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Abstract 37 

Lean body mass (LM) has been positively associated with bone mineral density (BMD) in children 38 

and adolescents, but the relationship between body fat mass (FM) and BMD remains controversial. 39 

Several biomarkers secreted by adipose tissue, skeletal muscle, or bone may affect bone metabolism 40 

and BMD. We investigated the associations of LM, FM, and such biomarkers with BMD in children. 41 

 42 

We studied a population sample of 472 prepubertal Finnish children (227 girls, 245 boys) aged 6-8 43 

years. We assessed BMD, LM, and FM using whole-body dual-energy x-ray absorptiometry and 44 

analysed several biomarkers from fasting blood samples. We studied the associations of LM, FM, 45 

and the biomarkers with BMD of the whole body excluding the head using linear regression analysis. 46 

 47 

LM (standardized regression coefficient β=0.708, p<0.001), FM (β=0.358, p<0.001), and irisin 48 

(β=0.079, p=0.048) were positive correlates for BMD adjusted for age, sex, and height in all children. 49 

These associations remained statistically significant after further adjustment for LM or FM. The 50 

positive associations of dehydroepiandrosterone sulphate (DHEAS), insulin, homeostatic model 51 

assessment for insulin resistance (HOMA-IR), leptin, free leptin index, and high-sensitivity C-52 

reactive protein and the negative association of leptin receptor with BMD were explained by FM. The 53 

positive associations of DHEAS and HOMA-IR with BMD were also explained by LM. Serum 25-54 

hydroxyvitamin D was a positive correlate for BMD adjusted for age, sex, and height and after further 55 

adjustment for FM but not for LM. LM and FM were positive correlates for BMD also in girls and 56 

boys separately. In girls, insulin, HOMA-IR, leptin, and free leptin index were positively and leptin 57 

receptor was negatively associated with BMD adjusted for age, height, and LM. After adjustment for 58 

age, height, and FM, none of the biomarkers was associated with BMD. In boys, leptin and free leptin 59 

index were positively and leptin receptor was negatively associated with BMD adjusted for age, 60 

height, and LM. After adjustment for age, height and FM, 25(OH)D was positively and IGF-1 and 61 

leptin were negatively associated with BMD. FM strongly modified the association between leptin 62 

and BMD. 63 

 64 

LM but also FM were strong, independent positive correlates for BMD in all children, girls, and boys. 65 

Irisin was positively and independently associated with BMD in all children. The associations of other 66 

biomarkers with BMD were explained by LM or FM. 67 
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Abbreviations 69 

BF%, body fat percentage 70 

BMC, bone mineral content 71 

BMD, bone mineral density 72 

BMI, body mass index 73 

DHEAS, dehydroepiandrosterone sulphate 74 

DXA, dual-energy x-ray absorptiometry 75 

FM, body fat mass 76 

HOMA-IR, the homeostatic model assessment for insulin resistance  77 

hs-CRP, high-sensitivity C-reactive protein 78 

IGF-1, insulin-like growth factor 1 79 

IL-6, interleukin 6 80 

LM, lean body mass 81 

SD, standard deviation 82 

SDS, standard deviation score 83 

TNF-α, tumor necrosis factor α  84 

25(OH)D, 25-hydroxyvitamin D  85 
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1. Introduction 86 

Early childhood and puberty are the periods of rapid growth and bone accretion, and the majority of 87 

bone mass is gained during adolescence and early adulthood [1–3]. Bone mineral accrual during 88 

growth is dependent on multiple factors such as genetic background, sex, race, nutrition, physical 89 

activity, and hormone metabolism [2,3]. Higher lean body mass (LM) has been associated with higher 90 

bone mineral density (BMD) and bone mineral content (BMC) in children and adolescents [4–7], but 91 

the relationship of body fat mass (FM) with BMD or BMC remains controversial [5,6,8–10]. FM has 92 

been positively associated with BMD independent of LM in prepubertal children [6]. However, there 93 

is some evidence that higher FM is detrimental to bone accrual during and after puberty [5,8,9] and 94 

that overweight children and adolescents are at an increased risk of forearm fractures [10]. 95 

 96 

Mechanical loading increases bone formation, and weight-bearing exercise improves bone mineral 97 

accrual [11]. The classical Wolff’s law and later the Frost’s mechanostat theory propose that bone 98 

strength is regulated by modeling and remodeling processes which depend on the forces acting on the 99 

bones [12]. The mechanical load to bone is increased not only because of physical activity and 100 

increased muscle mass but also due to increased FM and particularly obesity [3]. 101 

 102 

In addition to the mechanical load, adipose tissue may influence bone metabolism through adipokines, 103 

other cytokines, and hormones [13–15]. Adipose tissue may stimulate bone formation by producing 104 

estrogens from steroid precursors and by increasing circulating leptin and insulin levels [13–15]. 105 

However, adipose tissue produces adiponectin and inflammation-related cytokines, such as tumor 106 

necrosis factor α (TNF-α) and interleukin 6 (IL-6), which may have deleterious effects on bone [13–107 

15]. Vitamin D is a prohormone converted in the liver to 25-hydroxyvitamin D (25[OH]D) and then 108 

in the kidney to 1,25-dihydroxyvitamin D (1,25[OH]²D), the active metabolite which regulates 109 

calcium, phosphorus, and bone metabolism [16]. Obesity has been associated with lower serum levels 110 

of 25(OH)D [17], that could therefore be one of the links between obesity and BMD. 111 

 112 

More recently, also skeletal muscle and bone have been recognized as endocrine organs [18,19]. 113 

Skeletal muscle produces myokines, such as myostatin, insulin-like growth factor I (IGF-1), irisin, 114 

and IL-6, which may be important mediators in the interaction between skeletal muscle and bone 115 

[18,19]. IGF-1 may be one of the factors that mediate the response of bone and skeletal muscle to 116 

mechanical loading [19,20]. Osteocytes also secrete IL-6, IGF-1, and other hormone-like factors, 117 
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such as osteocalcin and fibroblast growth factor 23, which have been suggested to play a role in the 118 

association between skeletal muscle and bone metabolism [18,19]. 119 

 120 

Low BMD in childhood tends to persist until young adulthood [21], and bone mass attained during 121 

childhood and adolescence is one of the most important determinants of lifelong skeletal health [22]. 122 

