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INTRODUCTION

Bone is under a constant dynamic process of formation and resorption,
imbalance of which leads to bone metabolic diseases, such as osteoporosis
[Caetano-Lopes et al. 2009]. Although traditionally considered to be a disease
affecting the elderly, osteoporosis is now recognized globally as a condition that
has childhood antecedents [Faulkner and Bailey 2007]. Regular high-impact
weight-bearing physical activity (ball games, racket sports, gymnastics, dance,
running, or jumping exercises) during growth may play an important role in
maximizing bone mineral mass gain, which may reduce the incidence of
fractures in children and adolescents as well as in the elderly [Janz et al. 2010;
Misra 2008; Rizzoli et al. 2010]. However, the relationships between jumping
ability and bone parameters are yet unknown.

Bone mineralization increases with age, height, and body mass throughout
childhood, with a significant gain during pubertal development, resulting in an
increase of BMD of about 40% during this period [Gordon et al. 1991]. Early
puberty is a period of increased bone adaptation to mechanical loading due to
the velocity of bone growth and endocrine changes at this time [Hind and
Burrows 2007]. The increase of femoral neck and lumbar spine BMC between
the ages of 7 and 17 years reaches up to 50-150% due to the increased bone size
[Bass et al. 1999]. The main increase in BMC and mineralization at the femoral
neck and lumbar spine in females occurs at the age of 11 to 15 years, whereas
after 16 years of age the rate of gain drops dramatically [Bass et al. 1999;
Theintz et al. 1992]. It is possible that the identification whether athletes did or
did not accrue a normal amount of bone mineral may not have been
recognizable until girls reach the age of 17—18 years [Barrack et al. 2010].

Several relationships of bone formation and resorption markers with physical
activity and sport have been presented [Banfi et al. 2010]. However, few
information is available concerning these characteristics in adolescent female
athletes. Sex hormones, insulin-like growth factors and physical activity are
among the main determinants of bone gain during puberty [Faulkner and Bailey
2007]. Physical activity per se is not always beneficial for bone health, thus
BMD in adolescent athletes may be affected by the nature of the sport, a relative
state of energy deficiency, and changes in body composition [Misra 2008].
Nevertheless, Courteix et al. [2007] suggested that physical activity has bene-
ficial effects on bone and may counterbalance such negative factors of bone
health such as low fat mass and insufficient blood leptin levels in adolescent
females.

The use of bone metabolism biochemical markers in young athletes should
be encouraged for studying bone turnover and general bone metabolism status.
Strenuous efforts and physical stress, depending on sport event together with
biological maturation in adolescent female athletes, can deeply affect bone cell
activity; however, better biochemical markers are also needed. There is
evidence that several adipocytokines may also have a positive influence on
BMD of the growing skeleton [Garnett et al. 2004].



2. REVIEW OF THE LITERATURE

2.1. Bone development and factors that influence it

Bone is a unique, metabolically active tissue that undergoes a continuous
remodeling throughout its life cycle. The skeleton grows as the body grows, in
length, breadth, mass, and volumetric density [Javaid and Cooper 2002]. There
are two functionally distinct phases of bone development: (1) the skeletal
patterning during the embryonic period; and (2) the mineralization, the location
of which is influenced by mechanical strain [Davies et al. 2005]. Bone mass
increases substantially during the first two decades, reaching a plateau (i.e. peak
bone mass) in the late teen or young adult years, remaining relatively stable
throughout the early- to mid-adult years until the onset of the naturally
progressive bone loss that accompanies ageing occurs [Faulkner and Bailey
2007]. Bone mineral is accrued at differing rates throughout the skeleton: before
puberty, the limb growth is more rapid than axial growth; in early puberty, the
limb growth remains constant and axial growth accelerates; in late puberty,
growth of both regions decelerates [Bachrach 2001; Bass et al. 1999].

The accumulation of bone mineral is influenced by a number of factors: (1)
endogenic, such as heredity, ethnicity, gender, or endocrine status; and (2)
exogenic, such as nutrition or physical activity [Javaid and Cooper 2002;
Rizzoli et al. 2010]. Chronological age, higher body mass, greater estrogen
exposure (i.e. gynecological age), higher levels of lean tissue mass, and
participation in a non lean-build variable-impact loading sport are among the
positive predictors of BMD and BMC in adolescent female athletes [Barrack et
al. 2010]. Lean body mass and fat mass contribute to bone mass by increasing
compressive forces during skeletal loading [Ho and Kung 2005]. Late
menarche, irregular menstrual cycles, insufficient leptin levels, hypoestro-
genism, low body weight and/or fat mass are just a few risk factors for low
BMD, which, in turn, is a risk factor for fractures later in life [Eastell 2005; Ho
and Kung 2005; Meczekalski et al. 2010]. According to the model for
mechanism underlying the association between early menarche and low risk of
fracture [Eastell 2005], girls who enter menarche earlier have higher BMI and
serum leptin, they soon establish regular menses, they tend to be shorter and
heavier, and they have more years of exposure to estrogen.

2.2. Bone mineral density and weight-bearing physical
activity in growth years

It is well known that mechanical loading activity on bone is vitally important
for skeletal strength and development [Eliakim et al. 2002; Khan et al. 2001].
The type, intensity and duration of the physical loading are affecting BMD. The
influence of exercise and mechanical loading on skeleton peak bone mass has
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been studied extensively in humans [Eliakim and Beyth 2003; Nichols et al.
2007 b]. Peak bone mass at skeletal maturity has been identified as a risk factor
for osteoporosis in later life [Javaid and Cooper 2002]. Osteoporosis is a bone
disease associated with low BMD that increases the risk of debilitating bone
fractures [Khan et al. 2001]. Osteoporosis in females may be prevented or
delayed by maximizing peak bone mass through modifications of lifestyle, such
as in diet and physical activity, during childhood [Iuliano-Burns et al. 2005]. It
is suggested that in healthy children with adequate dietary intakes, physical
activity has a greater osteogenic effect than calcium or protein intake [Iuliano-
Burns et al. 2005]. Of different exercise modalities, high-impact activity (for
example, jumping) seems to be especially osteogenic [MacKelvie et al. 2002].
Sport activities, especially those involving high peak strain (team sports), are
also important in determining peak bone mass in early adulthood [Neville et al.
2002]. Skeletal adaptations to mechanical loading appear to be site-specific
[Duncan et al. 2002]. Accordingly, another important factor influencing peak
bone mass might be anatomical distribution of mechanical load [Duncan et al.
2002]. In girls, with regard to physical activity pattern, greater attention must be
paid to pre- and perimenarcheal period, when half of lumbar adult peak bone
mass is acquired [Sabatier et al. 1999]. Although exercise is recommended to
maximize bone health at all stages of life, a particularly opportune time to
intervene with loading exercise may be the two years surrounding peak bone
velocity which correspond to ages 11.5-13.5 for girls [Faulkner and Bailey
2007; MacKelvie et al. 2002]. Over 25% of final adult bone mass is accu-
mulated during that period.

The effects of sport on bone health vary in relation to training modality,
ranging from non-weight bearing (swimming) and low-impact activities (skiing)
to moderate- and high-impact activities (racket sports, volleyball, gymnastics)
[Nichols et al. 2007 a]. Characteristics, such as the type, direction, rate, fre-
quency, and magnitude of strain of the exercise, play a role in the variation of
the bone mineral accrual. For instance, distance runners experience more
repetitive linear forces, concentrated on the lower limbs, while sport games
activities may involve a great extent of turning and jumping with compression
forces as well as locomotory landing impacts [Egan et al. 2006].

There are substantial data to support the notion that high impact loading is
the most effective type of bone-building activity [MacKelvie et al. 2002; Witzke
and Snow 2000]. Athletes whose skeletons are subjected to forces of high
intensity, such as gymnasts, possess significantly greater bone mass at femoral
neck and lumbar spine compared with athletes who participate in activities
associated with lower skeletal forces [S66t et al. 2005; Witzke and Snow 2000].
Accordingly, jumping ability seems to correlate well with different bone values.
Different vertical jumps have been used to evaluate jumping ability in young
athletes [Kellis et al. 1999]. Maximum vertical jump performed from the
standing position with a countermovement (CMJ) as well as rebound jumps for
15 (RJ15s) and 30 (RJ30s) seconds adequately reflect the jumping abilities in
young athletes [Kellis et al. 1999]. However, there is few information available
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about the relationships between areal BMDs and jumping ability, using different
jumping tests, in adolescent females with different training patterns.

2.3. Bone mineral parameters, IGF-1 and
sex hormones in adolescent girls

Bone mineral accrual is substantially altered between childhood and puberty
through the concerted influences of growth and systemic hormones [MacKelvie
et al. 2002]. Increase in BMC accrual during adolescence is associated with
specific hormonal changes during this period [Misra 2008]. Manolagas et al.
[2002] suggested that bone mass accrual during puberty is more dependable on
sexual maturation than chronological age, and effects of sex hormones on the
growing skeleton are associated with the osteoporosis in later life.

