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Abstract
This longitudinal study examined associations of bone mass with physical activity and vitamin D level over more than 
6 years through puberty. A total of 663 participants (320 boys) with mean age 9.6 years at baseline (10–17 years at follow-
up), underwent dual energy X-ray absorptiometry, anthropometry and blood samples for vitamin D at least twice during the 
study period (with three possible time-points). Physical activity was assessed using accelerometers at follow-up. A positive 
association was found between percent time spent at vigorous physical activity and total-body less head bone mineral content 
(β = 5.8, p = 0.002). The magnitude of this association increased with maturational development; thus physical activity may 
have a greater influence on bone mass in the more mature participants. The vitamin D levels were also positively associated 
with bone mass. A high degree of tracking was observed with changes in anthropometric Z scores predictive of deviation 
from tracking. No environmental factor predicted deviation from tracking.
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Introduction

Prevention of bone loss and eventual osteoporosis becomes 
more relevant as expected life spans increase in the Western 
World [1]. The attainment of a higher peak bone mass may 
thus be important, as it could delay the onset of osteoporosis 
for several years [2].

High-impact physical activity, especially jumping activi-
ties, improves bone mass development in childhood and ado-
lescence [3, 4]. Whether the effect of physical activity (PA) 
on bone mass development is modulated by maturational 
development remains under debate. Mackelvie et al. [5] and 
Meyer et al. [6] both examined whether pre-puberty was a 
more ideal time than early puberty to improve bone mass with 
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PA and found opposite results. However, they did not include 
participants in late puberty. Studies including participants in 
late puberty [7–9] reported diverse results. Lappe et al. [7] 
and Janz et al. [8] found no overall interaction between PA 
and maturity on bone mass, although Lappe et al. reported 
an interaction between Tanner-stage and PA in a subgroup of 
non-black boys, and Heinonen et al. [9] reported exercise to 
be more beneficial for the bones in girls before menarche than 
after menarche.

Vitamin D also plays a pivotal role in bone health during 
childhood and adolescence [10]. However, a meta-analysis by 
Winzenberg et al. [11] found that supplementation may not 
necessarily improve bone mass in children with vitamin D at a 
sufficient level but potentially in Vitamin D deficient children. 
Cross-sectional studies have produced diverse results regard-
ing the association between the vitamin D level and bone mass 
in children and young adults, ranging from a negative or no 
association [12] to a positive association [13–16]. Moreover, 
one group observed an association only in girls [17], another 
found that the association was most consistent in boys [18], 
and Pekkinen et al. [13] claimed that the strength of the asso-
ciation surpassed that of PA with bone mass. Furthermore, 
two studies [19, 20] reported interaction between the vitamin 
D level and PA in adolescence that affected bone mass. Data 
from longitudinal studies are sparse and equally diverse [21, 
22]. Thus, much uncertainty persists regarding the relationship 
between vitamin D levels and bone mass.

The stability of bone mass, adjusted for age and sex, dur-
ing growth is known as tracking, and is described in child-
hood and adolescence [4]. Two studies [23, 24] showed that 
PA in childhood and adolescence may be associated with 
positive deviation from tracking, and another study [25] 
showed that deviation in height growth status was associated 
with deviation from bone mass tracking. To our knowledge, 
no study has evaluated whether the vitamin D level is associ-
ated with deviation from bone mass tracking.

In this study, we thus sought to: (1) examine associa-
tions between bone mass development and maturity, PA, 
and vitamin D levels, as well as potential interactions; and 
(2) elucidate the associations of tracking over more than 6 
years in bone mass with PA, and vitamin D levels, as well 
as their potential interaction.

Methods

Study Design

The Childhood Health Activity and Motor Performance 
School Study, Denmark (CHAMPS-study DK) is a longitu-
dinal cohort study originating from a non-randomised inter-
vention study conducted from 2008 to 2015. A population-
based sample of children aged 6–11 years from 10 schools 

in the municipality of Svendborg was recruited at baseline 
in 2008. The study has been described in detail elsewhere 
[26]. The intervention consisted of adding 180 min physi-
cal education per week (in total 270 min per week) and was 
implemented at six schools in 2008 [26, 27]. These schools 
were matched with four control schools (with 90 min physi-
cal education per school week). The extra physical educa-
tion was discontinued after grade 6, whereupon all schools 
continued as the control schools.

This sub-study included the oldest part of the cohort, 
consisting of children aged 8–11 years (2nd–4th grade) at 
baseline. Participants with chronic illness known to affect 
bone development (diabetes mellitus and bone disease) were 
excluded from the final analyses. Participants with metal in 
the body and those taller than 195 cm (the scanner limit) 
were excluded from tests conducted in 2015.

