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ABSTRACT 

 

Obesity in childhood is a major pediatric concern as excess adiposity increases the risk 

for developing metabolic dysfunction, cardiovascular disease (CVD) and type 2 diabetes 

in adulthood. Far less attention has been focused on the effects of obesity during 

childhood on bone development. Obesity and skeletal fragility have been previously 

thought to be two distinct conditions rarely found occurring in the same individual, as 

excess adiposity is thought to enhance bone strength due to the increase in mechanical 

loading on the skeleton stimulating bone formation. In fact, overweight and obese 

children tend to have larger bones and greater bone mineral content and density than 

children with healthy weight. On the contrary, there have been recent findings of a 

greater fracture incidence in obese children compared to those of normal weight. Overall, 

the relationship between excess adiposity and bone remains controversial, with reports of 

both augmented and compromised bone mass accrual in overweight and obese children. 

There is evidence that obesity-related metabolic dysfunction may compromise gains in 

bone mass, despite the increased loading on bone with excess weight. Thus, the 

conflicting relationship reported between excess adiposity and bone in children may be 

explained by the presence of metabolic dysfunction in some but not all overweight and 

obese children. The objective of this dissertation was to use cross-sectional data from the 

“Soft tissue and bone development in young girls (STAR)” study to examine the 

relationship of soft tissue composition with measures of bone density, geometry, and 

strength in young girls and assess the influence of cardiometabolic risk factors, which are 

biomarkers of metabolic dysfunction, on these relationships. 
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Through utilizing state-of-the-art, direct imaging techniques to measure body 

composition and parameters of bone density, geometry, and strength, findings from this 

study showed that fat mass is a positive contributor to bone independent of lean mass, 

however the degree to which adiposity adds to total bone mass and area may be 

attenuated if there is co-occurring metabolic dysfunction. These findings indicate that 

obesity in children is a protective factor for bone, however, the attenuation of this 

protective effect due to the presence of metabolic dysfunction may compromise 

maximum bone mineral accrual in obese children during a time when maximizing bone 

mineral accrual is of utmost importance for fracture and osteoporosis prevention in 

adulthood. Hence, obesity in children should not only be seen as a risk factor for 

cardiovascular disease, but should be recognized as a risk factor for compromised bone 

development.    
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CHAPTER 1 

 

INTRODUCTION 

Obesity in childhood is a health concern as excess adiposity increases the risk for 

developing metabolic dysfunction, cardiovascular disease (CVD) and type 2 diabetes in 

adulthood.(1) Little attention, however, has been focused on the effects of obesity on 

bone development during childhood. Although obesity and fragility of the skeleton have 

been previously thought to be two distinct conditions rarely found co-occurring in the 

same individual, recent findings of a greater fracture incidence in obese children 

compared to those of normal weight have challenged this concept (2). Despite having 

more fractures, overweight and obese children in general tend to have larger bones and 

greater bone mineral content and density than children of a healthy weight.(3) Indeed, 

body weight, with its fat and lean components, is a major determinant of bone mineral 

content (BMC) as bone adapts its strength to the strains placed upon it from either 

gravitational impact or muscle forces.(4, 5) However, comparing bone properties of 

overweight and obese children to normal weight children is complicated. In addition to 

having more fat mass, overweight and obese children also have higher amounts of lean 

mass, which is a major determinant of bone strength.(6) Thus, the higher bone mass seen 

in overweight and obese children may be primarily driven by the loading imposed by 

muscle forces on the skeleton instead of the extra weight of adipose tissue. Moreover, 

overweight and obese children tend to be more advanced in maturation causing them to 

be taller than children who are of normal weight, which confounds bone comparisons.(7) 

Even after controlling for important confounders such as maturation, height, and lean 



	 15	

mass, results are mixed with reports of augmented (8, 9) and compromised bone mass 

accrual in overweight and obese children.(10)  

 

The conflicting results may be due to the presence of metabolic abnormalities associated 

with excess body fat in some overweight and obese children (e.g., chronic inflammation 

insulin resistance, glucose intolerance, dyslipidemia, and hypertension).(7, 11) These 

metabolic abnormalities, especially chronic inflammation, may compromise gains in 

bone mass in overweight and obese children, despite the increased loading on bone with 

excess weight. Lifestyle factors that contribute to obesity such as lack of physical activity 

and poor diet, can also contribute to impaired bone development.(4, 12) Thus, to fully 

understand the effects of fat mass on bone, consideration of metabolic risk factors often 

co-occurring with obesity, as well as the lifestyle factors contributing to obesity, must be 

considered. 

