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Abstract

Purpose Young men and women accrue the majority of
their bone mass in their teens and twenties, where their
bone mass peaks (PBM), yet little is known about the roles
of physical exercise, vitamin D levels and bone mineral
density (BMD) near PBM.

Methods To comparatively examine the effect of physical
exercise and two vitamin D levels (insufficient s-25[OH]D
<50 nmol/L and sufficient s-25[OH]D >80 nmol/L) on the
BMD measured at the femoral neck, total hip (bilaterally)
and the lumbar spine (L2-L4) in male and female partici-
pants approaching PBM.

Results The insufficient s-25[OH]D group, median age 21.6
(19.8-22.8) years, and BMI 24.2 4+ 5.0 kg/m*> had BMD
0.10 (0.03, 0.17) g/cm2 (p = 0.008) lower at all DXA-scan
sites compared to the sufficient s-25[OH]D group, median
age 19.5 (19.0-22.3) years, and BMI of 22.6 + 1.8 kg/m>.
Exercise was positively associated with the BMD at all
DXA-scan sites (Pye,q = 0.0001) and with equal benefit;
there was no interaction between exercise and the DXA-scan

Communicated by Olivier Seynnes.

>4 Rune Tgnnesen
rune @tonnesen.org

Department of Clinical Physiology and Nuclear
Medicine, Rigshospitalet, Nordre Ringvej 57, Glostrup,
2600 Copenhagen, Denmark

Department of Endocrinology PE and Research Centre
of Ageing and Osteoporosis, Rigshospitalet, Copenhagen,
Denmark

Department of Clinical Physiology and Nuclear Medicine,
University Hospital of Herlev, Copenhagen, Denmark

Faculty of Health Sciences, University of Copenhagen,
Copenhagen, Denmark

site (p = 0.09). The male participants did not have a system-
atically higher BMD than the female participants for all scan
sites; only for hips total and femoral neck bilaterally, while it
was equal at the lumbar spine.

Conclusion The BMD in young healthy adults is asso-
ciated with physical exercise, independent of sex and
s-25[OH]D status. A sufficient s-25[OH]D status was sys-
tematically associated with a higher BMD for all levels of
exercise. For both sexes and vitamin D levels exercise was
equally positively associated with BMD.
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Abbreviations

1,25[OH]D  1,25-dihydroxyvitamin D
25[OH]D 25-hydroxyvitamin D
BMI Body mass index

Cl Confidence limits

CV Coefficient of variation
DXA Dual-energy X-ray absorptiometry
PBM Peak bone mass

PTH Parathyroid hormone

S- Serum

Introduction

Long term vitamin D deficiency is a well-known cause
of osteomalacia and rickets. Nevertheless, while the pre-
vention of rickets is often addressed, little attention is
paid to the vitamin D status in late adolescents. Human
bones accrue mass from the fetal state until they reach a
peak bone mass (PBM). This process is finalized for the
hips roughly at the ages of 18-20 years and at the lumbar
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spine at the ages of 20-25 years (Lu et al. 2014). In child-
hood and early adulthood, physical exercise can increase
the accrual of bone mass (Meyer et al. 2011; Eleftheriou
et al. 2012; Kemmler et al. 2015; Stagi et al. 2013). After
the peak bone mass (PBM) is reached, however, there is a
loss of BMD at the hips and spine throughout the life span
(Matkovic et al. 1994); for women, the loss of bone mass
accelerates after menopause (Finkelstein et al. 2008). PBM
is thus a vital consideration in the pathogenesis of osteopo-
rosis. The peak bone mass and the bone loss due to aging
are the two major factors that determine the onset of osteo-
porosis (Hernandez et al. 2003) and factor into the risk of
future osteoporotic fractures.

Human vitamin D is stored as 25-hydroxyvitamin D
(25[OH]D); when its levels decrease, the parathyroid hor-
mone (PTH) secretion increases, and the higher PTH con-
centration, among other signaling cascades, stimulates
osteoclastic bone resorption. The interrelationship between
serum (s-) 25[OH]D and s-PTH has been utilized in the
classification of vitamin D levels (Lips 2004). Notably, the
optimal vitamin D level is still debated. Vitamin D insuffi-
ciency, defined as s-25[OH]D <50 nmol/L, has been found
to be associated with an increased risk of mortality, can-
cer, infections, and both cardiovascular and metabolic dis-
eases (Durup et al. 2012, 2015; Autier et al. 2014; Areg-
besola et al. 2013; Cheng et al. 2010). Ideally, the target for
a beneficial vitamin D status should achieve the maximal
positive and minimal negative effects; the concentration
range of 50-80 nmol/L of s-25[OH]D appears to achieve
this goal, as mortality is at its lowest and the s-PTH is not
elevated within this range (Durup et al. 2012; Lips 2004;
Bischoff-Ferrari 2014).

The biologically active form of vitamin D, or 1,25-dihy-
droxyvitamin D (1,25[OH]D), stimulates the absorption of
calcium (Christakos et al. 2011) and phosphate (Lederer
2014) from the intestine, and it increases the renal absorp-
tion of calcium. There is a positive association between
increases in exercise and increases in calcium absorption
(Teerapornpuntakit et al. 2009). The hormonal structure of
1,25[OH]D is involved in the elongation, remodeling and
calcification of bones (Lui et al. 2010; Boyan et al. 2003;
Dusso et al. 2005). In the bone remodeling process, the
skeletal system is renewed and maintained by a series of
different hormones, i.e., estrogen, PTH, prostaglandins,
1,25[OH]D, and other factors (Bonewald 2011; Charles
and Aliprantis 2014).

