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Summary 

In children and adolescents, bone modeling and remodeling is highly active in order to expand 

bone in length and width, to increase bone mass, and to maintain bone shape. Although bone 

mass acquisition is relatively slow throughout childhood, with the onset of puberty and the 

growth spurt of height in adolescence the rate of bone mineral accumulation increases, 

reaching a peak bone mass shortly after a peak height. The peak bone mass is an important 

predictive factor of osteoporosis in the later life due to the bone loss during ageing. Except for 

genetic factors, there is an estimated 20 to 40% of the peak bone mass variation contributed to 

modifiable factors e.g., mechanical loading, physical activity, sedentary behavior, sleep and 

nutritional factors. However, we are only beginning to identify the specific dimensions and 

doses of these modifiable factors needed for the short-term and long-term beneficial effects on 

bone health. The lack of longitudinal epidemiological studies and the conflicting results in the 

intervention studies among healthy pediatric populations limit our knowledge. Hence, the 

present thesis aims to provide a better understanding on the associations between physical 

activity, sedentary behavior, sleep, nutrition and bone health in children and adolescents.  

The present thesis is based on the data from the IDEFICS/I.Family cohort including children 

and adolescents aged 2 to 15 years from eight European countries. Three examination waves 

with repeated measurements were conducted in 2007/2008, 2009/2010 and 2013/2014. In the 

subgroups, bone stiffness index was measured using calcaneal quantitative ultrasound (QUS) 

in all examination waves, serum bone formation marker osteocalcin was analyzed using 

chemiluminescence assays in the first examination wave while serum bone resorption marker 

C-terminal telopeptides of type I collagen was analyzed in the first and third examination 

waves. Calcaneal QUS as a validated method to estimate bone health is becoming popular in 

pediatric populations since it is non-radiating, quick and cost-effective. The measured 

parameters of broadband ultrasound attenuation and speed of sound, as well as the derived 

stiffness index are related to bone mass and bone structural properties. Meanwhile, bone 

resorption and formation markers have been suggested to be sensitive to the changes in 

environmental factors, hormone levels and treatments. Therefore, stiffness index, osteocalcin 

and C-terminal telopeptides of type I collagen were considered as bone health outcomes. 
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Body composition in terms of fat mass and fat free mass was derived from objectively 

measured skinfold thickness. Weight status was estimated from objectively measured body 

height and weight by calculating body mass index z-scores and cut-offs. Physical activity and 

sedentary behavior were measured using both self-administrated questionnaires and 

accelerometers. Sleep duration and quality were evaluated using questionnaires. Consumption 

frequency of dairy products and usual calcium intake were collected using food frequency 

questionnaires and 24h-dietary recalls, respectively. Serum 25-hydroxyvitamin D was 

analyzed using chemiluminescence assays. Linear mixed-effect models were used with 

adjustments for a cluster effect of country and potential confounders. The major findings were 

presented and discussed in four published or submitted original papers, final sample sizes that 

varied in each paper depended on the analysis strategies for different research questions. 

First, the longitudinal results indicated a positive relationship between fat free mass and 

stiffness index during growth. Specifically, baseline fat free mass was observed to predict 

two-year and six-year changes in stiffness index, and six-year changes in fat free mass was 

also positively associated with change in stiffness index. Meanwhile, the association between 

six-year changes in fat mass and stiffness index differed by sex and pubertal status, suggesting 

an inverse association in boys and girls before menarche, but a positive association in girls 

after menarche (Lan Cheng, et al., Bone. 2019).  

Second, objectively measured moderate-to-vigorous physical activity (MVPA) was positively 

associated with the increase of stiffness index over two years and six years of follow-up. 

These results were supported by the comparable albeit weaker positive associations between 

self-reported time spent at sports clubs and stiffness index. However, the inverse associations 

between screen time as a surrogate for sedentary behavior and stiffness index depended on 

weight status. Specifically, the cross-sectional association between weekly duration of 

watching TV and stiffness index was observed to be inverse only in thin/normal weight group. 

Both baseline and two years change in weekly duration of watching TV, and six years change 

in weekly duration of playing computer/games were inversely associated with corresponding 

changes in stiffness index in the overweight/obese group (Lan Cheng, et al., Int J Behav Nutr 

Phys Act. 2020).  
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Third, the association between sleep and stiffness index was analyzed using data from two 

follow-up examination waves with the interval of approximately four years. Total sleep 

duration was calculated and further classified into short, adequate and long based on the 

recommendation from the National Sleep Foundation. Poor sleep quality was estimated by 

reporting either having trouble to get up in the morning, or having difficulty to fall asleep, or 

have no regular bedtime routine. The positively cross-sectional associations between 

nocturnal sleep duration, daytime napping and stiffness index were only observed in 

participants with adequate sleep duration. After four years of follow-up, the positive 

association between daytime napping and stiffness index was more pronounced in participants 

with short sleep duration. Moreover, long-term detrimental effect of extreme sleep duration 

(short or long) on stiffness index only existed in participants with poor sleep quality (Lan 

Cheng, et al., Osteo Int. 2020).  

At last, only cross-sectional analyses were conducted in the associations between vitamin D, 

bone turnover markers and stiffness index using merged datasets based on the first and third 

examination waves. Serum 25-hydroxyvitamin D, calcium intake and dairy products 

consumption were observed to be inversely associated with bone resorption marker but not 

formation marker. MVPA modified the association between 25-hydroxyvitamin D and 

stiffness index, suggesting that serum 25-hydroxyvitamin D no less than 20 ng/ml would be a 

protective factor for calcaneal stiffness index only if children met the MVPA guideline of one 

hour MVPA per day on average (Lan Cheng, et al., Am J Clin Nutr. submitted).  

In summary, the present cumulative thesis provides a comprehensive understanding on the 

associations between lifestyle-related factors and bone health indicators in children and 

adolescents. Future prevention and intervention studies with regard to improving childhood 

bone health should put emphasis on promoting sufficient MVPA, maintaining adequate sleep 

duration and calcium intake, and improving consumption frequency of dairy products. Some 

bone health determinants in specific groups i.e. excess fat mass in boys and pre-pubertal girls, 

long screen time in overweight/obese children, and insufficient vitamin D level in inactive 

children particularly need attention. 
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1 Introduction 

1.1 Bone anatomy and histology 

Bone is the dynamic and complex organ in the skeletal system; it is characterized by its 

rigidity, flexibility and strength, as well as power of growth, repair and regeneration (1, 2). In 

the human, there are approximately 270 bones at birth, but many of these merge together 

during development, leaving a total of 206 individual bones in the adult (3). The bones not 

only support the body, facilitate movement, and protect the vital organs, but also serve as 

multiple important roles e.g., environment for bone marrow, mineral storage for calcium and 

phosphorus homeostasis, reservoir of growth factors and cytokines, and taking part in 

acid-base balance (1).  

Bones have a variety of shapes and sizes as well as complex external and internal structures. 

There are five types of bones classified by their shapes: long, short, flat, irregular, and 

sesamoid. At the macroscopic level, the external surface of the bone is covered with a fibrous 

membrane called the periosteum, which contains rich blood vessels, lymphatic vessels and 

nerves. The deep or cambium layer of periosteum is populated with highly osteogenic cells 

contributing to bone metabolism, growth and repair. Bone tissues can be divided into two 

types: cortical bone and trabecular bone, their distribution and concentration vary 

depending on specific regions. In general, cortical bone, which is also called compact bone, 

is under the periosteum and forms the dense and hard outer layer of bones. It can withstand 

compressive forces, and comprises 80% of bone mass of an adult human skeleton. 

Trabecular bone, which is also called cancellous bone or spongy bone, is the interior tissue 

or found at the ends of long bones and near joints with an open cell porous network called 

trabeculae. It can support load by redirecting stresses, and comprises the remaining 20% of 

bone mass but has nearly ten times the surface area compared to cortical bone. Trabecular 

bone is embedded with a connective tissue membrane called the endosteum, which is a 

discontinuous layer of osteogenic cells, and often contains red bone marrow where 

hematopoiesis occurs. It is also important for the regulation of calcium exchange between 

bone and the extracellular fluid compartment (1-3). 
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At the microstructural level, bone tissue is mainly composed of bone matrix with entrenching 

a relatively small number of bone cells. Bone matrix consists of inorganic and organic 

components. The inorganic portion is mainly made up of calcium and phosphate in the form 

of hydroxyapatite crystal, giving bones their stiffness, hardness and strength. The organic 

portion mainly consists of cross-linked type I collagen to give bones their resilience, ductility 

and flexibility so that they do not become brittle. There are four types of cells within bone 

tissues: osteogenic cells, osteocytes, osteoblasts, and osteoclasts. Osteogenic cells (stem cell) 

from the deep layer of the periosteum, endosteum and bone marrow can differentiate into 

mature and active osteoblasts, which are responsible for bone formation. Osteoblasts produce 

bone matrix by synthesizing the collagen fibers and facilitating the mineral deposition. After 

secreting enough matrixes surrounding the osteoblasts within the ossification centers, some of 

them change into osteocytes. Osteocytes are the most abundant cells in the bone tissue; they 

can induce endocrine processes in response to mechanical and hormonal changes in bone. 

Osteoclasts originating from white blood cells are responsible for bone resorption. Even 

though these bone cells only compose a small amount of the bone volume, they are crucial to 

the process of bone modeling and remodeling (4, 5). 

1.2 Bone growth, modeling and remodeling 

Skeletal development begins during the embryonic stage and continues into the late second or 

early third decade of life until bone maturation (6). There are two distinct processes in the 

bone development: intramembranous ossification and endochondral ossification. These modes 

of development are differentiated depending on which ossification is initiated and which cells 

produce the matrix. Briefly, the process of intramembranous ossification refers to when 

osteogenic cells differentiate directly into osteoblasts to produce bone matrix. This process 

mainly occurs during fetal development and results in the formation of flat bones. 

Endochondral ossification is the process when osteogenic cells differentiate into 

chondroblasts to form chondrocytes and hyaline cartilage templates. The membrane that 

covers the cartilage (perichondrium) is replaced by periosteum over time, and the cartilage is 

also gradually replaced by mineralized bone tissue after the death of chondrocytes (7, 8). 
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Bone modeling is the most prominent activity during growth, it primarily serves to expand 

bone in length and diameters, to increase bone mass, and to maintain bone shape (9). For a 

typical long bone in growing children, it consists of a diaphysis or shaft forming the long axis, 

epiphyses at two ends, and an epiphyseal plate (or growth plate) in between them. The 

longitudinal growth is dependent on the epiphyseal plate via endochondral ossification: the 

cartilage is formed on the epiphyseal side while the cartilage is ossified on the diaphyseal side. 

The continuous formation and ossification promote the diaphysis grow in length, and this 

process lasts until early adulthood (approximately 18 to 21 years old) when the epiphyseal 

plate becomes ossified as an epiphyseal line (10). Simultaneously, the radial growth of bones 

undergoes: osteoclast-mediated bone resorption lines the marrow cavity and establishes 

cortical and trabecular architecture, while osteoblast-mediated bone formation beneath the 

periosteum makes the bone thicker via intramembranous ossification. The continuous bone 

building and breaking down increase the diameter of both diaphysis and marrow cavity, and 

this process can continue even after longitudinal growth ceases (2, 3, 7, 8). The rate of bone 

modeling is highest during growth and then slows down during adulthood. 

Bone remodeling is initiated by the activity of osteoblasts and osteoclasts to replace old bone 

matrix, repair small defects and renew skeleton, resulting in maintaining or slightly 

decreasing bone mass (9). In contrast to bone modeling with bone matrix resorbed on one 

surface and deposited on another, resorption and formation of remodeling occur on the same 

surface. The rate of bone remodeling is very high during growth and then slowly decreases 

until peak bone mass is attained. In adulthood, 5% to 10% of the skeleton is remodeled 

annually even without injury or exercise. Each complete remodeling cycle from the time of 

osteoclast-mediated bone resorption to the time that osteoblasts finish producing bone matrix 

takes about four to six months (2, 7).  

1.3 Bone health assessment in pediatrics  

The concept of bone health is generally defined by bone strength and metabolism (11). The 

strength of the bone depends on bone mass, bone geometry and architecture, which are 

normally measured by densitometry techniques e.g., the dual energy X-ray absorptiometry 
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(DXA), quantitative computed tomography (QCT) and quantitative ultrasound (QUS) (12). 

The biochemical markers of bone formation and resorption representing bone metabolism can 

be measured in the blood and urine (13). These measurement techniques capture different 

aspects of bone health and have their own strengths and limitations. 

Clinically, DXA is the most recommended tool to monitor bone health in childhood because 

of its speed, low-ionizing radiation dose, and robust pediatric reference data. As a 

2-dimensional densitometry technique, it primarily measures areal bone mineral density 

(aBMD, g/cm2), bone mineral content (BMC, g) and bone area (cm2) (14). According to the 

2013 Pediatric Position Development Conference of the International Society for Clinical 

Densitometry, the preferred skeletal sites for DXA assessment in children are the lumbar spine 

and total body less head, while the assessment at other skeletal sites e.g., the forearm, the 

femoral neck, the proximal and distal femur should be carefully interpreted for monitoring 

and fracture prediction (15). Nevertheless, DXA measurements are size-dependent, which 

means that even if volumetric bone density is identical in children, the value of aBMD will be 

lower in children with smaller bones while higher in children with larger bones (14, 16). 

Besides, DXA-derived aBMD only provides integrated measures of cortical and trabecular 

bone, and it only explains about 60 to 70% of the variance in bone strength due to the lack of 

structural information (17). 

QCT as a newer 3-dimensional densitometry technique is primarily used for research rather 

than clinical conditions. Compared to DXA-derived aBMD, it not only provides a true 

volumetric BMD (vBMD, mg/cm3), which is less influenced by growth, but also separately 

evaluates the trabecular and cortical compartments (14). Moreover, it can capture bone 

parameters of geometry (e.g., cross-sectional area of bone, cortical and trabecular thickness, 

periosteal and endosteal circumference) and/or microarchitecture (e.g., bone volume ratio, 

trabecular number and cortical porosity), those can be used to calculate estimates of 

biomechanical bone strength (14, 18). There are mainly three types of QCT devices: central 

QCT is used for whole body scan, the most commonly scanned sites are the lumbar spine (L1 

to L3), mid femoral shaft and the tibia; peripheral QCT is only applied to peripheral skeletal 

sites such as the radius, the tibia and mid femur, and these measurements are obtained at much 
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lower cost and radiation exposure than central QCT; high-resolution peripheral QCT has 

higher spatial resolution compared to standard peripheral QCT, which additionally allows it to 

assess the microarchitecture, and to accurately evaluate bone strength (19). In spite of the 

advantages of QCT devices, the availability is problematic in healthy pediatric population 

because of their high cost, ionizing radiation dose, and the paucity of reference data.  

QUS measurements are based on the ultrasound wave passing through the specified region of 

interest: the speed of sound (SOS, m/s) represents the velocity of sound traveling through the 

bone; the broadband ultrasound attenuation (BUA, dB/MHz) represents the energy of sound 

absorbed by the bone; and the bone stiffness index is calculated from the SOS and BUA based 

on the equation of stiffness index = (0.67 * BUA) + (0.28 * SOS) - 420 (20). It has been 

suggested in vitro and vivo studies that QUS parameters are related to BMD, bone 

microarchitecture and mechanical parameters, with the reduced values indicating lower bone 

stiffness and higher fracture risk (21). QUS devices are mainly applied on peripheral skeleton 

sites such as the calcaneus, the radius, the phalanges, the patella and the tibia. However, the 

calcaneus is the only recommended measured site for clinical applications with regard to 

fracture risk assessment according to the 2007 Pediatric Position Development Conference of 

the International Society for Clinical Densitometry (22). The calcaneal bone consists of 90 % 

trabecular bone, which is generally more metabolically active than cortical bone and thus 

more sensitive to the changes in BMD. Moreover, the calcaneus has little surrounding soft 

tissue, and also reflects the mechanical loading of body weight. In children and adolescents, 

the comparison of calcaneal QUS-derived stiffness index with DXA-derived aBMD at the 

calcaneus, hip or spine reported strong correlations of 0.4 to 0.7 (23-26). Besides, QUS 

devices are cost-effective, portable and non-radiating; these characteristics make them more 

and more popular in large-scale epidemiological studies particularly among pediatric 

populations. However, because of the poor knowledge on specific bone properties reflected by 

QUS devices, their application in clinic and research remains controversial (21).  

Biochemical markers of bone turnover are enzymes and non-enzymatic peptides from cellular 

activities of osteoblasts and osteoclasts. Practically, bone formation markers include products 

secreted by osteoblasts during bone matrix formation (e.g., bone-specific alkaline phosphatase 
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and osteocalcin) and fragments of collagen cleaved during collagen synthesis (e.g., amino- 

and carboxy-terminal propeptide of procollagen type I). Bone resorption markers include 

mature collagen fragments released from the bone matrix (e.g., C- and N-terminal 

cross-linked telopeptides of type I collagen) and the enzyme secreted by osteoclasts (e.g., 

tartrate-resistant acid phosphatase type 5b isoform) during resorption (27). In adults, bone 

turnover markers reflecting bone remodeling have been reported as independent risk factors 

for osteoporosis and fracture (28). However, clinical significance of bone turnover markers in 

children and adolescents is controversial, since they simultaneously represent not only 

homeostatic remodeling but also modeling and linear growth of the skeleton (29). Besides, 

evidence regarding the relationship between bone turnover markers and bone physical 

properties with regard to bone mass and architecture also remains unclear. Generally, 

consistent but relatively weak inverse correlations have been reported between bone turnover 

markers and DXA-derived bone mass, and these correlations were observed at different 

skeletal sites, sex groups and pubertal stages with varied bone turnover markers (30-32). 

However, some longitudinal studies observed contradicting results, suggesting serum levels of 

bone turnover markers positively predicted subsequent DXA-derived aBMD or BMC at 

follow-up (33-35). Few studies investigated the relationship between bone turnover markers 

and CT-derived bone structural parameters: a two-year treatment study in children with 

secondary osteoporosis observed reduced level of osteocalcin and alkaline phosphatase along 

with increased second metacarpal cortical thickness and improved vertebral morphometry 

(36). Another cross-sectional study suggested that bone formation markers were inversely 

related to the material density of bone, while bone resorption markers were inversely related 

to the volume of bone (37).  

1.4 Growth trajectories and reference values of bone health indicators 

Skeletal growth is mainly modulated by genetic factors and follows age-, sex- and 

race-specific patterns (6, 38, 39). Evidence from studies in twins and families shows an 

estimated 60% to 80% of the variability in peak bone mass attributes to heritability, while the 

remaining 20% to 40% is influenced by hormone levels and environmental factors (40, 41). 

The process of skeletal development is uneven across the life span with three critical periods 
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of accelerated growth during fetal, infancy and puberty (42). Even though bone mass 

acquisition is relatively slow during childhood, numerous prospective studies have 

demonstrated that aBMD tracks strongly from childhood through adolescence, with 

correlations ranging from 0.5 to 0.9 depending on different skeletal sites and follow-up 

durations (43, 44). After the height, bone mass and other skeletal dimensions achieve the adult 

size, and the skeleton continues to change over the subsequent decades with an inexorable 

age-related loss of both cortical and cancellous bone (45). Hence, optimizing bone health in 

childhood and adolescence is critical for preventing osteoporosis fracture in later life. 

The amount of bone mineral acquired and the skeletal growth in the longitudinal axis from 

birth to adulthood are highly coordinated (39). Both of them predominate over the first two 

decades of life, but they do not occur at the same pace. Evidence from a longitudinal study 

suggests that children at age 7 years had obtained 69.5% to 74.5% of maximal observed 

height but only 29.6% to 38.1% of maximal observed whole body BMC (39). With the onset 

of puberty and the growth spurt in height, bone mineral accretion accelerates and reaches a 

peak after the closure of epiphyseal growth plates. It has been suggested that the peak height 

velocity occurs at approximately 13 years in boys and 11 years in girls, preceding the peak 

acquisition rates of whole body BMC by about seven months (39, 46, 47). Over the whole 

adolescent period, nearly half of peak bone mass is acquired. Another 7% to 11% of adult 

total BMC is accrued after linear growth ceases (39). The bone area plateaus one to two years 

earlier than BMC, peak bone mass occurs between the end of the second and the early of the 

third decade of life depending on skeletal sites and sex (47, 48).  

It should be noted that peak bone mass is a broad definition for peak bone strength. Together 

with bone material properties (e.g., density), geometric and structural properties (e.g., size, 

thickness and architecture) also significantly contribute to bone strength. Evidence from 

studies using QCT suggested that the vertebral vBMD of trabecular bone is stable and 

comparable in boys and girls during pre- and early puberty, and the distinct increases occur 

between the ages of 10 to 15 years for girls and 12 to 17 years for boys (49). However, the 

trabecular structural parameters in long bone i.e., radius and tibia are relatively stable in girls 

throughout puberty, but significantly increase in boys from 15 years old (50). The vBMD of 
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cortical bone at radius and tibia increases more rapidly after epiphyseal closure and continues 

into the third decade of life (45). However, the cortical bone may go through a transient 

period of increased porosity between peri-puberty and post-puberty, resulting in decreased 

bone strength particularly for boys (50, 51). In general, total bone strength and cross-sectional 

area increases throughout growth and is larger in males than females of similar stature at all 

ages, even at birth (52). 

Calcaneal QUS parameters as the comprehensive estimates for bone density and structural 

properties, their growth curves and reference values have also been reported in pediatric 

populations. A longitudinal study conducted in Caucasian children aged 7 to 18 years found 

that the most rapid growth in calcaneal BUA and SOS for boys was in early and late 

adolescence, while a constant linear growth for girls was observed throughout childhood. 

Nevertheless, there is no sex difference in the values of BUA and SOS measures within any 

age group (53). Most of cross-sectional studies calculated the reference values for children 

aged 6 years and above with reported positive associations between QUS parameters and 

chronological age. The sex differences were commonly observed in the age range of 11 to 13 

years and 16 to 19 years with higher values in boys (54) or in girls (55, 56). In the IDEFICS 

study, the reference values of stiffness index for 2 to 10 years old healthy children were 

calculated by Hermann et al (57). In accordance with reported pediatric reference data, 

stiffness index was observed to be positively associated with age and height in children aged 6 

to 10 years. However, inverse associations were observed in children aged 2 to 5 years. 

Comparable statistical method was used to calculate percentile curves for pooled 

IDEFICS/I.Family data. In the updated percentile curves, the stiffness index was positively 

associated with age and height in all age groups.  

The changes in bone turnover markers coincide with the skeletal maturity. They are also 

strongly influenced by sex, age, and sexual development (58). Even though absolute values 

differ between studies, similar patterns have been observed for different biochemical markers. 

In general, the levels of bone turnover markers in newborn children increase rapidly until 

attaining the peak around the third month (29). Between the third month and third year of life, 

markers of formation and resorption decrease, and then remain constant or slightly increase. 



9 

This corresponds to the slowing of linear growth until puberty. In the IDEFCIS study, sex-, 

age- and height-specific reference values of serum cross-linked carboxy-terminal telopeptide 

of type I collagen (CTx) were calculated for 3 to 9 year-old children. The CTx values showed 

a linear-positive association with age and height, and no major sex differences was observed 

(57). The bone turnover markers peak in response to the pubertal growth spurt at the second to 

third Tanner stage, then the levels decrease in both boys and girls, suggesting a deceleration of 

skeletal growth and bone modeling and the substitution of bone remodeling as the main 

activity for bone metabolism (55, 59, 60). Overall, the levels of bone turnover markers are 

higher than that of adults throughout childhood. 

1.5 Hormonal and metabolic effects 

Growth hormone (GH) and Insulin-Like Growth Factor-I (IGF-I) are the main regulators of 

skeletal growth during infancy and childhood. GH produced in the anterior pituitary controls 

the secretion of IGF-I, while the negative feedback mechanism of IGF-I inhibits GH secretion 

directly and indirectly by stimulating the release of somatostatin (61, 62). GH stimulates the 

proliferation and differentiation of the osteoblastic and chondrocytic lineage cells, and 

consequently promoting the bone formation process. IGF-I as the main mediator of the GH 

action enhances the function of the osteoblasts at a later stage of maturation (63). The GH/ 

IGF-I axis is not only a main regulator in the longitudinal bone growth, skeletal maturation 

and bone mass acquisition in childhood, but also important for the maintenance of bone mass 

and architecture in adulthood (61). Childhood GH deficiency is associated with short stature 

and poor bone density (64). 

The activation of the hypothalamus–pituitary–gonadal axis during puberty results in the 

production of sex steroids androgens and estrogens, which contribute to the bone 

mineralization and the sexual dimorphism of skeletal growth (61). The stimulatory effect of 

androgens for periosteal bone expansion is greater in boys compared to girls, whereas 

estrogens show the inhibitory effect for periosteal expansion. In girls, estrogens also widen 

the marrow cavity by attenuating remodeling activities at the endocortical surface, resulting in 

greater trabecular bone area (61, 65). At the beginning of puberty, relatively low levels of 



10 

estrogen and testosterone activate the GH/IGF-1 axis to stimulate longitudinal bone growth. 

High levels of sex steroids at the end of puberty decelerate and then cease longitudinal bone 

growth (66). Estrogen deficiency causes prolonged skeletal growth and low BMD, whereas 

excess estrogen leads to early puberty and epiphyseal closure resulting in short stature (61). 

Parathyroid hormone (PTH) secreted by the parathyroid chief cells is stimulated by the 

decreased circulating calcium. It serves to increase calcium and decrease phosphorus 

concentrations in the blood by coordinating the actions of the skeleton, intestine and kidney 

(61, 67). At the level of bone tissue, it exhibits both anabolic and catabolic actions and 

increases bone turnover. PTH stimulates the production of 1,25-dihydroxyvitamin D 

(1,25(OH)2D), while in turn 1,25(OH)2D and its inactive form of 25-hydroxyvitamin D 

(25(OH)D) suppress the PTH levels in addition to circulating calcium. The circulating vitamin 

D level plays a critical role in the calcium and phosphate homeostasis that corresponds with 

the actions of PTH. Vitamin D target tissues e.g., bone cells and adipose cells express a 

1,25(OH)2D receptor (68). The main role of vitamin D in promoting bone mineralization is 

through increasing intestinal calcium and phosphate absorption, or directly affecting 

osteoblasts to increase bone formation. In vitamin D deficiency, the increase in PTH secretion 

is probably the main determinant for bone loss (69).  

The endocrine role of adipose tissues in altering bone remodeling is gaining attention owing 

to its effects on the osteoblasts and osteoclasts (70). Aside from extra-gonadal estrogen 

synthesis, adipocytes also expressed adipokines e.g., adiponectin and leptin. In vivo and vitro 

studies, adiponectin has been described to increase bone formation and reduce bone resorption, 

suggesting a protective effect on bone. However, the effect of leptin appears to be complex 

and vary by skeletal site (71). In epidemiological studies, an inverse association of 

adiponectin and a positive association of leptin with BMD have been reported in healthy 

children (72, 73) and adults (74). Moreover, adipokines are involved in inflammation and 

glucose homeostasis. Elevated inflammatory factors e.g., interleukin-6, C-reactive protein and 

the reduced insulin levels have been related to low BMD in children, adolescents and adults 

(75, 76). 
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1.6 Modifiable determinants on bone 

The beneficial impact of physical activity particularly weight-bearing exercises and 

high-impact activities on bone mass and density in children and adolescents have been 

well-described (6). A recent systematic review of forty observational studies in 6 to 18 

year-old children indicates that accelerometer-based moderate to vigorous physical activity 

(MVPA) is positively associated with bone outcomes, particularly in males and during 

peri-pubertal period (77). However, evidence on the associations between physical activity 

and bone structure and strength is less clear, some studies using calcaneal QUS were mainly 

based on cross-sectional data. In general, positive associations of self-reported (78) and 

objectively measured physical activity (79) with SOS, BUA and stiffness index have been 

reported. A cross-sectional study and a case-control study nested in the IDEFICS cohort also 

emphasized the positive associations of accelerometer-based MVPA, reported leisure time 

physical activity and weight-bearing exercises in sports clubs with stiffness index among 

children aged 2 to 10 years (80, 81). However, some studies observed that physical activity 

was cross-sectionally associated with stiffness index only in boys (82), or longitudinally 

associated with SOS only in girls (53). Nevertheless, a nine-month school-based intervention 

in pre- and early-pubertal girls only found positive effects from jumping and martial art on 

BUA rather than stiffness index (83). Until now, there is a paucity of longitudinal studies 

using calcaneal QUS and a lack of data investigating how light physical activity influences 

QUS indices.  