Dual Energy X‑ray Absorptiometry

Whole-body dual energy X-ray absorptiometry (DXA) 
scans were performed in autumn/winter 2008/2009, autumn/
winter 2010/2011 and spring 2015. All DXA-scans were 
conducted using the same GE Lunar Prodigy DXA scanner 
with enCORE software (version 15; GE Medical Systems, 
Madison, WI, USA) at Hans Christian Andersen Children’s 
Hospital, Odense University Hospital, Denmark. All scans 
were performed by three operators (two at each time-point) 
and analysed by two persons (MSR and MH). Total-body 
less head (TBLH) values were used for bone mineral content 
(BMC), areal bone mineral density (aBMD) and bone area 
(BA), together with whole-body percent lean mass (%LM).

During the scan, each participant was covered by a thin 
blanket and was wearing undergarments, stockings and a 
thin T-shirt. The scan depth was automatically altered based 
on the child’s age, height and weight.

Every morning, the reproducibility and precision of 
the scanner were tested with repeated scans of a phantom 
according to the manufacturer’s standardised operational 
procedures. The coefficient of variation for phantom aBMD 
during the whole study period was 0.27–0.33%.

Anthropometry and Sexual Maturation

Before DXA, height was measured to the nearest 0.1 cm 
with a portable stadiometer (SECA 213) and weight was 
measured to the nearest 0.1 kg on an electronic scale (SECA 
861) (both SECA GmbH & Co. KG, Hamburg, Germany).

Sexual maturation was predicted using the equations 
provided by Moore et al. [28], with calculation of expected 
age at peak height velocity (APHV). The height measure-
ment nearest in time to the predicted APHV was used for 
the calculation for children with repeated measurements. 
A continuous measure of maturity was calculated by 
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subtracting the APHV from the participant’s chronologi-
cal age (with − 1 corresponding to 1 year prior to APHV) 
[28].

Physical Activity

PA was assessed objectively by GT3X and GT3X+ 
accelerometers (ActiGraph, Pensacola, FL, USA) at four 
time-points [2009, 2010, 2012 (autumn/winter) and 2015 
(spring)].

The accelerometers were programmed to start record-
ing the day after distribution and were collected after at 
least 7 consecutive days of wear. Data from 06:00 to 23:00 
(to 24:00 in 2015) were included. Participants were given 
written and visual instructions to wear the device on the 
right hip and to remove it only for aquatic activities, show-
ering and night-time sleep. To distinguish between true 
and false intervals of inactivity, we interpreted all con-
secutive strings of 0 counts spanning ≥ 30 min as “acceler-
ometer not worn” and these strings were removed from the 
data. The accelerometers were programmed to store data 
every 2 s (GT3X) and at 30 Hz (GT3X+). We subsequently 
collapsed recordings into 10 s epochs for analysis, as in 
previous sub-studies of the CHAMPS-study DK [29, 30]. 
Data were considered to be acceptable when they cov-
ered a minimum of 3 days, with at least 10 h valid record-
ing per day after removal of non-wear time. Data outputs 
from the accelerometers were analysed using customised 
software (Propero version 1.7.4; University of Southern 
Denmark, Odense, Denmark). Accelerometer recordings 
were coded into four intensity domains using accelerom-
eter counts per minute as sedentary (< 100), light physi-
cal activity (100–2295), moderate to vigorous physical 
activity (MVPA; ≥ 2296) and vigorous physical activ-
ity (VPA; ≥ 4012) with count cut-offs adapted to match 
the 10 s epochs. The intensity classification algorithm is 
based on cut-off points that showed excellent sensitivity 
and specificity against indirect calorimetry in an external 
validation sample [31]. The percentages of wear time spent 
in the intensity domains were used in the analysis.

In analyses of tracking, data on PA exposure from each 
time-point were averaged. Before the calculation of cumu-
lative average PA exposure, data from 2009 to 2010 were 
averaged to avoid giving overly high weights to the first 
assessment rounds. For each participant, valid data from 
at least two of the three potential time-points (2009/2010, 
2012, and 2015) were required to be included in the cumu-
lative average.

Laboratory Analyses

Blood samples were collected between 08:00 and 12.00 
and processed and stored within 4 h. The samples were 
kept frozen at − 80 °C, but were transferred to a − 20 °C 
freezer for a maximum of 2 months prior to analysis. 
Serum 25-hydroxy-vitamin D3 + D2 (vitamin D) was 
measured on a Cobas e411 device using the 25-OH-vita-
min D, chemiluminescence assay (Roche Diagnostics, 
Basel, Switzerland) at the Department of Clinical Bio-
chemistry, Glostrup, Rigshospitalet, Denmark. The inter-
mediary precisions of the assay, expressed as coefficients 
of variation, are 10% (50 nmol/l) and 7.5% (90 nmol/l).

