, TEST, SHBG, DHEAS) is provided in
Appendix Table 4.

Table 2 shows bivariate associations (Pearson) using
cross-sectional baseline data of BTM, sex hormones,
calciotropic hormones (including CORT), sex, age and
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height with FN, LS and WB BMC (raw scores, and age-
and sex-standardized z-scores). All BMs, except 25(OH)D
and CORT were significantly, but weakly associated with
BMC raw values. These associations were less pronounced
in z-standardized BMC variables. Age and height showed
strong and comparable associations with all raw BMC
values. Strong and significant relationships were observed
among BMC and BMD variables ranging from » = 0.73 to
=0.97 (p < 0.001, data not shown). Spearman correlations
calculated in addition to Pearson to investigate deviations
due to non-normal data led to comparable results.

PCA for cross-sectional BMC variables revealed a one-
factor solution with variables showing strong loadings be-
tween 0.90 and 0.97. These factor solutions were also
found for boys and girls when analysed separately (data
not shown). PCA in BM variables consistently revealed a
three-factor solution (scree and parallel-test) explaining
62% of the total BM variance. Figure 2 shows PCA load-
ings for BM variables. The first factor explained 26%
(Eigenvalue 2.36) of BM variance and was primarily as-
sociated with OCN, PINP and CTX with loadings be-
tween 0.77 and 0.89 indicative of a common underlying
BTM dimension. The second factor explained 21% of BM
variance (Eigenvalue 1.85) on which TEST/SHBG, E2/
SHBG and PROGE showed high positive loadings be-
tween 0.65 and 0.84 suggesting a common underlying
dimension of sex hormones. The third factor was mainly
associated with calciotropic hormones (including CORT)
explaining 15% of BM variance (Eigenvalue 1.35) show-
ing associations with PTH and 25(OH)D of — 0.55 and
0.75, respectively. This indicates that an increase in factor
three was associated with an increase in 25(OH)D and a
decrease in PTH. CORT showed the highest loading
(0.59) on factor three, but was also associated with factor
two (sex hormone factor). Similar results were found by
analysing girls and boys separately (data not shown).

Based on previous studies and on information provided by
PCA, we determined three predictor constructs and one out-
come construct: (a) bone turnover markers (OCN, PINP,
CTX); (b) sex hormones (TEST/SHBG, E2/SHBG,
PROGE); (c) calciotropic hormones (25(0OH)D, PTH,
CORT); and (d) BMC (FN BMC, LS BMC, WB BMC). We
first investigated the association between each single predictor
construct and the outcome construct. Results for the SEMs on
cross-sectional data are shown in Fig. 3 (main models) and
Appendix Table 5 (all models).

The calciotropic hormone construct (model a) did not
significantly predict BMC. Further, the single indicators
(including PTH, 25(OH)D, and CORT) did not sufficiently
evaluate the calciotropic hormone construct. The sex
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Table 1
density (n =357)

Characteristics for pre- and early pubertal girls (n = 182) and boys (n = 175) at baseline and follow-up, puberty and bone mineral content/

Girls baseline

Girls follow-up (at 9 months)

Boys baseline

Boys follow-up (at 9 months)