Evidence regarding the deleterious effect of sedentary behavior on bone is inconclusive. 

Several studies using DXA suggested a slight and inverse association between objectively 

measured sedentary time and lower extremity bone mass and density, whereas little 

association was observed with peripheral QCT bone parameters (84, 85). A longitudinal study 

used high-resolution peripheral QCT even observed protective effects of sedentary time on 

bone microstructure i.e., trabecular thickness, cortical porosity, thickness and vBMD at the 

tibia (86). In previous investigations exploiting cross-sectional data from the IDEFICS study, 

accelerometer-based sedentary time was negatively associated with stiffness index only in 6 to 

10 year-old children rather than in 2 to 5 year-old children, and no association was observed 
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between screen time and stiffness index (80). Besides, sedentary time was associated with 

poor stiffness index in the case-control study (81). Another cross-sectional study in Japanese 

children aged 10 to 11 years reported a negative association between accelerometer-based 

sedentary time and stiffness index in girls but not in boys (87). Moreover, studies on extreme 

examples of sedentary behavior such as daytime napping and nocturnal sleep have been 

reported in young and older adults, suggesting that extreme sleep duration (short and long) 

(88), long daytime napping (89) and poor sleep quality (90) increased the risk of low BMD 

and osteoporosis. However, only few studies have been conducted in children and adolescents, 

reporting a positive (91) or no associations (92, 93) of sleep duration with BMC and aBMD.  

Adequate dietary calcium intake is critical for optimal bone health throughout life. Dairy 

products e.g., milk, yogurt and cheeses are not only the primary source of dietary calcium in 

the western diet, but also rich in other nutrients e.g., protein, vitamin D and phosphorus that 

are essential for bone health (94). In children and adolescents, a small but positive effect of 

calcium supplementation has been reported in randomized controlled trials, suggesting 0.57% 

to 5.80 % increased BMC or aBMD through supplements, and 3.2% to 19.0% through 

calcium-fortified foods at several skeletal sites (6). However, the associations between 

habitual calcium intakes, dairy products consumption and bone health indicators are relatively 

insufficient in observational studies (95). In the studies with calcaneal ultrasound 

measurements, positive associations of total dairy consumption with SOS and stiffness index 

but not BUA were observed in Flemish children aged 6 to 12 years (79). Moreover, positive 

associations were observed for calcium intake with stiffness index in adolescent girls aged 14 

to 18 years (96), and with BUA in school children aged 4 to 16 years (97). In Japanese 

children aged 10 to 15 years, annual increase of dairy products intake has been found to be 

positively associated with the increase of stiffness index (98). Nevertheless, neither serum 

calcium levels nor urine calcium/creatinine ratio were observed to be associated with poor 

stiffness index in the IDEFICS case-control study (81).  

Vitamin D plays a critical role in dietary calcium absorption and calcium homeostasis (61, 68). 

Unlike other essential nutrients obtained from dietary sources, vitamin D derives from both 

sun exposure and dietary intake. Intestinally absorbed vitamin D from the diet is either 
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ergocalciferol (vitamin D2) from plant sources or cholecalciferol (vitamin D3) from animal 

sources. However, the majority of vitamin D3 is synthesized from 7-dehydrocholesterol in the 

skin exposed to ultraviolet B irradiation. Vitamin D undergoes the first hydroxylation in the 

liver to produce 25(OH)D, which is the serum indicator of vitamin D status, and the second 

hydroxylation in the kidney to produce 1,25(OH)2D, which is the biologically active vitamin 

D metabolite. Therefore, vitamin D is not only a micronutrient but also a steroid hormone. 

Although the biological effects of vitamin D in promoting bone mineralization have been 

proven, the effectiveness of vitamin D supplementation in intervention studies among healthy 

pediatric populations is still inconclusive (6). Besides, optimal vitamin D status has been 

considered as the serum 25(OH)D at the level for maximal suppression of PTH secretion. 

However, the reported thresholds of 25(OH)D levels with beneficial effects on PTH, bone 

turnover markers, BMD and/or BMC range from 20 to 75 nmol/l in previous studies (99-101). 

In the IDEFICS case-control study, no statistically significant odds ratios for poor stiffness 

index were observed across the serum 25(OH)D tertiles of < 34.9 nmol/l and 34.9 to 50.7 

nmol/l compared to >50.7nmol/l (81). As a consequence of the inconsistent evidence, there is 

still lack of consensus on vitamin D definitions (102). 

Childhood obesity has been increasing dramatically worldwide, and the body mass index 

(BMI) and its sex- and age-specific reference values are widely used to screen for the 

overweight and obesity in children and adolescents (103). It is worth to note that 

aforementioned unfavorable behaviors of decreased physical activity (104), increased 

sedentary time (105), extreme sleep duration (106) and insufficient vitamin D (107) have also 

been considered as risk factors for childhood overweight/obesity; therefore, impaired bone 

health should be theoretically observed in children with overweight/obesity. On the contrary, 

previous studies reported increased bone size and density in overweight/obese children 

compared to thin/normal weight children (108, 109), implying a positive effect of weight 

status on bone health. These seemingly paradoxical associations are not surprising, due to the 

fact that the compensation of increased bone strength in overweight/obese children is not 

sufficient to support the overload from their body weight (110-112). However, weight status 

may influence the interpretation of the association between lifestyle-related modifiable factors 

and bone health that should be taken into consideration. 
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Another concern regarding weight status and bone health is that BMI cannot differentiate 

between fat mass and fat free mass. Evidence has been suggested that the higher bone mass, 

density and strength observed in children with BMI-defined overweight/obesity mainly 

attribute to the greater lean mass rather than to fat mass (113). However, the increased lean 

mass can be observed either in active children having more physical activity, or in inactive 

children having overweight/obesity, suggesting complexly combined and independent impacts 

of physical activity and lean mass on bone health. Furthermore, previous findings on the 

associations of fat mass with bone mass and strength were contradictory and vary across age, 

sex and maturity in children and adolescents (114). Similarly conflicting results have also 

been shown in studies using calcaneus QUS parameters. For example, Zulfarina et al. (78) 

found that fat mass was negatively associated with stiffness index in girls but not in boys. 

However, Heydenreich et al. (115) found that relative fat mass was positively related to 

stiffness index in both sexes of secondary school children. Forero-Bogotá et al. (116) reported 

that 9 to 17.9 year-old children with less fat mass were likely to have lower BUA. In the 

previous IDEFICS studies, Sioen et al. (117) observed a consistently inverse association 

between the body fat indicator of skinfold thickness and stiffness index in preschool children 

aged 2 to 5 years. Whereas a positive association was observed in primary school children 

aged 6 to 9 years, and this association was further reversed to inverse after adjusting for fat 

free mass.  

1.7 Research significance and questions  

Childhood and adolescence are the critical periods with both vulnerability and opportunity for 

skeletal linear growth and bone mineral acquisition. On one hand, high frequency of fractures 

was observed in children and adolescents, partly due to the linear skeletal growth outpacing 

the bone mineral accumulation, whereas the optimal bone mass and strength have been 

suggested to be protective factors for facture risk (118-120). On the other hand, optimizing 

bone accrual during growth is of great significance for the later life since the bone loss will 

occur during age after achieving peak bone mass (10). It has been suggested that if peak bone 

mass could be increased by one standard deviation, the risk of an osteoporotic facture may be 

reduced by 50% in post-menopausal women (121). Therefore, irrespective of unmodifiable 
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factors e.g., genetics and aging, understanding the effects of modifiable factors in children and 

adolescents will be very helpful for preventing current or future fractures and osteoporosis.  

As the aforementioned findings from previous research, the associations of physical activity, 

sedentary behavior, sleep and nutrition with QUS indices and bone turnover in pediatrics 

remains unclear. The major research limitations and gaps result from: a) insufficient 

understanding on the longitudinal associations of habitual physical activity and different 

intensities of physical activity with stiffness index; b) uncertain effects of sedentary behavior 

in terms of total sedentary time and screen time on stiffness index; c) limited evidence on the 

associations between sleep duration, sleep quality and stiffness index; d) inconclusive 

findings on the relationships between vitamin D status, bone turnover markers and stiffness 

index; e) less studied modifying effect of weight status on the associations between behavioral 

risk factors and bone stiffness; f) controversial findings on the independent association 

between fat mass and bone stiffness while taking fat free mass into consideration.  
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2 Research hypotheses and aims  

2.1 Conceptual framework 

Based on existing research findings and the potential mechanisms underlying, a conceptual 

framework was developed to depict the hypotheses in the present thesis, and four publications 

were conceptualized in accordance with these hypotheses (Figure 1). I hypothesized that fat 

free mass would be positively associated with bone stiffness index, whereas this association 

might be attenuated by physical activity and sedentary behavior. In contrast, fat mass was 

hypothesized to be inversely associated with bone stiffness index (Publication 1). Increased 

physical activity and reduced sedentary behavior were expected to be associated with higher 

bone stiffness index (Publication 2). Both short and long sleep duration was assumed to be 

associated with lower bone stiffness, and I hypothesized that these associations were 

independent of physical activity and sedentary behavior while may depend on sleep quality 

(Publication 3). Serum vitamin D level and calcium intake were hypothesized to be inversely 

associated with bone turnover markers while positively associated with bone stiffness index, 

and their associations were expected to be independent of physical activity and sedentary 

behavior (Publication 4). At last, BMI and its derived weight status were expected to be 

positively associated with bone stiffness index. Considering the bidirectional association 

between aforementioned behavioral factors and weight status, I hypothesized that their effect 

sizes on bone health indicators would differ by weight status; those were additionally 

explored by stratification and interaction in each publication manuscript.  

 

 

 

 

 



17 
 

Figure 1 Overview of the potential associations of sedentary behavior, physical activity, body 

composition, sleep and vitamin D with bone health indicators that are hypothesized and 

investigated in four publication manuscripts 

  

 

2.2 Research aims and objectives 

The present thesis aimed to investigate the complex relationships between modifiable factors 

and bone health in children and adolescents, in order to provide evidence for optimizing bone 

health in childhood and preventing osteoporosis fractures in the later life. To achieve these 

aims, I used sub-samples of children from the IDEFICS/I.Family cohort who provided at least 

one bone health indicator, either calcaneus stiffness index, or serum osteocalcin or CTx. The 

IDEFICS/I.Family study is a prospective cohort in European children and adolescents with a 

broad range of examinations including questionnaires, accelerometers, anthropometric 

measures, and biological samples etc. The specific objectives of each original paper were as 

follows: 

• Investigating the longitudinal associations between body composition in terms of fat mass 
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and fat free mass and QUS-derived stiffness index, and their differences by sex and pubertal 

status (Paper 1).  

• Investigating the cross-sectional and longitudinal associations of different dimensions of 

physical activity and sedentary behavior with QUS-derived stiffness index, and exploring the 

interplay of these associations with weight status (Paper 2). 

• Investigating the cross-sectional and longitudinal associations between sleep duration, 

sleep quality and QUS-derived stiffness index, and exploring the interactions between 

nocturnal sleep duration, daytime napping and sleep quality (Paper 3).  

• Investigating the cross-sectional associations of serum 25(OH)D with serum bone 

turnover markers osteocalcin and CTx and QUS-derived stiffness index, with consideration of 

physical activity, calcium intake and weight status (Paper 4). 
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3 Materials and methods 

3.1 Study population 

The IDEFICS/I.Family cohort is a multicenter population-based study conducted in eight 

European countries (Belgium, Cyprus, Estonia, Germany, Hungary, Italy, Spain and Sweden). 

The cohort provides repeated measurements of demographic characteristics, anthropometric 

parameters, biological markers, dietary and behavioral factors, aims to investigate the 

determinants of diet- and lifestyle-related diseases and disorders in children and adolescents. 

The first two examination waves were carried out in the context of the IDEFICS study: the 

baseline examination (wave 1) was conducted between September 2007 and May 2008 

including 16,229 children aged 2 to 9.9 years; the second examination (wave 2) was 

conducted between September 2009 and May 2010 comprising 11,043 children from baseline 

and 2,543 newly recruited children (122). The third examination wave (wave 3) was carried 

out in the context of the I.Family study between January 2013 and June 2014 with a follow-up 

of 7,117 children from the original IDEFICS cohort and 2,501 newly recruited children (123). 

All the examinations were performed in accordance with the Declaration of Helsinki. Ethical 

approvals for all recruitment centers were obtained from their local ethics committees. All 

parents provided the signed informed consent before their children entered the study. In 

addition, children younger than 12 years gave their oral consent and children above 12 years 

provided a signed simplified form of consent prior to all exanimations.  

In the IDEFCIS study, calcaneal QUS measurements of both feet were performed in eight 

participating countries including 7,539 children in wave 1 and 6,886 children in wave 2. In 

the I.Family study, QUS data were available for 2,892 children from five participating 

countries. I excluded children with invalid QUS measurements (i.e., the absolute difference of 

bone stiffness index between the left and right foot exceeds the 97th percentile of the study 

sample), and with indication of impaired bone health (i.e., medical conditions influenced the 

regular exercises and/or bone metabolism). The further inclusion and exclusion criteria for 

each paper varied in accordance with different research questions, exposures of interest, and 
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analysis strategies. The main sample sizes of the single papers in the present thesis are 

summarized in Table 1. 

Table 1 Main sample sizes of the four papers in the present thesis 
    Wave 1 Wave 2 Wave 3 N 

Paper 1 Two-year longitudinal analysis a   

 

2144 

 
Six-year longitudinal analysis a  

 

 833 

      Paper 2 Cross-sectional analysis a  

  

2008 

 
Two-year longitudinal analysis a   

 

1653 

 
Six-year longitudinal analysis a  

 

 716 

      Paper 3 Cross-sectional analysis a 
 

 

 

4871 

 
Four-year longitudinal analysis a 

 

  861 

      Paper 4 Cross-sectional analysis b  

  

1171 

 
Cross-sectional analysis c  

 

 2481 

 
Cross-sectional analysis a     1123 

Footnote: a. Bone stiffness index was used as the bone health outcome; b. Serum osteocalcin was 
used as the bone health outcome; c. Serum C-terminal telopeptides of type I collagen was used as 
the bone health outcome 

3.2 Data collection 

In the IDEFCIS/I.Family study, data from questionnaires and other examination modules were 

collected by trained nurses based on the standard operating procedures at the various 

examination waves. Questionnaires were answered by parents for their children younger than 

12 years or self-reported by adolescents aged 12 years and older, including behavioral and 

socio-demographic information e.g., socioeconomic status, physical activity, sedentary 

behavior and diet. Anthropometric measurements related to weight status and body 

composition were performed, the standardization as well as intra- and inter-observer 

reliability of these measurements in the IDEFICS study has been published (124). Fasting 

venous blood was collected in the morning (between 8 a.m. and 10 a.m.) and then processed 

to separate serum and plasma. All the blood samples were under storage of -80 °C at a central 

bio-repository (125). Accelerometry to assess physical activity and ultrasonometry to assess 

calcaneal bone stiffness were only available in subsamples. 
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3.3 Bone health outcomes 

3.3.1 Bone stiffness index 

Bone stiffness index was measured on both right and left foot for each participant using the 

calcaneal QUS device (Lunar Achilles InsightTM GE Healthcare, Milwaukee, WI). The Lunar 

Achilles OsteoReport Software was used to calculate stiffness index from the parameters SOS 

and BUA. Two different sizes of foot adapters were used to position the heels properly. Before 

recording each measurement, the preview image of the calcaneus was displayed on the screen 

with the default region of interest in order to avoid measurement error. In the previous 

reliability study, the reproducibility of two repeated measurements within a QUS device was 

assessed in a sub-sample of 60 children aged 5.6-9.3 years from the IDEFCIS baseline survey, 

suggesting the root-mean-square coefficient of variation for bone stiffness index on the left 

and right foot was 7.2% and 9.2%, respectively (126). For each participant, the mean value of 

stiffness index on the left and the right foot was calculated and further transformed to a sex-, 

age- and height-specific percentile based on the IDEFICS/I.Family reference population. The 

processing methods and reference values for the IDEFICS children have been published by 

Herrmann et al (57).  

3.3.2 Bone turnover markers 

The bone turnover markers considered in the Paper 4 were serum CTx and osteocalcin. 

Serum concentrations of CTx (ng/ml) and total osteocalcin (ng/ml) were analyzed by 

chemiluminescence assays in the central laboratory on the Immunodiagnostic Systems iSYS 

(IDS-iSYS) automated analyser (Immunodiagnostic Systems GmbH, Frankfurt, Germany) 

using the IDS-iSYS CTX-I (CrossLaps®) and the N-MID® Osteocalcin assay, respectively. 

The unit of serum CTx was further converted to pg/ml (1 ng/ml = 1000 pg/ml) in order to 

have better interpretation of the regression coefficients. 
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3.4 Determinants 

3.4.1 Weight status and body composition 

Body height was measured to the nearest 0.1 cm using the standard clinical Seca 225 

stadiometer (Seca, Hamburg, Germany); body weight was measured to the nearest 0.1 kg 

using the BC420 SMA scale (Tanita, Amsterdam, the Netherlands). BMI (kg/m2) was 

calculated as weight divided by squared height. Age- and sex-specific z-scores of height, 

weight and BMI were calculated based on Cole et al. (127) Overweight and obesity was 

defined based on the extended International Obesity Task Force BMI criteria (128). 

Skinfold thickness (mm) was measured twice at both triceps and subscapular site using 

Holtain Tanner/Whitehouse skinfold calipers (Holtain, Crosswell, UK; range 0–40 mm). The 

mean value of the two measurements at each site was calculated for later analyses. Fat mass 

(kg) was estimated based on Slaughter’s equations by using subscapular and triceps skinfold 

thicknesses, which are preferred for assessment of body fat in children and youth (129, 130). 

Fat free mass (kg) was calculated as body weight minus fat mass. Age- and sex-specific 

z-scores of fat mass and fat free mass were derived based on the IDEFICS/I.Family reference 

population (131). 

3.4.2 Physical activity and sedentary behavior 

Subjectively measured physical activity was derived from the questions on the participation of 

sports clubs. If participants answered that the child was a member of a sports club, they had to 

report what kind of sport they did and how many hours and minutes per week they spent at 

the sports clubs. The category variable of weight-bearing exercises was defined according to 

the types of reported sports and classified into: (a) moderate or high mechanical loads on the 

lower limbs (ballgames, gymnastics, dancing, skating, martial arts, and athletics), and (b) no 

or low mechanical loads (swimming, biking and horseback riding) or no sports. The weekly 

time spent at sports clubs (hours/week) was calculated by adding reported hours and minutes. 

Subjectively measured sedentary behavior was derived from the questions on screen time. 

Participants reported the usual duration of the child watching TV/videos/ DVDs and playing 
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computer/game console on a normal weekday and weekend day. Six response categories were 

provided for questions and further converted as follows: not at all = 0, < 30 minutes = 0.25 

hours, < 1 hour = 0.75 hours, 1- < 2 hours = 1.5 hours, 2-3 hours =2.5 hours, and > 3 hours = 

4 hours. The weekly duration of watching TV/videos/ DVDs and playing computer/games 

(hours/week) was separately calculated by adding up the converted responses of weekdays 

and weekend days as follows: hours on weekdays/school days * 5 + hours on weekend 

days/vacations * 2. The weekly duration of screen time (hours/week) was the total duration of 

these two screen-based sedentary behaviors. 

Objectively measured physical activity and sedentary time were measured using uniaxial 

accelerometers (GT1M or ActiTrainer, ActiGraph, Pensacola, FL, USA) in the IDEFCS study, 

and either a uniaxial (GT1M) or a triaxial accelerometer (GT3x+, ActiGraph, Pensacola, FL, 

USA) with the vertical axis outputs in the I.Family study. The sensor units of these models are 

identical. Participants were instructed to wear the accelerometer on the right hip with an 

adjustable elastic belt, and only to remove it during water-based activities and bedtime. All 

accelerometer data were re-integrated to a 60 seconds epoch. Valid measurements were 

defined as children who had at least 360 minutes of daily wearing time after exclusion of 

non-wear time for at least two valid weekdays and one valid weekend day. More details of 

accelerometer data processing in the IDEFICS/I.Family cohort can be found elsewhere (132, 

133). Average minutes per day of time spent at various intensities were derived based on 

Evenson cut-off points as follows: sedentary time (≤100 cpm), light physical activity 

(101-2295 cpm), and moderate-to-vigorous physical activity (MVPA; ≥2296 cpm) (134). 

According to the WHO guidelines on Physical Activity and Sedentary Behavior for children 

and adolescents, average time spent in MVPA was classified into less than 60 minutes per day 

and at least 60 minutes per day. 

3.4.3 Sleep characteristics 

Information on nocturnal sleep and daytime napping in hours and minutes at weekdays/school 

days and weekend days/vacations was collected using a questionnaire. The average durations 

of nocturnal sleep and daytime napping was separately calculated for each child as follows: 
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(hours on weekdays/school days * 5 + hours on weekend days/vacations * 2) / 7. Total sleep 

duration was calculated as the sum of hours in nocturnal sleep and daytime napping. 

According to the sleep duration recommendation from the National Sleep Foundation (135), 

extreme sleep duration (short or long) for pre-school children aged 2 to < 6 years was defined 

as total sleep duration < 10 hours/day or ≥ 13 hours/day; for primary school children aged 6 

to < 12 years was < 9 hours/day or ≥ 11 hours/day; for adolescents aged 12 to15 years was < 8 

hours/day or ≥ 10 hours/day. 

Proxy indicators of sleep quality were derived from the questions on typical sleeping habits 

and daytime condition. Participants reported whether the child had a regular bedtime routine 

(yes = 1 and no = 0); had trouble getting up in the morning (yes = 0 and no = 1); and had 

difficulty falling asleep (yes = 0 and no = 1). The cumulative score was calculated by adding 

the numbers of these three items, and children who had three scores were considered as 

having good sleep quality. 

3.4.4 Vitamin D and other dietary assessments 

Serum 25(OH)D concentration (ng/ml) was used as an indicator of the vitamin D status, and 

analyzed by chemiluminescence assays in a central laboratory on the IDS-iSYS automated 

analyser (Immunodiagnostic Systems GmbH, Frankfurt, Germany) using the 25-Hydroxy 

Vitamin Ds assay. 

Consumption frequency of dairy products was derived from a validated and reproducibility 

tested food frequency questionnaire by asking how many times the child consumed milk, 

yoghurt, cheese and butter in the last month (136-138). The responses categories for each 

food item were converted into weekly frequencies as follows: never/less than once a week = 0; 

1-3 times per week = 2; 4-6 times per week = 5; once per week = 7; twice per day = 14; three 

times per day = 21; and four or more times per day = 30. The converted frequencies for 

consumption of all these dairy products were further summed up and expressed as frequencies 

per week. 

Dietary calcium intake was estimated using the computer-based 24-hour dietary recalls those 
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were developed and validated in the IDEFICS and I.Family study (139, 140), called SACINA 

(Self-Administered Children and Infant Nutrition Assessment) and SACANA 

(Self-Administered Children, Adolescents, and Adult Nutrition Assessment), respectively. 

Briefly, participants reported the dietary intake in the previous 24 hours of the child by 

selecting country-specific food items and food combinations with standardized photographs 

of portion sizes. In the IDEFICS study, meals, drinks and snacks for children who had lunch 

at school were also recorded by trained personnel using the standardized observer sheet. To 

compute the nutrients intake, simple foods or European homogeneous multi-ingredient food 

items were linked to the German food composition table (German Nutrient Data Base, 

Version II.3.1). Usual intake of calcium (mg/day) was further estimated based on the U.S. 

National Cancer Institute Method (141, 142), with adjustments of age, sex, consumption 

frequency of dairy products and BMI to improve the estimates. Besides, repeated recalls that 

were available for a subgroup of children were used to correct the intra-individual daily 

variations. More details on dietary data process and usual intakes have been published by 

Börnhorst et al. (143) According to the population reference intake for calcium from the 

European Food Safety Authority, daily calcium intake of at least 450 mg for children aged 1 

to 3 years, 800 mg for 4 to 10 years, and 1150 mg for 11 to 17 years was defined as sufficient 

(144).  

3.4.5 Confounders 

Sex, age, family socioeconomic status, sunlight exposure (daylight duration/ultraviolet 

radiation index) and pubertal status were considered as potential confounders in the present 

thesis. The highest educational level of parents was recorded as an indicator for family 

socioeconomic status according to the International Standard Classification of Education and 

categorized into low, medium and high (145). Sunlight exposure not only accounts for the 

main source of vitamin D synthesis, but also influences the circadian rhythm and outdoor 

plays etc.(146) Therefore, mean daylight duration (± 0.1 h) for each examination month in 

each location was calculated using astronomical tables as a proxy for sunlight exposure in the 

Paper 1, 2 and 3. However, ultraviolet radiation index of the month previous to the month of 

blood sampling was used as a proxy indicator in Paper 4, as vitamin D synthesis is mainly in 
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response to ultraviolet B radiation from sunlight. Self-reported voice change for boys and first 

menstrual period for girls was recorded to define pubertal status (147).  

3.5 Statistical methods 

All the statistical analyses were conducted with SAS software (version 9.3 or 9.4; SAS 

Institute, Inc., Cary, NC). In the descriptive statistics, continuous variables were presented as 

mean and standard deviations; and the differences between groups were compared with t-tests, 

associations between two continuous variables were estimated with Pearson’s correlations. 

Categorical variables were presented as frequencies and percentages, and the differences 

between categories were compared with chi-square tests. 

Linear mixed effects models (SAS procedure PROC MIXED) were used to evaluate the 

cross-sectional and longitudinal associations between exposures of interest and bone health 

outcomes with adjustment of potential confounders; a random effect for countries was added 

in all models to account for cluster effects.  

For the cross-sectional analysis, data from wave 1 were used as baseline in Paper 1 while in 

Paper 3 data from wave 2 were used as baseline. In Paper 4, pooled data from wave 1 and 

wave 3 were analyzed with included a repeated statement in PROC MIXED, since some 

participants provided data in both waves.  

For the longitudinal analysis, two-year (wave 2-wave 1) and six-year change (wave 3-wave 1) 

of the stiffness index percentiles was considered as the dependent variable in Paper 1 and 

Paper 2, baseline and corresponding changes of exposures were included as independent 

variables. In Paper 3, the percentiles of stiffness index at four years follow-up (wave 3) was 

considered as the dependent variable; the exposures at baseline (wave 2) and follow-up (wave 

3) were included as independent variables. 
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4 General results and discussion 

4.1 Weight status, body composition and bone 

Excess body weight can increase the bone mass and alter bone architecture in response to the 

increased mechanical loading (109, 148). In Paper 4, similar results in school-age children 

and adolescents were observed, suggesting that participants with overweight/obesity had 

higher stiffness index while lower serum CTx compared to those with thin/normal weight. 

However, overweight/obese children are also likely to have higher absolute muscle mass but 

lower muscle strength relative to body mass (149). Therefore, Slaughter's equations for 

skinfold thickness were applied in Paper 1 to separate body weight into fat mass and fat free 

mass, the latter has been suggested to be a good proxy indicator for skeletal muscle mass and 

strength in healthy children (150). It is shown that baseline and the changes of fat free mass 

z-scores were strongly and positively associated with changes of stiffness index percentiles 

after two-year and six-year follow-up. On one hand, this result adds to existing evidence on 

bone mass highlighting the beneficial effect of body weight on bone stiffness is 

predominantly caused by fat free mass (113). On the other hand, it implies that QUS-derived 

stiffness index is a good indicator for bone mass and strength, due to the fact that the skeletal 

muscle and bone as the two largest tissues of the musculoskeletal system are closely related. 