In addition to their mineral content, the shape of the
bones also contributes to their strength. The shape of bones
is a result of adaptation to external stimuli or a lack of
thereof (Skerry 2008). The two primary types of external
loads are torsion and bending, and these forces lead to dif-
ferent bone adaptation responses. In general, torsion leads
to an increased circumference and a bending into oval
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elongation (van der Meulen et al. 2001). The application of
a mechanical load to the bone induces an adaptation in the
bone (Duncan and Turner 1995) that leads to bone remod-
eling (Bonewald 2011). The increased bone strength is a
result of the structural adaptation to the increased mechani-
cal load on the bone (Skerry 2008).

Weight-bearing training such as tennis (Ermin et al.
2012), high-impact aerobics (Liang et al. 2011), jogging
(high activity) (Deere 2012), stair climbing (Gianoudis
et al. 2014), and muscle—strengthening exercises such as
squatting (Mosti et al. 2014) and resistance training (Borba-
Pinheiro et al. 2016; Lesinski et al. 2016) are important for
building and maintaining bone density. Endurance exercise
types such as swimming, cycling and long-distance running
have no positive effect on BMD (Scofield and Hecht 2012);
however, dancing is disputed (Amorim et al. 2015).

The resulting mineralization is manifested by the bone
mineral density (BMD). Bone scanning by dual X-ray
absorptiometry (DXA) is routinely used to assess the areal
bone mineral density (BMD), both in clinical (Cummings
et al. 2002) as well as in investigative settings to provide
information regarding the bone status. While Vitamin D
and calcium are essential for the calcification of the bone
tissue, the stimulation through physical exercise is impor-
tant as well. Traditionally, the effect of exercise on bone
is examined using multiple analyses of single-site to sin-
gle-site comparisons, i.e., left hip-to-neck to right hip-to-
neck. Nevertheless, very little is known about the influence
of vitamin D levels and exercise on bone mineralization
in young adults at an age close to the PBM by utilizing a
direct comparison between sites of the bone DXA. In this
study, we comparatively examine the effects of physical
exercise and s-25[OH]D level on the BMD measured at the
femoral neck, total hip (bilaterally), and the lumbar spine
(L2-L4).

Methods
Design and participants

The study was carried out from August 2012 to December
2013 as a cross-sectional investigation and was conducted
at the Department of Clinical Physiology, Nuclear Medi-
cine and PET, Rigshospitalet Glostrup.

The study was comprised of 29 young male adults with a
mean age of 21.7 £ 2.6 and 68 young female adults with a
mean age of 20.4 £ 2.1. The study population is a subsam-
ple (n = 97) of a large cohort (n = 698) of young adults
aged 18-25 years who were screened for vitamin D status
(data not yet published). From the main screenings cohort,
we then recruited two groups. The first group (n = 36) was
composed of individuals known to be vitamin D sufficient
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(s-25[OH]D >80 nmol/L) and was thus referred to as the
vitamin D sufficient group. The second group (n = 61)
had insufficient vitamin D concentration (s-25[OH]D
<50 nmol/L) and was referred to as the vitamin D insuf-
ficient group. Only subjects who did not take supplementa-
tion were included in the study; thus, each subject’s respec-
tive vitamin D level was a result of their dietary intake,
behavior and genetics.

An invitation was sent by e-mail to 314 individuals with
s-25[OH]D insufficiency. A total of 61 accepted the invita-
tion (19.4 %). An invitation was also sent to 90 individu-
als with s-25[OH]D sufficiency, and 36 accepted the invi-
tation (40.0 %). This study was conducted in accordance
with the Helsinki declaration, and all participants gave their
informed written consent before their inclusion. The study
was additionally approved by the regional ethics commit-
tee (Ethics Committee for Region Hovedstaden) ref. no.
H-1-2012-023.

Measurement

Through the use of a questionnaire, the participants hab-
its of exercise, smoking and alcohol consumption were
obtained. For smoking, “How many cigarettes have you
smoked in the last 7 days?,” with responses grouped into
smoking yes/no. For alcohol, “How many units (12 g) of
alcohol have you drank in the last 7 days?,” with responses
grouped into alcohol yes/no. Lastly, for exercise habits
“How many hours have you spent on exercise in the last
7 days?” was grouped into responses of 0-1/2, 1/2-2, 24,
4-7, or 7 or more.

The medical history for each participant was obtained
through a personal interview to ensure that the subjects
were clinically healthy. It was ensured that no participants
had any diseases or took any vitamin D supplementation or
medications affecting bone metabolism.

We drew a venous non-fasting blood sample of 20 mL
for the measurement of s-PTH, s-ionized calcium, s-cre-
atinine and remeasurement of s-25[OH]D. Within an hour
of sampling, the routine local laboratory performed the
s-25[OH]D analysis. The participant’s heights were meas-
ured using a vertically mounted cm ruler. Furthermore, the
participant’s weights were measured using an electronic
scale (OBH Nordic 6295). The body mass index (BMI)
was calculated as the measured weight in kg divided by the
measured height in meters-squared.