Vitamin D levels were measured in different seasons 
(autumn in 2008 and 2010, spring in 2015). To reduce 
the influence of seasonal variation, internal age- and sex-
adjusted Z scores were calculated for post hoc analysis 
(as autumn measurements with generally higher vitamin 
D levels were from the youngest children (< 14 years) 
whereas spring measurements were from the oldest chil-
dren (> 14 years)).

An average vitamin D level over the whole study period 
was calculated for each participant (only participants with 
at least two of three possible measurements available were 
included). This average vitamin D level was used only for 
the tracking analysis.

Statistical Analyses

p values less than 0.05 were considered to be significant, 
and results are presented with 95% confidence intervals 
(CI).

All statistical analyses are conducted using STATA/IC 
14.2 software (StataCorp LP, College Station, TX, USA).

Internally derived age- and sex-adjusted Z scores were 
calculated for TBLH BMC, TBLH aBMD, TBLH BA, 
height, weight, %LM and vitamin D level.

Unpaired t tests were used to examine differences between 
sexes and between participants attending control and inter-
vention schools (stratified by sex and year of DXA-scan).

Associations Between Bone Mass and Explanatory Variables

Linear mixed-effect models were fitted to examine the asso-
ciations between TBLH BMC at follow-ups (2-years and last 
follow-up) and explanatory variables measured at follow-
ups (PA and vitamin D level), adjusted for maturity, sex, 
size (height, TBLH BA), body composition (weight, %LM) 
and baseline TBLH BMC. As maturity may influence bone 
development differently in boys and girls, a maturity-by-sex 
interaction term was added to the models.
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Given the high degree of collinearity between age and 
maturity, only maturity was used in the models.

As the study involved repeated measures on the same indi-
viduals and different schools and classes, the models were 
built as random intercept models with the schools, classes, 
and unique participant identification numbers serving as ran-
dom effects.

Comparable models were built for TBLH aBMD and 
TBLH BA, except that TBLH BA was not included as size-
adjusting variable.

After fitting the models, the STATA margins command was 
used to plot predicted values of TBLH BMC and PA depend-
ing on maturity and sex.

Tracking Analyses

Participants who underwent DXA-scan at baseline and in 
2015 were divided into quintiles according to their respec-
tive Z scores at baseline and in 2015. The change in quintile 
over the follow-up time was calculated for each participant 
(change score), and five groups were defined based on change 
scores (≤ − 2, − 1, 0, 1, ≥ 2) and compared according to means 
of explanatory variables in each group. Differences between 
groups were analysed using mixed-effect models, taking into 
account school- and class-clustering as random effects.

A basic mixed-effect model was also built with the TBLH 
BMC Z score at follow-up serving as the outcome and the 
TBLH BMC Z score at baseline serving as the independent 
variable, with additional adjustment for sex, maturity, changes 
in Z scores of height, weight, and %LM and baseline Z score-
level (for height, weight and %LM). After fitting, this model 
was extended to address the objectives by adding averages of 
explanatory variables (VPA and vitamin D level) as well as 
vitamin D levels measured at each time-point. The clustering 
of data in schools and classes was handled as random effects.

Ethical Considerations

Participating children and their parents received written 
information about the study together with verbal informa-
tion at school meetings. Parents provided written informed 
consent before enrolment of their children in the study. For 
all children, participation was voluntary and consent could 
be withdrawn at any time. The CHAMPS-study DK was 
approved by the Regional Scientific Ethical Committee of 
Southern Denmark (Project IDs: S2008-0047, S-20140105).

Results

At baseline, 713 participants underwent DXA scanning. Of 
these, 663 participants (320 boys) underwent at least one 
follow-up scan (190 participants underwent DXA-scan at 

all three time-points), and their data were included in analy-
ses. In total, 1516 DXA-scans were included in analyses. 
Three participants were excluded from final analyses due 
to chronic illness. Data on PA were missing for 41 partici-
pants, and data on vitamin D level were missing for 156 
participants.

At baseline, the mean age was 9.6 years, equal for boys 
and girls. Other characteristics are shown in Table 1.

Vitamin D levels measured in the spring (2015) were gen-
erally lower than levels measured in the autumn (2008 and 
2010). In 2015, 9% (n = 15) of participants were vitamin 
D deficient (< 30 nmol/l) and 52% (n = 88) had insufficient 
vitamin D (≤ 50 nmol/l)). In 2008, only 3% (n = 15) of par-
ticipants had vitamin D insufficiency (≤ 50 nmol/l) (cut-off 
levels by Munns et al. [32]).

No significant difference in study characteristics (TBLH 
BMC, TBLH aBMD, TBLH BA, height, weight, %LM, vita-
min D, MVPA and VPA) was detected between participants 
attending control and intervention schools (data not shown). 
Hence, intervention status was not included as a covariate 
in the analyses.