n®  Mean(SD) % n® Mean (SD) % n®  Mean (SD) % n® Mean (SD) %
Age 182 9.3 (2.1) 176~ 10.1 (2.1) 175 9.5(.1) 167  10.3(2.1)
Puberty and anthropometry
Tanner 1 118 652 87 49.7 137 78.7 106 63.1
Tanner 2 and 3 63 348 78 44.6 37 213 59 35.1
Tanner 4 and 5° 0 10 570 3 1.8
Height cm 180 135.8 (12.7) 176 1412 (13.4) 175 137.0 (13.4) 167  142.1 (13.8)
Height-for-age z-score® 180 0.16 (0.99) 176  0.25(1.02) 175 0.27 (0.91) 167  0.30(0.93)
Weight kg 180 31.9(8.5) 176~ 354 (9.7) 175 3290.7) 167  35.8(10.7)
BMI-for-age z-scores” 180 0.11 (1.01) 176 0.07 (1.01) 175 0.20 (1.03) 167  0.11 (1.00)
Bone mineral content (BMC)
Femoral neck g 173 2.35(0.65) 129 2.70 (0.70) 167 2.64 (0.81) 125 2.93(0.92)
Lumbar spine g 170 23.18 (5.72) 129 2695 (7.11) 167 23.87 (6.24) 125 26.46 (7.50)
Total body g 167 760 (200) 129 852 (224) 164 792 (238) 125 851 (266)
BMC z-scores®
Femoral neck 173 —0.50 (1.07) 128 —0.16 (0.99) 167 —0.26 (1.25) 124 —0.02 (1.28)
Lumbar spine 170 —0.19 (0.94) 128 —0.07 (1.00) 167 —0.14 (1.01) 124 —0.08 (1.08)
Total body 167 —0.15(0.86) 128  —0.25(0.94) 164 —0.06(0.92) 124 —0.25(0.98)
Bone mineral density (BMD)
Femoral neck g/cm? 173 0.64 (0.08) 129  0.68 (0.08) 167 0.68 (0.09) 125  0.72 (0.10)
Lumbar spine g/cm? 170 0.61 (0.09) 129 0.65(0.10) 167 0.60 (0.09) 125 0.62(0.10)
Total body g/em? 167 0.66 (0.09) 129 0.70 (0.09) 164 0.68 (0.10) 125 0.70 (0.10)
BMD z-scores*
Femoral neck 173 0.00 (1.07) 128  0.17 (0.94) 167 0.09 (1.00) 124 0.22(1.03)
Lumbar spine 170 —0.12 (0.90) 128  —0.04 (0.94) 167 0.05 (0.98) 124 0.05(1.01)
Total body 167 —0.32(0.96) 128  —0.38(0.96) 164 —0.19(0.95) 124 —0.37 (0.95)

?Indicates the number of non-missing cases on the respective variable

® Individuals with Tanner stage at baseline > 3 were dropped (low case numbers/large heterogeneity)

¢ Z-scores are based on WHO growth reference for school-aged children and adolescents [25]. Weight-for-age z-scores are not shown (only provided by
WHO for children < 10 years due to its inability to distinguish between relative height and body mass in older children)

d7Z-scores based on external reference curves for bone mineral content and density [26]

hormone construct (model b) was a significant predictor of
BMC and explained about 34% of its variance and showed
a good fit. The BTM (model c) predicted 14% in BMC
variance and showed a good fit. To investigate the interac-
tion between sex hormones and BTM in predicting BMC,
we included these latent variables in a final model (model
d) (Fig. 3a). In this model, sex hormone (fstd. = 0.51, p <
0.001) and BTM (Bstd. = 0.22, p < 0.005) were significant
predictors explaining about 31% in BMC variance com-
bined and showed an acceptable model fit. Finally, age
was added to model d to adjust for growth (model ¢)

(Fig. 3b). Despite a similar fit, the influence of sex hor-
mones became weak and non-significant (fstd. = 0.069, p
= 0.32). The BTM construct remained a weak but signifi-
cant predictor (PBstd. = 0.11, p = 0.024) of BMC.
Importantly, age was strongly associated with sex hor-
mones (Bstd. = 0.62, p < 0.001), BTM (fBstd. = 0.33, p <
0.001), and explained 61%, a substantial part of BMC var-
iance (PBstd. = 0.78, p < 0.001). Sensitivity analysis for
model d/e led to very similar results for girls and boys
separately. When weight or height were included as addi-
tional covariates to age, the model did not converge.