  

Mixed findings from previous studies may also be due to the technology used to measure 

bone outcomes. Most previous studies have relied on dual energy x-ray absorptiometry 

(DXA), a two dimensional imaging technique that measures bone mineral content (BMC) 

and areal bone mineral density (aBMD) of the skeleton, both of which are measures of 

the material properties of bone. However, bone strength and consequently risk of fracture 

is determined by both the material properties (i.e. mass and density) and the geometric 

properties of bone (i.e. size and shape).(13) Denser bone does not necessarily equate to 

stronger bone. Indeed, bone size has been shown to make a larger contribution to bone 

strength than bone density in human cadaver models.(14) For instance, bones with 
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smaller total aBMD and BMC but larger diameter, can have the same strength compared 

to a bone with a larger aBMD and BMC but smaller diameter.(15) Thus, although 

overweight and obese children may appear to have greater BMC and aBMD than normal 

weight children, compromises in bone structural properties leading to overall lower bone 

strength may explain their higher fracture incidence.(7) Few studies in children have used 

peripheral quantitative computed tomography (pQCT), a three-dimensional imaging 

technique, which allows for an assessment of bone geometry and estimated strength. 

  

Given that 95% of the adult skeleton is accrued by the end of adolescence(16), 

understanding how obesity and its metabolic consequences affect bone development is 

important. Impaired bone growth during this time likely leads to suboptimal peak bone 

mass, increasing the risk for fractures and developing osteoporosis later in life.(3, 17, 18) 

This is particularly significant to girls, since females are two times more likely to be 

diagnosed with osteoporosis than men.(19) With this rationale, the objective of the 

dissertation was to use cross-sectional data from the “Soft tissue and bone development 

in young girls (STAR)” study to examine the relationship of soft tissue composition with 

measures of bone density, geometry, and strength in young girls and assess the influence 

of biomarkers of metabolic dysfunction on these relationships. 
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SPECIFIC AIMS 

This dissertation addressed the following aims and hypotheses:  

 

Aim 1a: To assess the relationship of total body soft tissue composition (total lean and 

fat mass) with DXA-derived whole body measures of bone (BMC, BA, and aBMD). 

Hypothesis Aim 1a: Total body lean mass, a surrogate for muscle, will be a stronger 

predictor of BMC, BA, and aBMD than total body fat mass.  

 

Aim 1b: To assess the relationship of soft tissue composition (total lean and fat mass) 

with pQCT-derived measures of bone volumetric mineral density (vBMD), geometry, 

and strength of both weight bearing and non-weight bearing bones of the appendicular 

skeleton (see Appendix B for manuscript under review). 

Hypothesis 1b: Total body fat mass will have a positive relationship with weight bearing 

(tibia and femur) skeletal sites that will be lost or reversed in non-weight bearing bone 

(radius). Total body lean mass on the other hand will have a greater positive association 

with the appendicular skeleton that is site independent. 

 

Aim 2: To assess the relationship of cardiometabolic biomarkers with total body and 

regional bone measures independent of soft tissue composition (total lean and fat mass).   

Hypothesis Aim 2: CRP, a biomarker of inflammatory load, will have the strongest 

association with bone outcomes due to the known direct adverse influence of 

inflammation on bone cells. Fasting insulin, although an anabolic hormone, will be 

negatively associated with the bone outcomes after adjustment for fat mass due to the 



	 18	

negative effects of insulin resistance on bone. Since dyslipidemia, glucose intolerance, 

and hypertension are all biomarkers of chronic inflammation and insulin resistance from 

excess adiposity, they will not have a significant association with the bone outcomes 

independent of CRP and insulin.  