A high drop-out was observed during the study with 
the majority from the oldest participants. The 194 partici-
pants measured both at baseline and follow-up were com-
pared on baseline Z scores for key variables with those lost 
to follow-up during the study. The difference in average Z 
scores between the two groups for girls/boys, respectively, 
were: height 0.04, p = 0.71/0.22, p = 0.06, weight 0.18, 
p = 0.11/0.26, p = 0.02, TBLH BMC 0.14, p = 0.25/0.21, 
p = 0.06, %LM 0.19, p = 0.09/0.17, p = 0.14, vitamin D 0.26, 
p = 0.05/0.22, p = 0.09.

Associations with TBLH BMC

A significant association between TBLH BMC and maturity 
was found in all models, and the maturity-by-sex interaction 
term showed an additional benefit of maturity on bone mass 
in boys (p < 0.001; Table 2).

Percent time spent at VPA was associated positively with 
TBLH BMC (in g) (βVPA = 5.8, p = 0.002). The magnitude 
of this positive association increased with the progression 
of maturational development (βinteraction-VPA-by-maturity = 1.8, 
p = 0.034; Fig. 1).

Percent time spent at MVPA was analysed by replac-
ing VPA with MVPA in model 2, which showed a possible 
(but not significant) positive association with TBLH BMC 
(βMVPA = 0.18, p = 0.101).

The vitamin D level (in nmol/l) was also positively asso-
ciated with TBLH BMC (βvitaminD = 0.3, p = 0.039).

Vitamin D level was replaced with vitamin D Z scores in 
model 3 to partly adjust for seasonality; this post hoc analy-
sis confirmed the positive association between vitamin D 
and TBLH BMC (βvitaminDZ−score = 8.1, p = 0.011).
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Table 1  Characteristics of the participants

Differences between sexes are tested with an unpaired t test and the corresponding p values are listed in the table
2008: Autumn/winter 2008/2009, 2010: Autumn/winter 2010/2011, 2015: Spring 2015
BMI Body Mass Index (weight/height2), TBLH BMC total body less head bone mineral content, TBLH aBMD total body less head areal bone mineral density, TBLH 
BA total body less head bone area, %LM whole body percent lean mass, Vitamin D 25-OH vitamin D (nmol/l), PHV peak height velocity, Days included number 
of days with valid accelerometer data, Hours pr. day hours per day with valid accelerometer data, MVPA % time spent engaging in moderate to vigorous physical 
activity, VPA % time spent engaging in vigorous physical activity
a Some participants had missing data due to vitamin D and the number of vitamin D measurements were (2008: boys 272, girls 284, 2010: boys 228, girls 242, 2015: 
boys 87, girls 81)

Key variables 2008
Boys n = 320, girls n = 343

2010
Boys n = 320, girls n = 339

2015
Boys n = 97, girls n = 97

Mean (SD) p value Mean (SD) p value Mean (SD) p value

Age (years)
 Boys 9.6 (0.9) 0.56 11.5 (0.9) 0.68 15.5 (0.7) 0.74
 Girls 9.6 (0.9) 11.5(0.9) 15.5 (0.7)

Height (cm)
 Boys 140.0 (7.8) 0.001 151.1 (8.9) 0.54 176.4 (7.6) < 0.001
 Girls 138.2 (7.1) 150.7 (8.2) 167.4 (6.0)

Weight (kg)
 Boys 32.8 (6.4) 0.19 40.6 (8.7) 0.72 62.3 (9.9) 0.001
 Girls 32.2 (6.1) 40.9 (8.5) 57.9 (8.6)

BMI (kg/m2)
 Boys 16.6 (2.1) 0.44 17.6 (0.1) 0.29 19.9 (0.2) 0.05
 Girls 16.7 (2.1) 17.9 (0.1) 20.6 (0.3)

TBLH BMC (g)
 Boys 884.1 (189.2) 0.003 1182.0 (277.1) 0.99 2207.1 (415.2) < 0.001
 Girls 839.2 (194.9) 1181.8 (302.6) 1942.8 (349.8)

TBLH aBMD (g/cm2)
 Boys 0.77 (0.05) 0.02 0.84 (0.06) 0.85 1.05 (0.10) < 0.001
 Girls 0.76 (0.06) 0.84 (0.08) 1.00 (0.08)

TBLH BA  (cm2)
 Boys 1145.2 (173.8) < 0.001 1399.0 (226.7) 0.69 2079.1 (246.0) < 0.001
 Girls 1099.6 (174.2) 1391.9 (223.4) 1921.8 (221.3)

%LM
 Boys 78.7 (7.3) < 0.001 76.8 (7.8) < 0.001 82.5 (6.5) < 0.001
 Girls 72.8 (7.3) 71.3 (7.1) 68.2 (6.4)

Vitamin D (nmol/l)a

 Boys 89.6 (22.7) 0.41 79.5 (20.7) 0.32 50.5 (22.0) 0.38
 Girls 88.1 (21.8) 77.6 (22.0) 53.3 (19.2)