Compared to the strong and independent effect of fat free mass on stiffness index, the 

association between gain in fat mass and stiffness index varied according to sex and pubertal 

status. In Paper 1, an inverse association was observed over the six-year follow-up period 

between change of fat mass z-scores and stiffness index percentiles in boys and girls before 

menarche. Several possible mechanisms may explain the detrimental effect of fat on bone 

growth. First, high levels of adipose tissue have been linked to the reduction of GH/IGF-1 

secretion even regardless of weight status, which may result in impaired bone growth (151). 

Moreover, insulin resistance as a common metabolic complication of adiposity has been 

suggested to mediate the inverse association of fat mass and BMC (152); it may suppress the 

IGF-1 production and consequently leads to impaired cortical bone strength (153). In contrast, 

the weak positive association between fat mass z-scores and bone stiffness percentiles in girls 
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after menarche is partly compatible to existing evidence in young and elderly women, 

suggesting that fat mass appears to be a protective factor for low BMD and osteoporosis 

(154). The discrepancy in females before and after menarche may be explained with the rapid 

rise of estrogens during puberty. In parallel to high levels of estrogens, increased androgens 

related to fat gain are also shown in pubertal girls. These alterations of sex steroid may lead 

to increased bone mineral accrual (155). Besides, increased leptin level in obese children has 

been indicated to positively associate with bone turnover and inversely associate with radial 

cortical porosity (156, 157). Leptin may also have an indirect effect on bone formation by 

activating estrogens (158). Nevertheless, the different effects and interplays of body fat and 

fat-induced cytokines on bone remain uncertain.  

4.2 Interplay of weight status with sedentary behavior and bone stiffness  

Sedentary lifestyles (i.e., total sedentary time, television viewing, computer use, and video 

game playing) have been identified as important risk factors for childhood obesity (159), 

which may in turn compensate the reduced mechanical loading. This leads to the hypothesis 

that the unfavorable effect of sedentary behavior on bone health may be underestimated 

because of overweight/obesity. The cross-sectional results from Paper 2 supports this 

hypothesis, suggesting that weekly duration of watching TV/video/DVD was inversely 

associated with stiffness index in children having thin/normal weight at baseline, meanwhile 

sedentary time was inversely associated with stiffness index in children with 

overweight/obesity. Comparable results have been reported in a recent cross-sectional study 

among children aged 10 to 14 years, showing that the time spent using computer was 

negatively correlated to lumbar aBMD only in normal weight children (160). In addition, the 

longitudinal results of Paper 2 showed that weekly duration of watching TV/video/DVD was 

inversely associated changes in stiffness index percentiles in children with 

overweight/obesity after two years, and weekly duration of playing computer/games was 

inversely associated with changes in stiffness index percentiles after six years. This finding 

for the first time revealed a shift of association between specific patterns of screen-based 

sedentary behavior and bone stiffness as children get older, which is meaningful for the 

development of more effective interventions to improve bone health. 
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As the deleterious effect of sedentary behavior on bone is mainly due to the reduced 

mechanical loading and sunlight exposure, it is still questionable whether the osteogenic 

effect of physical activity could compensate for the lack of mechanical stimuli or reduced 

vitamin D synthesis. Moreover, animal experiments showed that the interpolation of rest 

bouts during mechanical stimulus is also crucial to bone formation and strength (161, 162). 

An observational study in youth aged 8 to 22 years reported that non screen-based sedentary 

behavior might have beneficial effect on BMC if taking the intermittence between sedentary 

behavior and physical activity into consideration (163). Further studies should put more 

emphasis on the combined effects and the alternation of sedentary behavior and different 

physical activity on bone strength in children and adolescents.  

4.3 Osteogenic effect of physical activity 

Except for the positively cross-sectional associations between objectively measured MVPA 

and stiffness index which were in line with the previous IDEFICS studies (80, 164), the 

present thesis adds to the limited evidence on the longitudinal relationship between 

objectively measured MVPA and stiffness index. In Paper 2, baseline and change in MVPA 

were observed to be positively associated with two-year and six-year changes in stiffness 

index percentiles. Comparable but relatively weaker associations were observed on the 

cross-sectional and longitudinal association between time spent in sports clubs and stiffness 

index percentiles. In addition, my finding supports the beneficial effect of meeting the WHO 

recommendation with MVPA at least 1 hour per day on stiffness index percentiles. For those 

meeting the recommendation at both time points, higher increases of stiffness index 

percentiles with 10.39 units after two years and 12.68 units after six years were observed 

compared to their counterparts. Conversely, the effect of objectively measured light physical 

activity on stiffness index was negligible. However, few studies reported a positive 

association between light physical activity and whole-body aBMD and BMC (165, 166), 

while another longitudinal study reported an inverse association of light physical activity with 

aBMD and BMC at whole body, lumbar spine and femoral neck (167). Up to now, the impact 

of light physical activity on specific bone site and structural strength and the underlying 

mechanisms are not fully understood. 
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It has been established in animal models that the gain in bone mass and structural strength 

generated by physical activity is a response to the high-intensity loading forces (168). Some 

endocrine changes may also contribute to the skeletal adaptation of physical activity. For 

example, a longitudinal study suggested that the positive association of MVPA with BMC 

and aBMD may be explained by the decreased leptin level in pubertal boys (32). Moreover, 

physical activity has been linked to the increase of GH/IGF-I activation, presenting a more 

pronounced effect in advanced pubertal stages (169). However, the results in Paper 2 was not 

enough to support the conclusion from the previous cross-sectional study and case-control 

study within the IDEFICS cohort, which reported that weight-bearing exercises substantially 

contributed to a higher stiffness index. The lack of statistical significance in the present thesis 

may be due to the considerably reduced sample sizes, since only children who had follow-up 

data were included in the analysis. Nevertheless, I observed a higher but not statistically 

significant increase of stiffness index percentiles in children had weight-bearing exercises 

over the six years of follow-up, and the effect size was observed to be more pronounced in 

overweight/obese group compared to the thin/normal weight group. 

It is widely acknowledged that physical activity stimulates the bone formation. However, the 

changes in bone turnover related to physical activity are not fully understood in pediatrics. 

Few studies conducted in youth with several types of training program reported overall 

elevated bone turnover, or an increase of bone formation along with a decrease or no change 

of bone resorption (170, 171). In Paper 4, I fill the knowledge gap on the relationship 

between physical activity and bone turnover markers in healthy growing children, suggesting 

that meeting the MVPA recommendation was observed to be associated with increased 

osteocalcin in children aged 2 to 6 years; time spent in sports clubs was positively while total 

screen time was negatively associated with CTx in children aged 12 to 15 years. Higher bone 

turnover in these critical periods may contribute to the accelerated skeletal modeling, 

implying a window of opportunity for bone mineral accrual.  

4.4 Sleep and bone stiffness 

Sleep plays an important role in the health development of children and adolescents. Extreme 
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sleep duration including too short or too long in childhood has been linked to cardiovascular 

risks in the form of obesity (172), insulin resistance (173) and high blood pressure (174) etc. 

However, there remains a paucity of studies examining the relationship between sleep 

duration and bone health in children. In Paper 3, I observed that nocturnal sleep duration was 

positively associated with stiffness index only in children with adequate sleep duration. 

Meanwhile, daytime napping could partly make up for the unfavorable effect of short total 

sleep duration on stiffness index. Besides, baseline extreme sleep duration was observed to 

predict lower stiffness index after four-year follow-up in children with poor sleep quality. 

Even though the needs of sleep duration vary among individuals and change as children grow 

older, optimal sleep characteristics that having regular bedtime routine, no trouble falling 

asleep at night and getting up in the morning may be helpful for identifying adequate sleep 

(175, 176). My findings emphasize the importance of examining multiple sleep dimensions 

simultaneously to get a better understanding of sleep and bone in childhood. 

Extreme sleep duration and poor quality always parallel with the interruption of circadian 

rhythm. Experimental studies have demonstrated the existence of clock genes in bone cells 

and the daily rhythm in bone turnover markers, suggesting that the disturbances of sleep and 

circadian could potentially disrupt bone physiology and thereby impair bone health (177). 

Moreover, cortisol levels were generally suppressed during sleep. The increased cortisol 

because of short sleep can exert detrimental effects either directly on the musculoskeletal 

system or via inhibiting GH and IGF-1 (178, 179). Besides, long sleep duration has been 

demonstrated to be associated with increased inflammatory factors in a recent systematic 

review (180). 

Sleep time together with other physical behaviors i.e., sedentary time, light physical activity 

and MVPA contribute to the integrated 24-hour activity. In Paper 4, I was able to describe for 

the first time that the relationship between self-reported sleep duration and stiffness index 

was independent of reported time spent in sports clubs and screen time. However, few studies 

investigated the combined effects of 24-h movement behaviors on bone health using 24-h 

accelerometer data and compositional analyses. For example, a longitudinal study followed 

up children from 1 to 5 years of age, reported a positive association of the proportion of 
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MVPA at 2 and 3.5 years with BMC and aBMD at 5 years, while no associations were 

observed between other compositional time of 24-hour day and bone (93). Another 

cross-sectional study in children aged 10 to 12 years reported that the days with less 

sedentary time, moderately light physical activity as well as more sleep and MVPA were 

beneficial for pQCT parameters at tibia, and the estimated optimal sleep duration ranged from 

9 to 11 hours (181). In the last five years, several 24-hour movement guidelines for infants, 

children and adolescents have been developed and released in Canada, Australia and WHO 

etc. (182), further studies are still needed to confirm the benefits of meeting these guidelines 

with regard to bone health. 

4.5 Nutrition-related factors and bone health indicators 

Maintaining adequate vitamin D and calcium intake is essential for stabilizing PTH levels 

and optimizing bone strength (6). Even though patients with vitamin D deficiency present an 

increase in bone turnover, the rickets caused by vitamin D deficiency or vitamin D receptor 

mutation can be counteracted by supplying adequate amounts of calcium and phosphate, 

demonstrating that the direct vitamin D effect on bone is relatively modest while the indirect 

effect is more pronounced (68). In Paper 4, vitamin D sufficiency at a cut-off of 20 ng/ml 

was found to be a protective factor for calcaneal stiffness index in children meeting the 

MVPA guideline for average 60 minutes per day. This finding points towards the possibility 

that the health effect of vitamin D on bone is in conjunction to MVPA levels. However, it is 

uncertain that the enhanced effect of vitamin D is because of the outdoor activities or MVPA 

in general. Evidence is also limited from either intervention studies of vitamin D 

supplementations or observational studies of vitamin D status in supporting skeletal health 

combined with physical activity in childhood (6, 183). Moreover, a stronger inverse 

association was observed between serum 25(OH)D and bone resorption marker CTx in 

contrast to bone formation marker osteocalcin. However, the actions of vitamin D in the 

modulation of bone turnover may be mainly mediated by PTH secretion (68), which has been 

reported to be inversely associated with 25(OH)D while positively associated with bone 

formation (184, 185). Further researches are needed to study the effects of vitamin D as well 

as the modulatory effect of PTH on bone turnover and mineral accrual.  
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The beneficial effect of milk and dairy products on bone health has been characterized by its 

inverse association with bone turnover markers and positive association with BMC (94). The 

results in Paper 4 from the cross-sectional analyses in pooled data from wave 1 and wave 3 

are congruent with previous findings, showing that dairy intake measured by food frequency 

questionnaire and usual calcium intake measured by 24-hour dietary recalls were negatively 

associated with serum CTx in all age groups, while positively associated with bone stiffness 

in children aged from 7 to 15 years. In addition, these associations were independent of 

physical activity, sedentary behavior and BMI. Nevertheless, more and more attention has 

been paid to the combined effect or interactive effect between milk or dairy intake and 

physical activity on BMC and aBMD in observational studies (166, 186). The combined 

effect on BMC and aBMD of exercise and calcium intake interventions in children also 

showed to be greater compared to either exercise or calcium intake alone (187). However, we 

still do not know whether vitamin D status modifies the bone response to calcium and PA.  

4.6 Broadband ultrasound attenuation and speed of sound  

I further conducted a sensitivity analysis using BUA and SOS as bone health outcomes based 

on the study samples and methods in Paper 4, and observed similar associations compared 

with stiffness index percentile as the outcome. However, a stronger positive association 

between BUA and weight z-scores, while a stronger inverse association between SOS and 

height z-scores was observed (Table 2). This disparity was in line with previous findings, 

indicating that bone size was inversely correlated with SOS values, and SOS may be related 

more strictly to bone density while BUA be related more strictly to bone structure (20, 188). 

Moreover, I found that SOS and BUA are highly correlated with stiffness index percentile, 

and they showed similar inverse correlations with CTx as stiffness index percentile did. 

These observations are comparable with previous findings in adults regarding the association 

between bone turnover markers and calcaneal QUS indices (189, 190). 
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4.7 Strengths and limitations 

The major strength of the present thesis is the prospective study design with repeated 

measurements in the diverse European pediatric populations which exposed to a great range 

of different environments, lifestyles and diets. The wide age range of the participants from 2 

to 15 years provided a unique opportunity to investigate associations passing through the 

critical and highly dynamic periods of bone growth and development e.g., puberty. For most 

of research questions longitudinal analysis could be conducted and the availability of 

repeated measurements with regard to both exposures of interest and QUS measurement in 

the same subjects allowed the assessment of temporal trends. Although the attrition was 

unavoidable in prospective cohort studies that decreased sample sizes over the two years and 

six years of follow-up, the comparably large sample size still allowed in-depth research on 

stratified analyses by sex, age groups and weight status etc.  

Another important strength is the objective measurement of bone stiffness index for healthy 

children in a large-scale epidemiological study. Even though it is still not fully understood 

which specific bone properties were reflected by QUS-derived parameters, the strong and 

stable cross-sectional and longitudinal associations of fat free mass and physical activity with 

stiffness index support that calcaneal QUS is a reliable method to estimate bone health in 

children. In addition, serum bone metabolic markers were also available in a sub-sample of 

children to support the findings from QUS measurements, albeit only cross-sectional analysis 

was conducted. However, to my best knowledge, this is the first study in the healthy pediatric 

population investigating the association between nutritional factors and bone turnover 

markers in addition to QUS measurements with consideration of physical activity, sedentary 

behavior and weight status. In the future, more longitudinal and experimental studies are 

needed to provide evidence on casual inferences between these exposures and bone turnover 

markers, as well as their subsequent effect on bone stiffness. 

A further strength is the use of comprehensive and harmonized data for physiological 

parameters, biochemical markers, dietary and physical behaviors as well as potential 

confounders. For instance, both subjectively and objectively measured physical activity and 
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sedentary behavior were available, allowing not only investigating the type, duration and 

intensity of these exposures, but also making comparison of associations among different 

methods with regard to bone health outcomes. However, it is worth to mention that 

accelerometer data was only available for a sub-sample and whose size diminished 

considerably at each follow-up; therefore the results may not be generalized for the whole 

pediatric population. Besides, information of sleep duration was derived from 

self-administrated questionnaire rather than actigraphy that most likely led to overestimation. 

Nevertheless, my investigation for the first time revealed the association between sleep 

duration and bone stiffness as well as its interplays with sleep habits. The results provided a 

research direction for further detailed investigation of sleep characteristics and underlying 

mechanism on bone health. 
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5 Conclusions 

5.1 Public health implications 

The present thesis demonstrates the beneficial short-term and long-term effects of physical 

activity and fat free mass on stiffness index. Moreover, having one hour per day of MVPA 

enhance the beneficial effect of adequate vitamin D on calcaneal stiffness index, suggesting 

that future intervention studies of vitamin D supplementation on bone should incorporate 

strategies to improve MVPA levels. School-age children and adolescents with 

overweight/obesity had higher stiffness index and lower bone resorption compared with their 

normal weight peers, but it was mainly due to the adaption of greater fat free mass but not fat 

mass. Conversely, fat mass gain was inversely associated with stiffness index gain in boys and 

pre-pubertal girls. Hence, maintaining optimal body composition and bone strength should be 

considered simultaneously in further childhood health promotion. In the meantime, the 

negative association between sedentary behaviors and bone stiffness may be underestimated 

due to the increased mechanical loading from being overweight/obesity, suggesting that 

weight status should be taken into account as an important confounding factor for the 

association of bone health with physical activity and sedentariness in epidemiological studies. 

In addition, my findings shed light on the limited evidence for the association between sleep 

and bone in childhood, suggesting that both sleep duration and sleep quality should be 

considered in order to improve stiffness index. Overall, the present thesis provides 

comprehensive evidence for future behavioral intervention combined with physical activity, 

sedentary behavior, sleep, vitamin D and calcium intake on bone, and the findings imply that 

the bone modeling may be more sensitive to the change of health behaviors at the age of 2 to 

6 years and 12 to 15 years. 

5.2 Future research directions 

First, numerous studies have demonstrated the separate health effects of sleep, sedentary 

behavior and physical activity. However, the bone health implication of 24-h movement 
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behaviors is not well understood. More 24-h movement behavior data in children and 

adolescents are needed to examine both the combined and relative relationship between 24-h 

movement behaviors, bone metabolism and bone stiffness. Second, the association between 

body fat and bone health remains unclear, and the potential endocrine pathways induced by 

fat tissues show both positive and inverse associations with bone health indicators. It is still 

challenging to distinguish the different effects of total body fat, site-specific body fat and 

fat-induced cytokines on bone health during growth. Third, evidence from longitudinal studies 

on the association between vitamin D and bone health is still limited. In particular, the 

assessment of PTH should be considered in order to better interpret the associations and to 

identify the threshold for optimal vitamin D. Last but not least, comprehensive interventions 

and health promotion on bone health are needed to evaluate effectiveness and to identify the 

window of opportunities in the early life. Implementation strategies and dissemination 

approaches to improve the adherence of health behavioral guidelines and nutrition 

recommendations as well as to maintain a healthy body composition are also necessary in 

general pediatric populations. 
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Abstract  

Fat mass (FM) and fat free mass (FFM) may influence bone health differentially. However, existing 

evidences on associations between FM, FFM and bone health are inconsistent and vary according to 

sex and maturity. The present study aims to evaluate longitudinal associations between FM, FFM 

and bone stiffness index (SI) among European children and adolescents with 6 years follow-up. A 

sample of 2468 children from the IDEFICS/I.Family was included, with repeated measurements of 

SI using calcaneal quantitative ultrasound, body composition using skinfold thickness, sedentary 

behaviors and physical activity using self-administrated questionnaires. Regression coefficients (β) 

and 99%-confidence intervals (99%CI) were calculated by sex-specified generalized linear mixed 

effects models to analyze the longitudinal associations between FM and FFM z-scores (zFM and 

zFFM) and SI percentiles, and to explore the possible interactions between zFM, zFFM and maturity. 

Baseline zFFM was observed to predict the change in SI percentiles in both boys (β= 4.57, 99%CI: 

1.36, 7.78) and girls (β= 3.42, 99%CI: 0.05, 6.79) after 2 years. Moreover, baseline zFFM (β= 8.72, 

99%CI: 3.18, 14.27 in boys and β= 5.89, 99%CI: 0.34, 11.44 in girls) and the change in zFFM (β= 

6.58, 99%CI: 0.83, 12.34 in boys and β= 4.81, 99%CI: -0.41, 10.02 in girls) were positively 

associated with the change in SI percentiles after 6 years. In contrast, a negative association was 

observed between the change in zFM and SI percentiles in boys after 6 years (β= -3.70, 99%CI: -

6.99, -0.42). Besides, an interaction was observed between the change in zFM and menarche on the 

change in SI percentiles in girls at 6 years follow-up (p= 0.009), suggesting a negative association 

before menarche while a positive association after menarche. Our findings support the existing 

evidences for a positive relationship between FFM and SI during growth. Furthermore, long-term 

FM gain was inversely associated with SI in boys, whereas opposing associations were observed 

across menarche in girls.  

Keywords Pediatrics, body composition, bone stiffness index, sex differences, longitudinal study 
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1 Introduction  

Effects of body composition on bone development are of increasing interest recently. In adulthood, 

adiposity serves as a protective factor against osteoporotic fractures [1, 2], whereas studies 

investigating the effect of adiposity on bone growth in children and adolescents still appear to be 

diverse [3]. In previous pediatric studies, the most widely used category of excess adiposity is body 

mass index (BMI). However, BMI cannot distinguish between fat mass (FM) and fat free mass 

(FFM), which are contributors to weight status and both of them have a mechanical loading on bone 

growth. Meanwhile FM may have both negative and positive effects on bone mass accrual mediated 

via endocrine pathways [4]. Childhood and adolescence present a particularly critical stage for bone 

growth, understanding the impact of body composition on bone health is important when planning 

prevention strategies towards fracture and osteoporosis in later life. 

The effect of FM on bone strength is considered controversial, diverging results were reported in 

different sex, age and pubertal groups. For example, positive associations between FM and bone 

strength were observed in some studies among younger children, i.e. infants and pre-school children 

[5-7]. In contrast, Pollock et al. [8] found that percentage of body fat (BF, %) was inversely related 

to bone strength indexes in late adolescent females. However, Farr et al. [9] observed that total body 

FM was not cross-sectional associated with all bone strength parameters, while positively associated 

with 2 years changes of bone strength and density at weight-bearing site in 8 to 13 years old girls 

[10]. For now, the role of FM on bone strength during growth remains unclear. 

The acquisition of bone strength is significantly influenced by the muscle function, and the positive 

associations between the muscle parameters (e.g. FFM, lean mass, skeletal muscle mass etc.) and 

bone strength have already been demonstrated in various cross-sectional [11, 12] and prospective 

studies [13]. In the IDEFICS study (Identification and prevention of dietary- and lifestyle induced 

health effects in children and infants) with children from 2 to 9 years old, muscular fitness and FFM 

were found to be positively associated with bone stiffness index (SI) measured using calcaneal 
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quantitative ultrasound (QUS) [14]. Another cross-sectional study among adolescents reported 

positive associations between lean mass and other QUS parameters such as broadband ultrasound 

attenuation (BUA) [15]. However, the associations between FFM and bone strength may also be sex-

dependent during growth [16], and few studies have reported the association of FM on bone strength 

in children and adolescents while taking FFM into consideration. Some studies found that the 

associations among the FM and bone mass might be attenuated even reversed after adjusting for lean 

mass [9, 17, 18]. We also previously demonstrated in the IDEFICS study that primary school 

children with higher BF had higher calcaneal SI, but after adjusting for FFM, this relationship turned 

to be inverse [19]. Therefore, it is still important to clarify the independent effects of FFM and FM 

on bone strength development. 

Some sophisticated methods such as dual-energy X-ray absorptiometry (DXA) and peripheral 

quantitative computed tomography (pQCT) have been shown to be useful measurements for bone 

parameters. However, these methods appear to be not suitable for large-scale studies among healthy 

children and adolescents. In this context, QUS as an alternative method was applied in the 

IDEFICS/I.Family study, which is gaining popularity because of its quick, cheap and non-radiating 

characteristics [20-22]. Calcaneal QUS has shown good correlation with DXA measurements [22] 

and has been suggested as an important indicator in determining fracture risk in adults [21, 23]. 

Previous studies that compared calcaneal SI with bone mineral density (BMD) measured by DXA of 

whole body, lumbar spine and hip among children and adolescents also reported significant 

correlation coefficients range from 0.5 to 0.7 [24-26]. Besides, QUS measurements provided good 

precision for the risk of osteopenia in young patients [24]. To our best knowledge, there are no 

studies addressing the role of body composition on QUS measured bone parameters in children and 

adolescents age from 2 to 15 years old using a large longitudinal multi-country cohort. In order to 

extend the current understanding between body composition and bone strength during growth, we 
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aimed to conduct a prospective analysis to evaluate relationship of changes in FM, FFM and SI, and 

to estimate whether these associations differ from sex and maturity. 

2 Materials and Methods 

2.1 Study sample 

Data for the present longitudinal investigation was obtained from the IDEFICS/I.Family studies. 

Briefly, the aim of the IDEFICS study was to investigate dietary and behavioral disorders in young 

children, mainly focusing on overweight and obesity. The baseline data were collected within 16229 

children aged 2 to 9.9 years old between September 2007 and June 2008 in eight European countries 

(Belgium, Cyprus, Estonia, Germany, Hungary, Italy, Spain and Sweden). The first follow-up 

examinations were performed between September 2009 and June 2010. The further follow-up 

examinations were performed between January 2013 and June 2014 in context of the I.Family study 

including 7117 children from the original IDEFICS cohort, to further explore the familial 

characteristics related to children’s health development. All the examinations were conducted 

according to the Declaration of Helsinki. Parents gave written informed consent prior to study 

participation and children gave oral or signed simplified consent prior to the examinations. All 

participating centres have obtained ethical approval from the regional committees. Other details 

regarding study design have been published previously [27, 28]. 

As an optional examination module, approximate 50% of children in the IDEFICS study participated 

in the calcaneal QUS examination, and 5 of 8 participating countries with approximate 30% of 

children and adolescents in the I.Family study participated. In the present longitudinal analyses, 3422 

participants who had baseline and at least one follow-up QUS measurements were included. 

According to a previous reliability study which compared the SI measurements across QUS devices 

among a convenience sample (N=91), a significant discrepancy was observed between the devices 

for the absolute SI difference of the left and the right foot (unpublished data). Hence, we excluded 

the sample with absolute difference of SI value above 97th percentile (41 unit) between the right and 
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left foot to control the discrepancy (N=200). Moreover, parents were asked to report a health and 

medical history questionnaire, whose answers were used to exclude children from the analysis with a 

history of medical condition known to affect bone metabolism or limit physical exercise (N=43) [14]. 

Furthermore, 711 participants had to be excluded because of incomplete data of body composition or 

covariates, leaving a total of 2468 children for the final analysis. Given these restrictions, no children 

from Cyprus remained in the final analysis sample. 

2.2 Bone SI 

The calcaneal QUS was used in the IDEFICS/I.Family cohort with Achilles Lunar Insight TM (GE 

Healthcare, Milwaukee, WI, USA), which had previously been described in details [19]. The 

calcaneus, as a weight-bearing skeletal site and consists of 90% trabecular bone, is the most common 

used measuring site. Two parameters were measured by calcaneal QUS: broadband ultrasound 

attenuation (BUA, dB/MHz), which represents the spatial orientation of the bone trabeculae and 

increases with greater trabecular complexity; the speed of sound (SOS, m/s), which  represents the 

velocity of sound traveling through the bone and increases with greater structures density [29]. SI 

was automatically calculated from BUA and SOS by the device and expressed as ‘unit’ according to 

the equation: SI = (0.67*BUA) + (0.28*SOS) – 420. Measurements were performed by trained 

nurses following standardized procedures, two adaptors were used for different foot size. Both of the 

left and right feet were measured once at each of three time points. According to a previous 

reliability study which examined the reproducibility of SI measurements among 60 children from the 

baseline survey of the IDEFICS study, the root-mean-square coefficient of variation (CVRMS) on the 

left foot and right foot were 7.2% and 9.2%, respectively. Besides, no significant difference was 

observed of repeated SI measurements compared to the first measurement in children (unpublished 

data). In the present study, the mean of two SI for each foot was used for analysis. For each 

individual, the SI percentiles were calculated additionally according to age, sex and height based on 

the IDEFICS/I.Family reference population [30]. 
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2.3 Body composition 

FM (kg) was estimated by skinfold thickness based on Slaughter’s equations, which are most 

commonly used for population-based studies in children and adolescents, and showed the reliable 

results for the assessment of BF [31, 32]. FFM (kg) was used as an indicator of skeletal muscle mass, 

which was calculated by the equation FFM = Body weight - FM. The Tanita scales (BC420 MA for 

children and BC418 MA for adolescents, TANITA Europe GmbH, Sindelfingen, Germany) were 

used to measure body weight (kg) to the nearest 0.1 kg in light clothes without shoes. Skinfold 

thickness (mm) was measured at subscapular and triceps according to the international standards for 

anthropometric assessment [33]. Subscapular was measured about 20 mm below the tip of the 

scapula, at an angle of 45° to the lateral side of the body, and triceps was measured halfway between 

the acromion and the olecranon process at the back of the arm. Measurements were obtained twice at 

each site to the nearest 0.2 mm with a skinfold calliper (Holtain, Crosswell, UK; range 0–40 mm). 