 

Aim 3a: To assess the relationship of total fat mass with DXA-derived whole body 

measures of bone (BMC, BA, and aBMD) in the presence of cardiometabolic risk factors 

(CMRs) indicative of systemic metabolic dysfunction (see Appendix B for manuscript 

under review). 

Hypothesis Aim 3a: Any positive relationship of fat mass with bone due to its 

contribution to static load, will be attenuated in girls who have CMRs.  

 

Aim 3b: To assess the relationship of fat mass with pQCT regional measures of vBMD, 

total cross-sectional area (total CSA), BMC and estimated bone strength (i.e. strength-

strain index, SSI; bone strength index, BSI) of the weight bearing and non-weight bearing 

skeleton in the presence of cardiometabolic risk factors (CMRs) indicative of metabolic 

dysfunction. 

Hypothesis 3b: The positive effect of total body fat mass on weight-bearing (tibia and 

femur) bone strength will be attenuated or lost in girls who present with CMRs whereas 

any positive relationship of fat mass to non-weight bearing bone strength (radius) will be 

reversed when CMR’s are present.  
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Ancillary Aim 3c: To assess whether the relationship of fat mass with DXA-derived 

total bone and pQCT-derived regional bone outcomes in the presence of CMR’s differs 

depending on how CMR’s are defined. 

Hypothesis Aim 3c: There will be a difference in interaction effects of CMR on the 

relationship of fat with bone due to the various sensitivities and specificities of each 

definition of CMR to correctly identify girls who are at risk and those who are not at risk.  
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BACKGROUND/SIGNIFICANCE 

Link between obesity and osteoporosis 

Obesity and osteoporosis are both major public health concerns with over one third of 

U.S. adults classified as being obese(20) and an estimated 50% of women and 33% of 

men over the age of fifty predicted to suffer an osteoporotic fracture.(21) Both conditions 

are thought to have their origins in childhood. Although osteoporosis manifests at an 

older age, the disease is said to have its origins during childhood such that the amount of 

bone mass accrued during youth can predict risk later in life.(22) Likewise, being obese 

as a child is a known risk factor for obesity later in life.(23) Despite these similarities, 

obesity and osteoporosis are generally not considered to co-occur. In fact, traditionally, 

obesity has been viewed as being protective against osteoporotic fractures due to the 

well-established effects of mechanical loading from body weight stimulating bone 

formation. Additionally, obese individuals are thought to be less prone to fractures from a 

fall due to increased cushioning by adipose tissue.(24) However, recent findings of a 

greater fracture incidence in obese children and adults compared to those of normal 

weight(2, 25) challenge this previous notion that obesity is protective and suggests that 

obesity and osteoporosis may be more interconnected than previously considered. With 

the prevalence of obesity at ~17% in U.S. youth(20), understanding how adiposity 

influences bone development and osteoporosis risk later in life is of critical importance. 

 

There are many distinct physiological mechanisms linking bone and fat. From a cellular 

level, both osteoblasts and adipocytes are derived from the mesenchymal stem cell 

(MCS).(26) Intracellular and extracelluar signals that drive MCS cells to differentiate into 
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fat cells through activation of the peroxisome proliferator-activated receptor (PPAR)-γ 

also inhibit the Wnt/β-catenin pathway driving MCS to differentiate into bone cells and 

visa versa.(7, 27, 28) The bone-fat relationship is further evident by their hormonal 

influences on each other (Figure 1). For example, the secretion of leptin from adipose 

tissue has been shown to be a regulator of bone remodeling directly through the leptin 

receptor expressed on bone cells and indirectly through the hypothalamus.(29) 

Reciprocally, osteoblasts secrete osteocalcin, a peptide hormone, which has recently been 

proposed to be a bone derived hormone regulating energy metabolism through inducing 

pancreatic beta-cell proliferation and insulin gene expression, as well as increasing 

secretion of adiponectin by adipocytes promoting insulin sensitivity of adipose tissue, 

muscle, and the liver.(29) Osteocalcin has been inversely related to BMI, fat mass, and 

glucose levels in several human studies.(30)  