Years from PHV
 Boys − 3.7 (0.9) < 0.001 − 1.8 (0.9) < 0.001 2.0 (0.8) < 0.001
 Girls − 2.3 (0.9) − 0.4 (0.9) 3.6 (0.8)

Physical activity 2010
Boys n = 288, girls n = 325

2015
Boys n = 84, girls n = 88

Mean (SD) p value Mean (SD) p value

Days included
 Boys 5.9 (1.3) 0.25 6.3 (1.8) 0.88
 Girls 6.0 (1.2) 6.4 (1.9)

Hours pr. day
 Boys 13.6 (0.8) 0.94 14.1 (1.0) 0.85
 Girls 13.6 (0.8) 14.0 (1.0)

MVPA
 Boys 9.4 (3.1) < 0.001 6.7 (2.6) 0.002
 Girls 6.6 (2.1) 5.5 (2.2)

VPA
 Boys 3.7 (1.7) < 0.001 3.0 (1.6) < 0.001
 Girls 2.4 (1.1) 2.2 (1.4)
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No interaction between the vitamin D level and VPA was 
found to be associated with TBLH BMC.

Associations with TBLH aBMD and TBLH BA

TBLH aBMD and TBLH BA were analysed with the same 
models (with no adjustment for TBLH BA) and with the 
interaction term between maturity and sex omitted, as it was 
not significant in any model.

Percent time at VPA was positively associated with 
TBLH aBMD (in g/cm2) (βVPA = 0.002, p = 0.004) and the 
VPA-by-maturity interaction term yielded a significant posi-
tive result (βinteraction-VPA-by-maturity = 0.0007, p = 0.039). In 
contrast, the vitamin D level and its interaction with VPA 
showed no association with TBLH aBMD.

TBLH BA (in  cm2) and vitamin D levels in nmol/l were 
almost significantly negatively associated (βvitamin D = − 0.25, 

p = 0.051). VPA and its interaction with vitamin D level 
showed no association with TBLH BA.

Tracking of TBLH BMC

A high degree of tracking was found in comparison of base-
line and follow-up TBLH BMC Z scores (Pearson correla-
tion, R = 0.81 (CI 0.76–0.85); Fig. 2).

Table 3 shows the characteristics of the five groups 
according to changes in TBLH BMC Z score quintiles 
over more than 6 years. All groups had different changes 
in height- and weight Z scores compared with the refer-
ence group (no BMC quintile change; all p < 0.001). The 
reference group had a mean positive change in height Z 
score of 0.27, whereas a negative change in height Z score 
was observed for participants who shifted to a lower BMC 
quintile during the study period and a positive change in 
height Z score was observed for those who shifted to a 

Table 2  Associations of TBLH BMC and explanatory variables

Model 1: Basic model: Size correction (bone area, height), body composition (weight, %LM), baseline level of TBLH BMC, sex, maturity and 
sex-by-maturity interaction. Model 2: Basic model and VPA measured at follow-up (and VPA-by-maturity interaction). Model 3: Basic model 
and vitamin D level measured at follow-up
TBLH BMC total body less head bone mineral content, TBLH BA total body less head bone area, %LM whole body percent lean mass, Maturity 
years from age at peak height velocity, VPA % time spent engaging in vigorous physical activity
a Number of follow-up scans: Model 1: 853 scans, Model 2: 785 scans, Model 3: 638 scans

TBLH BMC (g) Model 1 (basic) Model 2 (VPA) Model 3 (vitamin D)
Number of participants n = 663a n = 622a n = 507a

Estimate (95% CI) Estimate (95% CI) Estimate (95% CI)

Baseline TBLH BMC (g) 0.08 (0.03 to 0.12) 0.07 (0.02 to 0.12) 0.05 (0.004 to 0.104)
p = 0.001 p = 0.004 p 0.036

TBLH BA  (cm2) 1.3 (1.3 to 1.4) 1.3 (1.3 to 1.4) 1.4 (1.3 to 1.5)
p < 0.001 p < 0.001 p < 0.001

Height (cm) − 11.5 (− 13.0 to − 10.1) − 11.3 (− 12.8 to − 9.8) − 12.2 (− 13.9 to − 10.5)
p < 0.001 p < 0.001 p < 0.001

Weight (kg) 9.0 (7.3 to 10.7) 8.6 (6.8 to 10.3) 9.0 (6.9 to 11.0)
p < 0.001 p < 0.001 p < 0.001

% LM 7.6 (6.5 to 8.7) 7.0 (5.8 to 8.1) 7.9 (6.6 to 9.2)
p < 0.001 p < 0.001 p < 0.001

Being a boy 12.0 (− 7.0 to 31.0) 14.8 (− 5.2 to 34.8) 4.4 (− 18.0 to 26.8)
p = 0.217 p 0.148 p = 0.700