Pediatric obesity is a growing global health problem [23], and it is therefore important to know how 123 

adiposity and associated increase in LM affects BMD among children. There is no consensus on the 124 

associations of FM and LM with BMD or the underlying mechanisms. We therefore studied the 125 

associations of LM, FM, and associated biomarkers, including adipokines, myokines, inflammation-126 

related biomarkers, growth factors, and 25(OH)D, with BMD assessed by dual-energy x-ray 127 

absorptiometry (DXA) in a population sample of children 6-8 years of age. 128 

2. Methods 129 

2.1 Study design and participants 130 

The present analyses are based on the baseline data of the Physical Activity and Nutrition in Children 131 

(PANIC) Study, which is an ongoing physical activity and dietary intervention study in a population 132 

sample of children 6–8 years of age from the city of Kuopio, Finland (ClinicalTrials.gov registration 133 

number NCT01803776). Altogether 736 children from the primary schools of Kuopio were invited 134 

to participate in the baseline examinations in 2007—2009. Of the invited children, 512 (70%) 135 

participated in the baseline examinations. The participants did not differ in age, sex distribution, or 136 

body mass index standard deviation score (BMI-SDS) from all children who started the 1st grade in 137 

the city of Kuopio in 2007–2009 based on data from the standard school health examinations. From 138 

the present analyses, we excluded children who had chronic diseases or medications that could affect 139 

BMD, such as juvenile arthritis demanding long-term treatment with oral corticosteroids. We also 140 

excluded 12 children who had entered puberty to avoid associated confounding. Complete data on 141 

the main variables used in the present analyses were available for 472 children (227 girls, 245 boys). 142 

The study was conducted according to the ethical guidelines laid down in the Declaration of Helsinki. 143 

The study protocol was approved by the Research Ethics Committee of the Hospital District of 144 

Northern Savo. Both children and their parents gave their written informed consent. 145 
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2.2 Assessment of bone mineral density and body composition 146 

LM, FM, body fat percentage (BF %), and BMD of the whole body excluding the head were assessed 147 

using the Lunar Prodigy Advance® DXA device (GE Medical Systems, Madison, WI, USA) and the 148 

Encore® software, Version 10.51.006 (GE Company, Madison, WI, USA), according to the 149 

manufacturer’s instructions using standardized protocols. The same DXA device and software were 150 

used in all measurements. Body weight was measured twice the children having fasted for 12 hours, 151 

emptied the bladder, and standing in light underwear by the InBody® 720 bioelectrical impedance 152 

device (Biospace, Seoul, Korea) to accuracy of 0.1 kg. The mean of these two values was used in the 153 

analyses. Body height was measured three times the children standing in the Frankfurt plane without 154 

shoes using a wall-mounted stadiometer to accuracy of 0.1 cm. The mean of the nearest two values 155 

was used in the analyses. BMI-SDS was calculated using national reference values [24]. Waist 156 

circumference was measured three times after expiration at mid-distance between the bottom of the 157 

rib cage and the top of the iliac crest with an unstretchable measuring tape to accuracy of 0.1 cm. The 158 

mean of the nearest two values was used in the analyses. Intraclass correlation coefficients for body 159 

weight and height and waist circumference were >0.99.   160 

2.3 Biochemical analyses 161 

Venous blood samples were taken the children having fasted for 12 hours. Blood was immediately 162 

centrifuged and stored at a temperature of -75ºC until biochemical analyses, except for glucose that 163 

was measured from non-frozen plasma samples. Serum 25(OH)D concentration was analysed by a 164 

chemiluminescence immunoassay called the LIAISON® 25 OH Vitamin D TOTAL Assay (DiaSorin 165 

Inc., Stillwater, USA) as described earlier [25,26]. Serum dehydroepiandrosterone sulphate (DHEAS) 166 

concentration was used as a marker of biochemical adrenarche and was determined using an enzyme 167 

linked immunosorbent assay (ELISA) kit (Alpha Diagnostic International, San Antonio, Texas, USA) 168 

[27]. Serum IGF-1 concentration was analysed using an ELISA kit (Mediagnost, Reutlingen, 169 

Germany). Plasma glucose concentration was measured using the hexokinase method (Roche 170 

Diagnostics GmbH, Mannheim, Germany). Serum insulin concentration was measured by the 171 

electrochemiluminescence immunoassay with the sandwich principle (Roche Diagnostics GmbH, 172 

Mannheim, Germany). We calculated the Homeostatic Model Assessment for Insulin Resistance 173 

(HOMA-IR) using the formula fasting serum insulin x fasting plasma glucose/22. Serum high-174 

molecular-weight adiponectin concentration was analysed using an ELISA kit after a specific 175 

proteolytic digestion of other multimeric adiponectin forms (Millipore, Billerica, MA, USA). Plasma 176 

leptin concentration was measured by a competitive radioimmunoassay (Multigamma 1261-001, 177 
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PerkinElmer Wallac Oy, Turku, Finland) and plasma soluble leptin receptor concentration using an 178 

ELISA kit (Multicalc evaluation programme PerkinElmer Wallac Oy, Turku, Finland). We calculated 179 

the free leptin index by dividing leptin with soluble leptin receptor and multiplying by 100 [28]. 180 

Commercially available ELISA kits were employed for the measurement of plasma irisin (Phoenix 181 

Pharmaceuticals, Burlingame, California, USA), IL-6, and TNF-α concentrations (Sanquin Reagents, 182 

Amsterdam, The Netherlands). Plasma high-sensitivity C-reactive protein (hsCRP) was measured 183 

using an enhanced immunoturbidimetric assay with the CRP (Latex) High Sensitive Assay reagent 184 

(Roche Diagnostics GmbH, Mannheim, Germany) and the limit of quantitation of 0.3 mg/l. 185 

2.4 Assessments of general health, puberty, and adrenarche 186 

The parents filled out a questionnaire that included items on the children’s chronic diseases and 187 

allergies diagnosed by a physician as well as detailed information on the children’s use of 188 

medications. A research physician assessed pubertal status during a medical examination. Central 189 

puberty was defined as breast development at Tanner stage ≥2 for girls and testicular volume ≥4 mL 190 

assessed using an orchidometer for boys. Premature adrenarche was defined as serum DHEAS ≥ 1 191 