 

      

Figure 1. Schematic representation of the complex relationship between fat and bone. 
(Figure adapted from Kawai et al.(31)) Adipocytes secrete leptin, which indirectly 
inhibits bone formation through the hypothalamus-sympathetic nervous system/β-
adrenergic receptor pathway. Leptin also can promote bone formation directly through 
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stimulating the expression and secretion of osteoprotegrin (OPG) by osteoblast cells, 
which inhibits ostoeclastgenesis. Osteoblasts secrete the peptide hormone osteocalcin, 
which is thought to 1) stimulate pancreatic beta-cell proliferation and insulin gene 
expression and 2) stimulate adipocytes to secrete adiponectin, which promotes insulin 
sensitivity  
 
 
Peri-pubertal and pubertal years: a period of opportunity and vulnerability 

The years leading up to puberty and the pubertal years are times when major changes in 

body composition and the skeleton take place.(16) Environmental events and exposures 

during this time can have persistent effects on body composition and bone mass into 

adulthood, making the peri-pubertal and pubertal years a critical time for both obesity and 

osteoporosis prevention.(16)  

 

Approximately fifty percent of adult body weight is gained during adolescence.(32) 

During early puberty, lean body mass increases in both boys and girls.(33) Major changes 

in fat distribution also occur during puberty.(34, 35) Girls in particular undergo an 

increase in body fat from approximately 17% to 24% of body mass over the period of 

adolescence, which corresponds to approximately the time between ages of 10-and 19-

years-old.(36, 37) Exposure to an obesogenic environment during this time of adipose 

tissue development and distribution may have lasting detrimental effects on adipose 

tissue function leading to metabolic dysfunction in adulthood.(38)  

 

In addition to changes in body composition, the peripubertal and pubertal years are 

marked by an increase in height velocity and bone mass accrual. In girls, peak linear 

growth is reached around 11.7 years of age(39) at which time girls can accumulate up to 

9cm/year in height.(32) During the two years surrounding peak linear growth, 
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approximately 25% of the total adult bone mineral is accrued with peak bone mass 

velocity occurring around 12.5 years of age in girls.(16) By the end of adolescence, more 

than 95% of the adult skeleton is accrued.(16) Computer simulation studies suggest that 

an increase in peak bone mass of 10% could delay the onset of osteoporosis by 13 years 

(Figure 2).(16) Likewise, during puberty, the sex steroids play a critical role in bone 

maturation and the attainment of peak bone mass.(40) Estrogen in particular stimulates 

new bone formation, decreases bone resorption, and increases the osteogenic response of 

bone to mechanical loading.(6, 41) 

 

 

   

Figure 2: Influence of peak bone mass on age of osteoporosis development.(16) 

 

Determinants of bone strength  

Bone strength is a fine balance between stiffness, flexibility, and lightness in that bone 

must be stiff enough to not bend under loading conditions, flexible enough to deform 

transiently in order to absorb the energy imparted by loading, and must be light to allow 

for movement.(42) Fractures occur when the loading or forces imparted on the bone 
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exceed those which the skeleton can withstand.(4) Bone mineral density (BMD) has 

commonly been used as an indicator of bone strength and is the main parameter used 

clinically for assessing fracture risk and diagnosing osteoporosis in adults.(43) However, 

despite its wide use, BMD does not explain all the variance in bone mechanical strength. 