Bone mineral development in girls may be especially promoted by the in-
crease of estrogen and free, biologically active IGF-1 levels which occur
between pubertal stages 2 and 4, corresponding to the timing of menarche and
peak bone mineral accrual velocity [MacKelvie et al. 2002]. Estrogens are a
group of steroid hormones that function as the primary female sex hormone and
are known to have an important role not only in regulating the menstrual cycle,
but also in controlling bone formation [Ter Horst 2010]. The most potent and
abundant estrogen during puberty and throughout the fertile life of females is
estradiol [Wang et al. 2004]. In early puberty, low levels of circulating sex
hormones in combination with increasing levels of growth hormone and IGF-1
stimulate chondrocytes in the epiphyseal growth plate thus stimulating linear
growth; in turn, growth hormone and IGF-1 stimulate the secretion of sex
hormones by the gonads and potentiate their effects on bone [Van Coeverden et
al. 2002]. As circulating levels of sex hormones increase, the concentrations of
locally available estradiol increase at the growth plate [Van Coeverden et al.
2002]. At the end of puberty, the high levels of estradiol inhibit chondrocyte
proliferation despite the high levels of growth hormone and IGF-1, which
results in inhibition of growth velocity and bone mineralization [Van Coeverden
et al. 2002]. In addition, IGF-1 has a marked effect on body composition: it
stimulates increase in muscle mass and bone mineral density, and reduces fat
distribution [Eliakim et al. 2005].

The positive association between estradiol and bone turnover markers in
early puberty (pubertal stages 2 and 3) disappears in late puberty (pubertal
stages 4 and 5), as has also been observed for IGF-1 [Van Coeverden et al.
2002]. Increasing sex hormones with pubertal development also increase the
biologically active IGF-1 levels that affect bone growth [Kanbur-Oksiiz et al.
2004; Pomerants et al. 2007]. Estrogens are needed for calcium absorption into
bone [Baxter-Jones and Mundt 2007] and may influence linear bone growth
indirectly via modulation of the IGF-axis [Jull 2001]. It appears that sex
hormone levels in female athletes are related to the amount and type of exercise
performed, i.e. in endurance-trained athletes sex hormone levels may be
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abnormally low while strength-trained athletes may have higher levels, although
even their sex hormone levels may be lower than those of sedentary control
subjects [S606t et al. 2006; Voss et al. 1998]. Bone health is extremely com-
promised if IGF-1 and estrogen levels are low, particularly in those young
female athletes who participate in competitive sports where leanness may be
necessary or aesthetically pleasing (gymnasts, runners, swimmers) [Baxter-
Jones and Mundt 2007; Zanker and Hind 2007].

Many studies have investigated IGF-axis and sex hormone levels in relation
with age, pubertal development, and physical activity [Van Coeverden et al.
2002; Kanbur-Oksiiz et al. 2004; Pomerants et al. 2007; Yilmaz et al. 2005]. To
our knowledge there are no studies that have investigated the effect of
exercising systematically in different sport events on the relationships between
these fasting blood hormones and bone mineral variables in pubertal female
athletes.

2.4. Adipocytokines and bone mineral parameters

Visfatin, adiponectin and leptin are cytokine-like hormones, secreted by adipo-
cytes, and associated with adiposity, i.e. the levels of adiponectin are lower
while visfatin and leptin concentrations are higher in obese adolescents com-
pared to their healthy counterparts [Haider et al. 2006; Jin et al. 2008]. Further-
more, it is suggested that these adipocytokines carry signals from adipose tissue
to bone and contribute to the relationship between fat mass and BMD [Huang et
al. 2004 a; Jiiriméde and Jiirimde 2007; Xie et al. 2007].

Evidence of the effects of visfatin on bone is scant. Xie et al. [2007] hypo-
thesized that visfatin may carry signals from fat to bone. Visfatin has been
found to increase bone mineralization, promote glucose uptake, and down-
regulate osteocalcin secretion in human osteoblasts [Xie et al. 2007].

Leptin is involved in the accumulation, maintenance, and loss of BMD
throughout life and plays a major role in mediating the fat-bone axis [Hamrick
and Ferrari 2008]. In girls, the leptin concentrations steadily increase with
pubertal stages [Garcia-Mayor et al. 1997], decrease with increased physical
activity levels [Courteix et al. 2007; Ischander et al. 2007; Romon et al. 2004],
are strongly associated with body fat [Matkovic et al. 1997; Misra et al. 2007],
and are inversely related to menarche [Matkovic et al. 1997]. Leptin has been
designated to have a number of physiological roles, the most important of which
may be its influence on energy balance: leptin decreases when energy intake is
restricted and increases when body fat is increased [Jiirimde et al. 2010]. It is
possible that leptin regulates bone mass concurrently with changes in body mass
[Zanker and Hind 2007].

Our previous laboratory study has demonstrated an independent relationship
between adiponectin and BMD in healthy women [Jiirimde and Jirimie 2007].
It has also been reported that adiponectin and leptin were related to total body
BMD and BMC in healthy female adolescents [Huang et al. 2004 a]. Misra et
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al. [2007] also suggested that adiponectin is inversely and independently
associated with BMD in adolescent girls.

Since different adipocytokines are produced by adipose tissue, and fat mass
being a strong determinant of BMD in healthy 14-16-year-old girls [El Hage et
al. 2009], we hypothesized that levels of visfatin, adiponectin, and leptin
concentration might be related to bone mineral parameters in pubertal girls with
different training patterns.

2.5. Summary

Maximizing BMD and BMC during growth years by adopting weight-bearing
physical activity in childhood and adolescence may be one of the most effective
osteoporosis prevention strategies [French et al. 2000]. The activity-induced
bone gain is greater if exercise begins before or during puberty, and is espe-
cially accentuated in the premenarcheal period [Heinonen et al. 2000]. High-
impact activities (gymnastics, volleyball, soccer, running, weight lifting) pro-
mote bone mineral accrual to a greater extent than low-impact activities (swim-
ming, cycling) [Bellew and Gehrig 2006; Duncan et al. 2002]. The possible
synergism between advancing pubertal status and loading induced bone gain
suggests that a “window of opportunity” for bone response may exist in early
puberty [MacKelvie et al. 2002]. However, whether there are significant
relationships between jumping ability and BMD and BMC, is unknown.
Secondly, fasting hormone relationships with bone parameters have not been
well studied, especially in connection with different adipocytokines.
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3. AIM AND PURPOSES OF THE STUDY

The general aim of this study was to investigate the relationships between bone
parameters and jumping height, fasting serum IGF-1, IGFBP-3, sex hormones,
and concentrations of selected adipocytokines in pubertal girls with different
training patterns.

The specific purposes of this study were:
to determine the relationships between single and 15 and 30 seconds vertical
jumping series height and BMD at femoral neck and lumbar spine in
pubertal girls with different training patterns;

— to investigate the relationships of BMD and BMC with IGF-1, IGFBP-3, and
estradiol concentrations in pubertal girls with different training patterns;

— to evaluate the relationships of adipocytokines (visfatin, adiponectin, and
leptin) concentrations with BMD and BMC in adolescent female athletes
with different training patterns.

We hypothesized that:

— the relationships between areal BMDs and different jumping tests should be
well pronounced in adolescent female athletes, especially in those girls who
perform many and various jumping exercises during their training sessions
(in sport games or rhythmic gymnastics);

— systematic and regular exercising in different sport events may have a
different effect on the relationships between fasting blood hormones (i.e.
IGF-1, IGFBP-3 and estradiol) and bone mineral variables in pubertal female
athletes;

— visfatin, adiponectin, and leptin concentrations might be related to bone
mineral parameters in pubertal girls with different training patterns.
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4. MATERIAL AND METHODS

4.1. Subjects

In total 202 healthy adolescent (13—15-year-old) girls from different schools and
sport clubs in Estonia (Tallinn, Tartu, Parnu) took part in this cross-sectional
study. Before entering the study, volunteers completed medical and physical
activity questionnaires. All participants were free from past or present diseases
known to affect skeletal metabolism. None of the girls used birth control or
medications known to affect bone. Girls were also asked not to change their
eating habits. According to their physical activity pattern (determined by
answers to questions on the onset of the training and weekly hours of sporting),
participants were divided into six groups. Girls who participated in competitive
extramural athletic programmes comprised the groups of sport games (basket-
ball, volleyball, badminton) (n=56), track sprint (n=25), rhythmic gymnastics
(n=29), swimming (n=32), and cross-country skiing (n=17) (Figure 1). To be
included in the study, the girls had to have participated in their selected sports
for at least the recent two years. Control group (n=43) consisted of the girls who
only took part in compulsory physical education classes at school (45 min twice
per week). In the Studies II and III the number of participants was cut to 170
due to the lacking data on blood biochemical analysis since some of the girls
refused to undergo the blood drawing procedure. As a result, the group sizes in
the Studies II and III were the following: sport games (n=49), track sprint
(n=24), rhythmic gymnastics (n=23), swimming (n=24), cross-country skiing
(n=17), and controls (n=33) (Figure 1).
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ELIGIBLE SAMPLE
n=217 (13—15-year-old girls)

> DROP-OUT
n=15
A 4
STUDY I (BMD & jumping ability)
n=202
SPORT TRACK RYTHMIC SWIMMING | | CROSS-COUNTRY | | CONTROLS
GAMES SPRINT GYMNASTICS SKIING
n=56 n=25 n=29 n=32 n=17 n=43
R DROP-OUT
d n=32
A 4

STUDY II-III (BMD & blood hormones)

n=170
SPORT TRACK RYTHMIC SWIMMING CROSS-COUNTRY CONTROLS
GAMES SPRINT GYMNASTICS SKIING
n=49 n=24 n=23 n=24 n=17 n=33

Figure 1. Tracking the study population (13—15-year-old girls from different schools
and sport clubs in Estonia).