µmol/l (≥ 37 µg/dl) [29] and at least one clinical sign of androgen action. Birth weight was obtained 192 

from Kuopio University Hospital record, and birth weight -SDS was calculated according to Finnish 193 

growth reference data [30]. 194 

2.5 Statistical methods 195 

We performed statistical analyses using the IBM SPSS Statistics® software, Version 21 (IBM Corp., 196 

Armonk, NY, USA). The normality of distributions of the variables was verified visually and by the 197 

Kolmogorov-Smirnov test. The t-test for independent samples and the Mann–Whitney’s U-test were 198 

used to examine differences in the basic characteristics between sexes. Linear regression analysis was 199 

used to investigate the determinants of BMD, and the normality of residuals for regression models 200 

was assessed using histograms. Model 1 included each determinant of BMD separately, adjusted for 201 

age and sex. Model 2 was additionally adjusted for body height. Model 3 included all variables in 202 

Model 2 and LM, and Model 4 included all variables in Model 2 and FM. Corresponding linear 203 

regression analyses were also performed for girls and boys separately. FM had a strong positive 204 

correlation with leptin in girls (r=0.789, p<0.001), boys (r=0.850, p<0.001), and girls and boys 205 

combined (r=0.810, p<0.001). We therefore tested whether FM modified the association between 206 

leptin and BMD by analyzing this association in the sex-specific thirds of FM using linear regression 207 



8 
 

analysis adjusted for age, sex, and body height. In all analyses, associations with a p-value of <0.05 208 

were considered statistically significant. 209 

3. Results 210 

3.1 Characteristics of children 211 

The boys were heavier and taller and had higher waist circumference and LM and lower BF% and 212 

FM than the girls, but there was no difference in BMI-SDS between the genders (Table 1). The girls 213 

had higher IGF-1, insulin, leptin, and free leptin index and lower leptin receptor and IL-6 than the 214 

boys. Of the children, 38 (8.1%) had asthma, 128 (27.1%) any allergic symptom (rhinitis, 215 

conjunctivitis, atopy, food or medicine allergy), 21 (4.4%) an attention deficit hyperactivity disorder 216 

(ADHD/ADD) or another mild neurocognitive disorder or developmental delay, 8 (1.7%) a mild 217 

congenital dysmorphism, and 10 (2.1%) any other chronic disease. There was no difference in BMD 218 

between children with these diseases and those without them. 219 

3.2. Determinants of bone mineral density in all children 220 

Body height (β=0.572, p<0.001) and weight (β=0.709, p<0.001) were positively associated with 221 

BMD adjusted for age and sex. LM was also a strong positive correlate for BMD adjusted for age and 222 

sex (Table 2, Model 1). This association remained similar after additional adjustment for body height 223 

(Model 2) but weakened slightly after further adjustment for FM (Model 4). Moreover, FM had a 224 

strong positive association with BMD adjusted for age and sex (Table 2, Model 1). This association 225 

weakened after additional adjustment for body height (Model 2) but remained similar when further 226 

adjusted for LM (Model 3). Birth weight was positively associated with BMD adjusted for age and 227 

sex (Table 2, Model 1), but this association disappeared after additional adjustments (Models 2-4). 228 

 229 

Serum 25(OH)D was positively associated with BMD adjusted for age and sex (Table 2, Model 1). 230 

This association remained almost similar after additional adjustment for body height and FM (Models 231 

2 and 4) but was no longer statistically significant when adjusted for LM (Model 3). DHEAS was 232 

positively associated with BMD adjusted for age and sex (Table 2, Model 1). This association 233 

weakened when additionally adjusted for body height (Model 2) but was no longer statistically 234 

significant after adjustment for LM or FM (Models 3-4). IGF-1 was a positive correlate for BMD 235 

adjusted for age and sex (Table 2, Model 1) but not after further adjustments (Models 2-4). Insulin 236 

and HOMA-IR were positively associated with BMD adjusted for age and sex (Table 2, Model 1). 237 
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These associations weakened after additional adjustment for body height (Model 2). The association 238 

of insulin weakened and that of HOMA-IR was no longer statistically significant after further 239 

adjustment for LM (Model 3). The associations of insulin and HOMA-IR with BMD disappeared 240 

when adjusted for FM (Model 4). 241 

 242 

Adiponectin was a negative correlate for BMD adjusted for age and sex (Table 2, Model 1) but not 243 

after further adjustments (Models 2-4). Leptin was positively associated with BMD adjusted for age 244 

and sex (Table 2, Model 1). This association weakened after additional adjustment for body height 245 

and LM (Models 2-3) and was no longer statistically significant after adjustment for FM (Model 4). 246 

There was a positive association between leptin and BMD in the highest sex-specific third of FM 247 

(β=0.274, p<0.001) but a non-significant inverse association in the middle third (β=-0.144, p=0.058) 248 

and the lowest third (β=-0.112, p=0.118) adjusted for age and body height. Lower leptin receptor and 249 

higher free leptin index were associated with higher BMD adjusted for age and sex (Table 2, Model 250 

1). These associations weakened after additional adjustment for body height and when further 251 

adjusted for LM (Models 2-3) and were no longer statistically significant after adjustment for FM 252 

(Model 4). Irisin was positively associated with BMD adjusted for age and sex (Table 2, Model 1). 253 

This association weakened slightly when additionally adjusted for body height (Model 2) and 254 

remained similar after further adjustment for LM or FM (Models 3-4).  255 

 256 

IL-6 and TNF-α were not associated with BMD (Table 2, Models 1-4). Higher hs-CRP was associated 257 

with higher BMD adjusted for age and sex (Table 2, Model 1), after additional adjustment for body 258 

height (Model 2), and also when further adjusted for LM (Model 3). However, this association 259 

disappeared after adjustment for FM (Model 4). 260 

3.2.2 Determinants of bone mineral density in girls 261 

In girls, body height (β=0.615, p<0.001) and weight (β=0.727, p<0.001) were positively associated 262 

with BMD adjusted for age. LM had a strong positive association with BMD adjusted for age, body 263 

height, and FM (Table 3, Models 1, 2, and 4). FM was also a strong positive correlate for BMD 264 

adjusted for age, body height, and LM (Table 3, Models 1-3). Birth weight SDS, 25(OH)D, DHEAS, 265 

IGF-1, and irisin were positively associated with BMD when adjusted for age (Table 3, Model 1) but 266 

not after further adjustments (Models 2-4). Insulin and HOMA-IR were positive correlates for BMD 267 

adjusted for age, body height, and LM (Table 3, Models 1-3) but not when adjusted for FM (Model 268 