Dual X-ray absorptiometry parameters

The BMD was analyzed by use of a dual X-ray Absorp-
tiometry (DXA) scanner (Lunar Prodigy Advance, GE
Healthcare, Madison, WI, enCORE ver. 14.10). We used
routine measurements of the BMD at the total hip, the

femoral neck (bilaterally), and at the lumbar spine (L,—
L,). To detect and correct for any drift, a standard quality
assurance and stability monitoring of the DXA scanner
with the GE Lunar calibration block was performed daily
before all scanning procedures. The same scanner was used
for all scans, and the same trained operator performed all
scans and analyses. The intra-scanner coefficient of varia-
tion (CV) was 0.27 %. BMD are reported as the mean with
95 % confidence limits (Cl).

Laboratory analysis
Serum-25-hydroxyvitamin D

The serum-25[OH]D was analyzed by utilizing chemi-
luminescent immunoassay technology [Liaison® 25-OH
Vitamin D Total Assay; Diasorin Inc., Saluggia (Vercelli),
Italy]. This test does not differentiate between the s-25[OH]
D metabolites D, and D; and the data are thus presented
as the s-25[OH]D,_ ;. The inter-assay CVs were 9.8 % at
a mean value 39.0 nmol/L and 10.0 % at a mean value of
136.0 nmol/L. The intra-assay CV was 2.5 %.

Serum-creatinine, serum intact parathyroid hormone,
and s-ionized-calcium

The biochemical variables were analyzed by use of com-
mercial kits or standard laboratory methods.

The serum intact parathyroid hormone (s-iPTH) (VIT-
ROS® Intact PTH Ortho-Clinical Diagnostics, Rochester,
NY, USA,) was analyzed using the VITROS 5600 system,
inter-assay and intra-assay CV < 7.6 % (Tan et al. 2013).

The serum-Creatinine (s-Cr) was analyzed with the Vit-
ros 5600 system (VITROS® CREA-slides Ortho-Clinical
Diagnostics, Rochester, NY, USA), inter- and intra-assay
CV<S %.

The serum-Ionized-Calcium (s-Ca)was analyzed, uti-
lizing Nova 8 (Bowers et al. 1986), (NOVA Biomedical,
Waltham, USA, inter- and intra-assay CV < 1.1 %).

Statistical analysis

Given that the least clinically relevant difference for the
BMD in the lumbar spine is 0.1 g/cm?, the study required
at least 48 participants in each group to achieve a standard
deviation (SD) of 0.14 g/cm?, an alpha of 0.05 and a power
of 0.80. We rounded up to 50 participants, as we expected
a 4 % drop-out. The continuous data were reported as the
means and SDs when the data followed a normal distribu-
tion, and they were reported as medians and interquartile
range (IQR) when they did not. Visual inspections of the
continuous data were used to determine the normality of
the distribution. For the categorical data, percentages were
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Table 1 Characteristics of subjects, by vitamin D level

Variable Sufficient (N = 36) Insufficient (N = 61)
Age (years) 19.5 (19.0, 22.3) 21.6 (19.8, 22.8)
Height (m) 173.6 £9.3 170.6 £ 8.5
Body mass index 226+ 1.8 242 +50
Days from screening to 16 (9, 61) 29 (12, 54)
scan
S-25[OH]D screening 106.9 +£23.5 31.7+£11.3
(nmol/l)
S-25[OH]D reassessment 90.0 4 23.8 3494+ 19.2
(nmol/l)
PTH 37 (31,41) 50 (14, 88)
Creatine (umol/L) 72.4 +12.0 66.3 + 14.4
Calcium (pmol/L) 1.25 £ 0.04 1.26 + 0.04
Sex
Women 26 (72.2 %) 42 (68.9 %)
Men 10 (27.8 %) 19 31.1 %)
Exercise/hours (last 7 days)
0-1/2 3 (8.3 %) 19 (31.1 %)
124 10 (27.8 %) 30 (49.2 %)
4-7 4(11.1 %) 4 (6.6 %)
T+ 19 (52.8 %) 8 (13.1 %)
Tobacco (last 7 days)
Missing 1(2.8 %) 1 (1.6 %)
No 27 (75.0 %) 42 (68.9 %)
Yes 8 (22.2 %) 18 (29.5 %)
Alcohol (last 7 days)
No 11 (30.6 %) 35 (57.4 %)
Yes 25 (69.4 %) 26 (42.6 %)

Normal distributed values are presented as the mean + SD, skewed
distributions are presented as Median (95 % CI)

used to assess the distribution. We selected a p value of
p < 0.05 to be statistically significant. Adjusted results are
reported as mean (95 % CI).

To determine if subjects had crossed-over from one
group to another in the time between screening and scan,
boundaries were calculated as limit £ 2 CV limit. The
upper boundary for insufficient group with an upper
limit of 50 nmol/L and CV of 9.8 % was calculated to
60 nmol/L. The lower boundary for the sufficient group
with lower limit of 80 nmol/L and CV of 9.8 % to
64 nmol/L.

Mixed model utilizing repeated measures was used for
the analysis of the BMD, assuming “vitamin D level,”
“exercise” and “sex” as fixed factors. The mixed model
approach has advantages over multiple ANCOVAs, as it
allows for more generalizable interpretations. Namely,
the results from a mixed model represent random subjects
and can take into account the within- and between-subject
biological variation. A Restricted Maximum Likelihood
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(REML) was applied as the estimation method. The covari-
ance was unstructured. Lastly, all statistical analyses were
performed using SAS statistical software (SAS® Version
9.3, Cary, NC, USA).