Each girl and her parent (or legal guardian) received a full written description of
the nature of the study and signed an informed consent form before parti-
cipating. The study was approved by the Medical Ethics Committee of the
University of Tartu (Estonia).

4.2. Anthropometric measurements

Body height and sitting height were measured to the nearest 0.1 cm using
Martin’s metal anthropometer. Body mass was measured to the nearest 0.05 kg
using medical scales (A&D Instruments Ltd, Abingdon, UK). The girls were
dressed in light clothing and were wearing no shoes. Body height and body
mass data were used to calculate BMI (kg/m?).
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4.3. Sexual maturity assessment

Pubertal development of the participants was assessed by self-report using an
illustrated questionnaire of pubertal stages according to the criteria of Tanner
[Tanner 1962], which has been previously validated [Matsudo and Matsudo
1994] and used in our previous laboratory studies [Jirimide et al. 2007]. The
girls were given photographs, figures and descriptions of breast and pubic hair
development stages, and asked to choose the one which most accurately
reflected their appearance. If a disagreement between the development of breast
and pubic hair was found, the final decision was made according to the breast
[Jiiriméde et al. 2007; Matsudo and Matsudo 1994]. Predicted age at peak height
velocity (APHV) and biological maturity age (years from APHV) of the
participants were estimated using chronological age, body height, sitting height,
and body mass data [Baxter-Jones and Sherar 2007]. The girls were also asked
if they had experienced menarche. Using a simple questionnaire, the data on the
age at menarche and the duration of a single menstrual cycle of the girls was
obtained. None of the subjects were amenorrheic or had irregular menses.

4.4. Bone mineral parameters

The whole-body BMD, and femoral neck and lumbar spine (L2-L4) BMD
(g/cm?) and BMC (g) were measured using dual-energy X-ray absorptiometry
(DXA) using the DPX-IQ densitometer (Lunar Corporation, Madison, WI,
USA) equipped with proprietary software, version 3.6. Participants were
scanned in light clothing while lying flat on the back, with arms at the sides.
The fast scan mode and standard subject positioning were used for total body
measurements and analyzed using the extended analysis option. DXA mea-
surements and results were evaluated by the same examiner. Coefficients of
variations (CVs) for BMD and BMC measurements in female adolescents were
less than 2%. The formula by Krdger et al. [1995] was used to calculate the
apparent volumetric mineral bone density (BMAD) of the lumbar spine to
reduce the effect of body size on BMD values: BMAD = BMD x [4/(w x width
of L2 to L4)].

4.5. Jumping performance

The maximal height of two-footed hands-on-the-hips vertical jumps was
measured using the contact mat (Newtest OY, Oulu, Finland), connected to a
digital recorder that calculated the jumping height. The girls performed three
jumping tests: (1) a CMJ from a standing position with a preliminary
countermovement; (2) the rebound jump, with continuous countermovement
jumps for 15 seconds (RJ15s); and (3) the rebound jump for 30 seconds (RJ30s)
[Kellis et al. 1999]. In CMJ, the best result out of three attempts was recorded.
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The girls were first instructed and then verbally encouraged to jump as high and
as rapidly as they could. The hands remained on the waist throughout all
jumping tests to avoid upper extremities contribution to the jump height [Kellis
etal. 1999].

4.6. Blood analysis

Venous blood samples to determine the concentration of estradiol, IGF-1,
IGFBP-3, visfatin, adiponectin, leptin, insulin and glucose were drawn between
07:30 and 08:30 a.m. after an overnight fasting. For those girls who had regular
menstruation, the fasting blood samples were drawn in the early follicular phase
of the menstrual cycle, i.e. on days 5-7 after menstrual bleeding started [Jiirimie
et al. 2007; S66t et al. 2006]. The blood serum was separated and stored at -20
°C for later analysis. IGF-1, IGFBP-3, estradiol and insulin concentrations were
analysed in duplicate on Immulite 2000 radioimmunoassay (DPC, Los Angeles,
CA, USA). The intra- and inter-assay CVs for IGF-1, IGFBP-3, and estradiol
were <7%. The intra- and inter-assay CVs for insulin were <5% and <12%,
respectively, at an insulin concentration of 6.6 4IU/mL. The levels of visfatin
and adiponectin concentration were analyzed using ELISA kits (AdipoGen and
Mediagnost, Aspenhaustr, Germany). The intra- and inter-assay CVs for
visfatin were <10% and <8%, and for adiponectin <5% and <6%, respectively.
For leptin concentration analysis an ELISA sandwich (DRG Instruments
GmbH, Marburg, Germany) was used. The intra- and inter-assay CVs were
<7% and <12%, respectively. Glucose concentration was measured with a
commercial kit (Boehringer, Mannheim, Germany) that employed the
hexokinase/glucose-6-phosphate dehydrogenase method.

In addition, the IGF-1/IGFBP-3 molar ratio was calculated as it is suggested
to be an indirect indicator of serum-free IGF-1 [Pomerants et al. 2007]. The
molar ratio was obtained as follows: IGF-1 (ng/mL) x 0.130/IGFBP-3 (ng/mL) x
0.036 [Morimoto et al. 2005]. The insulin resistance index was calculated using
homeostasis model assessment (HOMA): fasting plasma insulin (¢IU/mL) x
fasting plasma glucose (mmol/L)/22.5 [Matthews et al. 1985]. The greater
HOMA values indicate the greater level of insulin resistance.

4.7. Statistical analysis

All statistical analyses were performed using SPSS 15.0 package for Windows
(Chicago, IL, USA). Standard statistical methods were used to calculate means
and standard deviations (+SD). Normality of parameters was controlled by one-
sample Kolmogorov-Smirnov test (p>0.05). Statistical comparisons between the
groups were made using analysis of variance (ANOVA) and Tukey post hoc
tests. Adjustments for the major confounders (i.e. age, body height, and body
mass) in the analysis of the statistical differences among the athletes’ groups
and the controls in BMD, BMC, and blood biochemical parameters were
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performed using general linear modelling. Pearson product moment correlation
coefficients were computed to evaluate the relationships between bone mass
parameters, jumping performance, and measured blood hormones. Partial cor-
relation analysis was performed to assess these relationships while controlling
for age, body height, and body mass [Wang et al. 2004]. In addition, partial
correlation analysis was performed to assess the relationships between selected
variables while controlling for insulin resistance. The effect of IGF-1, IGFBP-3
and estradiol on the BMD and BMC was analysed by stepwise multiple regres-
sion analysis. The level of significance was set at p<0.05.
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5. RESULTS

5.1. Study I

5.1.1. Anthropometric, maturational, bone mineral and
performance characteristics of the subjects

The physical and performance characteristics of pubertal girls with different
training patterns are presented in Table 1. While there were no significant
differences in biological maturity age (years from APHV) and pubertal status
between athletes and controls, the rhythmic gymnasts were significantly older
than track sprinters. The girls practising sport games and track sprinters were
significantly taller than controls, swimmers, and cross-country skiers. The sport
games group had greater body mass than controls (p<0.05). The predicted
APHYV of the girls practising sport games, track sprinters and swimmers was
lower than in controls; the rhythmic gymnasts’ predicted APHV was higher
than that of the girls practising sport games, track sprinters and swimmers
(p<0.05). Rhythmic gymnasts had been training for the longest period in years
of all athletes (p<0.05), and swimmers had trained longer than the girls in sport
games group (p<0.05). Both rhythmic gymnasts’ and swimmers’ training
duration in weekly hours was greater than in other athletes (p<0.05).