4). Leptin and free leptin index were positively and leptin receptor was negatively associated with 269 

BMD adjusted for age, body height, and LM (Table 3, Models 1-3) but not adjusted for FM (Model 270 
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4). There was a positive association between leptin and BMD in the highest third of FM (β=0.346, 271 

p<0.001) but a non-significant inverse association in the middle third (β=-0.169, p=0.126) and the 272 

lowest third (β=-0.122, p=0.261) adjusted for age and body height.  273 

3.2.3 Determinants of bone mineral density in boys 274 

In boys, body height (β=0.520, p<0.001) and weight (β=0.686, p<0.001) were positively associated 275 

with BMD adjusted for age. LM had a strong positive association with BMD adjusted for age, body 276 

height, and FM (Table 4, Models 1, 2, and 4). FM was also a strong positive correlate for BMD 277 

adjusted for age, body height, and LM (Table 4, Models 1-3). Serum 25(OH)D was positively 278 

associated with BMD adjusted for age, body height, and FM (Table 4, Models 2 and 4) but not 279 

adjusted for LM (Model 4). Birth weight SDS, DHEAS, insulin, HOMA-IR and hs-CRP were 280 

positively associated with BMD adjusted for age (Table 4, Model 1) but not after further adjustments 281 

(Models 2-4). IGF-1 was negatively associated with BMD only when adjusted for age, body height, 282 

and FM (Table 4, Model 4). Leptin and free leptin index were positively and leptin receptor was 283 

negatively associated with BMD adjusted for age, body height, and LM (Table 4, Models 1-3), but 284 

the associations of free leptin index and leptin receptor were no longer statistically significant and 285 

that of leptin became negative when adjusted for LM (Model 4). There was a non-significant positive 286 

association between leptin and BMD in the highest third of FM (β=0.199, p=0.061), a non-significant 287 

inverse association in the middle third (β=-0.135, p=0.203) and no association in the lowest third (β=-288 

0.024, p=0.821). 289 

4. Discussion 290 

Our study is one of the few studies on the associations of LM, FM, and various biomarkers secreted 291 

by adipose tissue, skeletal muscle, or bone with BMD in a population sample of prepubertal children. 292 

LM but also FM were strong and independent positive determinants of BMD in all children, girls, 293 

and boys. Plasma irisin was also an independent positive correlate for BMD in all children but not in 294 

girls and boys separately. The associations of other biomarkers were explained by body height, LM, 295 

or FM. In boys, the positive association between leptin and BMD became negative and the negative 296 

association between IGF-1 and BMD strengthened after controlling for FM. 297 

 298 

In line with previous studies among children and adolescents [4,5,7], LM was a strong positive 299 

correlate for BMD in the current study. The positive association between LM and BMD may be 300 
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explained by increased mechanical load to bone caused by increased LM and the loading effect of 301 

weight-bearing exercise on bone mass and metabolism [11].  302 

 303 

A recently identified myokine irisin is produced by skeletal muscle after exercise and may increase 304 

energy expenditure [31]. Irisin has been found to increase bone mass in mice [32], but evidence on 305 

the association between serum irisin and BMD in humans is limited. Irisin has been positively 306 

associated with bone mass and strength in young athletes and negatively related to vertebral fragility 307 

fractures in postmenopausal women [31,33]. To the best of our knowledge, the association between 308 

irisin and BMD has not been studied earlier in children. We found that higher serum irisin levels were 309 

associated with higher BMD even after controlling for LM or FM. The weak positive association 310 

between irisin and BMD was slightly stronger in girls than in boys, but statistical power was limited 311 

in these sex-specific analyses. 312 

 313 

Of other biomarkers previously related to skeletal muscle and bone metabolism, insulin had a weak 314 

positive association with BMD even after controlling for LM. However, the association between 315 

insulin and BMD was explained by FM. IGF-1 was positively associated with BMD in all children 316 

and in girls but not after controlling for body size and composition. Moreover, there was a weak 317 

negative association between IGF-1 and BMD in boys when controlled for FM. Previous studies in 318 

children and adolescents have reported an independent positive association between IGF-1 and bone 319 

growth [20] and a muscle-dependent positive association between IGF-1 and BMD [20,34]. However, 320 

insulin resistance has suppressed the muscle-dependent relationship between IGF-1 and BMC and 321 

cortical bone measurements in children 9-13 years of age [34,35]. One reason for the inconsistency 322 

between our results and the findings of earlier studies could be that our participants were prepubertal 323 

and slightly younger than those of the previous studies. It is also possible that the weak negative 324 

association between IGF-1 and BMD in boys after controlling for FM in our study is partly explained 325 

by the positive relationships among adiposity, insulin resistance, and IGF-1. 326 

 327 

FM has been positively associated with BMD in some previous studies among mainly prepubertal 328 

children [6,36]. Obesity has also been associated with increased bone mass independent of LM in a 329 

study among children and adolescents [37]. Moreover, adiposity was associated with increased bone 330 

mass in another study in adolescents, but this association was explained by LM [7]. One explanation 331 

for the positive association between FM and BMD among children and adolescents could be the 332 

increased mechanical load to the bone due to adiposity [3]. Another reason could be that adipose 333 

tissue stimulates bone growth [36]. However, one study reported a decreased volumetric BMD in 334 
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obese prepubertal children despite increased bone size [38]. Another study showed an inverse 335 

association between BF% and BMD in adolescents [5]. In a Finnish study among prepubertal and 336 

pubertal children, those with decreased body fat content and those with increased fat content had 337 

decreased BMD independent of LM [39]. In the current study, FM was positively associated with 338 

BMD independent of LM, even though LM was a stronger correlate for BMD than FM. This 339 

observation is consistent with the results of a previous study among children [6]. Studies that have 340 

shown an association between excess fat mass and decreased BMD have been conducted in older and 341 

more overweight children and adolescents [5,39] than the participants of our study. Only 14% of the 342 

girls and 10% of the boys in our population sample of prepubertal children 6-8 years of age were 343 

overweight or obese [40]. Therefore, we cannot draw a conclusion on the association between obesity 344 

and BMD based on our findings. It is possible that the detrimental effect of excess fat mass appears 345 

in later childhood or in adolescence during or after puberty along with changes in body composition 346 