Results
Physical characteristics of subjects

The baseline physical characteristics of the participants are
presented in Table 1. We observed no significant differ-
ences in the height and weight between the two groups of
participants. At screening the sufficient group had a mean
s-25[OH]D of 106.9 4 23.5 nmol/L, the time from screen-
ing (median 95 % CI) was 16 (9, 61) days and at scan mean
s-25[OH]D was 90.0 &£ 23.8 nmol/L and no participant had
dropped below the boundary. At screening the insufficient
group had a mean s-25[OH]D of 31.7 £ 11.3 nmol/L, the
time from screening (median 95 % CI) was 29 (12, 54)
days and at scan mean s-25[OH]D was 34.9 + 19.2 nmol/L
and five participants were above the boundary. However,
the participants with an insufficient vitamin D level had a
higher BMI and s-iPTH level, as well as a lower level of
s-Cr, albeit all values fell within the normal physiological
parameters. Furthermore, we found that the participants
with a higher vitamin D level consumed more alcohol on a
weekly basis.

Measurements of bone mineral density

In our study, we found a positive association between exer-
cise and the BMD at all DXA-scan sites (pe,q = 0.0001).
At each DXA-scan site, we observed an equal benefit of
exercise, as there was no interaction between exercise
and the DXA-scan site (p = 0.09). The adjusted BMD
for the highest exercise level of 47 h/week was signifi-
cantly higher when compared with all of the other levels
of exercise. The BMD was 0.142 (0.059, 0.225) g/cm2
(p = 0.001), 0.140 (0.070, 0.210) g/cm? (p = 0.0002),
and 0.134(0.0290, 0.240) g/cm2 higher (p = 0.01) for the
0-1/2, 1/2-4, and 4-7 h/week exercise levels, respectively.
When comparing between the exercise levels of 0-1/2, 1/2—
4, and 4-7 h/week, the adjusted BMD was not significantly
different.

The vitamin D insufficient group had a systematically
lower BMD 0.10 #+ 0.03 g/cm? (p = 0.008) at all DXA-
scan sites when compared to the vitamin D sufficient
group, see Fig. 1. The observed increase in the BMD as
the exercise level increased was the same for both vita-
min D sufficient and insufficient groups; furthermore there
was no interaction between exercise and S-25[OH]D level

(p = 0.3).
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Fig.1 Vitamin D levels—BMD
(g/cmz) and exercise (hours per-
formed over last 7 days) by scan
site, adjusted for BMI (kg/m?).
p values are from main effects
for vitamin D levels compared
at each scan site. The box, inter-
quartile range; horizontal line
inside the box, median value;
symbol (cross or circle), mean
value; T-shaped caps, max. and
min. values

Fig. 2 Sex—BMD (g/cm?) and
exercise (hours performed last
7 days) by scan site, adjusted
for BMI (kg/mz). p values are
from main effects for vitamin
D levels compared at each
scan site. The box, interquartile
range; horizontal line inside
the box, median value; symbol
(cross or circle), mean value;
T-shaped caps, max. and min.
values

Furthermore, we observed that there was an interaction
between the variables of sex and DXA-scan site (p = 0.002),
as the male participants did not have a higher BMD than the
females for all scan sites, see Fig. 2. For this reason, there
may be differentiating effect of sex at certain DXA-scan
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sites, while this sex effect may absent at others. The males
had a higher BMD than the women, with differences as
follows: at the total left hip 0.076 (0.015, 0.136) g/cm?
(p = 0.02), left hip neck 0.084 (0.012, 0.16) g/cm2
(p = 0.02), total right hip 0.076 (0.016, 0.135) g/cm?
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(p = 0.01) and right hip neck 0.09249 (0.022, 0.163) g/cm?
(p = 0.01). This was not preserved in the lumbar the spine,
where the difference between male and female BMD was
—0.011 (—0.073, 0.050) g/cm2 (p = 0.72). The effect of sex
on the BMD was only present at the total hip and femoral
neck, bilaterally, while it was absent in the lumbar spine.

Both the male and female participants demonstrated an
equal effect of exercise. The increase in the BMD as an
effect of exercise was the same for both sexes, and there
was no interaction between gender and exercise (p = 0.4).

The s-Cr, s-iPTH and s-Ca were all within the ranges of
normal serum concentrations and had no significant impact
on the BMD. As a result, those data were excluded from the
final model. We found that an increase in the single BMI
unit increased the BMD by 0.010 (0.004, 0.016) g/cm?
(p = 0.002).

Lastly, the smoking or alcohol intake of the subjects
did not affect the BMD at any site for either gender in our
study and, thus, was not included in the final model.

Discussion

In this cross-sectional study of a random population of
healthy young adults, aged 18-25 years, we found a posi-
tive, systematic and equal effect of physical exercise on the
BMD at all DXA-scan sites. We further observed an asso-
ciation between the BMD at all sites and vitamin D status.
The BMD was significantly higher, on average 0.10 (0.03,
0.17) g/cm2 (adjusted for sex, exercise levels, and site) for
the group with a sufficient vitamin D concentration com-
pared to the participants with vitamin D insufficiency. For
sexes compared, men had higher BMD at femoral necks
and total hips, while BMD was equal for sexes at lumbar
spine.