Maturity (years) 27.6 (20.3 to 34.8) 24.4 (16.1 to 32.7) 26.1 (17.9 to 34.4)
p < 0.001 p < 0.001 p < 0.001

Boy-by-maturity interaction term 10.5 (4.8 to 16.2) 10.5 (4.2 to 16.8) 9.3 (2.5 to 16.2)
p < 0.001 p = 0.001 p = 0.008

VPA (% time) 5.8 (2.1 to 9.6)
p = 0.002

VPA-by-maturity interaction term 1.8 (0.1 to 3.5)
p = 0.034

Vitamin D (nmol/l) 0.3 (0.02 to 0.60)
p = 0.039
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higher BMC quintile. The same pattern was evident for 
changes in weight Z score (Table 3).

The percentage of time spent engaging in VPA in 2009, 
2010, 2012 and 2015 did not differ significantly between 
groups (data not shown). The cumulative average of VPA, 
average vitamin D level and vitamin D level in 2008 and 
2010 also did not differ. Vitamin D levels in 2015 were 
higher in participants with change scores of 1 compared 
with participants with no BMC quintile change.

Analysed with mixed-effect models (adjusted for base-
line levels, sex and maturity) positive changes in Z scores 
of height, weight and %LM were associated positively 
with deviation from tracking with high significance for 
all models (Table 4).

A positive non-significant association was found for per-
cent time spent at VPA (average over the whole period) and 
deviation from tracking (β = 0.04, p = 0.101).

The vitamin D levels and vitamin D Z scores averaged for 
the whole study period did not predict deviation from track-
ing of TBLH BMC and nor did vitamin D levels measured 
at single time-points.

Discussion

This study revealed a positive association between VPA and 
TBLH BMC in childhood and adolescence. This association 
was influenced by maturational development, with the mag-
nitude of the regression coefficient increasing with maturity. 
Thus VPA may be more important for bone mass in late 
puberty, where the adolescents, on the other hand, may tend 
to be less active [33]. The vitamin D level was associated 
positively with TBLH BMC and, although vitamin D is an 
essential micronutrient regarding bone health, no interaction 
between VPA and the vitamin D level with bone variables 
was observed.

Positive changes in Z scores of height, weight and %LM 
were associated with positive deviation from tracking of 
TBLH BMC, whereas neither VPA nor the vitamin D level 
was found to predict deviation from tracking.

Puberty is an important period for skeletal development; 
approximately 40% of peak bone mass is achieved in the 
4 years surrounding the peak in bone growth [4] (around 
12.4 years of age in girls and 14 years of age in boys (non-
African American) [34]). This period of rapid bone accrual 
coincides with the age of this study population (10–17 years) 
and may explain the association observed between maturity 
and TBLH BMC, dependent on sex.

The greater increase in bone mass in boys than in girls 
during puberty can be explained partly by larger gains in 
stature and body weight in boys, but developmental differ-
ences caused by sexual hormones remain after adjustment 
for body size. However, girls are more mature at the time for 
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follow-up than boys although at the same chronological age, 
which may have influenced the results. Even examined at 
the same maturational stage sex-differences have also been 
reported by Bailey et al. [35] who found greater bone mass 
in boys than in girls 1 year after PHV, but the exact nature 
of the interaction between sex and maturity remains incom-
pletely understood.

VPA

VPA was positively associated with TBLH BMC whereas 
MVPA was not associated significantly with TBLH BMC, 
possibly because lower-intensity exercise has a lesser osteo-
genic effect. Similarly, Janz et al. [8] found that VPA was 
associated more consistently with greater BMC than MVPA. 
The amount of time spent engaging in VPA and MVPA was 
markedly greater among boys than among girls throughout 
the study period, as reported by others [8, 36]. The posi-
tive association between VPA and TBLH BMC and the 
higher level of VPA in boys may also have contributed to 
the increased bone mass seen in boys compared with girls.

Of note, the association between VPA and TBLH BMC 
increased with maturity in 10–17-year-old children in this 
study. Few studies have evaluated the interaction between PA 
and maturational development and reported diverse results. 
Two studies showed no overall interaction between matura-
tional development and PA on bone mass [7, 8], although 
Lappe et al. [7] found different effects of PA according to 

Tanner-stage in a subgroup of non-black boys. However, 
others reported either pre-pubertal stage [6] or early puber-
tal stage to be the most opportune period to improve bone 
mass through PA [5, 9] but with different cohorts and defi-
nitions of maturational development challenging the com-
parison between studies. Although Meyer et al. [6] reported 
the pre-pubertal period to be the most opportune period for 
improving bone mass through PA, they did not include par-
ticipants more mature than Tanner-stage 3 and the results 
cannot be generalised to older adolescents. Heinonen et al. 
[9] included girls from Tanner-stage 1 to 5 and compared the 
difference in increased BMC between trainees and controls 
and reported a higher effect of exercise intervention in girls 
before menarche than after menarche at some skeletal sites.