The mean of the two measurements was calculated and used for later analyses. All the measurements 

were performed by well-trained field staffs, standard operation procedures were pre-tested in each 

participating centre for their feasibility and acceptability before the baseline survey [34]. The intra 

and inter- observer reliability of skinfold thickness was considered within an acceptable range in the 

IDEFICS [33] and I.Family validation studies (unpublished data). In the present analysis, FM and 

FFM age- and sex-specific z-scores (zFM and zFFM) were derived based on the IDEFICS/I.Family 

reference population [35].  

In the exploratory phase of the study, the indicators of FM and FFM measured using the Tanita 

scales were also taken into consideration. However, according to the IDEFICS validation study, the 

explained variances of skinfold measurement were found to be slightly higher than the bioelectrical 

impedance analysis (BIA) [36, 37]. Besides, in a subsample of young obese children, skinfold 

estimate rather than BIA estimate was found to be positively correlated with BF(%) measured using 
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DXA and BodPod (unpublished results). Hence this part of results was not included in the final 

analyses. 

2.4 Self-assessment maturational status 

Menarche in girls and voice change in boys were used as indicators of maturation [38], which have 

been found to occur around Tanners pubertal stages 3 and 4 [39, 40]. Menarcheal age is widely used 

in epidemiological studies to provide sexual maturational information in female [41], and voice 

change as a proxy for male maturity has been related to anthropometric growth [42]. In the I.Family 

study, boys and girls above 8 years old were instructed either by the study nurse or physician to self-

report their maturity using a sex-appropriate one-page questionnaire.  

2.5 Confounding variables 

The age and sex of children as well as family socioeconomic status (SES) were obtained by one of 

the parents from a self-administered proxy-questionnaire. SES was estimated by the maximum of 

parental education based on International Standard Classification of Education (ISCED), levels 0 to 2 

were defined as low and level 3 to 4 were defined as medium while level 5 and 6 were defined as 

high [43]. In addition, parents of children up to 11 years and 12 to 15 years old adolescents 

completed a questionnaire to assess sedentary behaviors (SB) and physical activity (PA) of the child, 

by reporting the weekly duration of total screen time (including watching/TV/videos/DVDs and 

playing computer/game) and participating in sports clubs. Height (cm) was measured by stadiometer 

(SECA 225, Seca GmbH & KG, Birmingham, UK) to the nearest 0.1 cm without shoes, and age- and 

sex- specific z-scores of height were calculated using the LMS method by Cole [44]. Considering the 

sun exposure is associated with vitamin D synthesis and further may influence the bone mass accrual 

[45], we calculated mean daylight duration (±0.1 h) at baseline for each examination month in each 

location using astronomical tables [14], as a proxy for the child exposure to sunlight.  

2.6 Statistical analyses 
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All statistical calculations were performed using SAS software (V9.3; SAS Institute Inc, Cary, North 

Carolina, USA). Simple descriptive statistics (means, standard deviations (SD), and frequencies) at 

baseline and twice follow-up were presented by cross-classified tables, stratified by sex. The changes 

of all dependent and independent variables were calculated as the within-individual difference 

between a follow-up measurement and the corresponding baseline measurement.  

Sex-specific generalized linear mixed effects models were used to analyze the longitudinal 

relationship between body composition and SI percentiles, with country as a random effect (at the 

level of the intercept) to take into account the cluster sampling design. Meanwhile, age (continuous 

variable), SES, daylight duration, SI percentiles and height z-score at baseline as well as change in 

height z-score were included as fixed terms, while maturational status was only available at 6 years 

follow-up. The outcomes were changes in SI percentiles after 2 years and 6 years, and the exposures 

in terms of zFM and zFFM were considered as both baseline covariates and change covariates. In 

model 1 and model 2, zFM and zFFM were included in the models separately, and then were 

included simultaneously in model 3. In order to further explore whether the associations between 

body composition z-scores and SI percentiles were influenced by SB and PA, we additionally 

adjusted for the average duration of SB and PA in model 4, which were derived from the means of 

baseline and corresponding follow-up value. In all models, means of parameter estimates (β) and 

99%-confidence intervals (99%CI) were calculated. To avoid that meaningless associations become 

statistically significant (just because of the large sample size), we carried out multiple tests of 

associations with choosing a more stringent criterion for statistical significance (α = 0.01). 

Moreover, interaction effects were analyzed between body composition and maturity based on model 

3. Possible interactive effects were stratified by maturity when statistically significant.  

3 Results 

3.1 Baseline and follow-up descriptive characteristics 
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Among 2468 participants who were included in the study, 1274 (51.6%) were boys, and the average 

age in boys and girls were 6.23 and 6.39, respectively. Of these, 2144 individuals provided full 

information after 2 years and 833 individuals provided after 6 years. 42.5% of boys reported having 

voice change and 40.1% of girls reported having first menstrual period at 6 years follow-up (Table 1). 

We further conducted the attrition analysis regarding main demographic characteristics (i.e. sex, age 

and family SES) between the participants who were included in each follow-up analytic sample and 

the non-participants who took part in the QUS module at baseline but didn’t provide follow-up 

and/or complete co-variate information (N=5071). Overall, there was no significant difference for 

sex and SES after 2 years, while the participants (6.44±1.69) were older than the non-participants 

(6.00±1.82, p< 0.001). Meanwhile, no significant difference was found for sex and age after 6 years, 

while more participants were defined as low (10.4%) and medium level SES (67.2%) than the non-

participants (9.2% and 51.0%, respectively, p< 0.001).  

At baseline, the mean SI was 78.09 ± 12.41 in boys and 77.24 ± 12.86 in girls. Boys had a slightly 

higher FFM (19.74 ± 4.74) while lower FM (4.14 ± 2.94) compared to girls (19.20 ± 4.53 and 4.73 ± 

3.03, respectively). The mean height of boys (119.40 ± 12.55) and girls (119.40 ± 12.50) were 

similar. All the anthropometric measurements showed comparable increasing trends in both sexes 

over 2 years and 6 years periods (Table 1). 
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Boys Girls Boys Girls Boys Girls
N=1274 N=1194 N=1112 N=1032 N=402 N=431

Age (Mean, SD) 6.23(1.75) 6.39(1.75) 8.35(1.70) 8.50(1.68) 11.9(1.78) 12.0(1.79)

Socioeconomic status (N, %)

  Low 110(8.6) 119(10.0) 89(8.0) 101(9.8) 42(10.5) 45(10.4)

  Medium 742(58.2) 639(53.5) 630(56.7) 530(51.4) 275(68.4) 285(66.1)

  High 422(33.1) 436(36.5) 393(35.3) 401(38.9) 85(21.1) 101(23.4)

Maturational status (N, %)*

  Pre- or early mature / / / / 231(57.5) 258(59.9)

  Mature / / / / 171(42.5) 173(40.1)

Country (N, %)

  Belgium 176(13.8) 139(11.6) 176(15.8) 139(13.5) / /

  Estonia 222(17.4) 202(16.9) 154(13.9) 135(13.1) 126(31.3) 121(28.1)

  Germany 356(27.9) 352(29.5) 298(26.8) 285(27.6) 143(35.6) 180(41.8)

  Hungary 86(6.8) 78(6.5) 86(7.7) 78(7.6) / /

  Italy 244(19.2) 231(19.4) 218(19.6) 212(20.5) 100(24.9) 96(22.3)

  Spain 90(7.1) 85(7.1) 80(7.2) 76(7.4) 33(8.2) 34(7.9)

  Sweden 100(7.9) 107(9.0) 100(9.0) 107(10.4) / /

  Bone stiffness index 78.09(12.41) 77.24(12.86) 82.24(13.46) 82.14(12.95) 88.88(14.56) 90.26(15.76)

  Bone stiffness index percentiles 43.19(27.50) 42.05(26.80) 46.32(28.81) 47.21(28.04) 50.39(28.11) 53.34(28.21)

  Fat free mass (kg) 19.74(4.74) 19.20(4.53) 24.63(5.23) 24.03(5.20) 36.61(8.91) 35.13(7.83)

  Fat free mass z-score 0.23(1.25) 0.25(1.27) 0.25(1.19) 0.19(1.27) 0.18(1.09) 0.25(1.25)

  Fat mass (kg) 4.14(2.94) 4.73(3.03) 6.19(5.07) 6.90(4.49) 10.78(7.64) 12.14(6.94)

  Fat mass z-score 0.33(1.48) 0.48(1.58) 0.42(1.53) 0.56(1.66) 0.72(1.39) 0.69(1.56)

  Height (cm) 119.40 (12.55) 119.40(12.50) 132.60(11.42) 132.60(11.36) 154.1(12.42) 153.0(11.48)

  Height z-score 0.54(1.03) 0.45(1.04) 0.58(1.05) 0.49(1.00) 0.69(1.00) 0.58(1.11)

  Duration of screen time (hours/week) 12.17(7.47) 10.62(6.38) 14.52(7.83) 12.60(6.96) 19.85(11.80) 13.98(8.56)
  Duration of sports clubs (hours/week) 1.33(1.66) 1.39(1.77) 2.09(1.92) 2.10(2.25) 2.73(2.38) 2.41(2.72)

* Menarche in girls and voice change in boys were used as indicators of maturation

Table 1. Descriptive characteristics for participants at baseline, 2 years and 6 years follow-up, stratified by sex

Baseline (N=2468) 2 years follow-up (N=2144) 6 years follow-up (N=833)

Anthropometric measurements (Mean, SD)

Reported healthy behaviors (Mean, SD)
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3.2 Longitudinal effects of body composition z-scores on changes in SI percentiles 

As presented in table 2, the baseline zFFM positively predicted the change in SI percentiles in both 

boys and girls after 2 years (Model 1), these positive associations persisted after adjustments of 

baseline and change in zFM in model 3 (β= 4.57, 99%CI: 1.36, 7.78 in boys and β= 3.42, 99%CI: 

0.05, 6.79 in girls, respectively). Meanwhile, the baseline zFM tended to be positively related to 

change in SI percentiles in both sexes (Model 2), these associations were reversed, however still not 

statistically significant, after taking zFFM into consideration in model 3 (β= -1.18, 99%CI: -3.02, 

0.66 in boys and β= -0.14, 99%CI: -2.00, 1.72 in girls, respectively). Additional adjustments of SB 

and PA in model 4 only resulted in a slight decrease in the effect sizes compared to model 3, whereas 

remained nearly unchanged.  

In table 3, the baseline zFFM was also observed to positively predict the changes in SI percentiles in 

both sexes after 6 years (model 1). These results were also valid when additionally adjusted for zFM 

in model 3 (β= 8.72, 99%CI: 3.18, 14.27 in boys and β= 5.89, 99%CI: 0.34, 11.44 in girls). Besides, 

a positive association between changes in zFFM and SI percentiles were also observed in boys (β= 

6.58, 99%CI: 0.83, 12.34), similar but not statistically significant association also can be seen in girls 

(β= 4.81, 99%CI: -0.41, 10.02) in model 3. Likewise, additionally adjusting for SB and PA in model 

4 nearly did not change these associations. On the contrary, the positive effect of baseline zFM on 

change in SI percentiles in model 2 was attenuated in girls (β= 1.42, 99%CI: -1.72, 4.56) and 

reversed in boys (β= -0.20, 99%CI: -3.55, 3.14) after adjusting for zFFM in model 3. Moreover, a 

negative association between change in zFM and SI percentiles was observed in boys (β= -3.70, 

99%CI: -6.99, -0.42), whereas the effect estimate decreased and became statistically insignificant in 

model 4.  
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β (99%CI) p-value β (99%CI) p-value β (99%CI) p-value β (99%CI) p-value

Boys (N=1112)

  Baseline fat free mass z-score 3.44(0.69,6.19) 0.001 / / 4.57(1.36,7.78) <0.001 4.35(1.14,7.56) 0.001

  Change in fat free mass z-score 2.11(-2.05,6.28) 0.191 / / 2.94(-1.35,7.24) 0.077 2.78(-1.52,7.07) 0.096

  Baseline fat mass z-score / / 0.14(-1.43,1.72) 0.812 -1.18(-3.02,0.66) 0.097 -1.06(-2.90,0.77) 0.136

  Change in fat mass z-score / / -1.02(-3.63,1.58) 0.311 -2.00(-4.71,0.71) 0.057 -1.89(-4.60,0.82) 0.073

  Average duration of screen time (hours/week) / / / / / / 0.01(-0.29,0.31) 0.954

  Average duration of sports clubs (hours/week) / / / / / / 1.23(-0.12,2.59) 0.019

Girls (N=1032)

  Baseline fat free mass z-score 3.21(0.76,5.66) 0.001 / / 3.42(0.05,6.79) 0.009 3.19(-0.17,6.56) 0.015

  Change in fat free mass z-score 1.35(-2.58,5.27) 0.377 / / 1.65(-2.47,5.76) 0.302 1.47(-2.63,5.58) 0.354

  Baseline fat mass z-score / / 1.15(-0.21,2.51) 0.029 -0.14(-2.00,1.72) 0.847 0.05(-1.82,1.91) 0.95

  Change in fat mass z-score / / -0.15(-2.60,2.30) 0.875 -0.87(-3.44,1.70) 0.383 -0.60(-3.18,1.99) 0.552

  Average duration of screen time (hours/week) / / / / / / -0.14(-0.47,0.19) 0.283
  Average duration of sports clubs (hours/week) / / / / / / 0.97(-0.10,2.05) 0.019

a Model 1 only included baseline and change in fat free mass z-score as exposures; b Model 2 only included baseline and change in fat mass z-score as exposures; c Model 3 included baseline and change
in fat free mass z-score as well as fat mass z-score to test their independent associations with bone stiffness index percentiles; d Model 4 was Model 3 additionally adjusted for average duration of screen
time and sports clubs

Table 2. Associations between  body composition z-scores and change in bone stiffness index percentiles after 2 years, stratified by sex

Model 1a Model 2b Model 3c Model 4d

All the models were adjusted for age, socioeconomic status, daylight, bone stiffness index percentiles and height z-score at baseline as well as change in height z-score, country as a random effect

β (99%CI) p-value β (99%CI) p-value β (99%CI) p-value β (99%CI) p-value

Boys (N=402)

  Baseline fat free mass z-score 9.21(4.30,14.11) <0.001 / / 8.72(3.18,14.27) <0.001 8.15(2.62,13.67) <0.001

  Change in fat free mass z-score 5.52(-0.24,11.28) 0.014 / / 6.58(0.83,12.34) 0.003 5.93(0.21,11.66) 0.008

  Baseline fat mass z-score / / 1.95(-0.99,4.90) 0.087 -0.20(-3.55,3.14) 0.874 0.11(-3.20,3.42) 0.932

  Change in fat mass z-score / / -2.93(-6.25,0.39) 0.023 -3.70(-6.99,-0.42) 0.004 -2.99(-6.29,0.31) 0.02

  Average duration of screen time (hours/week) / / / / / / -0.11(-0.56,0.34) 0.53

  Average duration of sport clubs (hours/week) / / / / / / 2.56(0.43,4.69) 0.002

Girls (N=431)

  Baseline fat free mass z-score 7.61(3.67,11.54) <0.001 / / 5.89(0.34,11.44) 0.006 5.15(-0.36,10.67) 0.016

  Change in fat free mass z-score 4.49(-0.28,9.26) 0.015 / / 4.81(-0.41,10.02) 0.018 5.34(0.05,10.63) 0.009

  Baseline fat mass z-score / / 3.62(1.38,5.86) <0.001 1.42(-1.72,4.56) 0.243 1.99(-1.14,5.12) 0.1

  Change in fat mass z-score / / 1.47(-1.39,4.33) 0.185 -0.30(-3.49,2.89) 0.809 0.02(-3.14,3.17) 0.988

  Average duration of screen time (hours/week) / / / / / / -0.23(-0.77,0.31) 0.268
  Average duration of sport clubs (hours/week) / / / / / / 2.04(0.39,3.69) 0.002

a Model 1 only included baseline and change in fat free mass z-score as exposures; b Model 2 only included baseline and change in fat mass z-score as exposures; c Model 3 included baseline and change
in fat free mass z-score as well as fat mass z-score to test their independent associations with bone stiffness index percentiles; d Model 4 was Model 3 additionally adjusted for average duration of screen
time and sports clubs

Table 3. Associations between  body composition z-scores and change in bone stiffness index percentiles after 6 years,  stratified by sex

Model 1a Model 2b Model 3c Model 4d

All the models were adjusted for age, socioeconomic status, daylight, bone stiffness index percentiles and height z-score at baseline, as well as change in height z-score and maturity after 6 years, country
as a random effect
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3.3 Interactive effects between body composition z-scores and maturational status on changes in SI 

percentiles  

Different estimates were found in girls when investigating possible interactions, resulting in a p-

value of 0.009 for the interaction term of change in zFM and menarche. A negative association 

between change in zFM and SI percentiles was observed in girls before menarche (β= -1.81, 99%CI: 

-5.91, 2.30, p= 0.254), whereas a positive association was observed in girls after menarche (β= 3.46, 

99%CI: -1.55, 8.47, p= 0.074), these associations however were not statistically significant (Fig. 1). 

Besides, tests for interaction between body composition and voice change among boys were not 

statistically significant. 

 

Figure 1 Interaction between change in fat mass z-score and menarche on bone stiffness index 

percentiles in girls. Accordingly, separate models were stratified by menarche, adjusted for age, 

socioeconomic status, daylight and bone stiffness index percentiles, height z-score at baseline and 

change in height z-score, country as a random effect. The black dots and regression line refer to 

before menarche (β= -1.81, 99%CI: -5.91, 2.30, p= 0.254), whereas the grey triangles and 

regression line refer to after menarche (β= 3.46, 99%CI: -1.55, 8.47, p= 0.074). 
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4 Discussion 

Overall, we investigated the 2 years and 6 years longitudinal associations between zFM, zFFM and 

SI percentiles in 2 to 15 years old children and adolescents. Our findings added to the existing 

evidences that FFM was a significant determinant of bone stiffness development in both sexes. 

Specifically, baseline zFFM was identified as a positive predictor of change in SI percentiles during 

2 years and 6 years follow-up periods. Furthermore, change in zFFM was positively associated with 

change in SI percentiles after 6 years. These associations were more pronounced in boys compared to 

girls, and were independent of PA and SB level. In contrast, detrimental effect on bone stiffness 

accrual may occur with long-term FM increase in boys, whereas the association between the change 

in FM and bone stiffness in girls depends on maturational status, suggesting a negative association 

before menarche while a positive association after menarche. 

The positive relationship between FFM and bone strength during growth has been well described, 

most of these bone-related indicators were measured by DXA or pQCT: A number of cross-sectional 

studies described positive associations between lean mass and weight-bearing bone mass, geometry 

and architecture in male and female children and adolescents [12, 18, 46]. Few longitudinal studies 

also suggested that lean mass was a significant predictor of bone strength, and change in lean mass 

was positively related to change in bone strength [47-49]. Apart from previous findings from the 

IDEFICS study, there is only a few cross-sectional studies reported the correlation between body 

composition and calcaneus QUS parameters. For example, in a population of Spanish school children 

aged 4 to 16 years, FFM were observed positively related to BUA in the calcaneus [50]. In another 

sample of Malaysian adolescents aged 15-17 years, lean mass was reported to be positively 

associated with calcaneus BUA [15]. The present study allows an extension to the relatively few 

longitudinal studies, and adds to the weak evidence that QUS measurements are meaningful for bone 

development in children and adolescents.  
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Exploring independent effects of FFM and FM on bone strength are important. There is a consensus 

that the stimulatory effect exerted by body weight is mainly explained by FFM rather than FM. 

Findings from several cross-sectional studies supported this conclusion. For example, FM has been 

shown to be positively correlated to bone strength, while negative associations were observed when 

lean mass or body weight was included [8, 9, 17, 18]. One study investigated the role of FM and BF% 

simultaneously and observed an opposite direction of these two parameters in bivariate correlation of 

cortical bone parameters at the tibia and radius [8]. In a longitudinal pathway analysis, they found the 

positive association between BMI at 11 years old and whole body bone mineral content (BMC) and 

bone mineral density (BMD) at age 18 years old was largely mediated by FFM but not FM at age 18 

in both female and male adolescents [51]. Our results were consistent with these studies, suggesting 

a robust and independent effect of FFM on bone stiffness, whereas the potentially predicting effect of 

FM was attenuated and even reversed after taking FFM into account.  

Previous studies have shown that sex differences in body composition and bone are emerging during 

puberty [52]. On the one hand, we observed the estimate effect of FFM on SI was higher in boys 

compared to girls after 2 years, and this discrepancy was even more pronounced at 6 years follow-up, 

which about 40% of participants were considered as in maturity. Findings from a cross-sectional 

study among 10 to 17 years old healthy children also suggested that the contribution of lean mass to 

BMC variance was 6–12% in boys, which was larger than 4–10% in girls [53]. These sex differences 

may partially be explained by the greater FFM and bone size in boys than in girls [54], which may 

lead to a stronger impact of FFM on bone growth in boys. One the other hand, existing evidences 

reached contradictory conclusions in the relationship between fat and bone strength across sex 

groups. For example, Kim et al. [55] found FM was negatively related to total-body-less-head BMD 

in boys, but was positively associated with BMD of the lumbar spine and femur neck in girls (12 to 

19 years old). On the contrary, Zulfarina et al. [15] found FM was negatively associated with SI in 

15-17 years old female adolescents rather than male. Further, Sayers et al. [56] found positive 
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associations between FM and BMC in cortical bone geometry, while these associations were 

considerably stronger in girls compared to boys, whom were defined as pubertal adolescents in 

Tanner stages 4 or 5. For now, there is still no consensus in the association between FM and bone 

strength in male and female during growth, future work should continue to explore the potential 

mechanisms in sex differences to enhance our knowledge.  

Several mechanisms could explain unfavourable changes in bone stiffness after long-term FM 

increase in boys in our results. Adipose tissue may regulate bone metabolism through exerting 

adipokines [57], and evidences suggested that adiponectin was inversely related to BMD in 

childhood and adolescence [58]. Meanwhile, leptin may stimulate osteoblast activity and inhibit 

osteoclast activity, resulting in increased bone formation and decreased bone resorption [59]. 

Moreover, adiposity was associated with inflammatory cytokines, and C-reactive protein (CRP) has 

been related to BMD in healthy adults [60]. However, we didn’t find associations or modified effects 

of CRP in our subsample. Further studies are still needed to clarify the impact of various biological 

functions of adiposity on bone strength accrual.  

Even though we didn’t observe any association between FM and bone stiffness in girls, an 

interaction between menarche and FM gain were observed from our 6 years follow-up data. These 

results were similar with longitudinal findings from Wey et al. [49], who also found an interaction of 

FM gain with menarche in females, with the negative associations between FM and total BMC and 

BMD only existing before menarche. Clark et al. [61] also reported the altered effects of baseline FM 

on 2 years gain in bone mass and size across different pubertal status, suggested a positive 

association at Tanner stage 1, no association at stage 2, and a negative association at stage 3 in girls. 

Hence, it cannot be assumed that relationship between fat and bone strength remains constant over 

the pubertal status in females. A possible explanation may be attributed to the influence of the rising 

sexual hormones such as estrogen on bone mass acquisition during puberty, thereby modify the 

effect of FM on bone metabolism.  
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Some limitations must be acknowledged in the present study. The major weakness of the study was 

that body composition was not measured using DXA, which was not feasible in such large-scale 

cohort among children and adolescents. Instead, skinfold thickness as the best alternatives was used 

in the present study. The Tanita scale was also used in our study to measure leg-to-leg bioelectrical 

impedance (ohm) and the Tyrrell formula was used to calculate the FFM (kg) and BF (%) [62]. In 

order to further clarify our findings, we performed sensitivity analyses with FFM and BF, and found 

similar results regardless of the technique used. Besides, we could not consider potential confounders 

such as calcium intake or vitamin D status. Instead, a proxy variable of consumption frequency of 

milk and dairy products was used for further adjustment, which did not influence the results. Hence 

we didn’t consider this variable in our final analysis in order to not reduce the sample size. 

Furthermore, no information on maturity at 2 years follow-up was available, and the information at 6 

years follow-up was measured by voice change for boys and first menstrual period for girls rather 

than the Tanner stages. Therefore the interaction effect between body composition and puberty on 

bone stiffness cannot be further evaluated in the present study. Finally, it is worth to mention the 

limitation of prospective cohort studies with decreasing sample size over a long follow-up period. In 

the present study, only 33.4% of the initial baseline cohort with QUS measurements provided follow-

up data and complete co-variable information. The differences on some demographic characteristics 

may cause a possible selective bias. However, our results suggested robust associations of baseline as 

well as change in body composition with SI percentiles, and these longitudinal associations showed 

to be stable over 2 and 6 years periods.  

5 Conclusions 

Our findings highlight the importance of FFM for optimizing bone stiffness during growth. 

Furthermore, deleterious effect on bone stiffness may occur after relatively long-term exposures to 

FM gain in boys, while the effect of FM on bone stiffness seems to be opposing across menarche in 

girls. Future bone health intervention program in children and adolescents should focus on promoting 
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body composition instead of weight status, particularly differences of sex and maturity also should 

be taken into consideration. 
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Abstract

Background: The associations between physical activity (PA), sedentary behaviour (SB) and bone health may be
differentially affected by weight status during growth. This study aims to assess the cross-sectional and longitudinal
associations between PA, SB and bone stiffness index (SI) in European children and adolescents, taking the weight
status into consideration.

Methods: Calcaneus SI was first measured by quantitative ultrasound among children aged 2–9 years old in 2007/
08. It was measured again after 2 years in the IDEFICS study and after 6 years in the I. Family study. A sample of
2008 participants with time spent at sports clubs, watching TV and playing computer/games self-reported by
questionnaire, and a subsample of 1037 participants with SB, light PA (LPA) and moderate-to-vigorous PA (MVPA)
objectively measured using Actigraph accelerometers were included in the analyses. Weight status was defined as
thin/normal and overweight/obese according to the extended International Obesity Task Force criteria. Linear
mixed-effects models were used to estimate the cross-sectional and longitudinal associations between PA, SB and
SI percentiles, stratified by weight status.

(Continued on next page)
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Results: The cross-sectional association between weekly duration of watching TV and SI percentiles was negative in
thin/normal weight group (β = − 0.35, p = 0.008). However, baseline weekly duration of watching TV (β = − 0.63, p =
0.021) and change after 2 years (β = − 0.63, p = 0.022) as well as the change in weekly duration of playing
computer/games after 6 years (β = − 0.75, p = 0.019) were inversely associated with corresponding changes in SI
percentiles in overweight/obese group. Change in time spent at sports clubs was positively associated with change
in SI percentiles after 2 years (β = 1.28, p = 0.001), with comparable effect sizes across weight status. In the
subsample with accelerometer data, we found a positive cross-sectional association between MVPA and SI
percentiles in thin/normal weight group. Baseline MVPA predicted changes in SI percentiles after 2 and 6 years in all
groups.

Conclusions: Our results suggested the beneficial effect of PA on SI. However, the increasing durations of screen-
based SB might be risk factors for SI development, especially in overweight/obese children and adolescents.