@ Springer



340

Osteoporos Int (2020) 31:335-349

Osteocalcin girls Osteocalcin boys N-term. propeptide girls

N-term. propeptide boys C-term. telopeptide girls C-term. telopeptide boys

300 300 ° 1200 1200 2600 2600 °
20 28 ¢ 1100 1100 2400 2400
260 260 ~ o ~ o ~2200 ~ 2200
240 ) 240 émoo §|ooo §2000 ) S 2000
a2 200 o %0 o %0 2 1800 g0 | & °
200 200 : 3 3 b=} S °
=180 ° =180 2 2 800 2 300 2 1600 o 1600
= ° £ 2 g 2 &
S 160 S 160 S 700 2 200 & 1400 & 1400
g 140 g 140 a s 2 1200 2 1200
2120 g 120 2 o 2 o £ 1000 £ 1000
© 100 o E s00 E s0 E a0 E o0
& bl 5 > O 600 S 600
60 50 Z 400 Z 400
400 400
40 R 40 300 300 °
20 . 20 . 200 200
67 748 1011 11113 &7 748 10111 1113 &7 748 10111 11113 &7 748 10111 11113 67 748 1011 11.113 &7 7458 1011 111413
Testo/SHBG*100 girls Testo/SHBG*100 boys Estradiol/SHBG*100 girls Estradiol/SHBG*100 boys Progesterone girls Progesterone boys
12 12 650 650 ° 50 50
1 1 i 600 600 45 ¢ 45
: 550 ° 550
- 10 - 10 i B 40 40 °
S S - . g ° = o
b5 - 58 =3 =1 °
E.’) 3 b s R e 450 3 e 450 : - g 35 ° g 35
c:nca 7 % 7 8 400 @ 8 400 £30 £30
s . . £3. £3
350 ° 350 o o
25 2% % % S2s S2s °
S S 3300 3 300 =4 e
g s ° g s ° 8 3 a0l o 220
2 ° ° 2 ° Z20 g0y S15{ ° S15 8
=3 ° ° =3 150 150 & o & o
2 R 2] 8 100 100 : :
11 g ° é é 1 1 50 50 é 0s 05
0] —— s o e 8 = B p & ié
&7 748 1011 11113 &7 748 101 11113 &7 7.4/ 1011 11113 67 745 101 11.113 67 7.4/ 1011 11113 67 7.4/ 1011 11113
Parathyroid hormone girls Parathyroid hormone boys 25-hydroxy vitamin D girls 25-hydroxy vitamin D boys Cortisol girls Cortisol boys
9 9 190 ) 190 . - ° —
<5 ‘ Zs o 1m0 _1m 1090 1090
: : 3 © 3 :
& ° g 3 150 3 150 0 = °
=7 =7 £ £ 890 890
o 8 ° o ° Ei30) - . E130 H ) ° jry
gs Es a a = 7% e S 790 o 2
s s £ 110 £ 110 g 0] . g 0 °
25 £s g g = . s
° = s s > S 5%
= = 3 z z £
¥ F =3 o
§ g En gn 8 8
83 83 Z 59 Z 5 290 290
] ] @ ) °
~N ° N 190 190
g2 g2 30 30{ o° © i
1 1 10 10
&7 748 10111 11113 &7 748 10111 11113 &7 748 1011 11113 67 748 10111 11113 67 748 1011 11.113 &7 748 10111 11113
age category age category age category age category age category age category

Fig. 1 Boxplot for biomarkers stratified by sex and age groups

Similarly, the relation remained weak when age was re-
placed by body composition (data not shown). We also
included Tanner stages in the model. Only a few subjects
were in stage 3 at baseline, most being in stages 1 and 2.
BMC was weakly associated with Tanner stages (less of
1% of the variance) (data not shown).

Table 3 shows how baseline values predict BMC
values (FN, LS, WB) at follow-up using single BTM,
sex hormones, age, BMC and sex at baseline. BMC,
age and sex at baseline predicted 79 to 81% of BMC
variance at 9-month follow-up. BTM and sex hormones
contributed little to the variance (between 1 and 4%).
Only PINP was a consistent and significant but weak
predictor of BMC at 9-month follow-up. The association
of sex hormones and BMC at follow-up were inconsis-
tent, with large confidence intervals. This appeared not
to be related to the intervention. In addition, 70-75% of
BMC variance at the 4-year follow-up was explained by
BMC at baseline, age and sex (n = 194). BTM and sex
hormones showed large confidence intervals, were
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mostly insignificant, and explained no further variance
in addition to baseline BMC, age and sex (data not
shown). Further models (random intercept and slope)
did not change the conclusion. In addition to BMC, all
analyses were performed for BMD that led to the same
conclusions (data not shown).