[1]. In our study, the association between LM and BMD was stronger in boys than in girls. One reason 347 

for this finding could be that boys have more skeletal muscle and girls have more adipose tissue 348 

already in prepubertal stage [1], that is consistent with our observation. 349 

 350 

Leptin is an adipocyte-secreted hormone that decreases appetite and increases energy expenditure 351 

[14] but may also influence bone modeling through central and peripheral mechanisms [14,15]. 352 

Leptin has been suggested to inhibit bone formation indirectly through the sympathetic nervous 353 

system [14,15]. In contrast, leptin directly enhances bone formation and inhibits bone resorption 354 

peripherally, even though the mechanisms are rather complex and not yet well defined [14,15]. These 355 

local effects of leptin on bone have been suggested to be dominant, and higher circulating leptin levels 356 

may therefore be related to a stronger skeleton [15]. Leptin may also regulate the hypothalamic-357 

pituitary-peripheral endocrine axes, including thyroid, gonadal, cortisol, and growth hormone axes, 358 

which are possible additional indirect ways by which leptin affects bone [41]. Soluble leptin receptor 359 

is the major protein binding leptin in blood, and leptin receptor levels seem to vary independent of 360 

serum leptin levels during childhood [28]. Functional differences between free and bound leptin are 361 

not clear, but some studies have suggested that free leptin index better reflects the physiological 362 

actions of leptin [28]. A meta-analysis concluded that circulating leptin levels were positively 363 

associated with BMD [42], but most of the 46 studies included in the analysis were performed in 364 

adults. The association between leptin and total body BMD was also positive in five studies among 365 

girls [42]. Interestingly, the relationship between leptin and BMD adjusted for body mass was 366 

negative in the only small study among boys [43]. Furthermore, body fat content was not taken into 367 

account in the meta-analysis [42]. In a previous study, free leptin index was associated with bone 368 
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turnover markers [13], which may be one mechanism for the inverse association between leptin and 369 

BMD. We found that leptin receptor level was negatively and leptin and free leptin index were 370 

positively associated with BMD independent of LM, but these associations were explained by FM. 371 

Moreover, the association between leptin and BMD became negative in boys after controlling for 372 

FM. Leptin was positively associated with BMD in the highest sex-specific third of FM but had a 373 

weak negative association in the middle and lowest thirds. These findings suggest that FM strongly 374 

modifies the association between leptin and BMD. 375 

 376 

Adiponectin is an adipokine that has been inversely related to FM in children [44], and this inverse 377 

association has been found to strengthen in puberty [45]. Adiponectin regulates energy homeostasis, 378 

glucose and lipid metabolism, and inflammatory pathways [15]. Increased adiponectin has been 379 

associated with reduced bone mass in children [44]. This may be explained by the decreased 380 

circulating levels of insulin and IGF-1 due to increased adiponectin levels [15]. In the current study 381 

among prepubertal children, we found a weak negative association between adiponectin and BMD, 382 

but it was largely explained by LM and FM. It is possible that the negative association between 383 

adiponectin and BMD might be stronger after puberty. 384 

 385 

Excess adiposity is associated with insulin resistance and hyperinsulinemia in youth [46]. Insulin has 386 

been suggested to be anabolic for bone formation, and higher serum insulin levels have been 387 

associated with higher BMD in adults [15]. However, the associations of insulin resistance with BMC 388 

and BMD remain controversial in children and adolescents [47–49]. In a study among prepubertal 389 

overweight children, BMC was lower in children with prediabetes than in children without it [47]. In 390 

overweight adolescents, increased HOMA-IR was associated with decreased BMD [48]. In another 391 

study among adolescents, insulin was positively associated with BMD, but the association was 392 

inverse after controlling for FM [49]. In line with these results, we found that higher fasting insulin 393 

and HOMA-IR were associated with higher BMD, but the associations became weak negative in boys 394 

and disappeared in girls after controlling for FM. These findings suggest that the association between 395 

insulin resistance and BMD is largely dependent on adiposity that should be taken into account when 396 

interpreting the results. 397 

 398 

IL-6 has a double-edged role in bone metabolism as it may stimulate both osteocyte differentiation 399 

and osteoclastic bone resorption [19]. IL-6 but also TNF-α are inflammation-related cytokines 400 

secreted by adipose tissue, and they may enhance bone resorption [14]. We found no association 401 

between IL-6 or TNF-α and BMD in children. One explanation for this may be that the prevalence of 402 
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overweight was low in our general population of children, and thus the inflammatory-related effects 403 

of these cytokines may have been modest. Higher hs-CRP has been associated with lower BMD in 404 

adolescent girls [50] and in overweight children with prediabetes but not in overweight children 405 

without it [47]. Inconsistent with these findings, we observed a weak positive association between 406 

hs-CRP and BMD in children. The reason for this inconsistency probably is the low proportion of 407 

overweight and obese children in our population sample [40]. Moreover, the observed positive 408 

association between hs-CRP and BMD was explained by FM. This is an expected result as adiposity 409 

is known to be related to systemic low-grade inflammation [51]. 410 

 411 

The definition of vitamin D deficiency based on serum 25(OH)D concentration varies between 25 412 

and 50 nmol/l and the lower limit for optimal serum 25(OH)D concentration has been suggested to 413 

be as high as 75 nmol/l [3,16,52–57]. No consensus exists on the optimal serum level of 25(OH)D. 414 

As vitamin D is essential for bone metabolism [16], the positive association of 25(OH)D with BMD 415 

in the current study was expected, and this is in line with the results of previous studies [4]. However, 416 

the association between 25(OH)D and BMD was weak especially in girls, but this is probably 417 

explained by the low proportion of children having 25(OH)D concentrations below 50 nmol/l [25], 418 

which has been considered as a limit of deficiency based on bone outcomes [53]. The association 419 

between 25(OH)D and BMD was stronger in boys, and it was partly explained by LM. One 420 

explanation for this finding may be that physically active children, particularly boys, have increased 421 

LM and spend more time outdoors and are therefore exposed to sunlight that increases serum 422 

25(OH)D concentrations.  423 

 424 

DHEAS is an androgen precursor produced mainly by the adrenal cortex and whose circulating levels 425 

are increased during adrenarche [27]. Both obesity and premature adrenarche are associated with 426 

advanced bone age [58,59]. However, there are little and inconsistent data on the association between 427 