Our above results align with the current studies per-
formed in young men and women. Young men at similar
geographical latitudes with a s-25[OH]D of <44 nmol/L
were found to have a lower BMD at the total hip and lum-
bar spine compared with those participants with a s-25[OH]
D of >44 nmol/L (Valimaki et al. 2004). Nevertheless, this
difference in young men could be partially explained by
the use of different cut-off values. For children (age range
7-19 years) s-25[OH]D is a strong predictor for BMD and
levels of s-25[OH]D (Pekkinen et al. 2012). Vitamin D
effects bone elongation, calcification and remodeling (Lui
et al. 2010; Boyan et al. 2003; Dusso et al. 2005). The two
groups did not differ significantly in height, as presented in
Table 1. Thus, this rendered the possible impact of vitamin
D on bone elongation, represented by height, to be likely
insignificant. The other manifestations of calcification
and remodeling are hard to distinguish from one another.
However, our BMD data at total hip and spine indicate that
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exercise may serve to increase the BMD, regardless of the
vitamin D level and sex. The male participants had a higher
BMD at the femoral neck and total hip, bilaterally, but
not at the lumbar spine. These results are in line with the
findings reported by other investigators (Kelly et al. 1990;
Valero et al. 2005; Looker et al. 2012), where the indiffer-
ence of the BMD to the variable of sex at the lumbar spine
is caused by the longer and wider vertebra found in men
(Kelly et al. 1990; Looker et al. 2012).

In our study, we found that exercise was positively
associated with the BMD at all sites. This observation
was independent of the gender and vitamin D status of the
participants. It is well-known, however, that exercise is
associated with a higher BMD, especially in high-impact
training (Eleftheriou et al. 2012). The positive association
between exercise and intestinal calcium uptake (Christakos
et al. 2011) could explain some of the positive associations
between BMD and exercise.

The positive effect of BMD from exercise has been
reported for decades, but the role of sex and exercise on
BMD remains a subject of investigation. In pre-pubertal
children who are still accruing bone mass, there is a sex
difference in the effect of exercise on the BMD for the total
hip and femoral neck (Cardadeiro et al. 2012; Kriemler
et al. 2008). In our study of young adolescents, we found
that exercise was positively associated with the BMD at all
sites, independent of sex and for all levels of exercise.

Notably, Vitamin D supplementation has a known posi-
tive effect on muscle strength, however, the authors did not
investigate the influence of baseline s-25[OH]D (Tomlin-
son et al. 2014), and physical fitness has been shown to be
associated with the BMD (Schwarz et al. 2014). Hypotheti-
cally, an increase in muscle strength caused by vitamin D
could translate into a different stimulus to the bones of the
two groups. Whether the two groups had different muscle
strengths is unknown, and the groups could theoretically
be different in the specific loads applied to their bones and,
thus, have differential stimulation of their bones. Our data
do not favor a higher effect of training in the group with
sufficient vitamin D status, although this could be due to
limitations in the data given that exercise was measured as
a discrete variable. Thus, exercise as a discrete variable is a
limitation of the study; if exercise had been measured as a
continuous variable, it would have been possible to provide
a more precise estimation of the exercise effect.

There are many limitations of a cross-sectional study. In
our study, the selection of a population of healthy young
persons with recreational physical exercise was conducted
based on educational status. On the other hand, our inclu-
sion of multiple education levels can be viewed as strength
and could make our results comparable to a contemporary
background population. However, the youth outside the
educational system were not included. We could not include
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the number of participants as we aimed for with the power
calculation; this was due to eligible subjects, with sufficient
s-25[OH]D in the screening process; this should be consid-
ered a weakness. We have not controlled for recent holi-
days in sunny climate, which is known to affect s-25[OH]D
(Petersen et al. 2014) and should be considered a limitation.

Furthermore, the utilized cross-sectional design provides
us with a snapshot of the exercise habits and the bone status
of the participants, which may reflect the effects of habitual
loading patterns over long periods. This is in contrast to
interventional studies that only investigate the immediate
effect of exercise. Nevertheless, the cross-sectional study
design makes it impossible to differentiate a true cause and
effect relationship.

Conclusion

We conclude that the BMD in healthy young adults is influ-
enced by physical exercise, independent of sex and vitamin
D status. The group with sufficient vitamin D levels had a
systematically higher BMD for all levels of physical exer-
cise; however, for both the vitamin D sufficient and insuffi-
cient groups, physical exercise was equally associated with
an increase in the BMD. Lastly, for both sexes, the BMD
was equally associated with physical exercise.

Compliance with ethical standards
Conflict of interest None declared.

Ethical approval All procedures performed in studies involving
human participants were in accordance with the ethical standards of
the institutional and/or national research committee and with the 1964
helsinki declaration and its later amendments or comparable ethical
standards.

Informed consent Informed consent was obtained from all individual
participants included in the study.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Amorim T, Wyon M, Maia J, Machado JC, Marques F, Metsios GS,
Flouris AD, Koutedakis Y (2015) Prevalence of low bone min-
eral density in female dancers. Sports Med 45(2):257-268.
doi:10.1007/s40279-014-0268-5 (Auckland, NZ)

Aregbesola A, Voutilainen S, Nurmi T, Virtanen JK, Ronkainen K,
Tuomainen TP (2013) Serum 25-hydroxyvitamin D3 and the risk

of pneumonia in an ageing general population. J Epidemiol Com-
munity Health 67(6):533-536. doi:10.1136/jech-2012-202027

Autier P, Boniol M, Pizot C, Mullie P (2014) Vitamin D status and
ill health: a systematic review. Lancet Diabetes Endocrinol
2(1):76-89. doi:10.1016/S2213-8587(13)70165-7