For example, although sodium fluoride treatment increased BMD in post-menopausal 

women, they experienced an increase in fracture rate.(44) On the other hand, there is a 

decreased risk of fracture following exercise interventions despite only minor increases in 

BMD.(43) Thus, properties other than BMD determine bone strength and consequent risk 

of fracture. BMD is able to provide information on bone material properties reflecting 

bone quantity.(43) However, bone strength is also determined by bone geometry (bone 

size and shape), bone microarchitecture (trabecular connectivity and cortical porosity), 

and bone tissue properties (degree and type of collagen cross-linking and osteocyte 

network integrity).(43)  

 

Measuring bone in children 

Although the only direct way to measure bone strength is via a mechanical test where a 

loading force is applied to the bone until the failure load is reached(45), several non-

invasive technologies are available to estimate bone strength. Dual-energy x-ray 

absorptiometry (DXA) is an imaging technique where high- and low-energy x-ray beams 

pass through the body and are captured on a detector on the other side.(46) Based on the 

x-ray attenuation of the low- and high x-ray beams, mass per unit projected area (i.e. 

areal density) of soft tissue and bone can be estimated.(47) DXA, therefore, provides a 

two-dimensional image with measures of areal bone mineral density (aBMD, g/cm2), 
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bone mineral content (BMC, g), and bone area (cm2). DXA is the most widely used 

technique for measuring bone in children due to its low radiation exposure, high speed, 

and wide availability.(3) A major challenge with using DXA to measure bone in children 

is that both BMC and aBMD are highly influenced by bone size, and the bones of taller 

children have greater length, width, and depth than children of shorter stature.(8, 48) The 

two-dimensional nature of DXA limits its ability to capture bone depth, hence, aBMD 

overestimates true volumetric BMD (vBMD) in taller children with large bones and 

underestimates true vBMD in shorter children with small bones.(3) Thus, it is 

recommended that whole body aBMD and BMC be adjusted for height in children.(48) 

DXA is also limited in the sense that it provides information only on the average material 

properties of bone and is unable to estimate and distinguish between the densities and 

amounts of cortical versus trabecular bone, which each contribute uniquely to the overall 

strength of bone.(3)  

 

The development of peripheral quantitative computed tomography (pQCT) makes for an 

alternative low-radiation imaging technique to DXA for measuring bone.(49) Although 

DXA measures of BMC and aBMD adjusted for height have been shown to be strongly 

correlated with bone strength(48), pQCT is a 3-dimentional technique that has the 

advantage of providing an accurate estimate of true vBMD and BMC in both cortical and 

trabecular bone compartments. In addition, unlike DXA, pQCT provides estimates of 

bone structural properties such as total bone cross-sectional area (CSA, mm2), endosteal 

circumference (EC, mm), periosteal circumference (PC, mm) and cortical thickness (Crt 

Thk, mm) of the appendicular skeleton.(49) In adults, the outer diameter of long bones 
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(outer diameter=PC/π) can predict up to 55% of the variation in bone strength.(50) This 

points to the importance of measuring the geometric parameters of bones, especially for 

the diaphysis of long bones since increases in diameter can provide exponential increases 

in the bone’s resistance to bending and torsion (aka. bone strength) without necessarily 

increasing bone mass.(43) As bone strength is a result of bone’s material and structural 

components, the site-specific geometric data together with vBMD for the appendicular 

skeleton measured by pQCT can be used to calculate estimates of bone strength and 

fracture risk.(49) The strength-strain-index (SSI, mm3) is a strength index used to assess 

the bones ability to resist bending and torsion at diaphyseal sites (51), whereas bone 

strength index (BSI, mg/cm4) is a strength index used to estimates the bone’s ability to 

withstand compression at metaphyseal sites.(45)  

 

Few studies have used pQCT to assess the influence of soft tissue composition on bone 

material and structural properties, which together provide information on overall bone 

strength. Most previous studies assessing the role of soft tissue on bone in children have 

relied on DXA measures, which are limited when it comes to assessing bone geometry 

and predicting strength. Thus, for this dissertation, in addition to assessing the 

relationship of total body soft tissue with total body bone outcomes using DXA, pQCT 

was used to assess how bone geometry and strength at regional skeletal sites were 

associated with total body soft tissue.  