Discussion

The main findings of our cross-sectional model indicate that
the major part of variation in BMC (61%) was explained by
age. Only a small additional amount was explained by BTM
(1.2%), and none by sex hormones using a large representa-
tive sample of healthy pre- and early pubertal girls and boys.
Likewise, in the longitudinal analyses, at least 70% of varia-
tion in single BMC measures (e.g. FN) at follow-up up to 4
years were explained by BMC at baseline, age and sex.
Results from the PCA and SEM analyses indicated that single
BMC, BTM and sex hormone measures can be represented by
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Fig. 2 Principal component analysis (PCA) of biomarkers including girls
and boys (n = 309) led to a three-factor solution. Bone turnover markers
including N-terminal propeptide (P1NP), osteocalcin (OCN) and C-
terminal telopeptide (CTX) showed high positive loadings on factor 1.
Sex hormones including estradiol/sex hormone-binding globulin (E2/
SHBQG), testosterone/sex hormone-binding globulin (TEST/SHBG) and

constructs that allowed us to reduce complex and multidimen-
sional data without a substantial loss of information and a
reduction of measurement error. However, neither BTM nor
sex hormones explained a substantial part of BMC variance.
This does not preclude a possible higher association in path-
ological conditions instead of in healthy subjects.

Our results indicate that BMC and BMD values [26],
height and BMI [24], BTM [7, 10] and hormones [13, 18] in
children of this study were comparable to published values of
age-matched normal individuals and showed a development
pattern similar to that of white healthy subjects [4, 10, 13, 14].
As expected, the increase with age was more pronounced and
earlier in girls reflecting their earlier pubertal growth spurt [4,
10, 13, 14].

The one-dimensionality of BMC, BTM and sex hor-
mones shown in the PCA indicates that these variables
are probably influenced by common underlying processes.
For BMC, this is not surprising since the single variables
measure a similar entity, which differs only by measure-
ment site (e.g. femoral neck, lumbar spine). For BTM, this
one-dimensionality was expected since BTM of formation
and resorption are highly related [10, 13, 14] and reflect
processes of bone modelling and remodelling that change
in concert [7, 14]. Likewise, sex hormones are already
related through their common biosynthesis (e.g. E2 may
be synthesised from aromatization of TEST) [4] and were
shown to be associated, as suggested in a previous study
[18]. Finally, 25(OH)D and PTH inversely loaded on the
third factor reflecting their reciprocal regulation, both in-
creasing 25(OH)D levels and suppressing PTH [6].

We then used the components found in the PCA to inves-
tigate multiple cross-sectional relationships between BMC
with BTM, sex hormones, calciotropic hormones and age

@ Springer
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progesterone (PROGE) showed high positive loadings on factor 2.
Calciotropic (pre-)hormones including intact parathyroid hormone
(PTH) and 25-Hydroxy vitamin D [25(OH)D] were inversely related to
factor 3. Cortisol (CORT) showed the highest association with factor 3 as
well as a considerable association with factor 2

using SEM models. The calciotropic hormones showed in-
sufficient construct validity and no evidence for an associ-
ation with BMC and were thus eliminated from the model.
This is not surprizing since these hormones are tightly reg-
ulated irrespective of anthropometric or skeletal parameters.
The final model d excluding age indicated a relevant asso-
ciation of BTM and hormones with BMC similar to previ-
ous research [11, 13, 16—18]. However, most of these asso-
ciations were not or insufficiently adjusted for growth. Yet,
with age adjustment (model ¢) included, only BTM, but not
hormones, explained a small part of BMC variation. In line
with these findings, associations between BMC and BTM
were substantially weakened by standardization of BMC (z-
scores) as shown in the simple descriptive correlation anal-
yses. These findings suggest a major confounding effect of
growth (e.g. an increase in BMC and BTM with age). Not
surprisingly, previous cross-sectional studies showed that
increases in BMC, BTM and sex hormones were strongly
related with height, weight, growth velocity or other
growth/development-related factors such as age or pubertal
stage [4, 7, 13, 17, 35].