Bischoff-Ferrari HA (2014) Optimal serum 25-hydroxyvitamin
D levels for multiple health outcomes. Adv Exp Med Biol
810:500-525

Bonewald LF (2011) The amazing osteocyte. J Bone Miner Res
26(2):229-238. doi:10.1002/jbmr.320

Borba-Pinheiro CJ, Dantas EH, Vale RG, Drigo AJ, Carvalho MC,
Tonini T, Meza EI, Figueiredo NM (2016) Resistance training
programs on bone related variables and functional independ-
ence of postmenopausal women in pharmacological treatment:
a randomized controlled trial. Arch Gerontol Geriatr 65:36—44.
doi:10.1016/j.archger.2016.02.010

Bowers GN Jr, Brassard C, Sena SF (1986) Measurement of ion-
ized calcium in serum with ion-selective electrodes: a mature
technology that can meet the daily service needs. Clin Chem
32(8):1437-1447

Boyan BD, Sylvia VL, McKinney N, Schwartz Z (2003) Mem-
brane actions of vitamin D metabolites lalpha,25(OH)2D3, and
24R,25(0OH)2D3 are retained in growth plate cartilage cells from
vitamin D receptor knockout mice. J Cell Biochem 90(6):1207—
1223. doi:10.1002/jcb.10716

Cardadeiro G, Baptista F, Ornelas R, Janz KF, Sardinha LB (2012)
Sex specific association of physical activity on proximal femur
BMD in 9-10 year-old children. PLoS One 7(11):e50657.
doi: 10.1371/journal.pone.0050657

Charles JF, Aliprantis AO (2014) Osteoclasts: more than ‘bone
eaters’. Trends MolMed 20(8):449-459. doi:10.1016/j.
molmed.2014.06.001

Cheng S, Massaro JM, Fox CS, Larson MG, Keyes MJ, McCabe EL,
Robins SJ, O’Donnell CJ, Hoffmann U, Jacques PF, Booth SL,
Vasan RS, Wolf M, Wang TJ (2010) Adiposity, cardiometabolic
risk, and vitamin D status: the Framingham Heart Study. Diabe-
tes 59(1):242-248. doi:10.2337/db09-1011

Christakos S, Dhawan P, Porta A, Mady LJ, Seth T (2011) Vitamin
D and intestinal calcium absorption. MolCell Endocrinol 347(1-
2):25-29. doi:10.1016/j.mce.2011.05.038

Cummings SR, Bates D, Black DM (2002) Clinical use of bone densi-
tometry: scientific review. JAMA 288(15):1889-1897

Deere K, Sayers A, Rittweger J, Tobias JH (2012) Habitual levels
of high, but not moderate or low, impact activity are positively
related to hip BMD and geometry: results from a population-
based study of adolescents. J Bone Miner Res 27(9):1887-1895.
doi:10.1002/jbmr.1631

Duncan RL, Turner CH (1995) Mechanotransduction and the func-
tional response of bone to mechanical strain. Calcif Tissue Int
57(5):344-358

Durup D, Jorgensen HL, Christensen J, Schwarz P, Heegaard AM,
Lind B (2012) A reverse J-shaped association of all-cause mor-
tality with serum 25-hydroxyvitamin D in general practice:
the CopD study. J Clin Endocrinol Metab 97(8):2644-2652.
doi:10.1210/j¢c.2012-1176

Durup D, Jorgensen HL, Christensen J, Tjonneland A, Olsen A,
Halkjaer J, Lind B, Heegaard AM, Schwarz P (2015) A reverse
J-shaped association between serum 25-hydroxyvitamin D and
cardiovascular disease mortality—the CopD-study. J Clin Endo-
crinol Metab. doi:10.1210/jc.2014-4551 (jc20144551)

Dusso AS, Brown AJ, Slatopolsky E (2005) Vitamin D. Am J Physiol
Renal Physiol 289(1):F8-F28. doi:10.1152/ajprenal.00336.2004

Eleftheriou KI, Rawal JS, Kehoe A, James LE, Payne JR, Skipworth
JR, Puthucheary ZA, Drenos F, Pennell DJ, Loosemore M,
World M, Humphries SE, Haddad FS, Montgomery HE (2012)
The Lichfield bone study: the skeletal response to exercise in

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1007/s40279-014-0268-5
http://dx.doi.org/10.1136/jech-2012-202027
http://dx.doi.org/10.1016/S2213-8587(13)70165-7
http://dx.doi.org/10.1002/jbmr.320
http://dx.doi.org/10.1016/j.archger.2016.02.010
http://dx.doi.org/10.1002/jcb.10716
http://dx.doi.org/10.1371/journal.pone.0050657
http://dx.doi.org/10.1016/j.molmed.2014.06.001
http://dx.doi.org/10.1016/j.molmed.2014.06.001
http://dx.doi.org/10.2337/db09-1011
http://dx.doi.org/10.1016/j.mce.2011.05.038
http://dx.doi.org/10.1002/jbmr.1631
http://dx.doi.org/10.1210/jc.2012-1176
http://dx.doi.org/10.1210/jc.2014-4551
http://dx.doi.org/10.1152/ajprenal.00336.2004

1304

Eur J Appl Physiol (2016) 116:1297-1304

healthy young men. J Appl Physiol (1985) 112(4):615-626.
doi:10.1152/japplphysiol.00788.2011

Ermin K, Owens S, Ford MA, Bass M (2012) Bone mineral density of
adolescent female tennis players and nontennis players. J Osteo-
poros 2012:423910. doi:10.1155/2012/423910