Keywords: Physical activity, Sedentary behaviour, Overweight, Bone stiffness index, Observational study

Background
Bone strength is influenced by mass, architecture and
density, while the trajectory of bone strength accrual
persists up to the age of about 18 years until peak bone
mass (PBM) is reached [1, 2]. Even though PBM is
mainly explained by genetic determinants [3], it is also
influenced by lifestyle-related factors such as mechanical
loading, physical activity (PA), sedentary behaviour (SB)
and nutrition [4, 5]. Further, PBM is an important pre-
dictor of osteoporosis in adults, due to the age-related
bone loss that occurs over time [6]. Hence, in order to
prevent fractures and osteoporosis in later life, it is im-
portant to initiate preventive measures during childhood
and adolescence.
The positive osteogenic effect of PA, in particular

weight-bearing exercises (WBEs), on bone strength seems
to be irrefutable [7, 8]. However, despite these proven
health benefits, the secular trend of PA shows a decrease
among European children and adolescents, with most of
them not meeting the World Health Organization (WHO)
recommendations for PA [9–11]. Together with the de-
crease of PA, high levels of SB among this population
group now constitute a serious public health concern [12].
In recent studies, the total duration of SB among 10- to
12-year-old European children was reported to be nearly
8 h per day [13], and they were also observed to spend
more than 2 h per day in front of computer or TV screens
[14]. The debate on the detrimental effects of SB on bone
strength is, however, more controversial compared to
beneficial effects of PA. Previous studies reported a nega-
tive [15] or null [16] association between the total dur-
ation of objectively measured SB using accelerometers and
bone strength, while others suggested that self-reported
screen-based SB such as using the internet [17], watching
TV [18] and total screen time [19] may inversely influence
bone mass. Currently, more studies are needed to com-
bine self-reported data with objectively measured data
when examining the short- and long-term effects of

context-specific PA and SB on bone strength in young
populations.
On one hand, sedentary lifestyles may be associated

with poor bone health and are also linked to a higher
risk of overweight and obesity in children and adoles-
cents [20]. On the other hand, previous studies indicated
that overweight or obese children have higher bone mass
[21] or strength [22] compared to their normal weight
peers, which, however, is in conflict with the unfavour-
able effects of sedentary lifestyles. In addition, being
overweight has been reported to increase the risk for
sedentary lifestyles [23], thereby leading to poor bone
health. In view of these potential pathways, the associa-
tions between PA, SB and bone strength may be differ-
entially influenced by overweight and obesity.
Understanding which specific dimensions of PA and

SB influence the growing skeleton is crucial for the de-
velopment of effective and sustainable strategies for in-
creased bone strength. Particularly the role of weight
status in these associations is still poorly understood. In
an effort to fill this gap, information on the bone stiff-
ness index (SI) measured using quantitative ultrasound
(QUS) as a proxy indicator for bone strength has been
repeatedly collected in a sample from the IDEFICS
(Identification and prevention of dietary- and lifestyle-
induced health effects in children and infants) and I.
Family studies. Self-reported time spent at sports club,
WBEs, watching TV and playing computer/games, as
well as objectively measured SB, light PA (LPA) and
moderate-to-vigorous PA (MVPA) were also collected to
assess the cross-sectional and longitudinal associations
of various kinds of PA and SB on SI in European chil-
dren and adolescents across different weight statuses.

Methods
Study sample
The IDEFICS/I.Family study is the largest prospective
child cohort in Europe with repeated measurements of
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anthropometric indicators, clinical examinations as well
as extensive questionnaire-based information on socio-
demographic factors, PA and nutrition [24, 25]. The first
two waves of data collection occurred in the context of
the IDEFICS study, which comprised 16,229 children
from eight European countries (Belgium, Cyprus,
Estonia, Germany, Hungary, Italy, Spain and Sweden),
who were aged 2–9.9 years at baseline between Septem-
ber 2007 and May 2008. The second wave between Sep-
tember 2009 and May 2010 included a follow-up of 11,
043 children from baseline and 2543 newly recruited
children. The third wave was conducted in the context
of the I. Family study between January 2013 and June
2014 with a follow-up of 7117 children from the original
IDEFICS cohort and 2501 newly recruited children. All
parents provided signed informed consent for their chil-
dren prior to all exanimations. In addition, children
younger than 12 years gave their oral consent and chil-
dren above 12 years provided a signed simplified form of
consent. Ethical approval for the study was obtained
from the ethics committees for participating centres in
each country.

Inclusion and exclusion criteria
QUS measurements were obtained as an optional mod-
ule in a subgroup of participants in the IDEFICS study,
while in the I. Family study, QUS data were only avail-
able for five of the eight participating countries. We
assumed that no substantial selection effects occurred
since the reduced participation was mainly because of
budgetary constraints and device feasibility. In order to
simultaneously investigate cross-sectional and longitu-
dinal associations between the exposures of interest and
bone SI, we included 3422 children with baseline and at
least one follow-up QUS measurements of both the left
and right foot. In accordance with findings from a previ-
ous IDEFICS study on QUS measurement precision,
there was a significant discrepancy in SI difference be-
tween the left and right foot across devices in each par-
ticipating centre (unpublished data). In order to control
for this discrepancy, 200 children whose QUS measure-
ments had an SI difference between the left and right
foot above 41 units (97th percentile, calculated based on
7612 repeated measurements in total) were excluded. A
further 43 children who at baseline reported having
medical conditions preventing participation in regular
PA and/or known to influence bone metabolism were
excluded [26].
Finally, children without self-reported PA, screen-

based SB or covariate data were excluded, leaving a total
of 2008 participants for the full analysis. The mean age
of the main sample was 6.14 years (SD = 1.80), 54.1%
were boys and the proportions of low, medium and high
familial socio-economic status (SES) were 10.4, 56.3 and

33.3%, respectively. A subsample of 1037 participants
who provided objectively measured accelerometer-based
SB, LPA and MVPA data was also analysed. The mean
age of the subsample was 6.45 years (SD = 1.72), 50.4%
were boys and the proportions of low, medium and high
familial socio-economic status (SES) were 9.4, 60.3 and
30.3%, respectively. Compared with the original IDEFICS
study sample, the children in both analytic samples were
older (vs. 6.01 years, SD = 1.79) and more children had
low (vs. 9.0%) and medium levels (vs. 50.3%) of SES. In
addition, more boys were included in the main sample
(vs. 50.8%). The inclusion and exclusion process of par-
ticipants for the final analysis is summarised in Fig. 1.
No children from Cyprus were included in the analysis
as they did not fulfil any of the inclusion criteria.

Bone stiffness index
QUS measurements on the left and right calcaneus were
performed using Achilles Lunar Insight™ (GE Healthcare,
Milwaukee, WI, USA). The parameters of speed of
sound (SOS, m/s) and broadband ultrasound attenuation
(BUA, dB/MHz) assessed by QUS devices reflect the vel-
ocity and attenuation of the ultrasound waves through
the bone tissue, respectively. The SI value was estimated
automatically by Lunar Achilles OsteoReport Software
and reported as ‘unit’ according to the equation: SI =
(0.67*BUA) + (0.28*SOS) – 420, with high SI values indi-
cating better bone strength [27]. SOS, BUA and SI
assessed by calcaneus QUS have been shown to be cor-
related with bone mineral content (BMC) and bone min-
eral density (BMD) assessed by dual energy X-ray
absorptiometry (DXA) in children and adolescents in
previous studies [28, 29]. There is also evidence suggest-
ing that QUS devices could be used to estimate fracture
risk and osteoporosis in childhood [27] and adulthood
[30]. Compared to DXA, the main advantages of QUS
devices are that they are non-radiating, quick and cost-
effective, making them more suitable for large-scale epi-
demiological studies, particularly in healthy young popu-
lations. The SI value not only reflects bone density, it is
also influenced by the architecture and elasticity of the
bone tissue, which makes it possible to provide some
structural information [27]. The reproducibility in each
QUS device was tested on 91 children from the IDEFICS
baseline; no differences were found in SI values between
the three repeated measurements and between measure-
ments at the left and right foot. The root-mean-square
coefficients of variation (CVRMS) for the SI measure-
ments were 7.2 and 9.2% on the left and right foot, re-
spectively (unpublished data). In line with the study
protocol, daily machine calibration was carried out dur-
ing the entire study period and the measurements were
taken by trained nurses according to the standard pro-
cedure [31]. Two different sizes of foot adapters were
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used to put the calcaneus in an appropriate position.
The mean SI of the left and right calcaneus was calcu-
lated and used in the statistical analysis. The distribution
of SI was assessed and age-, sex- and height-specific per-
centiles for SI values were calculated as outcomes [32].

Anthropometric measurements
Height and weight were measured in light clothing with-
out shoes. The former was measured to the nearest 0.1
cm using a standard clinical Seca 225 stadiometer (Seca,
Hamburg, Germany) and the latter to the nearest 0.1 kg
using a BC420 SMA scale (Tanita, Amsterdam, the
Netherlands). The intra- and inter-observer reliability
for height and weight were conducted in each centre,
with CV% ranging from 0.2 to 1.0% in the IDEFICS [33]
and I. Family study (unpublished data). In all study cen-
tres, trained nurses took the measurements following

standardised procedures. For each child, age- and sex-
specific z-scores of height and weight were determined
using the LMS method by Cole et al. [34]. Body mass
index (BMI, kg/m2) was calculated as body weight di-
vided by squared body height, and weight status (thin/
normal and overweight/obese) was classified at the 90th
percentile (passing through the BMI of 25 at the age of
18) as recommended based on the extended Inter-
national Obesity Task Force (IOTF) BMI criteria [35].

Questionnaires
The questionnaires relating to lifestyle behaviours were
answered by parents for young children up to 11 years
old; they were self-reported for 12- to 15-year-old ado-
lescents. The following information was collected for
each child/adolescent: whether they were a member of a
sports club and if so, 1) how many hours and minutes

Fig. 1 Flow diagram of children included in final analysis groups, baseline examination (IDEFICS): 2007/2008, two-year follow-up examination
(IDEFICS): 2009/2010, six-year follow-up examination (I.Family): 2013/2014. QUS quantitative ultrasound, PA physical activity, SB sedentary behaviour
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per week they spent there and 2) in what kind of sports
they participated at the sports club. The time spent at
sports clubs was calculated by adding the hours and mi-
nutes reported and expressed as hours per week (h/w).
The variable WBE was based on all reported types of
sports, classified according to the loads and categorised
into moderate or high mechanical loads (ball games,
gymnastics, dancing, skating, martial arts and athletics,
etc.) and no or low mechanical loads (swimming, biking
and horseback riding, etc.). In addition, information re-
garding the time usually spent watching TV/videos/
DVDs and playing on a computer/game console on a
normal weekday and weekend day was also collected.
For both questions, six response categories were offered
and converted into the following scoring system: not at
all = 0, < 30min = 1, < 1 h = 2, 1- < 2 h = 3, 2–3 h = 4,
and > 3 h = 5. Each screen-based SB was calculated sep-
arately for weekdays and weekend days by adding the
converted responses of the individual questions and
expressed as hours per week (h/w). Weekly duration of
watching TV was further classified into > 14 h/w
and ≤ 14 h/w in accordance with international guide-
lines [36, 37] to investigate the benefit of fulfilling the
guidelines on SI.

Accelerometer data
PA and SB were objectively measured using Actigraph
accelerometer devices (Actigraph, LLC, Pensacola, FL,
USA) in a subsample of participants. Parents or legal
guardians were asked to ensure that their child wore the
accelerometer on the right hip and that it was only re-
moved during water-based activities and bedtime. Data
were collected in the vertical axis for three-axial acceler-
ometer. In the IDEFICS study, either the GT1M or Acti-
Trainer was used; the sensor units of both models are
identical. In previous validation studies, both types of ac-
celerometers have been observed to measure comparable
MPA, LPA and MVPA levels [38]. However, the outputs
of counts per minute (cpm) [39] and low PA levels (e.g.
LPA and walking) [38] for ActiTrainer were lower than
other Actigraph models, thus care should be taken when
interpreting these results. In the I. Family study, either
the GT1M or GT3x + was used, the comparability of the
vertical axis outputs for the GT3X and GT1M has also
been proven in previous studies [40, 41]. The partici-
pants were requested to wear the accelerometer for at
least 3 days including one weekend day in the IDEFICS
study and for 7 days in the I. Family study. Participants
were included in the analyses only if they had at least 6
h of data per day and three accelerometer measurement
days. Further, any periods containing 20 min or more of
consecutive zero counts were removed as non-wearing
time. All accelerometer recordings were integrated over
60s epochs and the intensity levels were classified as SB

(≤100 cpm), LPA (> 100- < 2296 cpm) and MVPA
(≥2296 cpm) according to the cut-off points suggested
by Evenson et al. [42]. More details on processing of ac-
celerometer data in the IDEFICS/I.Family study have
been published elsewhere [9, 43]. In the present study,
total durations of objectively measured SB and LPA were
expressed as hours per day (h/d). In order to better in-
terpret the regression coefficients, the unit of objectively
measured MVPA was converted to 10 min per day (10
min/d) according to previous studies, reporting that
every additional 10 min/d of MVPA was associated with
increases of bone health indicators in children [26, 44].
We further considered the variable objectively measured
MVPA as a dichotomised instead of a continuous
variable. According to WHO recommended levels of PA
for children and adolescents aged 5–17 years old, daily
duration of objectively measured MVPA ≥1 h/d was
regarded as adhering to the guideline [45].

Confounding variables
Sex, age and questions regarding the familial SES of par-
ticipants were reported by parents. SES was assessed
based on the highest educational level of parents accord-
ing to the International Standard Classification of Educa-
tion (ISCED) and categorised into low (ISCED 0,1,2),
medium (ISCED 3,4) and high (ISCED 5,6) [46]. The
voice change of boys and the first menstrual period of
girls from the age of 8 years old were collected in the I.
Family study as a proxy for pubertal development and
further categorised into pre-pubertal and pubertal in the
present study. Both indicators have been widely used to
assess maturation in previous epidemiological studies,
suggesting that changes in the male voice often occur
between Tanner stages 3 and 4 [47, 48], which is the
comparable onset age of menarche in females [49]. The
variance between countries was also considered. Further,
sunlight exposure as the most important source for vita-
min D synthesis was also taken into consideration [50],
calculated by mean daylight duration for each examin-
ation month in each location based on astronomical
tables [26].

Statistical analyses
All analyses were performed using SAS software (V9.3;
SAS Institute Inc., Cary, North Carolina, USA). The
changes in continuous variables were determined by
calculating the differences between follow-up after 2 or
6 years and baseline values. Descriptive statistics, e.g.
means, standard deviations (SD), and frequencies for
baseline and changes of each variable were conducted
and stratified by weight status (thin/normal and over-
weight/obese) in each survey. Differences for continuous
variables were compared using t tests, and chi-square
tests were used for categorical variables.
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Linear mixed-effects models were used to estimate the
cross-sectional and longitudinal associations between
PA, SB and SI percentiles, with country as a random ef-
fect (at the level of the intercept). To avoid getting asso-
ciations that are irrelevantly statistically significant, for
instance simply due to the large sample size or to mul-
tiple testing, a more stringent criterion for statistical sig-
nificance (α = 0.01) was chosen. Regression coefficients
(β) and 99%-confidence intervals (99%CI) were esti-
mated in all models. The cross-sectional analyses were
based on the data from baseline and the outcome was
baseline SI percentiles. Weekly duration of watching TV,
playing computer/games and sports club activities as
well as WBE were taken into consideration as exposures
and adjusted for sex, age, SES, daylight duration, weight
and height z-scores. In the longitudinal analyses, the
outcomes were the changes in SI percentiles after 2 or 6
years, with taking the baseline and changes in exposures
into consideration. In addition to the confounding fac-
tors described above, we also included baseline SI per-
centiles and pubertal status in the longitudinal models.
Based on the same analytical approach, objectively mea-
sured SB, LPA and MVPA were considered in subgroup
analyses and presented separately. All analyses were per-
formed in the whole group and then further stratified by

thin/normal and overweight/obese groups. Differences
in the association between each exposure of interest and
corresponding outcome across weight status were fur-
ther tested by interactive terms in the whole group
models, however, they were not considered in the final
analyses since no statistically significant interactions
were observed.

Results
Descriptive characteristics of study population
As summarised in Table 1, the baseline proportions of
overweight/obese children in the main sample (n = 2008)
and subsample with accelerometer data (n = 1037) were
19.0 and 19.7%, respectively. At individual country-level,
Italy had the highest proportion of overweight/obese
children and Belgium the lowest. Regarding SI, in the
main sample, the means of SI percentiles were 43.92 ±
27.84 in the thin/normal weight group and 41.36 ± 25.76
in the overweight/obese group at baseline with an in-
crease for both groups during the two-year and six-year
follow-up periods (Table 2). Increasing trends in the
weekly duration of watching TV, playing computer/
games and time spent at sports clubs were also observed
after 2 and 6 years. In the subsample with accelerometer

Table 1 Demographic characteristics of the study population, stratified by weight status

Main sample a Subsample b

Thin/normal weight Overweight/obese Thin/normal weight Overweight/obese

(N = 1627) (N = 381) (N = 833) (N = 204)

Age (Mean, SD) c 6.02 (1.81) 6.64 (1.66) 6.35 (1.73) 6.83 (1.63)

Sex (N, %) c

Boys 911 (83.8) 176 (16.2) 435 (83.2) 88 (16.8)

Girls 716 (77.7) 205 (22.3) 398 (77.4) 116 (22.6)

Family socio-economic status (N, %) c

Low 142 (68.3) 66 (31.7) 69 (70.4) 29 (29.6)

Medium 893 (79.0) 238 (21.0) 500 (80.0) 125 (20.0)

High 592 (88.5) 77 (11.5) 264 (84.1) 50 (15.9)

Pubertal status (N, %) d

Pre or early pubertal 343 (78.3) 95 (21.7) 174 (78.7) 47 (21.3)

Pubertal 180 (64.8) 98 (35.4) 128 (72.3) 49 (27.7)

Country (N, %) c

Belgium 278 (93.0) 21 (7.0) 68 (93.1) 5 (6.9)

Estonia 274 (84.3) 51 (15.7) 183 (89.3) 22 (10.7)

Germany 472 (85.2) 82 (14.8) 310 (85.4) 53 (14.6)

Hungary 112 (88.9) 14 (11.1) 45 (83.3) 9 (16.7)

Italy 259 (60.7) 168 (39.3) 85 (52.5) 77 (47.5)

Spain 116 (81.1) 27 (18.9) 124 (78.5) 34 (21.5)

Sweden 116 (86.6) 18 (13.4) 18 (81.8) 4 (18.2)
aMain sample included participants with full information of self-reported physical activity and sedentary behaviour as well as co-variables. bSubsample included
the participants with full information of accelerometer data as well as co-variables. cData from baseline survey; dData from six-year follow-up survey
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data, there was a trend of increasing SB while LPA and
MVPA slightly decreased over time.

Cross-sectional associations between SB, PA and SI
percentiles
No statistically significant associations between self-
reported and objectively measured SB, PA and SI were ob-
served in the whole group at baseline. However, in thin/
normal weight group, weekly duration of watching TV
was inversely associated with SI percentiles (β = − 0.35,
p = 0.008), while daily duration of objectively measured
MVPA was positively associated with SI percentiles (β =
1.18, p = 0.008). Opposite but not statistically significant
associations were observed for the overweight/obese
group where SI percentiles were positively associated with
the weekly duration of watching TV (β = 0.03, p = 0.906)
while inversely associated with the daily duration of ob-
jectively measured MVPA (β = − 0.23, p = 0.807) (Table 3).

Longitudinal effects of SB and PA on changes in SI
percentiles
In the whole group, change in time spent at sports clubs
was positively associated with change in SI percentiles after

2 years (β = 1.28, p = 0.001); objectively measured MVPA at
baseline was a strong predictor for change in SI percentiles
(β = 2.77, p < 0.001). Similar effect sizes were observed after
stratifying by weight status although the findings for
overweight/obese group were not statistically signifi-
cant. In contrast, weekly duration of watching TV at
baseline (β = − 0.63, p = 0.021) and change after 2
years (β = − 0.63, p = 0.022) were inversely associated with
change in SI percentiles only in overweight/obese group
(Table 4).
Regarding the six-year follow-up, a statistically sig-

nificant positive association between change in time
spent at sports clubs and corresponding change in SI
percentiles was observed only for the thin/normal
weight group. As observed after 2 years, objectively
measured MVPA at baseline also predicted change in
SI percentiles after 6 years (β = 3.67, p < 0.001). In
contrast to the slight effect of watching TV over the
two-year period in overweight/obese group, we ob-
served that six-year change in duration of playing
computer/games was negatively associated with six-
year change in SI percentiles (β = − 0.75, p = 0.019)
(Table 5).

Table 2 Baseline and changes of measurements over two-year and six-year follow-up

Baseline Two-year changes Six-year changes

Thin/normal
weight

Overweight/
obese

Thin/normal
weight

Overweight/
obese

Thin/normal
weight

Overweight/
obese

(N = 1627 a/833 b) (N = 381 a/204 b) (N = 1273 a/633 b) (N = 380 a/206 b) (N = 523 a/302 b) (N = 193 a/96 b)

Anthropometric measures (Mean, SD) c

Percentiles of bone stiffness index 43.92 (27.84) 41.36 (25.76) 3.86 (30.17) 4.60 (25.55) 8.08 (34.59) * 18.88 (33.46) *

Height z-score 0.37 (1.00) * 0.87 (1.02) * 0.04 (0.40) 0.06 (0.39) 0.20 (0.60) * 0.05 (0.68) *

Weight z-score 0.07 (0.87) * 2.00 (0.78) * 0.03 (0.38) * 0.19 (0.52) * 0.21 (0.66) * 0.43 (0.87) *

Reported healthy behaviour

Watching TV/video/DVD (hours/
week, Mean, SD) c

8.67 (5.00) * 9.74 (5.32) * 0.62 (4.57) 0.71 (5.13) 2.05 (6.41) 3.09 (7.57)

Playing computer/games (hours/
week, Mean, SD) c

2.34 (3.39) 2.69 (3.58) 1.38 (3.58) * 2.17 (4.66) * 2.84 (5.83) 3.63 (7.16)

Sports clubs (hours/week, Mean,
SD) c

1.13 (1.60) 1.32 (1.63) 0.72 (1.77) 0.56 (1.89) 1.41 (2.56) 0.90 (2.67)

Weight bearing sports (N, %) d

Moderate or high mechanical
loads

752 (79.5) 194 (20.5) 866 (76.5) 266 (23.5) 396 (73.5) 143 (26.5)

No or low mechanical loads 875 (82.4) 187 (17.6) 407 (78.1) 114 (21.9) 127 (71.8) 50 (28.2)

Accelerometer data (Mean, SD)

Sedentary time (hours/day) c 4.46 (1.21) * 4.72 (1.26) * 0.70 (1.39) 0.61 (1.42) 2.31 (1.53) 2.41 (1.59)

Light physical activity (hours/day) c 6.37 (1.00) 6.39 (1.10) −0.46 (1.14) −0.57 (1.23) −1.47 (1.28) − 1.56 (1.29)

Moderate-to-vigorous physical
activity (10 min/day) c

4.28 (2.21) * 3.57 (1.93) * −0.23 (2.43) − 0.45 (1.96) 0.10 (2.61) − 0.50 (2.72)

a Sample size with full information of self-reported physical activity and sedentary behaviour as well as co-variables. b Sample size with full information of
accelerometer data as well as co-variables. c Changes of values were the differences between follow-up and baseline measurements. d Changes of values were the
percentages of reported moderate or high mechanical loads at baseline or follow-up, and no or low mechanical loads in both waves, respectively. * p < 0.01
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Effects of adherence to international PA and SB
guidelines on SI percentiles
At baseline, 17.3% of the participants with accelerometer
data adhered to the PA guideline of at least 1 h/d of ob-
jectively measured MVPA. When looking at the longitu-
dinal data, only 6.3% adhered to the guideline at both
baseline and two-year follow-up and 4.0% at both baseline
and six-year follow-up. For participants who fulfilled the
PA guideline at both time points, there was a higher in-
crease of SI percentiles than for their counterparts with
10.39 units (p = 0.002) and 12.68 units (p = 0.050) over the

two-year and six-year periods, respectively. Meanwhile,
88.8% of participants adhered to the screen time guideline
of watching TV for no more than 14 h/w at baseline,
80.6% adhered to the guidelines at both baseline and two-
year follow-up and 69.6% at both baseline and six-year
follow-up. However, no associations were found between
screen time guidelines and SI percentiles.

Discussion
Our results highlighted the importance of objectively
measured MVPA at baseline for the development of a

Table 3 Cross-sectional associations between sedentary behaviour, physical activity and bone stiffness index percentiles at baseline

Whole group Thin/normal weight group Overweight/obese group

β (99%CI) p-value β (99%CI) p-value β (99%CI) p-value

Main sample (self-reported data, N = 2008)

Watching TV/video/DVD (hours/week) − 0.23(− 0.53,0.06) 0.044 − 0.35(− 0.69,-0.01) 0.008 0.03(− 0.60,0.66) 0.906

Playing computer/games (hours/week) − 0.004(− 0.49,0.48) 0.984 0.03(− 0.52,0.58) 0.883 0.03(− 0.96,1.01) 0.943

Sports clubs (hours/week) 1.00(− 0.40,2.39) 0.066 0.50(− 1.03,2.04) 0.398 2.68(− 0.58,5.95) 0.034

Weight bearing sports

Moderate or high mechanical loads vs. No or low
mechanical loads (reference)

− 1.80(−6.37,2.77) 0.310 − 0.13(−5.16,4.91) 0.948 −8.05(− 18.68,2.59) 0.051

Subsample (accelerometer data, N = 1037)

Sedentary time (hours/day) − 0.11(− 2.11,1.90) 0.891 1.01(− 1.29,3.31) 0.256 −3.85(−7.82,0.13) 0.013

Light physical activity (hours/day) −0.94(− 3.06,1.19) 0.255 −1.46(− 3.90,0.99) 0.124 − 0.22(− 4.50,4.05) 0.893

Moderate-to-vigorous physical activity (10 min/day) 0.70(− 0.32,1.73) 0.077 1.18 (0.03,2.33) 0.008 − 0.23(− 2.62,2.17) 0.807

Adjusted for baseline age, sex, socio-economic status, daylight, height and weight z-score, country as a random effect

Table 4 Longitudinal associations between sedentary behaviour, physical activity and bone stiffness index percentiles after 2 years

Whole group Thin/normal weight group Overweight/obese group

β (99%CI) p-value β (99%CI) p-value β (99%CI) p-value

Main sample (self-reported data,, N = 1653)

Baseline watching TV/video/DVD (hours/week) 0.06(− 0.33,0.44) 0.712 0.28(− 0.18,0.74) 0.118 − 0.63(− 1.34,0.07) 0.021

Baseline playing computer/games (hours/week) 0.02(− 0.57,0.60) 0.943 − 0.12(− 0.81,0.57) 0.651 0.42(− 0.67,1.50) 0.318

Baseline sports clubs (hours/week) 1.07(− 0.23,2.36) 0.034 0.96(− 0.54,2.46) 0.098 1.03(− 1.54,3.60) 0.299

Change of watching TV/video/DVD (hours/week) 0.11(− 0.28,0.49) 0.468 0.36(−0.10,0.81) 0.042 −0.63(−1.35,0.08) 0.022

Change of playing computer/games (hours/week) 0.09(−0.35,0.54) 0.593 0.09(− 0.47,0.64) 0.688 0.32(− 0.41,1.04) 0.258

Change of sports clubs (hours/week) 1.28 (0.30,2.26) 0.001 1.29 (0.10,2.48) 0.005 1.04(−0.63,2.70) 0.110

Weight bearing sports

Moderate or high mechanical loads vs. No or low
mechanical loads (reference)

−0.69(−4.99,3.61) 0.678 0.32(− 4.76,5.41) 0.870 −3.13(−11.14,4.89) 0.313

Subsample (accelerometer data, N = 839)

Baseline sedentary time (hours/day) 0.60(−1.77,2.96) 0.516 0.99(−1.86,3.85) 0.369 −0.39(−4.65,3.86) 0.811

Baseline light physical activity (hours/day) −0.81(−3.50,1.89) 0.439 −1.60(−4.93,1.73) 0.214 0.16(−4.46,4.78) 0.927

Baseline moderate-to-vigorous physical activity (10 min/day) 2.77 (1.50,4.05) < 0.001 2.97 (1.53,4.42) < 0.001 2.85(−0.12,5.81) 0.013

Change of sedentary time (hours/day) −0.85(−2.58,0.88) 0.205 −1.19(−3.25,0.87) 0.135 0.10(−3.09,3.29) 0.935

Change of light physical activity (hours/day) −0.94(−3.03,1.16) 0.249 −1.45(−3.99,1.09) 0.140 0.42(−3.26,4.10) 0.768

Change of moderate-to-vigorous physical activity (10 min/day) 1.05(−0.09,2.18) 0.018 0.89(−0.39,2.16) 0.073 1.76(−0.88,4.40) 0.084