Rhythmic gymnasts had significantly higher BMD values at femoral neck of
all groups and sport games group girls’ femoral neck BMD was greater than in
controls and swimmers (Table 1). There were no differences between track
sprinters, swimmers, cross-country skiers and controls in BMD values at fe-
moral neck (p>0.05). Girls practising sport games, track sprinters and rhythmic
gymnasts had significantly greater lumbar spine BMD than controls and cross-
country skiers.

Track sprinters, rhythmic gymnasts, swimmers and cross-country skiers had
significantly higher results in CMJ than controls; track sprinters jumped signifi-
cantly higher in CMJ than the girls from sport games group (Table 1). Track
sprinters jumped higher than the girls from control, sport games, and swimming
groups in both rebound jumps (RJ15s and RJ30s) (p<0.05). Rhythmic gymnasts
jumped higher than controls in RJ15s (p<0.05) and also higher than the girls
from sport games and swimming groups in RJ30s (p<0.05). There were no
differences between the girls of control, sport games and cross-country skiing
groups in both rebound jumps (RJ15s and RJ30s).
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5.1.2. The relationships between
bone mineral parameters and
jumping height

BMD at femoral neck was significantly correlated only with jumping height in
RJ15s for track sprint group (Table 2). Concerning BMD of the spine, a
negative correlation (r=0.508; p<0.01) emerged with jumping height in CMJ
for rhythmic gymnasts, and a positive correlation with jumping height in both
rebound jumps for sport games group (1=0.265-0.269; p<0.05). There were no
significant relationships between BMD variables and jumping height of diffe-
rent jumps in control, swimming and cross-country skiing groups. There were
no significant correlations between BMD and jumping ability in control,
swimming and cross-country skiing groups.

Table 2. Pearson correlation for BMD variables and jumping height in athlete and
control groups. Partial correlation analysis (controlled for age, body height, and body
mass) is in parentheses.

GROUP CONT SG SPR GYMN SW CCS
(n=43) (n=56) (n=25) (n=29) (n=32) (n=17)
BMD femoral neck (g/cm’)

CMJ 0.144 0.141 0.210 20.173 0211 0.164
(0.206)  (0.274)*  (-0.033)  (0.080)  (-0.074)  (0.261)
RJ15s 0.087 0.170 0.473% 0.214 ~0.009 0216
(0.166)  (0.282)*  (0.300)  (0.510)**  (0.040)  (0.359)
RJ30s 0.200 0.087 0.375 0217 ~0.018  0.320

(0.162) (0.204) (0.198) (0.489)* (-0.036)  (0.344)
BMD lumbar spine (g/cm’)

CMJ 0.179 0.228 0.020  —0.508** 0251  0.173
(0.164)  (0.401)**  (-0.402)  (0.106)  (-0.087)  (0.188)

RJ15s 0.168  0.269* 0.140 ~0.218 ~0.121  0.285
(0.189)  (0.369)** (-0358)  (0.386)  (-0.093)  (0.333)

RJ30s 0300  0.265* 0.170 ~0.142 0.010 0.372

(0.220)  (0.386)**  (-0.188) (0.437)* (-0.038)  (0.309)
CONT: control group; SG: sport games group; SPR: track sprinters; GYMN: rhythmic
gymnasts; SW: swimmers; CCS: cross-country skiers; BMD: bone mineral density;
CMIJ: countermovement jump; RJ15s: rebound jump for 15 seconds; RJ30s: rebound
jump for 30 seconds
*p<0.05
**p<0.01
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When the correlation between BMD variables and different jumps was
controlled for age, body height, and body mass, the significant relationships
were revealed between BMD of femoral neck and both CMJ and RIJ15s
(r=0.274-0.282; p<0.05) in sport games group; BMD of lumbar spine and all
jumps (CMJ, RJ15s, and RJ30s) in sport games group (r=0.369—-0.401; p<0.01);
BMD of femoral neck and both rebound jumps (RJ15s and RJ30s) in rhythmic
gymnasts’ group (r=0.489-0.510; p<0.05); and BMD of lumbar spine and
RJ30s in rhythmic gymnasts’ group (r=0.437; p<0.05) (Table 2). There were no
significant relationships between BMD variables and jumping height of various
jumps when controlled for age, body height, and body mass in control, track
sprint, swimming, and cross-country skiing groups.

5.2. Study II

5.2.1. Anthropometry, pubertal status,
and training history of the subjects

The characteristics of the Study II population are summarised in Table 3 using
ANOVA with Tukey post hoc adjustments. The girls in the swimmers’ group
were significantly younger than those in the control, track sprinters’ and
rhythmic gymnasts’ groups. Girls practising sport games and track sprinters
were taller than control group girls, rhythmic gymnasts and cross-country skiers
(p<0.05). Body mass was higher in girls practising sport games compared with
rhythmic gymnasts and cross-country skiers (p<0.05). BMI was lower in track
sprinters compared with controls and girls practising sport games (p<0.05).
When comparing all the sport groups, the rhythmic gymnasts had the highest
mean training time (p<0.05). Training duration in weekly hours was greater in
both rhythmic gymnasts and swimmers compared to the other athletes (p<0.05).
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5.2.2. Bone mineral and
blood biochemical characteristics of
the subjects

Table 4 shows bone mineral and blood biochemical values in Study II population
according to the training patterns. While sport games group girls’ femoral neck
BMD was greater than in control group (p<0.05), rhythmic gymnasts had
significantly greater femoral neck BMD than all the other groups. Girls of cross-
country skiing group had significantly lower BMD at lumbar spine than girls
practising sport games, track sprint, and rhythmic gymnastics. Girls practising
sport games had significantly greater femoral neck BMC than controls, swimmers
and cross-country skiers. The BMC at lumbar spine was higher in track sprinters
than in cross-country skiers and controls (p<0.05). In sport games group the BMC
at lumbar spine was higher than in cross-country skiers (p<0.05). There were no
significant differences in the whole-body and volumetric BMD of lumbar spine
between the groups.

Serum levels of IGF-1 were significantly higher in cross-country skiers
compared to track sprinters and controls (Table 4). In swimmers the levels of
IGF-1 were higher than in track sprinters (p<0.05). The IGFBP-3 was
significantly lower in track sprinters compared to rhythmic gymnasts and cross-
country skiers. The levels of estradiol in track sprinters were significantly
higher compared to all the other groups. No differences were found among the
groups in IGF-1/IGFBP-3 molar ratio (p>0.05).
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5.2.3. The relationships between bone mineral and blood
biochemical parameters

The significant correlations were found between IGF-1, IGF-1/IGFBP-3 molar
ratio and BMD at both femoral neck and lumbar spine (r=0.39-0.59) in
rhythmic gymnasts and controls (Table 5). After adjusting for age, body height,
and body mass, the relationships remained significant (r=0.46—0.52) only in
rhythmic gymnasts’ group. Similar patterns were found for BMAD, but no
relationships were found between whole-body BMD and blood hormones (data
not shown). There were significant correlations between BMD values and
estradiol levels (r=0.45-0.60) in rhythmic gymnasts’ group only. After ad-
justing for age, body height, and body mass, the associations remained signi-
ficant (r=0.53-0.60). No significant relationships were found between fasting
blood hormones and BMD variables in other athlete groups, i.e. sport games,
track sprint, swimming and cross-country skiing. In addition, estradiol con-
centration was related (p<0.05) with serum IGF-1 (=0.52) and IGFBP-3
(r=0.42) levels only in rhythmic gymnasts’ group.

Significant correlations were found between BMC at femoral neck and (a)
IGF-1 in controls, sport games group, rhythmic gymnasts, and cross-country
skiers; and (b) IGF-1/IGFBP-3 molar ratio in controls and rhythmic gymnasts
(Table 6). The correlations were significant between lumbar spine BMC and (a)
IGF-1 in controls, sport games group, and cross-country skiers; (b) IGF-
1/IGFBP-3 molar ratio in controls; and (c) estradiol in cross-country skiers.
After adjusting for age, body height, and body mass, the significant correlations
were revealed between femoral neck BMC and IGF-1 and IGF-1/IGFBP-3
molar ratio in rhythmic gymnasts’ group only.
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Stepwise multiple regression analysis indicated that IGF-1 and estradiol
together explained 42.6% (R*x100) of the total variance at the femoral neck
BMD, and IGF-1 alone 35.4% (R*x100) of the total variance at BMC at femoral
neck in rhythmic gymnasts group only (Table 7).

Table 7. Results of stepwise multiple regression analysis with femoral neck BMD and
BMC as dependent variables and IGF-1, IGFBP-3, and estradiol as independent
variables (R” x 100) in thythmic gymnasts’ group.