In our longitudinal data analyses, the associations with
single BTM and sex hormone markers were weak, with
large confidence intervals. Only PINP was consistently
associated with BMC values. Interestingly, BMC at 9-
month follow-up was largely determined by BMC at base-
line which could primarily reflect the tracking of BMC
[36, 37]. Similarly, BMC variance at the 4-year follow-
up was largely determined by baseline BMC. These re-
sults are compatible with a BMC tracking in pre- and
early pubertal children, as previously described [36, 38].
Tracking, which results from modelling and remodelling
of the growing bone, can be explained by genetics, but
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Fig. 3 Structural equation models (n = 309). a shows the associations
(standardized coefficients) of bone turnover marker (BTM) and sex hor-
mone constructs as predictors of bone mineral content (BMC) without
age adjustment (RMSEA 0.087, SRMR 0.054, CFI 0.97, Xz/df 3.10).
BTM explains 5% and sex hormones 26% of variance in BMC. The
calciotropic hormone construct was removed due to a lack of construct
validity. b shows the same model but with age adjustment (RMSEA 0.09,

possibly also by environmental factors that affect bone
like physical activity or nutritional intakes that show some
stability over time (e.g. physically active children remain

SRMR 0.05, CFI 0.97, x*/df 3.18). The strength of association of BTM
and sex hormones with BMC is noticeably decreased compared to model
a. BTM explains 1.2% of variance in BMC, and the association with sex
hormones is non-significant. In turn, sex hormones and BTM strongly
vary by age. Age determines 61%, a major part of BMC variance. Solid
line; p < .05, dashed line; construct not included in the model/p > .05
(additional information is shown in Appendix Table 5)

active) [36, 37, 39, 40]. However, changes in these be-
havioural factors like physical activity and nutrition may
modify the tracking [1, 36, 38].

@ Springer
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The use of biochemical determinations during bone
growth, susceptible to be repeated and reflecting actual
bone turnover, may give some insight on the BMC value
later during growth at the individual level. Detecting sub-
jects at risk of lower bone mass accumulation could sup-
port recommendations for preventive measures such as
intense physical activity or nutritional supplements. This
could be an alternative to repeated DXA examinations
that are a concern for many paediatricians, fearing irradi-
ation. Because of the variations in age and in the begin-
ning of pubertal maturation, of different sexes, of day-to-
day biological variation of the biochemical markers of
bone turnover, it turned out that a small part of the
BMC variance 9 months later could be accounted for by
circulating markers levels at baseline. This does not mean
that bone remodelling/modelling is not determining BMC.
But under our experimental conditions, circulating bio-
chemical markers did not appear to be able to explain a
large proportion of BMC variance at a later time during
growth in a given individual. However, in a model with-
out baseline BMC and age, bone turnover markers and
sex hormones were able to account for more than 30%
of BMC variance.

Strengths of this study are the large sample of pre- and early
pubertal children and adolescents and standardized measure-
ments of BMC/BMD and BM. Blood samples were collected
in fasting individuals during short time intervals to minimize
diurnal variations and circumventing the problems associated
with urine-derived BMs [7]. The use of PCA and SEM analyses
allowed the reduction and simplification of multiple BMC out-
comes to one latent variable and flexibly modelling complex
relationships between constructs while controlling for measure-
ment error [19, 20]. To our knowledge, these methods have
never been used before in the field and might therefore provide
an interesting basis for future studies. However, PCA and SEM
analyses are usually performed in a two-step procedure in dif-
ferent samples [20]. Therefore, our exploratory analyses by
SEM should be interpreted with some caution. Further limita-
tions arise from the high pre- and analytical variability of BM
investigated in this study and their complex interactions, which
challenge their informative value on BMC development [4, 7,
9, 12, 41, 42]. First, BM show analytical variations and a sub-
stantial individual day-to-day variation [9, 12, 41, 42]. The
variability may have been amplified by the heterogeneity in
the cohort which differed by age, sex, pubertal timing all of
which representing important determinants of circulating mark-
er levels. The high variability in bone markers, possibly
coupled with the fact that we had only a single measurement
of BMs, could have led to a dilution bias [43] resulting in a
failure to detect some of the associations. Second, the interplay
of biomarkers is complex as they are often linked through mul-
tiple biological pathways that are still not fully understood (e.g.
it is unknown whether E2 acts directly or via mediators on