Also different measurement methods of PA may explain 
some of the differences. Lappe et al. [7] found only small 
differences in hours of PA per week between children at 
different Tanner-stages (with the highest PA level at Tanner-
stage 4). In contrast, in this study we observed decreasing 
time spent engaging in MVPA as children matured in line 
with other findings [8]. This finding could influence the 
association between PA and bone mass, as the youngest, 
most active children, may already have experienced a posi-
tive influence from PA on bone mass making it difficult to 
gain further benefits. In contrast, older children, with a gen-
erally lower level of VPA, may thereby easier gain further 
benefit from PA by increasing the time spent at VPA.

Table 3  Factors associated with 
deviation from tracking

BMC change score defining five deviation groups (change score calculated as (quintile of TBLH BMC Z 
score 2015 minus quintile of TBLH BMC Z score 2008)). Mean of explanatory variables in the 5 groups. 
Difference between groups tested with mixed model: D-vit 2008: number in each group: 11/38/70/38/10, 
D-vit 2015: number in each group: 10/39/71/40/8
TBLH BMC total body less head bone mineral content, APHV age at peak height velocity, %LM whole 
body percent lean mass, VPA % time spent engaging in vigorous physical activity, Avg. cumulative average 
over the study period for participants with at least 2 of 3 valid measures, D-vit vitamin D level (nmol/l)
*Significant different from the reference group (no change) (p < 0.01)
**Significant different from the reference group (no change) (p < 0.001)

Change in quintile ≤ − 2 − 1 0 (reference) 1 ≥ 2 p value

n both sexes (girls) 11 (6) 45 (21) 83 (44) 44 (23) 11 (3)
 Age in 2008 (years) 9.2 9.2 9.3 9.1 9.6 0.681
 Years after APHV girls (2015) 3.7 3.7 3.7 3.4 3.4 0.321
 Years after APHV boys (2015) 2.0 1.9 1.9 2.2 2.7 0.195
 Δ Height Z score − 0.62** − 0.19** 0.27 0.64** 0.91** < 0.001
 Δ Weight Z score − 0.51** − 0.14** 0.16 0.62** 0.98** < 0.001
 Δ %LM Z score − 0.04 − 0.16 − 0.14 − 0.10 − 0.40 0.799

n with avg. VPA 11 44 80 43 11
 Avg. VPA 2.57 2.78 2.85 2.78 3.25 0.715

n with avg. D-vit 11 38 71 38 10
 Avg. D-vit (nmol/l) 76.05 70.84 76.82 82.93 70.65 0.063
 D-vit 2008 (autumn) (nmol/l) 91.91 87.82 94.41 100.66 87.50 0.089
 D-vit 2015 (spring) (nmol/l) 52.90 49.26 49.93 60.55* 37.38 0.008
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However, the interaction of maturity with objectively 
measured VPA observed in peri-pubertal children in this 
study needs to be evaluated further in future studies address-
ing this possible influence from maturational development 
on the association between PA and bone mass.

Vitamin D

The association of vitamin D with bone mass was small 
in this study (a 10 nmol/l difference in the vitamin D level 
predicts 3 g difference in TBLH BMC). This small differ-
ence is in accordance with the diverse findings of other stud-
ies with 2–3 years follow-up; Lehtonen-Veromaa et al. [22] 
reported a positive association between baseline vitamin D 
and increase in BMD, and Hauksson et al. [21] showed no 
association between vitamin D and BMC.

The observed seasonal difference in the vitamin D level 
aligns with that reported by Farrar et al. [37]; although 52% 
of participants in this study had insufficient vitamin D at the 
last follow-up measured in the spring, only 3% were insuf-
ficient at baseline (measured in the autumn). This percentage 
was markedly smaller than the 61–65% being insufficient 
observed by Hauksson et al. [21] among 7–9-year-old Ice-
landic children in autumn. Seasonality can be partly adjusted 
for by analysing vitamin D, age- and sex-adjusted Z scores 
instead of vitamin D levels, which confirmed the positive 
association in this study. However, the large proportion of 
participants having vitamin D at a sufficient level may have 
influenced the results, as a meta-analysis by Winzenberg 
et al. [11] reported that vitamin D supplementation may 
increase vitamin D level in children, but it seems mainly 
to improve bone mass in the deficient children. Therefore 
studies with a higher proportion of vitamin D deficient par-
ticipants may be warranted.

Interaction

This study demonstrates no interaction between the vitamin 
D level and VPA in the assessment of bone mass in child-
hood and adolescence. A few cross-sectional studies have 
examined such interaction. Valtuena et al. [19] and Con-
stantini et al. [20] found interactions between vitamin D and 
PA but with opposite effects. These studies included few 
participants in each group and used different bone outcomes. 
Our results were in line with those of Tonnesen et al. [16], 
who evaluated young adults (aged 19–25 years) in a cross-
sectional study and found no interaction between the vitamin 
D level and PA with BMD. Our result may be explained by 
the small association between vitamin D and bone mass in 
healthy children, few of whom had insufficient vitamin D 
levels at baseline.