Dependent variable  Independent variable R*x 100 F SEE  »p
BMD femoral neck  IGF-1 and estradiol 42.6 11.6 0.12 0.003
BMC femoral neck  IGF-1 354 5.2 0.57 0.046

BMD: bone mineral density; BMC: bone mineral content; IGF-1: insulin-like growth
factor-1

5.3. Study Il
5.3.1. Adipocytokines and bone mineral parameters

Basic characteristics of the groups are presented in Table 3. The mean femoral
neck BMD was significantly higher in the rhythmic gymnasts’ group than in all
other five groups after adjusting for age, body height, and body mass (Table 8).
The adjusted lumbar spine BMD was also significantly greater in rhythmic
gymnasts’ group but only when compared to the control group. Swimmers had
significantly lower femoral neck BMC than girls in all other groups except for
cross-country skiers. There were no significant differences among the groups
with respect to the adjusted lumbar spine BMC.
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No significant differences in visfatin and leptin concentration levels were found
among the studied groups (adjusted data are reported in Table 8). Adiponectin
levels were significantly lower in cross-country skiers than in track sprinters
and controls. In track sprinters the insulin levels, glucose, and HOMA were
significantly higher than in all the other groups except for cross-country skiers.

5.3.2. The relationships between adipocytokines and
bone mineral parameters

Visfatin concentrations were not correlated with femoral neck or lumbar spine
BMD and BMC in any group (p>0.05). Adiponectin was found to be inversely
related (p<0.05) to BMD at femoral neck (r=0.48) and lumbar spine (r=0.60)
as well as to BMC of femoral neck (r=—0.47) and lumbar spine (r=0.62) only
in the swimmers’ group. In addition, the levels of adiponectin were positively
related with lumbar spine BMC, but only in sport games group (r=0.39). These
relationships disappeared after controlling for age, body height, and body mass
(data not shown). Leptin concentrations correlated positively with femoral neck
and lumbar spine BMD (r=0.43—0.52) and femoral neck BMC (r=0.56) in the
rhythmic gymnasts’ group only, even after adjustment for age, body height, and
body mass (r=0.41-0.63). No relationships between the measured adipocyto-
kines and bone mineral parameters were found in track sprinters, cross-country
skiers and controls.

Finally, no relationships were found between visfatin, adiponectin, and
leptin in any of the groups (p>0.05). Leptin correlated only with HOMA
(r=0.43) in the rhythmic gymnasts’ group. A partial correlation test revealed
that correlation between leptin and BMD and BMC in rhythmic gymnasts
(reported above) were present even after adjusted for HOMA (r=0.72—0.89).
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6. DISCUSSION

6.1. The relationships between bone parameters and
jumping height

The participants in Study I were lean, healthy 13—15-year-old pubertal girls
representing different sport events with different impact characteristics to the
bones. There were no differences between the groups in pubertal status and bio-
logical age. The results of the present cross-sectional investigation demonstrated
that girls participating in high-impact activities (rhythmic gymnastics and sports
games) had higher BMD values at the femoral neck skeletal site compared with
moderate-impact (track sprint), low-impact (swimming and cross-country
skiing) and physically inactive groups of pubertal girls. In addition, rhythmic
gymnasts had higher femoral neck BMD values compared with girls in sport
games group. However, BMD at the lumbar spine region of the skeleton did not
differ between girls in high-impact sports (rhythmic gymnastics and sport
games), medium-impact sports (track sprint) and low-impact sport (swimming)
groups (Table 1). This indicates that BMD at the femoral neck is more sensitive
to the specific physical activity pattern in pubertal girls compared to BMD at
the lumbar spine. Similarly to our results, in the study of specific types of
mechanical loading and menstrual status influence on bone tissue in female high
school athletes, Nichols et al. [2007 b] found higher BMD at the proximal
femur in eumenorrheic athletes participating in high-impact sports (soccer,
softball, volleyball, track sprinters and throwers, tennis, or lacrosse) compared
to low-impact sports (swimming and long-distance running). Accordingly, it
can be suggested that BMD at femoral neck experiences greater mechanical
loading during high-impact activities than BMD at lumbar spine.

Different vertical jump tests had no significant correlation with measured
areal BMD values in physically inactive controls, low-impact sports (swimming
and cross-country skiing) and moderate-impact sport (track sprint) groups. The
RJ15s test characterized best BMD at lumbar spine and the RJ30s test
characterized best BMD at femoral neck in high-impact sports (rhythmic
gymnasts and sport games) groups. Furthermore, the CMJ test was significantly
related to BMD at the lumbar spine skeletal region only in rhythmic gymnasts
(Table 2). These results suggest that continuous high-impact activities are more
important in bone health compared to single jumping activities and the effect of
different exercises on areal BMD values is more pronounced at femoral neck
compared to lumbar spine region in the skeleton in pubertal girls with different
training patterns.

The results of our study demonstrated that girls participating in rhythmic
gymnastics benefit the most from mechanical loading of the skeleton to the
development of areal BMD, followed by girls practising sport games, while the
benefits of track sprint running on areal BMD were less apparent similarly to
the previous results [Egan et al. 2006]. However, the difference between
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athletes and sedentary controls may be attributable to genetic factors and
selection bias. For example, individuals with higher BMD may excel in certain
sports (for example, gymnastics), whereas individuals with lower BMD may
excel in other sports (for example, swimming) [Williams et al. 2005].

It is interesting to note that single vertical jumping height (CMJ test) did not
appear to be a significant predictor of areal BMD values in studied pubertal
girls with different training patterns (Table 2). The results of our study
demonstrated that repeated jumps (RJ15s and RJ30s) characterize better the
areal BMD in pubertal girls. This suggests that repeated high-impact activity is
necessary for the development of areal BMD in pubertal girls. Rhythmic
gymnasts had higher performance in different jumping tests and significant
correlations in areal BMD values and jumping ability. Surprisingly, the sport
games group had lower performance in jumping tests than other groups, but
revealed a significant relationship with regard to areal BMD and jumping
ability. Although track sprinters in our study had high performance in all
jumping tests, the relationship between BMD and jumping ability was revealed
only in BMD at femoral neck and mean jumping height in RJ15s. The results of
our study suggest that repeated jumping test (RJ15s and/or RJ30s) should be
applied instead of a single jump test (CMJ) to assess the relationship between
muscle performance and BMD in pubertal girls with different training patterns.

In conclusion, the continuous high-impact physical activity has beneficial
effects on the development of arecal BMD in pubertal girls with different
training patterns. BMD at femoral neck appears to be more sensitive to the
mechanical loading compared to the BMD at lumbar spine. Finally, repeated
jumping tests (RJ15s and RJ30s) characterize bone development better than a
single maximal jump test (CMJ) in pubertal girls with different training
patterns.

6.2. Bone parameters and their relationships with
IGF-1 and estradiol concentration

The results of Study II indicate the specificity of the rhythmic gymnasts’ (a very
high-impact sport event) group among other athletes. In rhythmic gymnasts, the
correlations of femoral neck and lumbar spine BMD with IGF-1 and estradiol,
as well as femoral neck BMD and BMC with IGF-1/IGFBP-3 molar ratio,
remained significant even after adjusting for age, body height, and body mass
(Tables 5 and 6). Additional stepwise multiple regression analysis emphasised
the importance of IGF-1 and estradiol on femoral neck BMD and the
importance of IGF-1 alone on femoral neck BMC. In contrast, the whole-body
BMD did not correlate with the measured blood hormones. Snow et al. [2000]
reported IGF-1/IGFBP-3 molar ratio to be the most robust predictor of femoral
neck BMD and IGF-1 as a potential mediator of the muscle-bone relationship in
young women with different exercise patterns. Recently, in a one-year follow-
up study of high-training peripubertal female rhythmic gymnasts, the plasma
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IGF-1/IGFBP-3 molar ratio was found to be a strong and independent factor
influencing BMD gain at weight-bearing (proximal femur) and at less
mechanically solicited (lumbar spine and mid-radius) bone sites as well as at the
whole body [Maimoun et al. 2010].

Estradiol is not only a vital determinant for the development of the reproduc-
tive system, but also plays a significant role in bone formation. Wang et al.
[2006] suggests that estradiol inhibits bone resorption during rapid growth and
acts at higher concentrations to promote bone formation after menarche is
reached. In our study, serum estradiol levels had a significant correlation
(p<0.05) with both femoral neck (r=0.60) and lumbar spine (r=0.45) BMD only
in rhythmic gymnasts’ group. The same associations were revealed after
adjusting for age, body height, and body mass (Table 5). In the cross-sectional
study of healthy pubertal girls from Turkey emerged a relationship between the
levels of serum estradiol and BMD at lumbar spine [Yilmaz et al. 2005].
Although estradiol is positively associated with total volumetric BMD (g/cm’)
in pubertal girls, it was found to account for only 5.2% of the variance in total
volumetric BMD [Wang et al. 2004]. It appears that estradiol levels differ
between pubertal stages and increase with proceeding stages [Kanbur-Oksiiz et
al. 2004]. The lowest estradiol levels are associated with the lowest BMDs
[Voss et al. 1998]. Rhythmic gymnasts, who had the highest femoral neck BMD
among all athlete groups and controls, had the lowest estradiol levels (Table 4).
Probably their hypoestrogenism was partly compensated by engaging in
frequent high-impact loading [Fehling et al. 1995]. On the other hand, estradiol
levels in track sprinters were the highest among other athletes and controls,
although their BMD was found to be significantly greater only at lumbar spine,
and only compared with cross-country skiers (Table 4).