bone) [4, 7, 44]. Third, specific bone turnover markers reflect
different processes including modelling, remodelling and lon-
gitudinal growth that may occur concurrently at different skel-
etal sites in children [7, 9, 10]. Altogether these variabilities in
bone markers make it difficult to detect an association between
markers and BMC. In consequence, these issues add a substan-
tial amount of complexity to the clinical interpretation in pre-
and early pubertal children. Other limitations refer to the DXA
measurement in growing children, since assessment of the ap-
propriate locations and size of the regions of interest can be
challenging [45].

Conclusion

In this study, the main factors explaining BMC were age in
cross-sectional analysis, and age, sex and baseline BMC in
longitudinal analyses. Although statistically significant,
BTM as a construct and PINP as single factor explained a
small part of BMC variance in cross-sectional and longitudi-
nal analyses covering 4 years. Although it is well known that
BTM investigated in this study reflect bone metabolism, their
singular use for prognostic or diagnostic purposes on BMC
development in youth with different age, sex and maturation
may be limited. Neither sex nor calciotropic hormones were
BMC explanatory variables. Further longitudinal studies
should be performed to reveal whether SEM constructs (or
models using combinations of repeated single marker mea-
sures) can be used to describe bone health and BM associa-
tions over the whole period of puberty and to confirm our
exploratory analyses. Further, it would be worthwhile to in-
vestigate associations between bone markers, hormones and
BMC in diseased children.

Acknowledgements We sincerely thank all children, teachers and
parents for taking part in the study. We greatly appreciate the help
of Giulio Conicella, Chantal Genet and Claude Kridnzlin for their
competent help in the bone measurements. We thank the founda-
tion AETAS, Switzerland, for the use of their DXA-bus, the Swiss
Heart Foundation for financial support of the current study and the
funders of the initial study (KISS) including the Federal Council of
Sports, Magglingen, Switzerland (grant number SWI05-013), and
the Swiss National Foundation (grant number PMPDB-114401).
And finally, also thanks to Erin Ashley West for proof-reading
the manuscript.

Funding information This study was funded by the Swiss Heart
Foundation. Funding for the initial trial (Effect of a general school-
based physical activity intervention on bone mineral content and density)
was provided by Swiss Federal Office of Sports and the Swiss National
Science Foundation.

Compliance with ethical standards

Conflicts of interest None.

@ Springer



346

Osteoporos Int (2020) 31:335-349

Appendix

Table 4  Percentile distribution (5th, 50th and 95th percentile) of biomarkers (SI units) by sex and different age groups at baseline (TO)

Girls Boys Girls Boys
n PS5 P50 P95 n PS5 P50 P95 n PS5 P50 P95 n PS5 P50 P95

OCN (pg/L) PINP (ng/L)

6.0to 7.0 years 48 64.25 118.00 188.75 39 80.00 115.00 184.00 48 4289 6555 9925 39 398.0 625.0 931.0

7.1to 8.0 years 25 4830 126.00 21090 30 6420 105.00 183.60 25 393.5 703.0 1053.1 30 409.6 602.0 852.1

10.0to 11.0 years 65 7430 133.00 212.70 46 87.05 125.00 181.80 65 387.6 671.0 11832 46 401.7 624.0 961.2

11.1to 13.0 years 44 110.50 161.00 246.25 60 86.03 146.50 236.70 44 4240 7745 1200.0 60 4213 634.5 1200.0
CTX (ng/L) SHBG (nmol/L)

6.0to 7.0 years 47 549.00 1100.00 1646.00 39 682.00 1110.00 1780.00 46 32.53 96.80 164.00 39 49.50 97.90 175.00

7.1to8.0years 25 509.60 1190.00 1684.00 30 635.80 1000.00 1823.50 25 43.15 87.20 14390 30 56.69 107.00 174.15