Adjusted for baseline age, sex, socio-economic status, daylight, bone stiffness index percentiles, height and weight z-scores, country as a random effect
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healthy SI over two-year and six-year follow-up. These
findings were robust and the effect sizes were consistent
across weight statuses. We further demonstrated the
benefit of adherence to established PA guidelines on
long-term SI gain in children and adolescents, with
those participating in objectively measured MVPA for at
least 1 h per day having higher SI increases than their
counterparts. These objectively measured results were
supported by the comparable, albeit weak positive asso-
ciations between self-reported time spent at sports clubs
and changes in SI percentiles at two-year as well as six-
year follow-ups. Regarding our assumption that being
overweight/obese may be an important confounder, we
observed controversial associations of screen-based SB
with SI in the different weight strata. In general, the in-
versely cross-sectional associations between watching
TV and SI were more pronounced in thin/normal weight
children and adolescents than in overweight/obese ones.
Nonetheless, in the longitudinal data, durations of
specific screen-based SB were observed to be negatively
associated with SI changes only in overweight/obese
participants at the two-year and six-year follow-ups.
Even though the beneficial osteogenic effect of PA on

bone mass accrual has already been well described in
previous observational studies, most of the existing evi-
dence so far mainly focused on BMC and/or BMD [51,
52]. Only a few cross-sectional studies have examined

the associations between PA and QUS bone parameters.
For example, Robinson et al. [53] demonstrated that
time spent on moderate-to-high impact activities
positively related to calcaneus SI in adolescent girls.
Zulfarina et al. [54] reported that PA level, in terms of
metabolic equivalent-minutes per week, was positively
associated with three QUS parameters (i.e. BUA, SOS
and SI) in adolescents. However, the PA levels in pre-
vious studies were mainly measured using different self-
reported questionnaires, rendering it difficult to compare
the results. Moreover, little is known about the optimal
dose and intensity of PA and their sustainable effects on
bone strength during growth. In our previous case-
control study that was embedded in the IDEFICS study,
we found that 30 min of objectively measured MVPA
per day was not sufficient for an optimal SI [55]. A
longitudinal study suggested that children in the upper
quartile of objectively measured MVPA (approximated
1 h/d) had about 4 to 13% greater HR-pQCT-measured
bone parameters at distal tibia compared to their peers
in the lowest quartile (approximated 0.5 h/d) [56]. Our
findings not only demonstrate that objectively measured
MVPA rather than LPA using accelerometers is an im-
portant predictor of bone strength across weight strata,
but also support the current opinion that adherence to
the WHO recommendations for MVPA has a positive
impact on bone strength. A recent systematic review

Table 5 Longitudinal associations between sedentary behaviour, physical activity and bone stiffness index percentiles after 6 years

Whole group Thin/normal weight group Overweight/obese group

β (99%CI) p-value β (99%CI) p-value β (99%CI) p-value

Main sample (self-reported data, N = 716)

Baseline watching TV/video/DVD (hours/week) − 0.18(− 0.80,0.44) 0.444 −0.18(− 0.93,0.57) 0.531 −0.36(−1.50,0.77) 0.404

Baseline playing computer/games (hours/week) 0.24(−0.59,1.08) 0.448 0.33(−0.73,1.39) 0.420 −0.16(−1.51,1.20) 0.766

Baseline sports clubs (hours/week) 1.79(−0.16,3.74) 0.018 1.99(−0.29,4.27) 0.024 0.59(−3.20,4.38) 0.686

Change of watching TV/video/DVD (hours/week) −0.16(− 0.61,0.29) 0.362 − 0.20(− 0.74,0.34) 0.335 −0.10(− 0.93,0.72) 0.744

Change of playing computer/games (hours/week) −0.13(− 0.59,0.33) 0.472 0.11(− 0.45,0.67) 0.617 −0.75(−1.58,0.07) 0.019

Change of sports clubs (hours/week) 1.01(−0.10,2.12) 0.020 1.54 (0.23,2.85) 0.002 −0.46(−2.64,1.73) 0.588

Weight bearing sports

Moderate or high mechanical loads vs. No or low
mechanical loads (reference)

4.47(−2.29,11.22) 0.088 2.48(−5.39,10.36) 0.416 11.26(−1.69,24.22) 0.025

Subsample (accelerometer data, N = 398)

Baseline sedentary time (hours/day) −0.44(−4.00,3.13) 0.751 0.08(−4.19,4.35) 0.961 1.03(−5.82,7.88) 0.693

Baseline light physical activity (hours/day) −2.70(−7.01,1.62) 0.106 −1.68(−6.76,3.41) 0.393 −5.13 (12.46,2.19) 0.068

Baseline moderate-to-vigorous physical activity
(10 min/day)

3.67 (1.55,5.79) < 0.001 3.49 (1.03,5.95) < 0.001 4.94 (0.92,8.97) 0.002

Change of sedentary time (hours/day) −0.18(−2.55,2.18) 0.840 0.16(−2.69,3.01) 0.884 −1.61(−5.51,2.28) 0.277

Change of light physical activity (hours/day) −0.53(−3.78,2.71) 0.670 0.11(−3.70,3.92) 0.938 −2.18(−7.82,3.45) 0.309

Change of moderate-to-vigorous physical activity
(10 min/day)

1.53(−0.04,3.10) 0.012 1.74(−0.10,3.59) 0.015 0.87(−2.09,3.83) 0.441

Adjusted for baseline age, sex, socio-economic status, daylight, bone stiffness index percentiles, height and weight z-scores and puberty at six-year follow-up,
country as a random effect
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suggested that more than 80% of adolescents had insuffi-
cient physical activity globally illustrating the urgent
need for further effective policies and intervention
strategies in order to obtain optimal bone strength in
children and adolescents [57].
Regarding self-reported PA at baseline, less than half

of the parents reported that their children participated
in a sports club. The average time spent at sports clubs
was given as approximately 1 h per week. This indeed
depicts reality, as children of that age do not commonly
take part in sports club activities. Our finding of change
in time spent at sports clubs rather than baseline time
being more strongly related to change in SI was hence
to be expected, as the participants were then 2 and 6
years older at the respective follow-ups. While no associ-
ation between self-reported WBE and SI was observed in
our study, the osteogenic effect of WBE has been re-
ported in a review regarding school-based intervention
programs, however, focusing mainly on jumping exer-
cises [58]. Bone strength is thought to be less sensitive
to light and moderate WBE among growing individuals
[59]. As we did not have data describing the intensity of
WBE in our study this may possibly explain why our re-
sults were non-significant. Further, as the self-reported
sports club activities did not include WBE during leisure
time, the effect of WBE on SI may have been
underestimated.
Notably, the cross-sectional associations we observed

did not match the longitudinal associations across
weight strata, especially in self-reported screen-based SB.
A possible explanation could be that the deleterious ef-
fects of watching TV on SI were covered by the stimu-
lating effect of the mechanical loading exerted by weight
status, which increased along with more screen time
[60]. However, after relatively long-term exposure to
screen-based SB, less SI gain still could occur in over-
weight/obese children. Potential direct and indirect
mechanisms of weight status may influence the longitu-
dinal relationship between screen-based SB and SI devel-
opment. On the one hand, being sedentary may disrupt
the bone formation-resorption balance due to lack of
mechanical loading [61]. This detrimental effect may be
stronger in overweight/obese individuals since they lose
more mechanical loading exerted by body weight. On
the other hand, overweight/obese children are also likely
to spend more time watching TV or playing computer/
games [62], eventually resulting in reduced SI. A similar
observation was made in our data. Moreover, detrimen-
tal effects of screen-based SB appeared to be pattern-
specific over time, with the durations of watching TV
and playing computer/games observed to be inversely
associated with SI gain at two-year and six-year follow-
up, respectively. Although watching TV, the predomin-
antly measured screen-based SB, represents the largest

amount of screen-based SB for most children, recent
studies suggest that computer use has increased dramat-
ically over the years and has even replaced time spent
watching TV, especially in adolescents [63, 64]. Marco
et al. [17] also reported that non-study internet use ra-
ther than watching TV was negatively associated with
whole body BMC in male adolescents. Our results are in
line with this behavioural transition from childhood to
adolescence and demonstrate that playing computer/
games might present a higher risk factor for bone
strength than watching TV as children get older.
The relationship between objectively measured SB and

bone health during growth is still inconclusive. Results
of a recent systematic review indicated the presence of a
minor association between total SB and bone outcomes
of the lower extremities in youth [65]. In the British
Columbia Healthy Bones Study III cohort (HBSII), no
associations were found between screen-based SB, total
SB and bone architecture and strength in 9- to 20-year-
old subjects at baseline [16], but total duration of
objectively measured SB was found to be a negatively
independent predictor in longitudinal analyses based on
four annual follow-ups [56]. In contrast, we did not
observe any longitudinal relationships between total
duration of objectively measured SB and SI, except for a
small cross-sectional inverse association in overweight/
obese children. In our previous IDEFICS study with a
larger cross-sectional sample, we found that total dur-
ation of objectively measured SB was negatively associ-
ated with SI in preschool and school children [26]. As
only a fraction of the subgroup of participants in the
present study who had accelerometer data could be
linked in longitudinal data, we believe that the associa-
tions we detected did not reach the significance thresh-
old due to the small sample size. Nevertheless, from our
investigation, it still can be concluded that SB operatio-
nalised as screen time might be a valuable predictor of
bone strength. However, the optimal dose of SB as well
as of specific screen-based SB on bone strength needs to
be further investigated in longitudinal studies and
interventions.
Our study has several strengths and limitations. To

our best knowledge, this is the first longitudinal study to
present the associations between SB, PA and QUS pa-
rameters using repeatedly measured data among Euro-
pean children and adolescents. Moreover, in addition to
self-reported questionnaires, we investigated SB and PA
with objective measurements in a relatively large sub-
sample and thereby acquired more precise information
regarding the intensity and quantification of activity
levels. Additionally, we were able to identify differential
associations of SI across weight strata, which helped pro-
vide better insight into the role of weight status in these
associations. While we were able to collect some
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objective data, the fact that the data was only available
for a subsample whose size diminished considerably at
each follow-up is a limitation that most likely led to the
lack of statistical power, and our results may not be gen-
eralised for the whole population. However, as the sub-
sample’s baseline mean of SI percentiles (41.19 ± 26.58)
and rate of overweight/obesity (19.7%) were comparable
to that of the main sample (43.44 ± 27.47 and 19.0%,
respectively), we believe that this reduces the potential
for bias. Second, the imprecision of the self-reported
WBE (only based on sports club activities) may have led
to underestimations regarding cross-sectional and longi-
tudinal effects of WBE on SI. Third, the comparability of
ActiTrainer with other Actigraph accelerometers in
previous validation studies is still inconclusive. However,
we additionally included a confounder to account for
different measures induced by the use of GT1M and
ActiTrainer, which did not change our final results.
Therefore, we are convinced that our data collection by
different types of accelerometers provides comparable
PA values. Finally, we did not include nutritional vari-
ables such as calcium intake. Instead, we considered
weekly frequency of milk and dairy products consump-
tion from a food frequency questionnaire as a proxy.
Since we did not observe an influential effect on our
final results, we did not consider this variable further to
avoid having to exclude more participants, which would
have reduced the sample size considerably.

Conclusions
In summary, our results demonstrated that objectively
measured MVPA is an important predictor of bone
strength across weight strata. Meeting the MVPA rec-
ommendation of 1 h per day maintained the beneficial
effect on bone strength during the six-year observational
period. On the other hand, the increasing durations of
screen-based SB might be risk factors for SI development,
especially in overweight/obese participants. Finally, bone
health improving interventions should promote high
intensive exercises and also focus on the reduction of
screen-based SB, particularly when targeting overweight/
obese individuals.
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Abstract
Summary In this large perspective cohort among European children and adolescents, we observed that daytime napping was
positively associated with bone stiffness, while short or long sleep duration combined with poor sleep quality was associated with
less bone stiffness. Our findings are important for obtaining optimal bone stiffness in childhood.
Introduction To examine the cross-sectional and longitudinal associations between sleep duration, sleep quality, and bone
stiffness index (SI) in European children and adolescents.
Methods Four thousand eight hundred seventy-one children aged 2–11 years from the IDEFICS study and 861 children aged 6–
15 years from the subsequent I.Family study were included. Sleep duration (i.e., nocturnal sleep and daytime napping) and sleep
quality (i.e., irregularly bedtime routine, have difficulty falling asleep and trouble getting up in the morning) were reported by
self-administrated questionnaires. Nocturnal sleep duration was converted into age-specific z-scores, and total sleep duration was
classified into short, adequate, and long based on the National Sleep Recommendation. Calcaneal SI of both feet were measured
using quantitative ultrasound. Linear mixed-effects models with country as a random effect were used, with adjustments for sex,
age, pubertal status, family socioeconomic status, physical activity, screen time, body mass index, and daylight duration.
Results Nocturnal sleep duration z-scores were positively associated with SI percentiles among participants with adequate sleep
duration at baseline. Moreover, the positive association between daytime napping and SI percentiles was more pronounced in
participants with adequate sleep duration at baseline, while at 4-year follow-up was more pronounced in participants with short
sleep duration. In addition, extreme sleep duration at baseline predicted lower SI percentiles after 4 years in participants with poor
sleep quality.
Conclusion The positive associations between nocturnal sleep, daytime napping and SI depended on total sleep duration. Long-
term detrimental effect of extreme sleep duration on SI only existed in individuals with poor sleep quality.
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Introduction

Sleep duration among European children and adoles-
cents decreased over the last decades, as reported by a
systematic review in 2012 [1]. Furthermore, the transi-
tion from childhood to adolescence is often accompa-
nied by altered sleep habits, such as irregular bedtime
routines and evening-type circadian preference [2].
Researchers have also raised concerns that difficulties
in initiating and maintaining sleep are occurring in
youth [3, 4], and poor quality of sleeping states (e.g.,
difficulties falling asleep) and waking states (e.g., trou-
ble getting up in the morning) are equally relevant to
health. Even though daytime napping could compensate
in part for less nocturnal sleep duration and poor sleep
quality, it may also lead to excessive sleep duration as
well as less efficient sleep at night time [5]. To date,
poor sleep, in terms of extreme duration and poor qual-
ity, has been linked to increased risks of poor mental
health, obesity, and cardio-metabolic risk among chil-
dren and adolescents [6].

Emerging evidence has also proposed hypotheses re-
garding the health effects of sleep on bone metabolism.
One potential pathway is the modulation of biological fac-
tors related to circadian rhythms [7], sympathetic nervous
system [8], and pro-inflammation [9]. Another potential ex-
planation may be the behavioral changes caused by poor
sleep such as unhealthy eating behaviors, less physical ac-
tivity (PA), and more sedentary behaviors (SB) [10], which
may further exert detrimental effects on bone accrual. In
fact, a number of studies among adults have supported these
hypotheses. A recent meta-analysis amongmiddle-aged and
elderly adults suggested a U-shaped dose-response with the
pooled odds ratios (ORs) of osteoporosis risk of 1.03 (95%
CI 1.01–1.06) for each 1-h sleep reduction among individ-
uals with shorter sleep duration (< 8 h/day), and 1.01 (95%
CI 1.00–1.02) for each 1-h sleep increment among individ-
uals with longer sleep duration (> 8 h/day) [11]. Two obser-
vational studies suggested that poor sleep quality was asso-
ciated with adulthood osteoporosis measured using Dual-
energy X-ray absorptiometry (DXA) [12] and quantitative
ultrasound (QUS) [13]. Considering that a large proportion
of bone accrual increases during childhood until peak bone
mass is achieved during young adulthood [14], the role of
sleep on bone health is probably more pronounced in early
life. However, few studies have been conducted in children
and adolescents, and reported inconsistent results with pos-
itive [15, 16] or no associations [17] of sleep duration with
bone mineral content (BMC) and bone mineral density

(BMD). Besides, little attention has been paid to sleep qual-
ity as well as its interrelated effects with nocturnal sleep and
daytime napping on bone health.

A better understanding of the relationship between sleep and
bone accrual could be helpful to obtain optimal bone strength,
which is also considered to be an important prevention strategy
for osteoporosis fracture in later life. In order to fill the gaps in
previous studies, we aimed to investigate cross-sectional and
longitudinal associations of nocturnal sleep duration, daytime
napping, and sleep quality with bone stiffness index (SI) mea-
sured using QUS from a large population-based cohort of chil-
dren and adolescents, and to further explore the interactive effects
between total sleep duration and sleep quality on SI.

Methods

Study design and population

The IDEFICS/I.Family cohort is a multicentre population-
based study which was conducted in eight European
countries: Belgium, Cyprus, Estonia, Germany, Hungary,
Italy, Spain, and Sweden. The main aim of this cohort
was to investigate and prevent diet- and lifestyle-related
diseases and disorders among European children and ad-
olescents. The baseline survey (IDEFICS study) was con-
ducted between September 2007 and May 2008, two or
more communities in each country whose socio-
demographic profile and infrastructure were similar and
typical for their region were selected. In total, 16,229
children aged 2 to 9 years participated and fulfilled the
inclusion criteria. Two follow-up examinations were fur-
ther conducted with similar examination modules after 2
years (IDEFICS study) and 6 years (I.Family study) at
2009/2010 and 2013/2014, respectively. The study was
conducted according to the standards of the Declaration
of Helsinki. Ethical approval was obtained from the ethics
committees by all eight study centers. Before children
entered the study, parents provided written informed con-
sent. Additionally, children aged 12 years and older gave
simplified written consent and children younger than 12
years gave oral consent before each examination. More
details on the study design of the IDEFICS/I.Family co-
hort were published previously [18].

We included data from who participated in the 2009/2010
(in the following referred to as baseline) and 2013/2014 sur-
veys (in the following referred to as follow-up) of the
IDEFICS/I.Family cohort, since the sleep variables of interest
were only assessed at these two time points. QUS
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measurements were conducted as an optional module in each
survey, with 6886 participants at baseline (50.6%) and 2892
participants at follow-up (30.3%), respectively. There were no
significant differences between participants and non-
participants for main demographic characteristics (i.e., sex,
age, and family socioeconomic status (SES)). We further ex-
cluded children and adolescents who (1) had implausible QUS
measurements, i.e., absolute difference of SI between the right
and left foot exceeded the 97th percentile (39 units) based on
total 8280 measurements; (2) had an indication of impaired
bone health at baseline, i.e., with disease or receiving medical
treatments affecting the bone; (3) had implausible nocturnal
sleep duration, i.e., more than 16 h per night or less than 5 h
per night; and (4) had incomplete data of covariates, i.e., PA,
SB, and pubertal status. Finally, a total of 4871 children at
baseline were eligible for the cross-sectional analysis. Of
these, 861 participants with complete information at both
baseline and follow-up were included in the longitudinal
analysis.

Questionnaires

General questionnaires related to lifestyle behaviors were col-
lected in the IDEFICS/I.Family cohort. Parents were asked to
complete the questionnaires on behalf of their children youn-
ger than 12 years old, while for older children and adolescents,
the questionnaire was self-reported.

Sleep characteristics

The duration of nocturnal sleep and daytime napping
(hours and min) at weekdays/school days and weekend
days/vacations was separately recorded. The average of
daily nocturnal sleep duration was calculated for each
child as fol lows: (nocturnal sleep durat ion on
weekdays/school days × 5 + nocturnal sleep duration
on weekend days/vacations × 2) / 7. The value of noc-
turnal sleep duration for each child was further trans-
formed to an age-specific z-score based on the reference
population from I.Family study, in order to consider
both children and adolescents. The maximum number
of observations with plausible information on age and
nocturnal sleep duration was included to obtain the best
possible estimates; the years of age were used as cate-
gories to calculate age-specific means and standard de-
viations. Analogously, the average of daily napping time
was calculated and expressed as 10 min/day in order to
better interpret the regression coefficients.

We further calculated the total sleep duration by adding up
the nocturnal sleep and daytime napping. According to the
sleep recommendation from the National Sleep Foundation
(NSF) [19], we used the definition of short and long sleep
duration as < 10 h/day and ≥ 13 h/day for pre-school children

aged 2 to < 6 years, < 9 h/day and ≥ 11 h/day for primary
school children aged 6 to < 12 years, < 8 h/day and ≥ 10 h/day
for adolescents aged 12 to 15 years, respectively.

Additionally, participants were asked to report their typical
sleeping habits and daytime condition as follows: (1) do you
have a regular bedtime routine (yes = 1 and no = 0); (2) do you
have trouble getting up in the morning (yes = 0 and no = 1);
and (3) do you have difficulty falling asleep (yes = 0 and no =
1). Similar items were used previously in other large
population-based study [20]. We calculated a cumulative
score as the sum of these three items (range from 0 to 3);
individuals scoring 3 were considered as having good sleep
quality.

Physical activity and sedentary behavior

PA level of the participants was recorded as weekly duration
of participation in sports clubs. They were asked to report
whether the child was a member of a sports club (yes or no);
if the answer was yes, then they had to report how many hours
and minutes per week. The weekly time spent at sports clubs
was calculated by adding hours and minutes and expressed as
hours per week (h/w). SB level of the participants was record-
ed as daily duration of total screen time. Screen time was
calculated from reported usual duration of the child watching
TV/videos/DVDs and playing computer/game console on a
normal weekday and weekend day. For both questions, six
response categories were offered and converted into the fol-
lowing scoring system: not at all = 0, < 30 min = 1, < 1 h = 2,
1– < 2 h = 3, 2–3 h = 4, and > 3 h = 5. Each screen-based SB
was calculated separately for weekdays and weekend days by
adding up the converted responses of questions as follows:
screen-based SB on weekdays/school days × 5 + screen-
based SB on weekend days/vacations × 2. The weekly dura-
tion of screen time was the total duration of these two screen-
based SB and expressed as hours per week (h/w).

Other covariates

The age, sex, and SES of participants were obtained from
parental questionnaire. The highest education of parents was
obtained as a proxy indicator for SES according to the
International Standard Classification of Education (ISCED)
(low: ISCED levels 0–2; medium: ISCED levels 3–4; high:
ISCED levels 5 and higher) [21]. The pubertal status was self-
reported by children aged 8 years and older, and was defined
as pre-pubertal or pubertal based on voice change in boys and
first menstrual period in girls [16]. Sunlight exposure accounts
for the main source of vitamin D synthesis [22]; therefore,
mean daylight duration (± 0.1 h) for each examination month
in each location was calculated using astronomical tables as a
proxy for vitamin D level.
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Bone stiffness index

SI was measured on the left and right calcaneus using
QUS (Achilles Lunar Insight TM GE Healthcare,
Milwaukee, WI, USA); the reliability study and the
methodology of QUS device have previously been de-
scribed in detail [23]. The measurements and quality
control were performed by trained nurses based on the
standard operating procedures provided by the manufac-
turer. The foot was positioned using two different sizes
of adapters for participants to keep their calcaneus prop-
erly. Before recording each measurement, the preview
image of the calcaneus and the region of interest were
required to display, in order to avoid measurement error
caused by incorrect locations, e.g., the growth plate.
The SI was calculated automatically as a percentage
(units) based on normalized and scaled values of broad-
band ultrasound attenuation (BUA, dB/MHz) and speed
of sound (SOS, m/s) according to: BSI = (0.67*BUA) +
(0.28*SOS) − 420. The value of BUA represents the
spatial orientation of the bone trabeculae and increases
with greater trabecular complexity. The value of SOS
represents the velocity of sound traveling through the
bone and increases with greater structures density, and
the combination of SOS and BUA was slightly better at
predicting bone strength than either parameter alone
[24]. The mean SI of the left and right calcaneus mea-
surements was calculated and used in the statistical
analysis. For each individual, the SI percentile was cal-
culated additionally as outcome according to age, sex,
and height based on the IDEFICS/I.Family reference
population. The processing method and the first descrip-
tive results of SI percentile values in the IDEFICS study
can be found elsewhere [23], and we additionally pro-
vided the sex-specific reference curves for SI percentiles
by age for average children based on the 50th height
percentile in the IDEFICS/I.Family study in Online
Resource (Figure S1).

Anthropometrics measurements

Physical examinations including body weight and height
were measured by trained nurses based on the standard op-
erating procedures. Weight (kg) was measured to the nearest
0.1 kg using the Tanita scale (BC420 MA for children and
BC418 MA for adolescents, Tanita Europe GmbH,
Sindelfingen, Germany). Height (cm) was measured to the
nearest 0.1 cm using the calibrated stadiometer (Seca 225/
213 stadiometer, Birmingham, UK). All examinations were
in light clothing without shoes. Body mass index (BMI) was
calculated as weight (kg) divided by height (m) squared; the
values were transformed to age- and sex-specific z-scores
based on Cole et al. [25]

Statistical methods

Associations between sleep duration, sleep quality, and SI
were investigated using linear mixed-effects models, and a
random effect for country was added to account for cluster
effects. All models were adjusted for age, sex, family SES,
daylight duration, and BMI z-scores in each survey. The ex-
posures of sleep duration at baseline and/or follow-up were
included as continuous variables (i.e., nocturnal sleep duration
z-scores and daytime napping duration) and a dichotomous
variable (i.e., fulfilling the sleep recommendation or not) in
separate models, to additionally investigate the benefit of
meeting sleep recommendation on SI percentiles. The expo-
sure of sleep quality at baseline and/or follow-up was included
as a dichotomous variable (i.e., good and poor). The outcome
for cross-sectional analyses was baseline SI percentile, with
additional adjustments for baseline duration of PA and SB.
The outcome for longitudinal analyses was SI percentile at
follow-up, with additional adjustments for SI percentile at
baseline, pubertal status at follow-up, and average durations
of PA and SB at both surveys. Since sleep duration and sleep
quality may have interactive effects on SI, we further stratified
the whole group by total sleep duration and quality, to inves-
tigate the different effects of interests across stratifications.

All the statistical analyses were carried out with the
Statistical Analysis System (SAS) software package
(Version 9.4; SAS Institute, Cary, NC). Regression coeffi-
cients (β), 95% confidence intervals (95%CIs), and p values
were calculated. The significance level was set at α = 0.05 (2-
sided tests); multiple testing was further adjusted and cited in
footnotes if p values exceed 0.05 according to Holm's sequen-
tial Bonferroni procedure [26].

Results

Descriptive analyses

At baseline, 4871 participants consist of 742 pre-school chil-
dren and 4129 primary school children were included in cross-
sectional analyses. Of these, 861 participants consist of 352
primary school children and 509 adolescents from 5 partici-
pating centers were further included in longitudinal analyses
after a 4-year follow-up. The proportion of boys (47.0% vs.
50.5%, p = 0.06) and mean age (8.28 years vs. 8.20 years, p =
0.19) of longitudinal analytic sample were comparable to chil-
dren who did not provide follow-up data, but less participants
were classified as low (8.4% vs. 9.1%) and high SES (30.0%
vs. 38.1%), p < 0.001. More details of demographic charac-
teristics are shown in Table 1; additional results of Pearson’s
correlations and 95%CIs between co-variables, sleep expo-
sures, and bone stiffness index can be found in Online
Resource (Table S1).
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At baseline, the average daily nocturnal sleep duration was
9.89 h; the median value of reported daily daytime napping was
60 min. There were 11.2% participants defined as short sleep
duration and 6.0% participants defined as long sleep duration.
Overall, 44.6% of the participants were defined as poor sleep
quality. At follow-up, the average daily nocturnal sleep duration
was 9.10 h; the median value of reported daily daytime napping
was 31.4 min. The proportions of short and long sleep duration
were 16.7% and 8.8%, respectively; 58.8% of participants were
reported having poor sleep quality. Furthermore, the average
bone stiffness index was 81.91 units at baseline and 91.22 units
at follow-up. More details regarding exposures, outcomes, and
covariates among pre-school children, primary school children,
and adolescents in each survey were shown in Table 2.

Associations between nocturnal sleep, daytime
napping, sleep quality, and SI percentiles

In the whole group, no cross-sectional associations between noc-
turnal sleep duration z-scores, sleep quality, and SI percentiles
were observed. Daytime napping duration was positively associ-
ated with SI percentiles (β = 0.78, 95%CI: 0.43, 1.14, p < 0.001),
and this association was independent of negative effect of screen

time and positive effect of sports club on SI percentiles as shown
in Online Resource (Table S2). After stratifying by total sleep
duration categories, we found that nocturnal sleep duration z-
scores were positively associated with SI percentiles in partici-
pants with adequate sleep duration (β = 1.81, 95%CI: 0.55, 3.07,
p = 0.005), and effect size was even larger, however not statisti-
cally significant, in participants with long sleep duration (β =
3.71, 95%CI: − 2.28, 9.70, p = 0.22). Nevertheless, the positive
association between daytime napping and SI percentiles was
statistically significant only in participants with adequate sleep
duration (β = 1.19, 95%CI: 0.76, 1.61, p < 0.001), and was more
pronounced but not statistically significant in participants with
short sleep duration (β = 1.27, 95%CI: − 1.14, 3.69, p = 0.30)
(Table 3).