IGF-1 increases dramatically during puberty, augmented by the increasing
levels of sex hormones, and positively affects bone turnover by stimulating
osteoblasts proliferation and differentiation [Davies et al. 2005]. The relation-
ships of estradiol with serum IGF-1 levels and IGF-1/IGFBP-3 ratios were
previously revealed in Kanbur-Oksiiz et al. [2004] study. In the present study,
estradiol was found to correlate with IGF-1 and IGFBP-3 significantly only in
rhythmic gymnasts’ group. Correlations between estradiol and IGF-axis indicate
that increase in IGF-1 and IGFBP-3 may have affected the measured BMDs in
rhythmic gymnasts due to the increases in sex hormones.

The rhythmic gymnasts’ femoral neck BMD was the greatest among all the
groups in our study and this was to be expected since the previous studies have
shown gymnastics training to be beneficial to bone health in children and
adolescents [Courteix et al. 2001; Nurmi-Lawton et al. 2004]. In a cross-
sectional study of prepubescent girls, Scerpella et al. [2003] observed a dose-
dependent relationship between BMD and hours per week of gymnastics
activity. Although longer duration of gymnastics participation was associated
with greater total and regional BMD, even moderate doses of impact activity
were related to increase BMD [Scerpella et al. 2003]. Furthermore, Zanker et al.
[2004] reported that an elevated bone mass in female former gymnasts is
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retained during early adulthood, in spite of a cessation of training for up to 12
years. In a cross-sectional study of pubertal gymnasts, runners, and nonathletic
controls, Lehtonen-Veromaa et al. [2000] found that unadjusted mean value of
BMD at femoral neck was 15.2% higher in the pubertal gymnasts than in the
controls. Others imply that it is the strain per se that generates an adaptive
response of bone to loading [Rosen 2005]. The ground-reaction forces ge-
nerated in rhythmic gymnasts’ group was possibly related to this difference in
femoral neck BMD among other athletes and controls in the present study.

Running activities are also associated with higher BMD values [Drysdale et
al. 2007]. A cross-sectional study of elite adolescent female athletes specializing
in endurance events (cyclists, runners, swimmers, triathletes) found runners to
have higher BMD at femoral neck than swimmers and controls, and higher
BMD at lumbar spine than controls [Duncan et al. 2002]. Nevertheless,
gymnasts subject their skeletons to impact forces that are 3-4 times higher than
runners [Snow et al. 2000]. Our findings are consistent with those of a previous
study of collegiate runners, gymnasts and noncompetitive women, in which
gymnasts had significantly higher femoral neck BMD than runners [Snow et al.
2000].

Although swimming as a non-weight-bearing sport is considered to be
associated with lower BMD in athletes [Bellew and Gehrig 2006], the results of
another cross-sectional study contradicts this, suggesting that swimming
activities may be beneficial to bone properties as well [Falk et al. 2004]. The
quantitative ultrasound method was used to find that tibial speed of sound was
higher in non-elite female swimmers than in controls, indicating a possibility of
mechanical loads on the lower extremities (i.e. repeated pushing and pressing
against the wall at each turn during swimming training) to affect bone properties
other than density [Falk et al. 2004]. However, in the present study, using the
DXA method, no significant differences emerged in femoral neck and lumbar
spine BMD between swimmers, track sprinters and controls.

Although there were explicit differences among the groups concerning BMD
at femoral neck in Study II, these tendencies were not revealed when comparing
groups in regard to BMD at lumbar spine (the only exception being cross-
country skiers having significantly lower values than the girls of high-impact
activity groups — sport games, track sprint, thythmic gymnastics) (Table 4). The
whole-body BMD and BMAD were also similar among the groups. This could
be explained by the fact that skeletal response to the weight-bearing exercise is
site-specific. Numerous physical activity intervention trials, aiming to increase
BMD, have reported the most significant effects at the femoral neck. The reason
for this has been seen in the inclusion of different jumping exercises that
generate impact forces through the lower limbs and further create a greater
loading at the hip than at the spine [MacKelvie et al. 2002]. The greatest
increase in BMD among active exercisers occurs at the point of impact (i.e. the
hip) and is most pronounced in gymnasts rather than runners or walkers [Rosen
2005]. On the other hand, BMD is being accrued at different rates throughout
the skeleton, i.e. limb growth being completed before the growth of the axial
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skeleton [Bachrach 2001]. Before puberty, the same amount of mineral mass in
the legs is being accrued up to 40%, while in the spine — only 24% [Bass et al.
1999]. In our study, the rhythmic gymnasts were less mature (as indicated by
the distribution of Tanner stages and menarcheal age) than the other groups
(Table 3). It seems that the differences in BMD are related to the higher impact
associated with the rhythmic gymnastics training.

Some limitations of the current study (Study II) include a lack of dietary
information, the use of two-dimensional DXA technology, and the differences
in training history of the sports-practising girls. Due to the nature of the cross-
sectional data analysis, the cause and effect conclusions in the present study
could not be drawn. However, this is one of the largest cohorts of adolescent
female athletes with information regarding femoral neck and lumbar spine
BMD, BMC, IGF-1, IGFBP-3 and estradiol published to date.

In summary, this study demonstrated that femoral neck and lumbar spine
BMD correlated with IGF-1, IGF-1/IGFBP-3 molar ratio, and estradiol in
pubertal rhythmic gymnasts. No relationships were found between femoral neck
and lumbar spine BMD, IGF axis, and sex hormones in other athletes’ groups
(sport games, track sprint, swimming, and cross-country skiing). Only BMC at
femoral neck remained associated with IGF-1/IGFBP-3 molar ratio in rhythmic
gymnasts’ group after adjusting for age, body height, and body mass.

6.3. The relationships between bone parameters and
measured adipocytokines

The main finding of the current study (Study III) was that out of all adipocyto-
kines measured, leptin concentration was found to be the only one related to
bone mineral parameters and only in rhythmic gymnasts’ group. To our
knowledge, this is the first study investigating the relationships of visfatin with
bone mineral parameters in pubertal girls with different training patterns. To
date, the only study aiming to investigate the relationships of visfatin and bone
mineral found visfatin to be related with hip BMD but neither with lumbar spine
nor total body BMD in a population of Chinese men aged 20-80 [Peng et al.
2008]. The aforementioned association disappeared after adjusting for age and
fat mass [Peng et al. 2008].

On the other hand, the relationships of adiponectin and leptin with bone
metabolism have been studied more extensively. In a study of healthy female
adolescents, both adiponectin and leptin were related with total body BMD and
BMC: levels of adiponectin correlated negatively to total body BMD and BMC,
while leptin had a positive relationship [Huang et al. 2004 a]. Similarly, in the
current study, femoral neck and lumbar spine BMD and BMC were found to be
inversely related to adiponectin levels in the swimmers’ group, while femoral
neck and lumbar spine BMD and BMC were positively related to leptin con-
centration levels in the rhythmic gymnasts’ group. After age, body height, and
body mass adjustments were performed, the association between adiponectin
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and bone mineral in swimmers ceased to exist. Interestingly, girls from the
swimmers’ group had lower BMD and BMC; their adiponectin and insulin
concentration levels as well as insulin resistance were also lower (Table 8).
While decreased BMD and BMC values in swimmers may be sport-specific
[Misra 2008], it is difficult to explain the low levels of adiponectin in this
particular group. Ischander et al. [2007] has reported higher adiponectin levels
in physically active pubertal girls when comparing them with non-athletic
controls. It seems that adiponectin is a significant and independent contributor
of lumbar spine, femoral neck, and total body BMD in healthy adolescent girls
compared to the girls with anorexia nervosa [Misra et al. 2007]. Similarly, our
previous laboratory study revealed adiponectin to be an independent predictor
of BMD in healthy females [Jiirimde and Jiirimée 2007].