10.0to 11.0 years 65 704.40 1220.00 1967.00 46 708.90 1090.00 1696.00 63 35.54 71.10 12420 45 32.11 77.00 120.70

11.1to 13.0 years 44 745.50 1400.00 2190.00 59 764.00 1310.00 2020.00 43 34.44 6830 12840 59 37.90 75.04 130.00
TEST (nmol/L) TEST/SHBG x 100*

6.0to 7.0 years 46 0.07 0.07 0.99 39 0.07 0.07 0.64 46 0.05 0.08 0.99 39 0.04 0.08 0.61

7.1to 8.0 years 25 0.07 0.07 1.67 30 0.07 0.07 042 25 0.05 0.11 3.52 30 0.04 0.07 0.40

10.0 to 11.0 years 61 0.07 0.36 1.17 44 0.07 0.25 1.22 60 0.09 044 2.33 44 0.06 0.30 341

11.1 to 13.0 years 43 0.12 0.64 4.17 53 0.07 0.49 5.86 42 0.15 1.05 3.73 52 0.07 0.71 8.73
E2 (pmol/L) E2/SHBG x 100°

6.0to 7.0 years 46 28.99 5432 172.55 39 19.08 56.52 121.11 46 2853 56.17 32399 39 16.17 61.60 156.29

7.1to8.0years 25 31.27 66.06 182.00 30 29.72 54.50 12638 25 3323 97.64 320.11 30 22.73 59.35 149.57

10.0to 11.0 years 63 44.85 95.05 23290 45 33.03 6239 15432 62 41.89 134.55 428.02 45 32.64 88.97 405.58

11.1to 13.0 years 43 4573 132.12 36546 60 1922 7395 169.13 43 53.32 23730 48520 58 23.86 9554 37559
PROGE (nmol/L) DHEAS (umol/L)

6.0to 7.0 years 46 0.26 0.57 1.95 39 0.10 0.49 1.44 46 0.17 0.74 2.03 39 0.07 0.64 3.04

7.1to80years 25 027 0.58 1.68 30 0.21 0.60 1.51 25 024 098 2.66 30 0.11 1.01 293

10.0to 11.0 years 63 0.51 1.13 2.10 45 0.53 0.94 391 63 0.79 220 4.59 45 0.80 2.55 6.79

11.1 to 13.0 years 42 0.65 1.12 3.62 60 0.30 0.99 3.18 42 097 255 5.58 59 085 282 6.65
PTH (pmol/L) 25(0OH)D (nmol/L)

6.0to 7.0 years 47 2.10 321 6.08 39 1.82 321 5.38 46 52.59 87.63 126.81 39 4275 86.50 123.75

7.1to 8.0 years 25 1.34 335 6.40 30 1.60 2.73 4.94 25 42.65 8325 14478 30 49.99 90.50 141.66

10.0 to 11.0 years 65 2.06 3.84 7.00 46 1.90 323 6.35 63 60.65 84.00 126.85 46 5439 85.75 135.70

11.1 to 13.0 years 44 1.66 3.68 6.41 60 1.57 334 741 42 5498 8475 13324 59 61.25 85.00 130.00
CORT (nmol/L)

6.0 to 7.0 years 46 180.40 318.00 668.85 39 161.00 343.00 692.00

7.1 to 8.0 years 25 15230 298.00 777.40 30 206.05 336.00 716.79

10.0to 11.0 years 60 186.65 335.85 844.65 44 172.00 347.00 950.95

11.1 to 13.0 years 42 133.10 291.05 783.90 58 190.15 327.00 638.10

Percentile distribution for OCN osteocalcin, P/ NP N-terminal propeptide, CTX C-terminal telopeptide, SHBG sex hormone-binding globulin, TEST
testosterone, TEST/SHBG TEST corrected for SHBG, E2 estradiol, E2/SHBG E2 corrected for SHBG, PROGE progesterone, DHEAS dehydroepian-
drosterone sulphate, PTH intact parathyroid hormone, 25(OH)D 25-Hydroxy vitamin D, CORT cortisol

Free androgen index [(TEST/SHBG) x 100]

® Free estradiol index [(E2/SHBG) x 100]
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