Finkelstein JS, Brockwell SE, Mehta V, Greendale GA, Sowers MR,
Ettinger B, Lo JC, Johnston JM, Cauley JA, Danielson ME, Neer
RM (2008) Bone mineral density changes during the menopause
transition in a multiethnic cohort of women. J Clin Endocrinol
Metab 93(3):861-868. doi:10.1210/jc.2007-1876

Gianoudis J, Bailey CA, Ebeling PR, Nowson CA, Sanders KM,
Hill K, Daly RM (2014) Effects of a targeted multimodal exer-
cise program incorporating high-speed power training on falls
and fracture risk factors in older adults: a community-based
randomized controlled trial. J Bone Miner Res 29(1):182-191.
doi:10.1002/jbmr.2014

Hernandez CJ, Beaupre GS, Carter DR (2003) A theoretical analysis
of the relative influences of peak BMD, age-related bone loss
and menopause on the development of osteoporosis. Osteoporos
Int 14(10):843-847. doi:10.1007/s00198-003-1454-8

Kelly PJ, Twomey L, Sambrook PN, Eisman JA (1990) Sex differ-
ences in peak adult bone mineral density. J] Bone Miner Res
5(11):1169-1175. doi:10.1002/jbmr.5650051112

Kemmler W, Bebenek M, von Stengel S, Bauer J (2015) Peak-bone-
mass development in young adults: effects of study program
related levels of occupational and leisure time physical activ-
ity and exercise. A prospective 5-year study. Osteoporos Int
26(2):653-662. doi:10.1007/s00198-014-2918-8

Kriemler S, Zahner L, Puder JJ, Braun-Fahrlander C, Schindler C,
Farpour-Lambert NJ, Kranzlin M, Rizzoli R (2008) Weight-
bearing bones are more sensitive to physical exercise in
boys than in girls during pre- and early puberty: a cross-sec-
tional study. Osteoporos Int 19(12):1749-1758. doi:10.1007/
s00198-008-0611-5

Lederer E (2014) Regulation of serum phosphate. J Physiol 592(Pt
18):3985-3995. doi:10.1113/jphysiol.2014.273979

Lesinski M, Prieske O, Granacher U (2016) Effects and dose-response
relationships of resistance training on physical performance
in youth athletes: a systematic review and meta-analysis. Br J
Sports Med. doi:10.1136/bjsports-2015-095497

Liang MT, Braun W, Bassin SL, Dutto D, Pontello A, Wong ND,
Spalding TW, Arnaud SB (2011) Effect of high-impact aero-
bics and strength training on BMD in young women aged
20-35 years. Int J Sports Med 32(2):100-108. doi:10.105
5/5-0030-1268503

Lips P (2004) Which circulating level of 25-hydroxyvitamin D is
appropriate? J Steroid Biochem Mol Biol 89-90(1-5):611-614.
doi:10.1016/j.jsbmb.2004.03.040

Looker AC, Melton LJ 3rd, Borrud LG, Shepherd JA (2012) Lumbar
spine bone mineral density in US adults: demographic patterns
and relationship with femur neck skeletal status. Osteoporos Int
23(4):1351-1360. doi:10.1007/s00198-011-1693-z

Lu J, Shin Y, Yen MS, Sun SS (2014) Peak bone mass and patterns
of change in total bone mineral density and bone mineral con-
tents from childhood into young adulthood. J Clin Densitom.
doi:10.1016/j.jocd.2014.08.001

Lui JCK, Andrade AC, Forcinito P, Hegde A, Chen W, Baron J, Nils-
son O (2010) Spatial and temporal regulation of gene expres-
sion in the mammalian growth plate. Bone 46(5):1380-1390.
doi:10.1016/j.bone.2010.01.373

Matkovic V, Jelic T, Wardlaw GM, llich JZ, Goel PK, Wright JK,
Andon MB, Smith KT, Heaney RP (1994) Timing of peak bone
mass in Caucasian females and its implication for the prevention

@ Springer

of osteoporosis. Inference from a cross-sectional model. J Clin
Invest 93(2):799-808. doi:10.1172/JCI117034

Meyer U, Romann M, Zahner L, Schindler C, Puder JJ, Kraenzlin M,
Rizzoli R, Kriemler S (2011) Effect of a general school-based
physical activity intervention on bone mineral content and den-
sity: a cluster-randomized controlled trial. Bone 48(4):792-797.
doi:10.1016/j.bone.2010.11.018

Mosti MP, Carlsen T, Aas E, Hoff J, Stunes AK, Syversen U
(2014) Maximal strength training improves bone min-
eral density and neuromuscular performance in young adult
women. J Strength Cond Res 28(10):2935-2945. doi:10.1519/
j5¢.0000000000000493

Pekkinen M, Viljakainen H, Saarnio E, Lamberg-Allardt C, Makitie
O (2012) Vitamin D is a major determinant of bone mineral den-
sity at school age. PLoS One 7(7):e40090. doi:10.1371/journal.
pone.0040090

Petersen B, Wulf HC, Triguero-Mas M, Philipsen PA, Thieden E,
Olsen P, Heydenreich J, Dadvand P, Basagana X, Liljendahl TS,
Harrison GI, Segerback D, Schmalwieser AW, Young AR, Nieu-
wenhuijsen MJ (2014) Sun and ski holidays improve vitamin
D status, but are associated with high levels of DNA damage. J
Invest Dermatol 134(11):2806-2813. doi:10.1038/jid.2014.223