DHEAS and BMD in children [58,60]. In the current study among prepubertal children, higher 428 

DHEAS was associated with higher BMD. However, the positive association weakened after 429 

controlling for body height, LM, and FM, suggesting that DHEAS does not have an independent 430 

effect on BMD in prepubertal children. 431 

 432 

Some diseases, conditions and medications, such as juvenile arthritis, renal insufficiency, 433 

inflammatory conditions, disabilities, immobility, oral corticosteroid use, or certain antiepileptic 434 

drugs, may decrease BMD [61]. We therefore excluded children who had such diseases, conditions, 435 

or medications to avoid associated confounding. The use of inhaled corticosteroids has been 436 
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associated with decreased BMD in some studies [62]. However, a recent review and meta-analysis 437 

concluded that the use of inhaled corticosteroids was not associated with decreased lumbar BMD or 438 

increased risk of fractures [63]. In our study, about 8% of the children had asthma, a few of them used 439 

regular inhaled corticosteroids, and they had similar BMD to children without asthma. We therefore 440 

included children with asthma in the current study population. 441 

 442 

Body weight and BMI have been directly associated with BMD in children and adolescents [3,6], but 443 

neither of them is a specific measure of LM or FM. We therefore investigated the associations of LM 444 

and FM measured by DXA with BMD among children. DXA is also the most widely used method to 445 

evaluate BMD and it has been reported to be well reproducible also in children [64–66]. The 446 

assessment and interpretation of BMD measurements are not simple in growing children because of 447 

both methodological aspects and differences in maturation and growth. In children, The International 448 

Society of Clinical Densitometry (ISCD) recommends measuring BMD and BMC from total body 449 

excluding the head and the posterior-anterior spine [66]. Areal BMD measurements may 450 

underestimate the BMD of short children and overestimate the BMD of tall children. Therefore, ISCD 451 

recommends adjusting BMD of total body excluding head and spinal BMD using height z-score. We 452 

used DXA of the whole body, excluding the head, which is one of the methods recommended to be 453 

used for measuring BMD among children by the ISCD [66]. Moreover, we adjusted the data first for 454 

age and sex and then additionally for body height, all components of height z-score. However, we did 455 

not measure volumetric BMD but areal BMD and did not use computed tomography to measure the 456 

more detailed quality of the bone. 457 

 458 

The results of different studies depend not only on the methods used but also on the age and 459 

maturation of the participants and the prevalence of overweight in the study population, because each 460 

of them affects BMD. We investigated a general population of prepubertal children 6-8 years of age 461 

with a low prevalence of overweight, whereas many other studies have mainly included overweight 462 

or obese children and adolescents with advanced puberty [5,7,37,39,47]. It is therefore difficult to 463 

compare the findings of our study with those of many other studies. 464 

5. Conclusions 465 

Our study showed that LM is the strongest positive determinant of BMD, but also FM is positively 466 

and independently associated with BMD in a population sample of mainly normal-weight prepubertal 467 

Finnish children. Of biomarkers related to body composition, irisin had a positive association with 468 

BMD independent of LM and FM. To the best of our knowledge, this is the first study to examine the 469 
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association between irisin and BMD in children, and this finding needs to be confirmed in other 470 

populations. As expected, 25(OH)D was a positive correlate for BMD, but the association was weak 471 

probably due to the relatively low prevalence of vitamin D deficiency in our study population and 472 

was partly explained by body composition. In boys, the positive association of leptin with BMD 473 

became negative after controlling for FM. This finding suggests that FM strongly modifies the 474 

association between leptin and BMD and that adiposity should be taken into account when 475 

interpreting the associations of leptin with bone structure and metabolism.  476 
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Table 1. Characteristics of children.  726 

 All (n=472) Girls (n=227) Boys (n=245) P-value 

Age, y 7.6 (0.4) 7.6 (0.4) 7.6 (0.4) 0.169 
Birth weight SDS -0.05 (1.00) -0.01 (0.99) -0.09 (1.01) 0.372 
Weight, kg 26.7 (4.9) 26.2 (4.8) 27.3 (4.9) 0.017 
Height, cm 128.6 (5.6) 127.7 (5.6) 129.5 (5.4) 0.001 
BMI-SDS -0.20 (1.07) -0.23 (1.02) -0.17 (1.11) 0.511 
Waist circumference, cm 56.5 (5.7) 55.5 (5.4) 57.5 (5.7) <0.001 
Lean body mass, kg 17.7 (2.2) 16.8 (2.0) 18.6 (2.1) <0.001 
Body fat mass, kg 5.2 (3.3) 5.6 (3.2) 4.7 (3.3) 0.002 
Body fat percentage  20.6 (8.5) 23.2 (7.8) 18.2 (8.5) <0.001 
BMD, total body 
 excluding the head, g/cm2 0.72 (0.05) 0.72 (0.05) 0.72 (0.05) 0.094 

25(OH)D, nmol/l 67.8 (22.7) 65.6 (18.8) 69.8 (25.7) 0.056 
DHEAS, µmol/l 0.57 (0.33-0.85) 0.57 (0.33-0.84) 0.58 (0.32-0.85) 0.998 
IGF-1, nmol/l 23.1 (7.6) 24.4 (7.3) 22.0 (7.5) 0.001 
Insulin, mU/l 4.50 (2.44) 4.74 (2.25) 4.29 (2.58) 0.049 
HOMA-IR 0.98 (0.56) 1.01 (0.51) 0.94 (0.59) 0.196 
Adiponectin, µg/ml 8.91 (4.09) 8.84 (3.77) 8.97 (4.36) 0.740 
Leptin, ng/ml 3.70 (2.70-5.85) 4.30 (3.20-6.80) 3.20 (2.40-4.70) <0.001 
Leptin receptor, ng/ml 40.8 (10.5) 38.6 (9.7) 42.9 (10.9) <0.001 
Free leptin index 9.0 (5.9-16.2) 10.9 (7.5-20.6) 6.9 (5.1-12.6) <0.001 
Irisin, ng/ml 151.5 (53.0) 151.3 (43.3) 151.8 (60.5) 0.918 
IL-6, pg/ml 0.90 (0.63-1.47) 0.83 (0.60-1.27) 1.00 (0.63-1.57) 0.016 
TNF-α, pg/ml 14.3 (5.2-34.2) 12.7 (5.0-30.4) 15.7 (5.4-37.4) 0.177 
hs-CRP, mg/l 0.29 (0.29-0.54) 0.29 (0.29-0.59) 0.29 (0.29-0.49) 0.098 