The relationship of leptin and bone mass is complex: leptin exerts opposite
effects on the skeleton, linking the changes in body composition with bone
formation and bone resorption [Hamrick and Ferrari 2008]. Correlation study by
Roemmich et al. [2003] failed to detect an independent relationship between
serum leptin concentrations and total body and regional BMC and BMD. A 4-
year follow-up of adolescent girls revealed that leptin deficiency is a primary
reason for delayed puberty and menarche in populations accustomed to a
negative energy balance, which can be caused by fasting and/or exercise
[Matkovic et al. 1997]. In a current study, higher training volume in the swim-
mers’ and rhythmic gymnasts’ groups that caused higher energy expenditure
may have influenced the relationships between adipocytokines and bone
mineral parameters. Track sprinters and rhythmic gymnasts in this study had the
lowest leptin levels, and their onset of menarche also occurred later (Tables 3
and 8). Rhythmic gymnasts’ femoral neck BMD was greater than in all other
groups even after adjusting for age, body height, and body mass; track sprinters’
lumbar spine BMD and BMC were greater than in the other athletes and
controls, but the difference was not significant (p>0.05) after adjusting for age,
body height, and body mass (Table 8). The results presented correspond with
the study by Munoz et al. [2004] in which leptin concentrations were found to
be lower and femoral neck BMD higher in adolescent rhythmic gymnasts when
compared to controls. Courteix et al. [2007] reported leptin concentrations of
rhythmic gymnasts to be as low as those observed in anorectic subjects;
nevertheless, the BMD and BMC values in gymnasts were greater than in
controls, concluding that physical activity counterbalanced the negative effect
that low fat mass and leptin deficiency has on bone.

We established no differences in visfatin levels between the girls spe-
cializing in different sports and non-athletic controls (Table 8). Higher
adiponectin and lower leptin and visfatin levels emerge in lean subjects [Jin et
al. 2008]. In a study of healthy adolescent girls, lower leptin and higher
adiponectin levels were found in a physically active group when compared to
sedentary controls [Ischander et al. 2007]. In our study, the levels of adiponectin
were found to be significantly lower in cross-country skiers when compared to
track sprinters and controls (after adjusting for age, body height, and body
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mass); leptin concentration was lower in track sprinters and rhythmic gymnasts
when compared to the other groups, but the difference after adjustment was not
significant (p>0.05) (Table 8). Furthermore, track sprinters had significantly
higher adjusted insulin and glucose levels as well as greater insulin resistance
when compared to all other groups, except for cross-country skiers, suggesting
that insulin plays a primary role in bone formation, acting as an anabolic agent
in bone, preserving and increasing BMD and bone strength [Thrailkill et al.
2005]. We speculate that greater insulin resistance may partly explain the
absence of the relationships between measured bone mineral parameters and
blood hormones (including adipokines, insulin and HOMA) in track sprinters.

In our study, leptin correlated with bone mineral parameters and insulin
resistance in the rhythmic gymnasts’ group. Our finding supports the previously
published studies reporting that leptin levels are associated with plasma insulin,
independent of body fat in healthy children [Romon et al. 2004] and with
insulin resistance in non-diabetic adolescents [Huang et al. 2004 b]. Moreover,
insulin also plays an important role in maintaining normal bone mass [Misra et
al. 2007], suggesting that the leptin relationship found with bone mineral
parameters could be caused by the insulin effect. However, the correlations
between leptin and bone mineral parameters in this group were significant after
controlling for insulin resistance values, allowing us to conclude that leptin has
an independent effect on bone formation.

In summary, our study demonstrates that selected adipocytokines were
differently associated with bone mineral parameters in adolescent female
athletes. Visfatin was not associated with femoral neck and lumbar spine BMD
and BMC in healthy pubertal girls with different training patterns. Adiponectin
was inversely related with BMD and BMC in adolescent swimmers, but the
relationship did not prove to be significant after controlling for age, body
height, and body mass. Leptin was significantly correlated with BMD and BMC
of femoral neck and lumbar spine in rhythmic gymnasts even after adjusting for
major confounders. We conclude that from all adipocytokines measured, only
leptin positively correlated with femoral neck and lumbar spine BMD and
femoral neck BMC in rhythmic gymnasts’ group.
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7. CONCLUSIONS

1. Repeated jumping tests (RJ15s and RJ30s) characterize bone development
better than a single maximal jump test (CMJ) in representatives of high-
impact sport events (sport games and rhythmic gymnastics). Significant
relationships were absent in representatives of low-impact sport events
(swimming, cross-country skiing) and controls.

2. Femoral neck and lumbar spine BMD correlated with IGF-1, IGF-1/IGFBP-
3 molar ratio, and estradiol only in rhythmic gymnasts. No significant
relationships were found between bone parameters and studied hormones in
other athletes’ groups.

3. Leptin is the only adipocytokine from those measured which correlates to

femoral neck and lumbar spine BMD and femoral neck BMC in rhythmic
gymnasts’ group.
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SUMMARY IN ESTONIAN

Luuparameetrite seos lileshiippe korguse ning
hormonaalsete nditajatega puberteediealistel
tiitarlastel-sportlastel

Viimastel aastatel on osteoporoosi profiilaktikaks jérjest rohkem hakatud soovi-

tama kehalist aktiivsust, eriti hiippelise iseloomuga koormuste rakendamist. On

tdheldatud, et nende spordialade esindajatel, kus kasutatakse palju hiippeid

(voimlemine, sportméingud) on luude tihedus suurem. Luude kaalu suurenemise

ning luukoe mineraliseerumise protsess toimub véga kiiresti puberteediperioo-

dil, mil luukude on eriti tundlik hiippelise suunitlusega treeningutele, samuti

toimuvad sel perioodil suured hormonaalsed muutused. Uurimist6ds piistitati

jargmised hiipoteesid:

1. Luude tihedus on usutavalt seotud sportlase hiippevoimega spordialadel, kus
kasutatakse palju hiippeid (néiteks sportméngud ja voimlemine).

2. Erinevate spordialade treeningute spetsiifika avaldab erinevat moju puhke-
oleku hormoonide kontsentratsioonile (eriti IGF-1, IGFBP-3 ja estradiool)
ning mitmetele luuparameetritele.

3. Vere visfatiini, adiponektiini ja leptiini sisaldus on usutavalt seotud luu-
parameetritega erinevate spordialade puberteediealistel tiitarlastel.

Uurimistdo hiipoteeside lahendamiseks piistitati jargmised iilesanded:

1. Leida seoseid iileshiippe korguse ja luutiheduse vahel selja nimmeliilides
(L2-L4) ja reieluu kaelal erinevaid spordialasid harrastavatel puberteedi-
ealistel tiitarlastel.

2. Uurida seoseid luumarkerite ja IGF-1, IGFBP-3 ning estradiooli kontsentrat-
sioonide vahel noorsportlastel.

3. Adipotsiitokiinide visfatiini, adiponektiini ja leptiini seoste leidmine luupara-
meetritega erinevate spordialade esindajatel.

Uuritavateks olid 13-15-aastased erineva kehalise aktiivsuse tasemega puber-
teediealised tiitarlapsed, kes jagunesid jargmistesse gruppidesse: sportméngijad
(korvpall, vorkpall, sulgpall) (n=56 esimeses uuringus ning n=49 teises ja
kolmandas uuringus), sprinterid (n=25 ja n=24), voimlejad (n=29 ja n=23),
ujujad (n=32 ja n=24), murdmaasuusatajad (n=17 ja n=17). Kontrollgrupi (n=43
jan=33) moodustasid samaealised tiitarlapsed, kes osalesid ainult kooli kehalise
kasvatuse tundides kaks korda nédalas.

Uuritavatel moddeti keha pikkus ja kaal ning arvutati kehamassiindeks.
Bioloogilist vanust hinnati Tanneri skaala alusel (Tanner 1962) ning neid kiisit-
leti menstruatsiooni olemasolu kohta. Koik luuparameetrid (luude tihedus ja
kaal L2-L4 selgrooliilidel ja reieluu kaelal) méérati DXA meetodil. Paigalt iiles-
hiippe kdrgust méérati spetsiaalse hlippemati abil. Kasutati ihekordse iileshiippe
korgust ja keskmist iileshiipete korgust 15- ja 30-sekundilise testi kestel.
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Vereseerumis maérati estradiooli, IGF-1, IGFBP-3, visfatiini, adiponektiini ja
leptiini kontsentratsioon.

Uuringust tehti jirgmised jareldused:

1. Reieluu kaela luutihedus on mehaanilistele koormustele tundlikum kui L2-
L4 selgrooliilide tihedus. Pikemaajaliste hiippetestide tulemused on paremini
seotud luu parameetritega kui iithekordse iileshiippe korgus.

2. Usutav seos nii reieluu kaela kui ka selgrooliillide L2-L4 luutiheduse ja
estradiooli ning IGF-1/IGFBP-3 molaarse suhte vahel saadi ainult voimlejate
grupis.

3. Uuritud adipotsiitokiinidest korreleerub ainult leptiin usutavalt luutiheduse ja
luu kaaluga reieluu kaelal ja L2-L4 selgrooliilides voimlejate grupis.