Schwarz P, Jorgensen N, Nielsen B, Laursen AS, Linneberg A,
Aadahl M (2014) Muscle strength, power and cardiorespira-
tory fitness are associated with bone mineral density in men
aged 31-60 years. Scand J Public Health 42(8):773-779.
doi:10.1177/1403494814552119

Scofield KL, Hecht S (2012) Bone health in endurance athletes: run-
ners, cyclists, and swimmers. Curr Sports Med Rep 11(6):328-
334. doi:10.1249/JSR.0b013e3182779193

Skerry TM (2008) The response of bone to mechanical loading and
disuse: fundamental principles and influences on osteoblast/
osteocyte homeostasis. Arch BiochemBiophys 473(2):117-123.
doi:10.1016/j.abb.2008.02.028

Stagi S, Cavalli L, Iurato C, Seminara S, Brandi ML, de Martino
M (2013) Bone metabolism in children and adolescents: main
characteristics of the determinants of peak bone mass. Clin Cas-
esMiner Bone Metab 10(3):172-179

Tan K, Ong L, Sethi SK, Saw S (2013) Comparison of the Elecsys
PTH(1-84) assay with four contemporary second generation
intact PTH assays and association with other biomarkers in
chronic kidney disease patients. Clin Biochem 46(9):781-786.
doi: 10.1016/j.clinbiochem.2013.01.016

Teerapornpuntakit J, Dorkkam N, Wongdee K, Krishnamra N, Char-
oenphandhu N (2009) Endurance swimming stimulates tran-
sepithelial calcium transport and alters the expression of genes
related to calcium absorption in the intestine of rats. Am J
Physiol Endocrinol Metab 296(4):E775-E786. doi:10.1152/
ajpendo.90904.2008

Tomlinson PB, Joseph C, Angioi M (2014) Effects of vitamin D sup-
plementation on upper and lower body muscle strength levels in
healthy individuals. A systematic review with meta-analysis. J
Sci Med Sport. doi:10.1016/j.jsams.2014.07.022

Valero C, Zarrabeitia MT, Hernandez JL, Zarrabeitia A, Gonzalez-
Macias J, Riancho JA (2005) Bone mass in young adults: rela-
tionship with gender, weight and genetic factors. J Intern Med
258(6):554-562. doi:10.1111/j.1365-2796.2005.01568.x

Valimaki VV, Alfthan H, Lehmuskallio E, Loyttyniemi E, Sahi T,
Stenman UH, Suominen H, Valimaki MJ (2004) Vitamin D status
as a determinant of peak bone mass in young Finnish men. J Clin
Endocrinol Metab 89(1):76-80. doi:10.1210/jc.2003-030817Z

van der Meulen MC, Jepsen KJ, Mikic B (2001) Understanding bone
strength: size isn’t everything. Bone 29(2):101-104


http://dx.doi.org/10.1152/japplphysiol.00788.2011
http://dx.doi.org/10.1155/2012/423910
http://dx.doi.org/10.1210/jc.2007-1876
http://dx.doi.org/10.1002/jbmr.2014
http://dx.doi.org/10.1007/s00198-003-1454-8
http://dx.doi.org/10.1002/jbmr.5650051112
http://dx.doi.org/10.1007/s00198-014-2918-8
http://dx.doi.org/10.1007/s00198-008-0611-5
http://dx.doi.org/10.1007/s00198-008-0611-5
http://dx.doi.org/10.1113/jphysiol.2014.273979
http://dx.doi.org/10.1136/bjsports-2015-095497
http://dx.doi.org/10.1055/s-0030-1268503
http://dx.doi.org/10.1055/s-0030-1268503
http://dx.doi.org/10.1016/j.jsbmb.2004.03.040
http://dx.doi.org/10.1007/s00198-011-1693-z
http://dx.doi.org/10.1016/j.jocd.2014.08.001
http://dx.doi.org/10.1016/j.bone.2010.01.373
http://dx.doi.org/10.1172/JCI117034
http://dx.doi.org/10.1016/j.bone.2010.11.018
http://dx.doi.org/10.1519/jsc.0000000000000493
http://dx.doi.org/10.1519/jsc.0000000000000493
http://dx.doi.org/10.1371/journal.pone.0040090
http://dx.doi.org/10.1371/journal.pone.0040090
http://dx.doi.org/10.1038/jid.2014.223
http://dx.doi.org/10.1177/1403494814552119
http://dx.doi.org/10.1249/JSR.0b013e3182779193
http://dx.doi.org/10.1016/j.abb.2008.02.028
http://dx.doi.org/10.1016/j.clinbiochem.2013.01.016
http://dx.doi.org/10.1152/ajpendo.90904.2008
http://dx.doi.org/10.1152/ajpendo.90904.2008
http://dx.doi.org/10.1016/j.jsams.2014.07.022
http://dx.doi.org/10.1111/j.1365-2796.2005.01568.x
http://dx.doi.org/10.1210/jc.2003-030817Z

	Physical exercise associated with improved BMD independently of sex and vitamin D levels in young adults
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Methods
	Design and participants
	Measurement
	Dual X-ray absorptiometry parameters
	Laboratory analysis
	Serum-25-hydroxyvitamin D
	Serum-creatinine, serum intact parathyroid hormone, and s-ionized-calcium

	Statistical analysis

	Results
	Physical characteristics of subjects
	Measurements of bone mineral density

	Discussion
	Conclusion
	References