Tracking

A high degree of tracking was observed over more than 
6 years of follow-up, with changes in Z scores of height, 
weight and %LM emerging as factors predicting deviation 
from tracking. These findings are in line with those of Kalk-
warf et al. [25] who demonstrated that changes in height and 
weight Z scores over 3 years could predict deviation from 
tracking.

This study is, to the best of our knowledge, the first to 
evaluate tracking and PA measured with accelerometers, 
showing a possible positive influence of VPA on deviation 
from tracking. Other researchers have evaluated PA meas-
ured by questionnaires, with diverse results, but all have 
confirmed a high degree of tracking from childhood into 
adolescence.

In a 17-year follow-up study, Yang et al. [38] confirmed 
the high degree of tracking they had found previously [23] 
in children aged 8–16 years, and demonstrated that fitness 
capacity at the age of 8 years and self-reported sport par-
ticipation at the 17-year follow-up in young adults predicted 
deviation from tracking in spine BMD in boys, but not in 
girls. Nilsen et al. [24] evaluated tracking over 2 years in 
Norwegian adolescents aged 15–17 years at baseline and 
noted some effect of self-assessed PA on total-body BMD 
in girls but not in boys, and not at specific skeletal sites. 
Baxter-Jones et al. [39] did not examine tracking directly, 
but reported positive effects from PA on bone mass in ado-
lescence 1 year after peak height velocity. The benefits are 
reported to be maintained into young adulthood (mean age 
23.1–24.2 years), but diminish over time [39]. Therefore, 
further research is needed to determine whether PA predicts 
deviation from tracking through puberty and into adulthood.

This study yielded diverse results regarding vitamin D 
and tracking. In 2015 a significant difference in the vitamin 
D level was seen between the reference group (no change in 
TBLH BMC Z score) and the group with a small positive 
change in this score. This result could indicate an association 
between positive deviation from tracking and a higher vita-
min D level. No association was seen with greater deviation 
from tracking (change score ≥ 2), which could be explained 
by the small number of participants in that group.

In the adjusted mixed-effect model, no association 
between the vitamin D level and deviation from tracking 
was found. Hauksson et al. [21] evaluated vitamin D sta-
tus according to BMC accrual in children, and found no 
difference in the percentage increase in BMC over 2 years 
between children with insufficient and sufficient levels of 
vitamin D. This finding corresponds well with the diverse 
results regarding the influence of the vitamin D level on 
bone mass in general, and no clear conclusion can be drawn.
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Strengths and Limitations

Strengths of our study include the long follow-up period and 
performance of 1516 DXA-scans on 663 unique participants, 
although fewer participants were available for some analy-
ses. At baseline, 90% of the invited population was included 
and underwent DXA-scan. Another important strength is 
that we used the same DXA device for all scans, with three 
operators and two persons analysing all scans. PA was meas-
ured using accelerometers, which has proved to be appropri-
ate in large-scale epidemiological studies of children and 
adolescents [40] and is superior to subjective measures [41].

The major limitation of this study was the high drop-out 
rate before the last follow-up, thus our analysis of track-
ing may have been under-powered. However, differences 
in Z scores of key variables measured at baseline between 
participants remaining in the study and those who dropped 
out did not exceed 0.3, but a greater difference in age was 
observed with the oldest participants tending to drop-out 
due to logistic reasons. Furthermore, the DXA scanner had 
a height limit of 195 cm, which led to the exclusion of three 
participants.

In addition, we did not examine sun exposure or dietary 
sources of vitamin D or calcium. Finally, accelerometers do 
not directly measure weight-bearing activities.

Conclusions

In this study, we found a positive association between VPA 
and TBLH BMC with the association of PA on bone devel-
opment being highest in the most mature children. Children 
and adolescents generally become less physically active as 
they mature. Awareness of this tendency is important; as 
an increase in the time spent engaging in VPA may have a 
greater influence on bone mass in late puberty than in early 
puberty.

Vitamin D was associated weakly with bone mass in 
this study, supporting the hypothesis that the exact level of 
vitamin D may have only a minor influence on the skeletal 
growth in healthy children and adolescents with sufficient 
vitamin D.

A high degree of tracking in bone mass was present from 
childhood to adolescence, with changes in anthropometric 
Z score variables found to be predictive of deviation from 
tracking. We did not identify any environmental factor that 
predicted deviation from tracking over the follow-up period, 
although we observed a possible association with VPA. 
Thus, it is important to be aware of children presenting with 
low bone mass as they may be at risk for osteoporosis later 
in life.
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