 727 
The values are presented as mean (SD) for normally distributed variables and median (IQR) for skewed 728 
variables. Differences between girls and boys were tested with independent samples t test for normally 729 
distributed variables and Mann–Whitney’s U test for skewed variables. P-value for differences between girls 730 
and boys. 731 
 732 
Abbreviations: SDS, standard deviation score; BMI-SDS, body mass index standard deviation score; BMD, 733 
bone mineral density; 25(OH)D, 25-hydroxyvitamin D; DHEAS, dehydroepiandrosterone sulphate; IGF-1, 734 
insulin-like growth factor 1; HOMA-IR: homeostatic model assessment for insulin resistance; adiponectin, 735 
high-molecular weight adiponectin; IL-6, interleukin 6; TNF-α, tumor necrosis factor α; hs-CRP, high-736 
sensitivity C-reactive protein (values over 10 excluded) 737 
 738 
Number of children (n) varies from 417 to 472 in different variables; n=472, 227 girls and 245 boys: age, 739 
weight, height, BMI-SDS, waist, lean body mass, body fat mass, BMD; n=463, 222 girls and 241 boys: birth 740 
weight SDS; n=417, 198 girls and 219 boys: 25(OH)D; n= 440, 211 girls and 229 boys DHEAS, IGF-1; n= 741 
456, 216 girls and 240 boys :insulin; n= 452, 215 girls and 237 boys: HOMA-IR; n= 452, 214 girls and 238 742 
boys: adiponectin, leptin, leptin receptor; n= 433, 205 girls and 228 boys: irisin; n= 448, 210 girls and 238 743 
boys: IL-6; n= 450, 211 girls and 239 boys: TNF-α; n= 456, 217 girls and 239 boys: hs-CRP (values over 10 744 
excluded).  745 
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Table 2. Determinants of bone mineral density (total body excluding the head) in all children. 746 

         Model 1                    Model 2                  Model 3                    Model 4 

 Beta p-value Beta p-value Beta p-value Beta p-value 

Lean body mass, kg 0.729 <0.001 0.708 <0.001   0.562 <0.001 
Body fat mass, kg 0.594 <0.001 0.358 <0.001 0.365 <0.001   

Birth weight SDS 0.169 <0.001 -0.011 0.786 -0.059 0.103 0.009 0.807 

25(OH)D, nmol/l 0.097 0.044 0.086 0.036 0.067 0.075 0.087 0.017 
DHEAS, µmol/l 0.178 <0.001 0.100 0.012 0.071 0.052 0.065 0.068 

IGF-1, nmol/l 0.188 <0.001 0.037 0.375 0.007 0.844 -0.041 0.275 

Insulin, mU/l 0.218 <0.001 0.102 0.010 0.071 0.048 -0.043 0.260 

HOMA-IR 0.212 <0.001 0.087 0.028 0.062 0.087 -0.054 0.153 

Adiponectin, µg/ml -0.091 0.049 -0.067 0.082 -0.042 0.232 -0.052 0.126 

Leptin, ng/ml 0.397 <0.001 0.275 <0.001 0.245 <0.001 -0.114 0.058 

Leptin receptor, ng/ml -0.432 <0.001 -0.260 <0.001 -0.192 <0.001 0.061 0.168 

Free leptin index 0.400 <0.001 0.284 <0.001 0.245 <0.001 0.012 0.825 

Irisin, ng/ml 0.105 0.026 0.079 0.048 0.072 0.047 0.075 0.034 
IL-6, pg/l 0.042 0.370 0.031 0.422 0.007 0.836 -0.001 0.982 

TNF-α pg/ml 0.009 0.844 0.022 0.568 0.014 0.679 0.032 0.341 

hs-CRP, mg/l 0.111 0.014 0.088 0.023 0.098 0.005 0.003 0.941 

 747 

The values are standardized regression coefficients (β) and p-values from linear regression models.  748 
 749 
Model 1: Each variable was entered in linear regression analysis adjusted for age and sex. 750 
Model 2: Each variable was entered in linear regression analysis adjusted for age, sex, and height. 751 
Model 3: Each variable was entered in linear regression analysis adjusted for age, sex, height, and lean mass. 752 
Model 4: Each variable was entered in linear regression analysis adjusted for age, sex, height, and fat mass. 753 
 754 
Abbreviations: SDS, standard deviation score; BMI-SDS, body mass index standard deviation score; BMD, 755 
bone mineral density; 25(OH)D, 25-hydroxyvitamin D; DHEAS, dehydroepiandrosterone sulphate; IGF-1, 756 
insulin-like growth factor 1; HOMA-IR: homeostatic model assessment for insulin resistance; adiponectin, 757 
high-molecular weight adiponectin; IL-6, interleukin 6; TNF-α, tumor necrosis factor α; hs-CRP, high-758 
sensitivity C-reactive protein (values over 10 excluded) 759 
 760 
Number of children (n) varies from 417 to 472 in different variables; n=472: BMD, lean body mass, body fat 761 
mass; n=463: birth weight SDS; n=417: 25(OH)D; n= 440: DHEAS, IGF-1; n= 456: insulin; n= 452: HOMA-762 
IR; n= 452: adiponectin, leptin, leptin receptor; n= 433: irisin; n= 448: IL-6; n= 450: TNF-α; n= 456: hs-CRP 763 
(values over 10 excluded). 764 
  765 
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Table 3. Determinants of bone mineral density (total body excluding the head) in girls. 766 

         Model 1                    Model 2                  Model 3                    Model 4 

 Beta p-value Beta p-value Beta p-value Beta p-value 

Lean body mass, kg 0.663 <0.001 0.571 <0.001   0.459 <0.001 
Body fat mass, kg  0.612 <0.001 0.439 <0.001 0.382 <0.001   