After 4 years, we found that only follow-up daytime napping
was positively associatedwith follow-up SI percentiles (β= 0.84,
95%CI: 0.14, 1.53, p = 0.02), and it was not influenced by the
positive effect of sports club as shown in Online Resource
(Table S3), but only existed in participants with short sleep du-
ration after stratification (β = 2.42, 95%CI: 0.98, 3.85, p =
0.001). Even though there were no statistically significant asso-
ciations between sleep quality and SI percentiles in all groups
after 4 years, we observed that participants with poor sleep

Table 1 Descriptive characteristics of the study population

Baseline Follow-up

Whole group 2 to < 6 years 6 to < 12 years Whole group 6 to <12 years 12 to 15 years
N = 4871 N = 742 N = 4129 N = 861 N = 352 N = 509

Age (mean, SD) 8.21 (1.82) 5.17 (0.64) 8.76 (1.37) 12.13 (1.75) 10.27 (1.01) 13.42 (0.64)

Sex (N, %)

Boys 2431 (49.9) 370 (49.9) 2061 (49.9) 406 (47.2) 161 (45.7) 245 (48.1)

Girls 2440 (50.1) 372 (50.1) 2068 (50.1) 455 (52.8) 191 (54.3) 264 (51.9)

Puberty status (N, %)a

Pre or early pubertal / / / 447 (51.9) 297 (84.4) 150 (29.5)

Pubertal / / / 414 (48.1) 55 (15.6) 359 (70.5)

SES (N, %)

Low 436 (9.0) 54 (7.3) 382 (9.3) 54 (6.3) 23 (6.5) 31 (6.1)

Medium 2649 (54.4) 364 (49.1) 2285 (55.3) 434 (50.4) 188 (53.4) 246 (48.3)

High 1786 (36.7) 324 (43.7) 1462 (35.4) 373 (43.3) 141 (40.1) 232 (45.6)

Country (N, %)b

Belgium 325 (6.7) 42 (5.7) 283 (6.9) / / /

Cyprus 141 (2.9) 52 (7.0) 89 (2.2) 8 (0.9) 5 (1.4) 3 (0.6)

Estonia 652 (13.4) 8 (1.1) 644 (15.6) 155 (18.0) 0 (0) 155 (30.5)

Germany 779 (16.0) 122 (16.4) 657 (15.9) 259 (30.1) 142 (40.3) 117 (23.0)

Hungary 677 (13.9) 140 (18.9) 537 (13.0) / / /

Italy 1208 (24.8) 186 (25.1) 1022 (24.8) 251 (29.2) 106 (30.1) 145 (28.5)

Spain 771 (15.8) 138 (18.6) 633 (15.3) 188 (21.8) 99 (28.1) 89 (17.5)

Sweden 318 (6.5) 54 (7.3) 264 (6.4) / / /

a Pubertal status was not available at baseline survey and indicated with "/"
b Countries which did not participate in quantitative ultrasound module were indicated with "/"
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quality tended to have lower SI percentiles compared to their
counterparts in short (β = − 10.17, 95%CI: − 21.94, 1.61, p =
0.09) and long sleep duration group (β=− 4.99, 95%CI:− 22.75,
12.78, p = 0.56), respectively (Table 4). The combined effect size
was − 11.61 (95%CI: − 21.09, − 2.12, p = 0.02) if we merged
short and long sleep duration into one group with participants
who did not fulfill the sleep recommendation.

Associations between meeting NSF sleep
recommendation and SI percentiles

At baseline, there was no statistically significant difference on
SI percentile between children who fulfilled the sleep recom-
mendation and who did not. However, extreme total sleep du-
ration at baseline predicted lower SI percentiles after 4 years
compared to their counterparts when participants

simultaneously had poor sleep quality at baseline (β = − 8.09,
95%CI: − 13.39, − 2.79, p = 0.003) (Table 5). As shown in
Online Resource (Table S4), four interaction terms in the cross-
sectional model and eight in the longitudinal model were sep-
arately introduced to the main effects in the whole group, one of
which was statistically significant, i.e., the interaction between
extreme total sleep duration at baseline and average screen time
(β = − 0.52, 95%CI: − 1.02, − 0.03, p = 0.04). Specifically,
screen time has a stronger detrimental effect on SI percentile in
children with extreme total sleep duration.

Discussion

We observed a positive cross-sectional association between
nocturnal sleep duration and SI only in participants with

Table 2 Baseline and follow-up characteristics of exposures, outcomes, and covariates

Baseline Follow-up

Whole group 2 to < 6 years 6 to < 12 years Whole group 6 to < 12 years 12 to 15 years
N = 4871 N = 742 N = 4129 N = 861 N = 352 N = 509

Sleep duration

Nocturnal sleep duration (hours/day),
(mean, SD)

9.89 (0.80) 10.28 (0.85) 9.82 (0.77) 9.10 (1.01) 9.62 (0.71) 8.75 (1.03)

Nocturnal sleep duration z-scores,
(mean, SD)

0.33 (0.97) 0.48 (0.96) 0.31 (0.97) 0.09 (0.99) 0.26 (0.92) − 0.03 (1.02)

Had daytime napping (n, %) 522 (10.7) 237 (31.9) 285 (6.9) 119 (13.8) 25 (7.1) 94 (18.5)

Daytime napping duration (10
min/day), (median interquartile
range)

6.00
(2.57–9.00)

8.14
(4.29–10.71)

4.29
(2.57–6.43)

3.14
(1.71–7.29)

2.29
(1.71–7.29)

3.82
(1.71–7.29)

Total sleep recommendation (n, %)

Short 545 (11.2) 126 (17.0) 419 (10.1) 144 (16.7) 54 (15.3) 90 (17.7)

Adequate 4032 (82.8) 610 (82.2) 3422 (82.9) 641 (74.5) 289 (82.1) 352 (69.2)

Long 294 (6.0) 6 (0.8) 288 (7.0) 76 (8.8) 9 (2.6) 67 (13.2)

Sleep quality (n, %)

Had an unregularly bedtime routine 1144 (23.5) 171 (23.1) 973 (23.6) 239 (27.8) 48 (13.6) 191 (37.5)

Had difficulty to fall asleep 427 (8.8) 55 (7.4) 372 (9.0) 148 (17.2) 39 (11.1) 109 (21.4)

Had trouble getting up 1117 (22.9) 146 (19.7) 971 (23.5) 359 (41.7) 101 (28.7) 258 (50.7)

Overall poor sleep quality 2172 (44.6) 304 (41.0) 1868 (45.2) 506 (58.8) 147 (41.8) 359 (70.5)

Quantitative ultrasound

Bone stiffness index, (mean, SD) 81.91 (13.19) 81.06 (16.79) 82.06 (12.43) 91.22 (16.38) 82.82 (12.78) 97.03 (16.09)

Bone stiffness index percentiles,
(mean, SD)

46.83 (28.34) 51.62 (30.59) 45.97 (27.84) 53.89 (28.98) 42.47 (28.67) 61.79 (26.48)

Anthropometric measures

Height (cm), (mean, SD) 131.19 (12.28) 112.78 (6.52) 134.50 (9.92) 154.23 (12.06) 143.91 (8.84) 161.37 (8.21)

Weight (kg), (mean, SD) 30.80 (9.79) 20.53 (4.10) 32.64 (9.36) 48.44 (13.90) 39.32 (10.89) 54.75 (12.16)

Body mass index, (mean, SD) 17.50 (3.30) 16.03 (2.16) 17.77 (3.39) 20.05 (4.00) 18.77 (3.80) 20.93 (3.90)

Body mass index z-scores, (mean, SD) 0.52 (1.21) 0.26 (1.30) 0.56 (1.18) 0.62 (1.08) 0.61 (1.13) 0.62 (1.05)

Health behaviors

Screen time (hours/week), (mean, SD) 13.90(7.69) 10.88 (6.46) 14.44 (7.77) 16.41 (10.33) 12.49 (6.81) 19.12 (11.43)

Sports club (hours/week), (mean, SD) 1.88 (2.14) 0.75 (1.25) 2.08 (2.20) 2.72 (2.81) 2.43 (2.24) 2.92 (3.13)

a Calculated only for participants who reported had daytime napping
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adequate sleep duration. In general, the positive association
between daytime napping and SI was more pronounced in
participants with short and adequate sleep duration.
Moreover, extreme sleep duration at baseline predicted lower
SI over the 4 years of follow-up in participants with poor sleep

quality. Besides, a negative association of SB and a positive
association of PA with SI were observed, which are consistent
with previous IDEFICS/I.Family findings [27, 28]. However,
these known factors influencing bone development did not
modify the associations between sleep exposures and SI in

Table 4 Longitudinal
associations between sleep
characteristics and bone stiffness
index percentiles in 2013/14,
stratified by total sleep duration a

Whole group Short sleep duration Adequate sleep
duration

Long sleep
duration

(N = 861) (N = 101) (N = 722) (N = 38)

β
(95%-
CI)

p
v-
al-
ue

β
(95%C-
I)

p
v-
al-
ue

β
(95%-
CI)

p
v-
al-
ue

β
(95%C-
I)

p
v-
al-
ue

Baseline nocturnal
sleep duration
z-scores

− 0.43 (−
2.30,
1.44)

0.65 − 0.17 (−
10.53,
10.18)

0.97 − 1.31 (−
3.85,
1.23)

0.31 − 9.52 (−
24.27,
5.23)

0.19

Baseline daytime
napping

− 1.06 (−
2.05, −
0.07)

0.04
c

− 4.80 (−
14.78,
5.18)

0.34 − 1.03 (−
2.48,
0.42)

0.16 − 1.73 (−
5.05,
1.58)

0.29

Follow-up
nocturnal sleep
duration z-scores

− 0.73 (−
2.35,
0.89)

0.38 1.11 (−
4.65,
6.87)

0.70 − 0.53 (−
2.30,
1.24)

0.56 − 0.36 (−
6.06,
5.34)

0.90

Follow-up daytime
napping

0.84
(0.14,
1.53)

0.02 2.42
(0.98,
3.85)

0.001 0.37 (−
0.47,
1.21)

0.39 0.52 (−
3.13,
4.18)

0.77

Sleep qualityb

Poor vs. good
(reference)

− 1.29 (−
4.98,
2.40)

0.49 − 10.17 (−
21.94,
1.61)

0.09 0.12 (−
3.85,
4.08)

0.95 − 4.99 (−
22.75,
12.78)

0.56

All models were adjusted for bone stiffness index percentiles at baseline, sex, age, family socioeconomic status,
pubertal status, BMI z-scores, and daylight duration at follow-up as well as average screen time and time spent at
sports clubs at both surveys
a Based on the sleep recommendation from the National Sleep Foundation
bGood sleep quality was defined as fulfilling at both baseline and follow-up
c p≥0.05 after adjustment for multiple testing according to Holm’s sequential Bonferroni procedure

Table 3 Cross-sectional associations between sleep characteristics and bone stiffness index percentiles in 2009/10, stratified by total sleep durationa

Whole group Short sleep duration Adequate sleep duration Long sleep duration

(N = 4871) (N = 545) (N = 4032) (N = 294)

β (95%CI) p value β (95%CI) p
value

β (95%CI) p value β (95%CI) p
value

Nocturnal sleep duration
z-scores

0.26 (− 0.63, 1.14) 0.57 − 1.25 (− 4.82,
2.31)

0.49 1.81 (0.55, 3.07) 0.005 3.71 (− 2.28,
9.70)

0.22

Daytime napping 0.78 (0.43, 1.14) p <
0.001

1.27 (− 1.14, 3.69) 0.30 1.19 (0.76, 1.61) p <
0.001

0.36 (− 1.05,
1.78)

0.61

Sleep quality

Poor vs. good (reference) − 0.44 (− 2.09,
1.22)

0.61 0.87 (− 4.12, 5.86) 0.73 − 0.88 (− 2.70,
0.93)

0.34 1.42 (− 5.84,
8.69)

0.70

All models were adjusted for sex, age, family socioeconomic status, screen time, time spent at sports clubs, BMI z-scores, and daylight duration, with a
random effect for country
a Based on the sleep recommendation from the National Sleep Foundation
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the present study. In addition, we found extreme sleep dura-
tion had an interactive effect on the association between
screen time and SI, suggesting that sleep duration should also
be taken into consideration in further studies on behavioral
risk factors for bone health.

To our best knowledge, there were only three studies
investigating the associations between sleep duration and
bone density measured by DXA among children and ado-
lescents and reporting conflicting results: a cross-sectional
study among 4–12 year-old children found positive associa-
tions of long nocturnal sleep duration and daytime napping
with total BMC [15]. Another study conducted among 6–18
year-old Japanese students reported that habitual napping
rather than nocturnal sleep duration was positively associat-
ed with BMD at the distal forearm of the non-dominant side
[16]. The last, a longitudinal study using compositional time
of 24 h day, reported that total sleep duration was not related
to BMC and BMD [17]. QUS, as a fast, radiation-free and
cost-effective technique, not only offers better accessibility
for large-scale epidemiological studies particularly involving
healthy children and adolescents but also provides some
information on the structural and geometric properties of
the bone in addition to bone density measured by DXA.
The predictive values of both BUA and SOS for osteopo-
rotic fracture have been supported by a systematic review on
prospective studies, albeit decreased with time [29]. Some
researchers propose to use more sophisticated QUS indices,
e.g., SI. Compared with using BUA and SOS alone, SI
showed more sensitivity for subjects with low BMD [30]
and better long-term precision to monitor the treatment ef-
fect of therapies [31, 32]. However, there are still some
concerns on the QUS methodology because of the poor
knowledge on bone properties reflected by QUS parameters,
the influence of body size, and technological diversity
among QUS devices and indices [24]. Therefore, the

comparison of our study with previous research is limited
and our results should be carefully interpreted.

In the present study, we found that longer nocturnal sleep
duration would not be beneficial to bone health if children had
inadequate total sleep duration. In contrast, more daytime nap-
ping could make up for the deleterious effect of inadequate
total sleep duration on bone. However, our results were in
contrast to the findings from previous studies in adults, which
suggested that daytime napping duration was a risk factor of
lower BMD [33, 34]. According to previous systematic re-
views regarding other health effects of daytime napping, the
risks of detrimental outcomes (i.e., cardiovascular disease, and
type diabetes and metabolic syndrome) showed a J-curve
dose-response with no effect [35] or decreases [36] up to about
40 min/day, and then followed by sharp increases. Moreover,
a study conducted in American high school students sug-
gested that only specific time period of taking naps (e.g., after
2 pm) was related to increasing inflammatory factors [37].
However, only about 6% of the children reported their day-
time napping was more than 40 min/day in our sample. These
results indicated that acceptable duration of daytime napping
may be good for bone health in children and adolescents who
did not have long sleep duration. However, the optimal thresh-
old and timing of napping are still needed to be confirmed.

Healthy sleep consists of adequate duration and good qual-
ity. Although individuals with extreme sleep duration (short or
long) tend to have poor sleep quality and vice versa, it is still
possible that some individuals naturally need less or more
sleep compared to others, only if good sleep quality is main-
tained under individually preferred sleep duration [38]. On the
other hand, individuals with poor sleep quality alsomay partly
compensate by keeping adequate sleep duration. Nonetheless,
relatively few studies simultaneously examined the effects of
extreme sleep duration and sleep quality. In order to preclude
the interplay of sleep duration and quality in the present study,

Table 5 Cross-sectional and longitudinal associations between meeting sleep guidelines a and bone stiffness index percentiles, stratified by sleep
quality

Whole group Poor sleep quality Good sleep quality

β (95%CI) p value β (95%CI) p value β (95%CI) p value

Cross-sectional models N = 4871 N = 2172 N = 2699

Short or long vs. adequate (reference) − 0.49 (− 2.46, 1.47) 0.62 0.82 (− 1.91, 3.55) 0.56 − 1.89 (− 4.73, 0.94) 0.19

Longitudinal models N = 861 N = 405 N = 456

Baseline short or long vs. adequate (reference) − 3.45 (− 7.61, 0.70) 0.10 − 8.09 (− 13.39, − 2.79) 0.003 1.28 (− 5.17, 7.73) 0.70

Follow-up short or long vs. adequate (reference) − 0.55 (− 4.09, 2.99) 0.76 0.49 (− 4.26, 5.25) 0.84 − 3.08 (− 8.31, 2.14) 0.25

All cross-sectional models were adjusted for sex, age, family socioeconomic status, screen time, time spent at sports clubs, BMI z-scores, and daylight
duration, with a random effect for country

All longitudinal models were adjusted for bone stiffness index percentiles at baseline, sex, age, family socioeconomic status, pubertal status, BMI z-
scores, and daylight duration at follow-up as well as average screen time and time spent at sports clubs at both surveys

All whole models were additionally adjusted for sleep quality
a Based on the sleep recommendation from the National Sleep Foundation
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we explored the associations stratified by sleep duration and
sleep quality, suggested that the associations of sleep duration
and quality with bone health may be interrelated. These find-
ings were supported by previous studies in adults. For exam-
ple, Zeng et al. [39] reported that long sleep duration was a
risk factor for poor quality of life in patients with type 2 dia-
betes mellitus who reported poor sleep quality. In contrast,
Chen et al. [33] found the association between sleep duration
and osteoporosis was most pronounced in postmenopausal
women reported good sleep quality. Given the limited and
conflicting evidence, the interactive effect between sleep du-
ration and sleep quality on bone is still unknown.

Experimental sleep deprivation studies have demonstrated
that sleep restriction may lead to increase of bone resorption
markers and decrease of bone formation markers, thereby
impacting the bone mass accrual [40, 41]. Compared to the
detrimental effects of short sleep duration, evidence of long
sleep duration is still lack among youth, and the underlying
mechanism for adverse effects of long sleep duration on health
is rarely investigated because of the difficulty to conduct ex-
perimental studies. However, a recent systematic review sug-
gested that long sleep duration, but not short sleep duration,
was associated with increased inflammatory factors [9].
Moreover, long sleep duration may decrease daily exercises
and thus results in less bone stimulation from mechanical
loading [42]. Furthermore, extreme sleep duration and poor
quality always paralleled with the poor sleep efficiency and
interruption of circadian rhythm [43]. Growth hormone (GH)
levels are increased during sleep period. GH and insulin-like
growth factor 1 (IGF-1) have been demonstrated to stimulate
osteoblasts in the bone, and GH also effects musculoskeletal
system directly as well as through mediating IGF-1 levels
[44]. In addition, the circadian rhythm is related to
hypothalamic-pituitary-adrenal axis which is typically relates
to the release of cortisol. High level of cortisol can exert det-
rimental effects on the musculoskeletal system directly and by
inhibiting GH and IGF-1 [44, 45]. Considering that the in-
creases of extreme sleep duration and poor sleep quality have
raised a concern from early life span, more perspective studies
are needed to establish causality as well as the underlying
mechanisms on bone health.

The main strength of the present study is that we fill the
research gap regarding the associations and interplays of noc-
turnal sleep duration, daytime napping, and sleep quality with
SI. Moreover, the prospective study design, the standardized
measures providing harmonized data across eight European
countries, and the large sample size covering children from
2 to 15 years old strengthen our findings. The deep phenotyp-
ing also allows consideration of a number of important con-
founders, i.e., family SES, pubertal status, BMI, PA, and SB.
However, some limitations should be acknowledged. First, the
QUS measurement was only available in a subgroup with
decreasing sample size over the 4 years of follow-up, which

may cause selective bias in data interpretation. Second, sleep
duration was reported by parents or adolescents, and sleep
quality was estimated from only three sleep characteristics.
Finally, we did not have information regarding some possible
confounders, e.g., weight-bearing exercises and calcium in-
take. Instead, we used proxy indicators of reported types of
sport in sports club (moderate or high mechanical loads vs. no
or low mechanical loads) and milk and dairy products con-
sumption (frequency/week). However, no modifying effects
were observed in the exploratory analysis stage; hence, we did
not include them in the final models in order to maintain the
sample size.

In conclusion, we observed that for every 10 min/day in-
crease in daytime napping was associated with approximately
1 unit increase in SI percentiles, and it was even more bene-
ficial for individuals who had short sleep duration according
to NSF sleep recommendation. Furthermore, the associations
of sleep duration and sleep quality with calcaneus SI may
partly depend on each other. We suggest that children and
adolescents should follow the NSF sleep recommendation in
order to maximize bone strength during growth, especially for
those who had poor sleep quality measured by no regular
bedtime routine, had trouble getting up in the morning and
difficulty falling asleep.
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Abstract 

Background The relationships between serum 25-hydroxyvitamin D concentration (25(OH)D), 

bone turnover markers and calcaneal quantitative ultrasound measured stiffness index (SI) in 

childhood are unclear.  

Objective To investigate the associations of 25(OH)D with osteocalcin (OC), C-terminal 

telopeptides of type I collagen (CTx) and SI, and to explore the interactions of physical 

activity, calcium intake and weight status with 25(OH)D on bone health indicators. 

Design 25(OH)D, OC, CTx and SI were assessed in 2- to 15-year-old European children from 

examinations in 2007/08 and 2013/14. Time spent in sports clubs (hours/week), screen time 

duration (hours/week) and dairy products consumption (frequency/week) were reported using 

questionnaires. Moderate-to-vigorous physical activity (MVPA, min/day) and sedentary time 

(min/day) were measured using accelerometers. Calcium intake (mg/day) was measured using 

24-h dietary recall and dichotomized. Overweight/obesity was defined based on bone mass 

index. Linear mixed-effects models were used with adjustments for potential confounders, 

cluster effect of country and repeated measurements. 

Results 25(OH)D (β = -7.09), dairy products consumption (β = -1.64) and dichotomized 

calcium intake (β = -116.70) were inversely associated with CTx. 25(OH)D ≥ 20 ng/ml was a 

protective factor for SI only in children with MVPA ≥ 60 min/day (β = 12.14). Higher OC 

was observed in preschool children had MVPA ≥ 60 min/day than who did not. Interaction 

between 25(OH)D and weight status on CTx was observed in primary school children. Time 

spent in sports clubs was positively while screen time duration was inversely associated with 

CTx in adolescents. In the 2013/14 examination, positive associations of time spent in sports 

clubs (β = 1.28), MVPA (β = 0.20), dairy products consumption (β = 0.15) and calcium intake 

(β = 0.02) with SI were observed. 
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Conclusions 25(OH)D was reversely associated with CTx. Future intervention studies on 

vitamin D and bone health should consider MVPA, weight status and age.  

Keywords vitamin D; bone health; calcium intake; physical activity; weight status; child 

cohort
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Introduction 

The high prevalence of vitamin D deficiency among European children and adolescents has 

raised a considerable concern in public health in the past decades (1). Vitamin D, as a pro-

hormone, has been related to a wide variety of pathogenesis including infections (2), 

cardiovascular diseases (3) and mental health (4), etc. The most well-established health effect of 

vitamin D is its role in the regulation of calcium and phosphate homeostasis, which is important 

for bone health. Vitamin D can be obtained from dietary intake, but the majority source of 

vitamin D3 is synthesized from 7-dehydrocholesterol in skin in response to ultraviolet-B 

radiation, then converted to 25-hydroxyvitamin D (25(OH)D) in the liver and finally converted 

to the active metabolite 1,25-dihydroxyvitamin D in kidney. In childhood, the most severe 

clinical consequence of vitamin D deficiency is impaired bone mass acquisition and rickets (5).  

Serum 25(OH)D is commonly used as an indicator of the vitamin D status. However, the 

associations between serum 25(OH)D and indicators of bone health e.g., bone mineral content 

(BMC) and density (BMD) measured using dual-energy X-ray absorptiometry (DXA) are yet 

unclear, with reported positive (6), negative (7) or no associations (8) in children. Although some 

studies used 25(OH)D cut-offs and found that children with higher levels of 25(OH)D had more 

BMC and BMD (9, 10), the effectiveness of vitamin D supplementation in intervention studies is 

still inconclusive (11). Furthermore, bone strength not only depends on bone mass and density 

but also on other structural properties. Quantitative ultrasound (QUS) measured bone stiffness 

index (SI) as a proxy indicator for bone strength, is estimated based on the speed and attenuation 

of the ultrasound as it passes through the bone, which are related to both BMD and structural 

strength (12). In a case-control study embedded in the IDEFICS study (Identification and 

Prevention of Dietary and Lifestyle-Induced Health Effects in Children and Infants), combined 

effect of low serum 25(OH)D with low physical activity (PA) was observed on poor SI (13).  

114



Biochemical bone turnover markers provide a dynamic representation of bone metabolism, 

which also contributes to bone health in addition to bone strength measured by densitometries. 

The most commonly used markers for bone formation are osteocalcin (OC), N-terminal pro-

peptide of type I pro-collagen (PINP) and alkaline phosphatase (ALP), and for bone resorption 

are C- and N-terminal telopeptides of type I collagen (CTx and NTx) (14). In adults and elderly, 

the increases of bone turnover markers represent high rate of bone remodeling and resulting in 

bone loss (15). However, in healthy children and adolescents, bone turnover involved in both 

modeling and remodeling is relatively rapid due to the high demand of skeletal growth. Even 

though few longitudinal studies reported positive associations between serum bone turnover 

markers at baseline and gain in BMC and BMD at follow-up (16, 17), most of evidence supports 

their inverse associations in children and adolescents (18).  

Hence, the present study used bone formation marker serum OC, bone resorption markers serum 

CTx and QUS-derived SI as indicators of bone health, aimed to investigate the associations of 

serum 25(OH)D with bone turnover and bone stiffness. The study further aimed to explore the 

interplays of PA, calcium intake and weight status with 25(OH)D on bone health indicators. 

Subjects and Methods 

Study design 

The IDEFICS/I.Family study is a prospective cohort study comprising a large set of 

examinations including questionnaires, physical examinations, measurements, tests and 

biological samples, etc. The baseline survey (wave 1) started in 2007/2008 in eight European 

countries (Sweden, Germany, Hungary, Italy, Cyprus, Spain, Belgium and Estonia) and included 

16,229 children aged 2-9.9 years. The second examination (wave 2) was conducted with a 

follow-up of 11,043 children and 2,543 newly recruited children after 2 years in 2009/2010 (19). 

The third examination (wave 3) included 7,117 children who had participated in previous 
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examinations and 2,501 newly recruited children – mainly siblings and aimed to further 

investigate the determinants of health behaviors among children and their families (20). The 

study procedures were in accordance with the Helsinki Declaration. All recruitment centers 

obtained approvals from their local ethics committees. Parents and adolescents aged 12 years and 

older gave written informed consent, children less than 12 years gave their verbal assent before 

participating in each examination. All study nurses and examination staff received central or 

local training; all the examinations and quality control were adhered to the standard operation 

procedures. The pan-European IDEFICS/I.Family children cohort has been registered at the 

ISRCTN clinical trials registry (ISRCTN62310987). 