48



ACKNOWLEDGEMENTS

My deepest gratitude goes to:

my academic supervisor Professor Dr. Toivo Jiirimde for all the advice,
support and patience throughout the process;

Professor Dr. Jaak Jiirimée for good and enlightening advice;

Assoc. Professor Dr. Vida Volbekiené for the provided opportunity to begin
this thesis and whose faith in me made it possible to exceed my own limits;
Professor Dr. Albertas Skurvydas for the encouragement and inspiration to
do research;

Assoc. Professor Dr. Danguolé Satkunskiené for moral support throughout
the process;

Dr. Kersti Sulg for conducting the medical procedures;

Drs. Katre Maasalu and Maive Margus for conducting excellent DXA
analyses;

all the subjects who were kind enough to participate in this study;

dear colleagues and friends Dr. Meeli Saar, Dr. Jarek Méestu, Dr. Priit
Purge, Ms. Margit Méagimets, Ms. Evelin Latt, Dr. Arinas Emeljanovas, Dr.
Renata Rutkauskaité, Ms. Edita Maciulevi¢iené, Ms. Catherine Passariello,
and Ms. Herje Aibast for providing the support on numerous and various
occasions;

my family: my mother for being the inspiring example of life-long learning;
my father for taking over all the responsibilities of taking care of my son
while his mom was away for the studies and research; and finally, my dear
son Augustinas for being the sunshine of my life.

This study was supported by Grant TKKSP 0489 from the Estonian Ministry of
Education and Science.

49






PUBLICATIONS



Date fo birth:
Citizenship:
E-mail:

2006-2010
1995-1997

1991-1995

2008-
20062008
2006
1998-2000

1995-1997

2007 June

2006 April

CURRICULUM VITAE

Rita Gruodyteé

12 November 1973
Lithuanian
ritag@ut.ee; r.gruodyte@lkka.lt

Educational Career

Doctoral study, Faculty of Exercise and Sport Sciences,
University of Tartu, Estonia

MSc, Faculty of Social Sciences, Vytautas Magnus University,
Kaunas, Lithuania

BSc, Faculty of Pedagogy, Lithuanian State Institute of
Physical Education (now Lithuanian Academy of Physical
Education), Kaunas, Lithuania

Professional Career

Lecturer, Department of Physical Education and Gymnastics,
Lithuanian Academy of Physical Education, Kaunas, Lithuania
Assistant, Department of Physical Education, Lithuanian
Academy of Physical Education, Kaunas, Lithuania
Administrator, Department of Physical Education, Lithuanian
Academy of Physical Education, Kaunas, Lithuania

Senior aerobics instructor, Sabonis Sport Club ,,World Class”,
Kaunas, Lithuania

Assistant, Department of Sport, Vytautas Magnus University,
Kaunas, Lithuania

Special Courses

International Summer School for PhD students, Piihajarve,
Estonia

Level 1 Technical Anthropometry course of the International
Society for the Advancement of Kinanthropometry (ISAK),
Tartu, Estonia

Main Research Interests

Pediatric Endocrinology — Kinanthropometry — Coaching Science

79



Siinniaeg:

CURRICULUM VITAE

Rita Gruodyte

12. november 1973

Kodakondsus: Leedu

E-post:

2006-2010
1995-1997

1991-1995

2008-
20062008
2006
1998-2000

1995-1997

2007 juuni
2006 aprill

ritag@ut.ee; r.gruodyte@lkka.lt

Haridustee

Doktoridpe, Tartu Ulikooli kehakultuuriteaduskond, Eesti
Magistridpe, Vytautas Magnuse Ulikooli sotsiaalteaduskond,
Kaunas, Leedu

Bakalaureusedpe, Leedu Riikliku Kehakultuuriinstituudi
pedagoogikateaduskond (praegu Leedu Kehakultuuri-
akadeemia), Kaunas, Leedu

Tookogemus

Lektor, Leedu Kehakultuuriakadeemia kehalise kasvatuse ja
voimlemise osakond, Kaunas, Leedu

Assistent, Leedu Kehakultuuriakadeemia kehalise kasvatuse
osakond, Kaunas, Leedu

Sekretir, Leedu Kehakultuuriakadeemia kehalise kasvatuse
osakond, Kaunas, Leedu

Aeroobika vaneminstruktor, Sabonise Spordiklubi

,,World Class”, Kaunas, Leedu

Assistent, Vytautas Magnuse Ulikooli spordiosakond,
Kaunas, Leedu

Erialane enesetidiendus

Rahvusvaheline doktorantide suvekursus, Piihajarve, Eesti
Level 1 Technical Anthropometry course of the International
Society for the Advancement of Kinanthropometry (ISAK),
Tartu, Eesti

Peamised uurimisvaldkonnad

Laste endokrinoloogia — Kinantropomeetria — Treeningudpetus

80



10.

11.

12.

13.

14.

15.

16.

DISSERTATIONES KINESIOLOGIAE
UNIVERSITATIS TARTUENSIS

Lennart Raudsepp. Physical activity, somatic characteristics, fitness and
motor skill development in prepubertal children. Tartu, 1996, 138 p.

Vello Hein. Joint mobility in trunk forward flexion: methods and evalua-
tion. Tartu, 1998, 107 p.

Leila Oja. Physical development and school readiness of children in
transition from preschool to school. Tartu, 2002, 147 p.

Helena Gapeyeva. Knee extensor muscle function after arthroscopic
partial meniscectomy. Tartu, 2002, 113 p.

Roomet Viira. Physical activity, ecological system model determinants and
physical self-perception profile in early adolescence. Tartu, 2003, 167 p.
Ando Pehme. Effect of mechanical loading and ageing on myosin heavy
chain turnover rate in fast-twitch skeletal muscle. Tartu, 2004, 121 p.

Priit Kaasik. Composition and turnover of myofibrillar proteins in vo-
lume — overtrained and glucocorticoid caused myopathic skeletal muscle.
Tartu, 2004, 123 p.

Jarek Miestu. The perceived recovery-stress state and selected hormonal
markers of training stress in highly trained male rowers. Tartu, 2004,
109 p.

Karin Alev. Difference between myosin light and heavy chain isoforms
patterns in fast- and slow-twitch skeletal muscle: effect of endurance
training. Tartu, 2005, 117 p.

Kristjan Kais. Precompetitive state anxiety, self-confidence and ahtletic
performance in volleyball and basketball players. Tartu, 2005, 99 p.

Aire Leppik. Changes in anthropometry, somatotype and body compo-
sition during puberty: a longitudinal study. Tartu, 2005, 161 p.

Jaan Ereline. Contractile properties of human skeletal muscles: As-
sociation with sports training, fatigue and posttetanic potentiation. Tartu,
2006, 133 p.

Andre Koka. The role of perceived teacher feedback and perceived
learning environment on intrinsic motivation in physical education. Tartu,
2006, 137 p.

Priit Purge. Performance, mood state and selected hormonal parameters
during the rowing season in elite male rowers. Tartu, 2006, 101 p.

Saima Kuu. Age-related contractile changes in plantarflexor muscles in
women: associations with postactivation potentiation and recreational
physical activity. Tartu, 2006, 101 p.

Raivo Puhke. Adaptive changes of myosin isoforms in response to long-
term strength training in skeletal muscle of middle-aged persons. Tartu,
2006, 99 p.

81



17.

18.

19.

20.

21.

22.

23.

24.

25.

Eva-Maria Riso. The effect of glucocorticoid myopathy, unloading and
reloading on the skeletal muscle contractile apparatus and extracellular
matrix. Tartu, 2007, 114 p.

Terje S66t. Bone mineral values in young females with different physical
activity patterns: association with body composition, leg strength and
selected hormonal parameters. Tartu, 2007, 94 p.

Karin Tammik. Neuromuscular function in children with spastic diplegic
cerebral palsy. Tartu, 2007, 102 p.

Meeli Saar. The relationships between anthropometry, physical activity
and motor ability in 10—17-year-olds. Tartu, 2008, 96 p.

Triin Pomerants. Ghrelin concentration in boys at different pubertal sta-
ges: relationships with growth factors, bone mineral density and physical
activity. Tartu, 2008, 80 p.

Tatjana Kums. Musculo-skeletal function in young gymnasts: association
with training loads and low-back pain. Tartu, 2008, 128 p.

Maret Pihu. The components of social-cognitive models of motivation in
predicting physical activity behaviour among school students. Tartu, 2009,
116 p.

Peep Pill. Physical activity and motor skill development in children.
Tartu, 2009, 102 p.

Milvi Visnapuu. Relationships of anthropometrical characteristics with
basic and specific motor abilities in young handball players. Tartu, 2009,
114 p.



	pub-id.pdf
	Study 2_Gruodyte et al. JBMM 2010.pdf
	The relationships among bone health, insulin-like growth factor-1 and sex hormones in adolescent female athletes
	Abstract
	Introduction
	Methods
	Subjects
	Anthropometry and sexual maturation
	Bone mineral density
	Blood analysis
	Statistical analysis

	Results
	Measured variables
	Relations of BMDs to IGFs and sex hormones
	Relations of BMC to IGFs and sex hormones

	Discussion
	References