Birth weight SDS 0.187 0.004 -0.009 0.870 -0.047 0.357 -0.016 0.749 

25(OH)D, nmol/l 0.097 0.044 0.042 0.464 0.048 0.350 0.035 0.473 

DHEAS, µmol/l 0.256 <0.001 0.095 0.095 0.078 0.132 0.030 0.551 

IGF-1, nmol/l 0.278 <0.001 0.083 0.157 0.060 0.258 0.040 0.422 

Insulin, mU/l 0.231 <0.001 0.139 0.010 0.120 0.015 0.019 0.693 

HOMA-IR 0.228 <0.001 0.136 0.012 0.120 0.014 0.015 0.758 

Adiponectin, µg/ml -0.061 0.352 -0.060 0.263 -0.042 0.394 -0.018 0.706 

Leptin, ng/ml 0.425 <0.001 0.305 <0.001 0.279 <0.001 -0.064 0.417 

Leptin receptor, ng/ml -0.432 <0.001 -0.271 <0.001 -0.226 <0.001 -0.074 0.198 

Free leptin index 0.434 <0.001 0.321 <0.001 0.286 <0.001 0.034 0.629 

Irisin, ng/ml 0.175 0.008 0.108 0.052 0.094 0.063 0.073 0.126 

IL-6, pg/l 0.120 0.070 0.061 0.269 0.038 0.452 0.021 0.656 

TNF-α pg/ml 0.054 0.416 0.065 0.232 0.024 0.630 0.052 0.270 

hs-CRP, mg/l 0.070 0.283 0.070 0.198 0.092 0.065 -0.030 0.563 

 767 

The values are standardized regression coefficients (β) and p-values from linear regression models. 768 
 769 
Model 1: Each variable was entered in linear regression analysis adjusted for age. 770 
Model 2: Each variable was entered in linear regression analysis adjusted for age and height. 771 
Model 3: Each variable was entered in linear regression analysis adjusted for age, height, and lean mass. 772 
Model 4: Each variable was entered in linear regression analysis adjusted for age, height, and fat mass. 773 
 774 
Abbreviations: SDS, standard deviation score; BMI-SDS, body mass index standard deviation score; BMD, 775 
bone mineral density; 25(OH)D, 25-hydroxyvitamin D; DHEAS, dehydroepiandrosterone sulphate; IGF-1, 776 
insulin-like growth factor 1; HOMA-IR: homeostatic model assessment for insulin resistance; adiponectin, 777 
high-molecular weight adiponectin; IL-6, interleukin 6; TNF-α, tumor necrosis factor α; hs-CRP, high-778 
sensitivity C-reactive protein (*values over 10 excluded) 779 
 780 
Number of girls (n) varies from 205 to 227 in different variables; n=227: BMD, lean body mass, body fat mass; 781 
n=222: birth weight SDS; n=198: 25(OH)D; n=211: DHEAS, IGF-1; n=216: insulin; n=215: HOMA-IR; 782 
n=214: adiponectin, leptin, leptin receptor; n=205: irisin; n= 210: IL-6; n=211: TNF-α; n=217: hs-CRP (values 783 
over 10 excluded).  784 
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Table 4. Determinants of bone mineral density (total body excluding the head) in boys. 785 

         Model 1                    Model 2                  Model 3                    Model 4 

 Beta p-value Beta p-value Beta p-value Beta p-value 

Lean body mass, kg 0.664 <0.001 0.746 <0.001   0.591 <0.001 
Body fat mass, kg  0.568 <0.001 0.435 <0.001 0.337 <0.001   

Birth weight SDS 0.145 0.023 -0.029 0.619 -0.074 0.153 0.031 0.555 

25(OH)D, nmol/l 0.123 0.070 0.117 0.045 0.079 0.145 0.123 0.023 
DHEAS, µmol/l 0.139 0.036 0.108 0.062 0.070 0.182 0.088 0.095 

IGF-1, nmol/l 0.094 0.152 -0.007 0.905 -0.045 0.393 -0.108 0.049 
Insulin, mU/l 0.211 0.001 0.079 0.172 0.039 0.456 -0.089 0.132 

HOMA-IR 0.209 0.001 0.057 0.975 0.028 0.598 -0.108 0.069 

Adiponectin, µg/ml -0.127 0.050 -0.080 0.152 -0.055 0.278 -0.080 0.115 

Leptin, ng/ml 0.346 <0.001 0.229 <0.001 0.187 <0.001 -0.266 0.006 
Leptin receptor, ng/ml -0.418 <0.001 -0.249 <0.001 -0.161 0.004 -0.056 0.401 

Free leptin index 0.353 <0.001 0.236 <0.001 0.180 <0.001 -0.165 0.063 

Irisin, ng/ml 0.056 0.400 0.058 0.312 0.053 0.310 0.073 0.168 

IL-6, pg/l -0.019 0.770 0.006 0.914 -0.023 0.650 0.019 0.992 

TNF-α pg/ml -0.020 0.762 -0.010 0.854 0.015 0.766 0.015 0.768 

hs-CRP*, mg/l 0.138 0.032 0.101 0.068 0.083 0.096 0.024 0.650 

 786 

The values are standardized regression coefficients (β) and p-values from linear regression models.  787 
 788 
Model 1: Each variable was entered in linear regression analysis adjusted for age. 789 
Model 2: Each variable was entered in linear regression analysis adjusted for age and height. 790 
Model 3: Each variable was entered in linear regression analysis adjusted for age, height, and lean mass. 791 
Model 4: Each variable was entered in linear regression analysis adjusted for age, height, and body fat mass. 792 
 793 
Abbreviations: SDS, standard deviation score; BMI-SDS, body mass index standard deviation score; BMD, 794 
bone mineral density; 25(OH)D, 25-hydroxyvitamin D; DHEAS, dehydroepiandrosterone sulphate; IGF-1, 795 
insulin-like growth factor 1; HOMA-IR: homeostatic model assessment for insulin resistance; adiponectin, 796 
high-molecular weight adiponectin; IL-6, interleukin 6; TNF-α, tumor necrosis factor α; hs-CRP, high-797 
sensitivity C-reactive protein (values over 10 excluded) 798 
 799 
Number of boys (n) varies from 219 to 245 in different variables; n= 245: BMD, lean mass, body fat mass; 800 
n=241: birth weight SDS; n=219: 25(OH)D; n=229: DHEAS, IGF-1; n=240: insulin; n=237: HOMA-IR; 801 
n=238: adiponectin, leptin, leptin receptor; n=228: irisin; n=238: IL-6; n=239: TNF-α; n=239: hs-CRP (values 802 
over 10 excluded). 803 
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