Subjects 

Laboratory measurements of serum 25(OH)D and blood draw dates were available for 1,624 

children aged 2 to 9 years in wave 1 and for 2,014 children aged 7 to 15 years in wave 3. Only 

children with at least one available bone measurement of serum OC, CTx or calcaneal SI were 

included in the present study. We further excluded children who (1) had implausible QUS 

measurements, i.e., absolute difference of SI between the right and left foot exceeded the 97th 

percentile (41 units); (2) reported an indication of impaired bone health e.g., disease or receiving 

medical treatments affecting the bone; (3) reported using nutrition supplementations e.g., 

calcium or vitamin D supplementations and combinations; (4) had incomplete data of covariates 

and confounders e.g., parental education level. Finally, for each bone health indicator (serum OC, 

CTx and SI), a main sample with full information of questionnaire-based PA, sedentary behavior 

(SB) and consumption frequency of dairy products, as well as a sub-sample with full information 

of accelerometer-based PA, SB and calcium intake from 24-h dietary recall were generated 

(Figure 1).  
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Figure 1 Flow chart of children included in the main samples and the sub-samples for bone 

health indicators of serum OC, CTx and calcaneal SI; the baseline examination in 2007/2008 

(wave 1), the third examination in 2013/2014 (wave 3); main samples consist of children with 

full information on self-reported physical activity, sedentary behavior and consumption 

frequency of dairy products, sub-samples consist of children had accelerometer data and calcium 

intake measured using 24-h dietary recall; 25(OH)D 25-hydroxyvitamin D OC osteocalcin CTx 

C-terminal telopeptides of type I collagen SI stiffness index 
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Serum 25(OH)D concentrations and bone turnover markers 

Fasting blood samples through venipuncture sampling were collected in the morning and 

immediately processed to separate serum and plasma. All the blood samples were under storage 

of -80 °C at a central biorepository until laboratory analysis. Serum 25(OH)D concentrations 

(ng/ml), CTx (ng/ml) and total OC (ng/ml) were analyzed in a central laboratory using 

chemiluminescence assays on the Immunodiagnostic Systems iSYS (IDS-iSYS) automated 

analyser (Immunodiagnostic Systems GmbH, Frankfurt, Germany). IDS-iSYS 25-Hydroxy 

Vitamin Ds, CTX-I (CrossLaps®) and N-MID® Osteocalcin assay were used, respectively.  

Vitamin D status was defined as sufficient or insufficient based on serum 25(OH)D 

concentrations at a cut-off of 20 ng/ml (= 50 nmol/l) as defined by the Institute of Medicine 

(IOM) (5). Serum CTx (ng/ml) was converted to the unit of pg/ml (1 ng/ml = 1000 pg/ml) in 

order to have better interpretation of the regression coefficients.  

Bone stiffness index 

Calcaneal QUS measurements were performed on both the right and left foot for each child using 

the well-established device Lunar Achilles Insight (GE Healthcare, Milwaukee, WI) (21). The 

calcaneus can represent bone metabolic changes since it consists of 90 % trabecular bone and has 

a high turnover rate. Besides, it is the only validated skeleton site for QUS devices to predict 

fracture risk according to the International Society for Clinical Densitometry (ISCD) (22). Other 

comparable Lunar Achilles devices have also been used in children and adolescents, and showed 

to be useful measures of bone development compared with DXA-derived bone mass (23, 24). In 

a sub-sample of 60 children aged 5.6-9.3 years from the IDEFCIS baseline survey, a reliability 

study was conducted suggesting the root-mean-square coefficient of variation (CVRMS) for the 

reproducibility of repeated SI measurements within a QUS device on the left foot was 7.2%, and 

on the right foot was 9.2% (25). Before recording each measurement, the preview image of the 
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heel was displayed on the screen with the default region of interest (ROI) positioned correctly. 

Two different sizes of foot adapters were used to place the heels appropriately into the ROI. The 

Lunar Achilles OsteoReport Software was used to calculate SI from the parameters speed of 

sound (SOS, m/s) and broadband ultrasound attenuation (BUA, dB/MHz): SI = (0.67 * BUA) + 

(0.28 * SOS) - 420. Higher SI values indicate better bone health status. The mean SI value of the 

left and the right foot was calculated for each participant and further transformed to a sex-, age- 

and height-specific percentile based on the IDEFICS/I.Family reference population (25).  

Co-variables 

Information on PA, screen time duration and consumption frequency of dairy products were 

proxy-reported by parents for children up to 11 years, or self-reported by adolescents aged 12 

years and older. PA was calculated by hours per week the participant spent doing sport in sports 

clubs. Screen time duration was calculated by hours per week from usually hours of watching 

TV/videos/DVDs and playing on a computer/game console for weekdays and weekend days. 

Consumption frequency of dairy products including milk, yoghurt and cheese during the last 4 

weeks was collected using a validated and reproducibility tested food frequency questionnaire 

and expressed as frequency per week (26). 

In a subgroup of participants, dietary intake of the previous 24 hours was assessed using a 

validated computer-based 24-h dietary recall. This computer software offered country-specific 

foods with photographs of standardized portion sizes and probing questions for usual foods and 

mixed meal components (27). Parents were asked to complete for their children below the age of 

11 years, children aged 11 years and older completed independently. Participants were 

encouraged to repeatedly complete 24-h dietary recalls. Meals, drinks and snacks for children 

who had lunch at school were complemented by a standardized observer sheet completed by 

trained personnel. Simple foods or European homogeneous multi-ingredient food items were 
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linked to the German food composition table (German Nutrient Data Base, Version II.3.1); usual 

calcium intake (mg/day) was further estimated based on the U.S. National Cancer Institute 

Method (28). This method not only allows including the covariates age, sex, consumption 

frequency of dairy products and body mass index (BMI) to improve estimates, but also corrects 

for the variance inflation caused by the intra-individual daily variations even if repeated recalls 

are only available in a subgroup. According to the population reference intake for calcium from 

the European Food Safety Authority (EFSA), we defined children with daily calcium intake of at 

least 450 mg for 1 to 3 years old, 800 mg for 4 to 10 years old and 1150 mg for 11 to 17 years 

old as sufficient (29). 

In a subgroup of participants, objectively measured PA and sedentary time were available using 

uniaxial accelerometers (GT1M or ActiTrainer, ActiGraph, Pensacola, FL, USA) or a triaxial 

accelerometer (GT3x+, ActiGraph, Pensacola, FL, USA) with vertical axis outputs. The sensor 

units of these models are identical. Participants were instructed to wear the accelerometer on the 

right hip by means of an elastic belt to ensure close contact with the body, and it was only 

removed during water-based activities and bedtime. All accelerometer data were re-integrated to 

a 60s epoch. Non-wear time was calculated and further removed according to Choi et al (30), at 

least six hours of wear time were considered as a valid day. Participants who had at least two 

valid weekdays and one valid weekend day of data were included in the analyses. More details of 

accelerometer data processing in the IDEFICS/I.Family cohort can be found elsewhere (31). 

Standard cut-points for counts per minute (cpm) were used to define the mean daily percentage 

of time spent at various intensities: sedentary time (≤100 cpm), light PA (101-2295 cpm), and 

moderate-to-vigorous PA (MVPA; ≥2296 cpm) for children and adolescents (32). Average of 

minutes per day was used for sedentary time and MVPA. According to the WHO guidelines on 

physical activity and sedentary behavior for children and adolescents, participants who had at 

least an average of 60 minutes per day were defined as having enough MVPA (33). 
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Height was measured to the nearest 0.1 cm using the standard clinical Seca 225 stadiometer 

(Seca, Hamburg, Germany); weight was measured to the nearest 0.1 kg using the BC420 SMA 

scale (Tanita, Amsterdam, The Netherlands). Height and weight were further transformed to age- 

and sex-specific z-scores based on Cole et al (34). BMI (kg/m2) was calculated as body weight 

divided by squared body height, overweight/obesity was further defined based on the extended 

International Obesity Task Force (IOTF) BMI criteria (35). 

Other confounders 

Child sex, age, and parental educational level were reported by parents. The highest educational 

level of parents was used as an indicator for family socioeconomic status according to the 

International Standard Classification of Education (ISCED) and categorized into low (ISCED 0-

2), medium (ISCED 3-5) and high (ISCED 6-8) (36). Not only vitamin D synthesis, but also 

immunomodulation, synthesis of hormones responsible for circadian rhythm, and mental health 

benefit from exposure to sunlight radiation, which may also result in bone-related changes (37, 

38). Hence, we considered ultraviolet radiation index (UVI) of the month previous to the month 

of blood sampling as a proxy indicator for sunlight exposure (39). 

Statistical Methods 

All analyses were carried out using SAS software (V9.4; SAS Institute Inc, Cary, North Carolina, 

USA). Simple descriptive statistics (means, standard deviations (SDs) and frequencies) were 

presented for three main samples and three sub-samples; Pearson’s correlations (r) between 

25(OH)D, covariates and bone health indicators were calculated with 95% confidence intervals 

(CIs).  

Linear mixed-effects models (SAS procedure PROC MIXED) were used to analyze the cross-

sectional associations of serum 25(OH)D with CTx, OC and SI percentiles; a random effect for 

country was added to account for cluster effects; regression coefficients (β) and 95%CIs were 
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calculated. In the exploratory stages, all the analyses have been separately conducted by waves 

(wave 1 and 3) and age groups (preschool children: 2 to < 6 years, primary school children: 6 to 

< 12 years and adolescents: 12 to 15 years) in the first place, and then pooled in the final models 

if the effect sizes and directions of the associations were comparable among groups. A repeat 

statement in PROC MIXED was further added in the models when participants provided data in 

both wave 1 and wave 3. Sex, age, parental educational level, UVI and weight z-scores were 

taken into consideration as confounders, height z-scores were additionally adjusted for OC and 

CTx.  

In the analysis of main samples, continuous 25(OH)D concentration (ng/ml), time spent in sports 

club (hours/week), screen time duration (hours/week) and consumption frequency of dairy 

products (frequency/week) were first included (Model 1). Further, vitamin D status (≥ 20 ng/ml 

vs. < 20 ng/ml) and weight status (thin/normal weight vs. overweight/obesity) were included 

instead with the confounder of weight z-scores removed (Model 2). The interaction term 

between weight status and vitamin D status was additionally tested and stratified based on model 

2. In the analysis of sub-samples, continuous 25(OH)D concentration (ng/ml), accelerometer-

measured MVPA (min/day), sedentary time (min/day) and usual calcium intake (mg/day) were 

first included (Model 3). Further, vitamin D status, MVPA level (≥ 60 min/day vs. < 60 min/day) 

and calcium intake level (sufficiency vs. insufficiency) were included instead (Model 4). The 

interaction terms between vitamin D status, MVPA level and calcium intake level were 

additionally investigated and stratified based on model 4. 

Results 

In total, there are three main samples and three sub-samples in the present study. The main 

samples consist of 1171 children for serum OC, 1752 children with 2481 observations for serum 

CTx, and 998 children with 1123 observations for SI, respectively. The sub-sample consist of 
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400 children for serum OC, 1013 children with 1165 observations for serum CTx, and 594 

children with 645 observations for SI (Figure 1). The demographic characteristics of each sample 

are shown in Table 1.  

Table 1 Demographic characteristics of main samples 1 and sub-samples 2 for each bone health indicators 

 Serum OC  Serum CTx  SI percentiles 

 

Main 
sample Sub-sample 

 

Main 
sample Sub-sample 

 

Main 
sample Sub-sample 

N=1171 N=400 N=2481 N=1165 N=1123 N=645 
Age (Mean, SD) 6.1(1.8) 6.1(1.9) 

 
9.2(3.4) 9.8(3.3) 

 
9.7(3.3) 9.0(3.4) 

Sex (N, %)   
 

 
  

  
  Boys 609(52.0) 214(53.5) 

 
1246(50.2) 594(51.0) 

 
327(50.7) 572(50.9) 

  Girls 562(48.0) 186(46.5) 
 

1235(49.8) 571(49.0) 
 

318(49.3) 551(49.1) 
Parental educational level 
(N, %)  

 
 

  
  

  Low 31(2.7) 10(2.5) 
 

82(3.3) 36(3.10) 
 

21(3.3) 44(3.9) 
  Medium 484(41.3) 150(37.5) 

 
1064(42.9) 476(40.9) 

 
287(44.5) 501(44.6) 

  High 656(56.0) 240(60.0) 
 

1335(53.8) 653(56.0) 
 

337(52.2) 578(51.5) 
Country (N, %)   

 
 

  
  

  Belgium 76(6.5) 10(2.5) 
 

132(5.3) 69(5.9) 
 

8(1.2) 42(3.7) 
  Cyprus 24(2.1) 4(1.0) 

 
45(1.8) 5(0.4) 

 
0 0 

  Estonia 210(17.9) 134(33.5) 
 

414(16.7) 278(23.9) 
 

158(24.5) 220(19.6) 
  Germany 148(12.6) 54(13.5) 

 
376(15.2) 181(15.5) 

 
146(22.6) 291(25.9) 

  Hungary 291(24.9) 55(13.8) 
 

587(23.7) 145(12.5) 
 

39(6.1) 148(13.2) 
  Italy 63(5.4) 8(2.0) 

 
224(9.0) 132(11.3) 

 
94(14.6) 145(12.9) 

  Spain 203(17.3) 80(20.0) 
 

383(15.4) 230(19.7) 
 

179(27.8) 212(18.9) 
  Sweden 156(13.3) 55(13.8)   320(12.9) 125(10.7)   21(3.3) 65(5.8) 

Footnote:  1. main samples consist of children with full information on self-reported physical activity, sedentary 
behavior, consumption frequency of dairy products and each bone health outcome; 2. sub-samples consist of 
children had accelerometer data, calcium intake measured using 24-h dietary recall and each bone health 
outcome; OC osteocalcin, CTx C-terminal telopeptides of type I collagen, SI stiffness index  

 

In the main samples, the mean values of OC, CTx and SI percentiles were 87.3 (SD = 32.1) 

ng/ml, 1976.9 (SD = 784.6) pg/ml and 53.9 (SD = 27.8), respectively. The proportion of 

individuals with vitamin D insufficiency and with overweight/obesity was 61.8% and 13.2% in 

OC sample, 63.0% and 18.2% in CTx sample, and 67.9% and 18.7% in the SI sample, 

respectively. In addition, OC and CTx were positively correlated (r = 0.54, 95%CI 0.49, 0.58, N 

= 1162), and both of them were inversely related to SI percentiles (r = -0.16, 95%CI -0.24, -0.08, 

N = 573, and r = -0.07, 95%CI -0.13, -0.01, N = 1120, respectively). In the sub-samples, the 
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mean values of serum OC, and CTx and SI percentiles were 86.4 (SD = 29.6) ng/ml, 2113.8 (SD 

= 834.7) pg/ml and 53.5 (SD = 27.7), respectively. The proportions of individuals with vitamin 

D < 20 ng/ml, with calcium intake insufficiency, and with MVPA < 60 min/day were 65.0%, 

49.3% and 67.0% in OC sub-sample, 64.6%, 73.7% and 68.7% in CTx subsample, and 69.5%, 

74.4% and 69.6% in SI sub-sample, respectively. Other description of exposure and covariates, 

as well as their correlations with outcomes are shown in Table 2. 

 

The associations of serum 25(OH)D with CTx and OC were stratified by age groups (Table 3). 

In preschool children, we observed an inverse association between serum 25(OH)D and CTx (β 

= -8.52, 95%CI -15.36, -1.68) (Model 1). Moreover, participants with MVPA ≥ 60 min/day had 

higher OC compared to those with MVPA < 60 min/day (β = 8.67, 95%CI 0.75, 16.58) (Model 

4). In primary school children, we observed higher CTx in participants with thin/normal weight 

compared to those with overweight/obesity (β = 180.36, 95%CI 102.93, 257.78) (Model 2). 

Moreover, weight status had an interactive effect on the association between vitamin D status 

and CTx, suggesting an inverse association in participants with thin/normal weight (β = -47.95, 

95%CI -120.87, 24.98) but a positive association in participants with overweight/obesity (β = 
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107.94, 95%CI -41.37, 257.26). In adolescents, time spent in sports clubs (β = 25.50, 95%CI 

2.58, 48.42) was positively associated with CTx, while screen time duration (β = -7.73, 95%CI -

13.66, -1.81) was inversely associated (Model 1). Moreover, higher CTx was also observed in 

participants with thin/normal weight compared to whom with overweight/obesity (β = 290.71, 

95%CI 133.24, 448.18) (Model 2). Overall, consumption frequency of dairy intake (β = -1.64, 

95%CI -3.28, -0.002, Model 1) and serum 25(OH)D (β = -7.09, 95%CI -13.42, -0.75, Model 3) 

were inversely associated with CTx; children who met the population reference intake for 

calcium had lower CTx compared to whom did not (β = -116.70, 95%CI -204.39, -29.01, Model 

4).  

The association between 25(OH)D and SI percentiles was stratified by waves (Table 4). In wave 

1, children with serum 25(OH)D ≥ 20 ng/ml had lower SI percentiles compared to those with 

25(OH)D < 20 ng/ml (β = -5.20, 95%CI -9.77, -0.62, Model 2). A positive association was 

observed between sedentary time and SI percentiles (β = 0.04, 95%CI 0.01, 0.07, Model 3). In 

wave 3, time spent in sports clubs (β = 1.28, 95%CI 0.37, 2.18) and consumption frequency of 

dairy intake (β = 0.15, 95%CI 0.02, 0.28) were positively associated with SI percentiles (Model 

1). Moreover, children with thin/normal weight had lower SI percentiles compared to those with 

overweight/obesity (β = -13.64, 95%CI -18.92, -8.36) (Model 2). In addition, MVPA (β = 0.20, 

95%CI 0.06, 0.34) and usual calcium intake (β = 0.02, 95%CI 0.003, 0.03) were positively 

associated with SI percentiles (Model 3), and children with MVPA ≥ 60 min/day had higher SI 

percentiles compared to those with MVPA < 60 min/day (β = 6.24, 95%CI 0.21, 12.28). Overall, 

we observed an interaction of MVPA with the association between vitamin D status and SI 

percentiles, suggesting a positive association in children with MVPA ≥ 60 min/day (β = 12.14, 

95%CI 4.28, 20.00) while a negative association in children with MVPA < 60 min/day (β = -6.05, 

95%CI 11.85, -0.26). 
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Table 4 Associations of serum 25(OH)D and covariates with bone stiffness index percentiles, stratified by 
examination waves 

  
Wave 1 Wave 3 Total 1 

β (95%CI) β (95%CI) β (95%CI) 
Main sample 2 N=577 N=546 N=1123 
Model 1  

     Serum 25(OH)D (ng/ml) -0.26(-0.65,0.13) 0.38(-0.05,0.81) -0.10(-0.40,0.20) 
  Sports clubs (hours/week) 0.06(-1.16,1.29) 1.28(0.37,2.18) 0.11(-0.64,0.86) 
  Screen time (hours/week) 0.01(-0.33,0.34) -0.10(-0.35,0.15) -0.06(-0.27,0.15) 
  Dairy intake (frequency/week) -0.04(-0.20,0.11) 0.15(0.02,0.28) 0.06(-0.04,0.17) 
Model 2 3  

     25(OH)D ≥ 20 ng/ml v.s. < 20 ng/ml (ref) -5.20(-9.77,-0.62) 4.15(-1.11,9.42) -2.30(-5.83,1.22) 
  Thin/normal weight v.s. overweight/obesity (ref) 5.47(-0.59,11.53) -13.64(-18.92,-8.36) -3.31(-7.51,0.89) 
Sub-sample 4 N=243 N=402 N=645 
Model 3   

   Serum 25(OH)D (ng/ml) -0.27(-0.83,0.29) 0.18(-0.32,0.67) -0.09(-0.47,0.30) 
  MVPA (min/day) 0.16(-0.01,0.34) 0.20(0.06,0.34) 0.06(-0.05,0.17) 
  Sedentary time (min/day) 0.04(0.01,0.07) -0.02(-0.04,0.01) 0.01(-0.01,0.03) 
  Usual calcium intake (mg/day) -0.003(-0.02,0.02) 0.02(0.003,0.03) 0.01(-0.003,0.02) 
Model 4  

     25(OH)D ≥ 20 ng/ml v.s. < 20 ng/ml (ref) -4.68(-11.94,2.58) 3.59(-2.33,9.51) -0.55(-5.27,4.17) 
  MVPA ≥ 60 min/day v.s. < 60 min/day (ref) 4.93(-1.88,11.73) 6.24(0.21,12.28) 2.43(-2.16,7.02) 
  Calcium intake sufficiency  v.s. insufficiency 5 2.03(-5.02,9.09) 6.39(-2.30,15.08) 4.28(-1.31,9.88) 

Footnote: Linear mixed-effects models were used with sex, age, parental educational level, ultraviolet radiation 
index and weight z-scores included as confounders, a random effect for countries was taken into account in all 
models; 1. a repeat statement was added in the model to account for repeated measurements; 2. main samples consist 
of children with full information on self-reported physical activity, sedentary behavior, consumption frequency of 
dairy products and bone stiffness index; 3. weight z-score was removed in the model, weight status was defined 
according to cole at el.; 4. sub-samples consist of children had accelerometer data, calcium intake measured using 
24-h dietary recall and bone stiffness index; 5. daily calcium intake was classified into sufficiency and insufficiency 
at cut-offs of 450 mg for 1 to 3 years old, 800 mg for 4 to 10 years old and 1150 mg for 11 to 17 years old according 
to the population reference intake for calcium from European Food Safety Authority; 25(OH)D 25-hydroxyvitamin 
D, MVPA Moderate-to-vigorous physical activity  

Discussion 

In the present study, we found that serum 25(OH)D and consumption frequency of dairy 

products were inversely associated with the bone resorption marker CTx. Moreover, children 

who met the population reference intake for calcium had lower CTx compared to who did not. 

Furthermore, MVPA was a moderator in the association between 25(OH)D and SI, suggesting 

that 25(OH)D sufficiency was a protective factor for calcaneal SI only in children meeting the 

MVPA recommendation for average 60 min/day. The stratified results suggested that meeting 
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the MVPA recommendation was associated with higher OC in pre-school children. In primary 

school children, the interaction of weight status on the association between vitamin D status and 

CTx suggested an inverse association in thin/normal weight group but a positive association in 

overweight/obese group. In adolescents, we found a positive association of time spent in sports 

clubs and an inverse association of screen time duration with CTx. In primary school children 

and adolescents, participants with thin/normal weight had higher CTx but lower SI percentiles 

than those with overweight/obesity. Moreover, time spent in sports clubs and MVPA, as well as 

consumption frequency of dairy intake and usual calcium intake showed consistently positive 

associations with SI percentiles. 

Our results suggested a stronger inverse association of serum 25(OH)D with bone resorption 

marker CTx in contrast to bone formation marker OC. This finding is in line with previous 

observational studies which were conducted in Finnish peri-pubertal girls and German pre-

pubertal children (40, 41). Our observation is also in accordance to an intervention study 

conducted in children with vitamin D deficiency, which suggested that vitamin D 

supplementation resulted in a stronger decrease of bone resorption compared to bone formation 

(42). Considering the inverse correlations between bone turnover markers and calcaneal SI, our 

finding demonstrates that increased 25(OH)D along with reduced bone turnover especially for 

bone resorption may be beneficial for improving bone stiffness.  

There is a general agreement that the threshold for vitamin D sufficiency should be based on the 

serum 25(OH)D concentration required to suppress parathyroid hormone (PTH) secretion (5). A 

cross-sectional study conducted in Northern Irish adolescents found the PTH plateau occurred at 

a 25(OH)D concentration of approximately 60 nmol/l in girls, while no PTH plateau was 

observed in boys (43). However, another study conducted in Chinese adolescents reported that 

the thresholds of 25(OH)D levels having beneficial effects on PTH, BMD and other bone 

remodeling markers were 20-37 nmol/l in girls and 33-39 nmol/l in boys (44). Up to now, there 
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is still lack of consensus on serum 25(OH)D concentration thresholds to define deficient and 

sufficient vitamin D status (5).  

In the present study, a cut-off of 20 ng/ml (= 50 nmol/l) for serum 25(OH)D concentration was 

used to indicate sufficiency, which has been commonly used in pediatric populations (45). We 

found children with vitamin D sufficiency tended to have lower CTx compared to those with 

insufficiency, albeit the differences were small. In the sensitivity analysis, we used the cut-off of 

30 ng/ml (=75 nmol/l) and observed a larger but still not statistically significant differences. On 

the contrary, we found that vitamin D status tended to positively associate with CTx in primary 

school children with overweight/obesity. The possible explanation for this contradicting 

association could be the coexistence of low vitamin D status and low CTx in children with 

overweight/obesity. It has been suggested that obese children had lower bone turnover and 

25(OH)D as well as higher PTH level (46). Our findings support that it is important considering 

the modulatory effect of weight status and age on bone turnover makers in further studies.  

We found that vitamin D sufficiency was a protective factor for calcaneal SI only in children 

meeting the MVPA guideline for average 60 min/day. This result is comparable with the finding 

from the HELENA study, albeit this multi-country study used a cut-off of 75 nmol/l (47). Even 

though in the IDEFICS case-control study, odds ratios for poor SI were not statistically 

significant across the tertiles of 25(OH)D, the highest risk for poor SI was observed for low 

MVPA ( < 5.4% of total wearing time) combined with low 25OHD (< 43.0 nmol/l) using the 

median as cut-off values (13). Another cross-sectional study conducted in 0 to 6 year-old 

children reported a high risk for low QUS-derived SOS at mid-tibia in low 25(OH)D (< 20 ng/ml) 

(48). Nevertheless, we found children with sufficient vitamin D had lower SI compared to those 

with insufficient vitamin D, and sedentary time was positively associated with SI in the first 

examination. The possible explanation for these unexpected directions could be the observed 

interplays of MVPA and weight status among these associations. In addition, a longitudinal 
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study followed pre-pubertal girls for a period of up to 9 years also reported an inverse 

association between 25(OH)D and BMC (7). In the future, more longitudinal and experimental 

studies are needed to investigate the casual inference and pathways among these associations.  

The osteogenic effect of PA has been demonstrated in previous IDEFICS/I.Family studies (49, 

50). In the present study, we also observed consistently positive associations of time spent in 

sports clubs and MVPA with SI. Moreover, in preschool children, we found having at least 60 

min/day of MVPA was associated with increased OC. In adolescents, time spent in sports clubs 

was positively associated CTx while screen time duration was negatively associated with CTx. 

Evidence suggests that children at age 7 years had obtained 70% of maximal observed height, 

and the bone mineral accretion was highest during early puberty (51). Therefore, the increase of 

bone turnover makers related to bone modeling may be beneficial for bone growth in these 

critical periods of life. Our results support the important windows of opportunities during pre-

school period and pubertal period for behavioral interventions on bone health. 

We found that dairy products consumption and calcium intake were independently associated 

with reduced bone resorption and with increased SI percentiles. Dietary requirements for calcium 

during childhood are mainly determined by skeletal growth, and the milk and other dairy foods 

are the primary source of calcium in the western diet tradition. Numerous randomized controlled 

trials in children using calcium supplementation, calcium-fortified foods or dairy foods reported 

positive effects on bone mass at several skeletal sites (52). It is also suggested that reduced bone 

turnover in bone remodeling instead of modeling accounts for the benefits of calcium 

supplementation on BMD in children (53). Two milk intervention studies also reported the short- 

and long-term reductions in bone turnovers, and suggested that these effects may be mediated by 

reduced PTH secretion (54, 55). Although there is strong and abundant evidence indicating the 

important role of calcium intake, the majority of participants did not meet the population 

reference intake for calcium in the present study.  
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The main strength of the present study is the large-scale population-based sample of children 

aged 2 to 15 years from 8 European countries. Moreover, serum bone turnover markers as well 

as QUS-derived SI were measured as indicators of bone health, which are rarely examined in 

healthy pediatric populations. In addition, a wide range of potential influential factors using both 

subjective and objective measures were considered. However, there are some limitations to 

acknowledge. First, the cross-sectional design did not allow us to make causal inference. Second, 

the availability of variables of interest reduced the sample size and may result in lacking 

statistical power. Third, the information of pubertal stages is unavailable. Instead, we used the 

menarche for girls and voice change for boys as a proxy indicator in the third examination to 

define pre-pubertal and pubertal, and computed missing values into pre-pubertal for the first 

examination since most of the children (98.7%) was younger than 9 years. However, no 

modifying effects were observed in the exploratory stages.  

Conclusions 

In conclusion, we observed that serum 25(OH)D, consumption frequency of dairy intake, and 

usual calcium intake were inversely associated with serum CTx. In addition, meeting the MVPA 

recommendation was associated with increased OC in pre-school children, while time spent in 

sports club was positively but screen time duration and weight status were negatively associated 

with CTx in adolescents, which emphasize the subclinical impacts of these modifiable factors on 

bone modelling particularly in these two critical periods of life. Moreover, our study supports the 

important roles of physical activity, dairy products and calcium intake on bone stiffness. In 

addition, weight status and average daily MVPA have interactive effects on the associations of 

vitamin D status with bone resorption and bone stiffness, respectively. Therefore, future 

intervention studies on vitamin D supplementations and bone health should combine with 

improving MVPA level and take weight status and age into consideration.  
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