 

Relationship of soft tissue composition to bone 

Bone is a dynamic tissue that adapts its material composition and structural design in 
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response to imposing mechanical loads from gravitational impact or muscle forces.(4, 42) 

The osteogenic effect and sensitivity to mechanical loading depends on the strain 

magnitude and frequency as well as age and hormonal factors, with decreased osteogenic 

responses to loading stimulation with increasing age and decreased estrogen.(52, 53) The 

loads on bone can be compressive, tensile, or bending in nature.(54) The compression, 

tension, and/or bending loads on the skeleton cause a pressure gradient promoting 

interstitial fluid flow through bone’s lacuna-canalicular network, which is sensed by 

mechanosensitive osteocytes embedded within the bone matrix.(55) The osteocytes then 

signal bone forming osteoblasts and bone resorbing osteoclasts to begin the process of 

bone remodeling in order to adapt bone strength to the strains placed upon it.(4) 

  

Body weight, which consists of both fat and lean mass, has been identified as a main 

determinant of BMC.(5) However, the relative contributions of lean and fat mass to bone 

strength during childhood are unclear. It is widely accepted that the dynamic strains from 

muscle forces are mainly responsible for inducing osteogenesis and bone adaptations.(56) 

While lean mass has been found to have a strong positive association with bone strength 

in many previous studies(4), the effect of fat mass on bone remains controversial, with 

reports of augmented(8, 9), decreased(10), or no extra effect of fat mass on bone (57-59). 

Fat mass and overall body weight impart a static load on the skeleton.(57) It remains 

unclear if the greater static load from excess fat mass in obese children provides any 

additional osteogenic stimulus beyond those produced by the dynamic load from muscle 

forces, which are known to be a stronger stimulator on bone strength.(4) It may be that fat 

has differential effects on bone mass and strength depending on whether the skeletal site 
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is weight-bearing or non-weight-bearing.(60) For example, Farr et al. found that fat mass 

had a positive association with bone strength at the distal tibia but not at the distal radius 

after adjusting for bone age, height, lean mass, and fracture history.(61) 

 

The first aim of this dissertation was to determine the relationship between soft tissue 

composition (total body fat mass and lean mass) and measures of whole body BMC, BA, 

and aBMD using DXA and measures of regional bone geometry and strength using 

pQCT at both weight-bearing and non-weight bearing skeletal sites. 

 

Relationship of cardiometabolic biomarkers with bone 

Adipose tissue, once considered a passive reservoir for energy storage, is now known to 

act as an endocrine organ.(26) Adipocytes secrete a number of cytokines, hormones, and 

peptides otherwise known as adipokines, which are involved in regulating 

metabolism, energy intake and fat storage.(26) Depending on location, fat depots differ in 

their metabolic properties and hence their contribution to metabolic disease risk.(1) 

Subcutaneous fat within the abdominal region is characterized by high lipid turnover 

whereas lower body gynoid subcutaneous fat has a reduced lipid turnover as well as a 

larger storage capacity for lipids.(62) It has been suggested that many of the components 

of metabolic syndrome (MetS) co-occurring with obesity are driven by the impaired 

storage capacity of hypertrophied, subcutaneous abdominal adipocytes and the resultant 

accumulation of visceral fat.(62, 63) Dysfunctional abdominal subcutaneous and visceral 

adipose tissues are insulin resistant with increased lipolytic activity; they secrete 

inflammatory cytokines into circulation and together contribute to the development of 
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insulin resistance of other tissues and the ensuing components of MetS (i.e. glucose 

intolerance, dyslipidemia, and hypertension).(64) 

 

Insulin is an anabolic hormone that has been shown to increase the proliferation of 

osteoblast cells in vitro and increase bone density in insulin treated animals.(65) In fact, 

insulin may play a role in pubertal growth and bone development.(66) Just prior to the 

initiation of puberty (Tanner stage I) there is a natural transient increase in insulin 

resistance and compensatory insulin secretion, which continues to increase between 

Tanner stage II and V and then resolves in late puberty and young adulthood.(67, 68) The 

rise in insulin resistance occurring during the pubertal years has been found to be 

independent of both fat mass and sex hormones.(69, 70) This indicates that other 

mechanisms beyond those related to the changes in body fat and hormone levels 

occurring during puberty are responsible for the insulin resistance occurring around the 

pubertal years. Although not fully understood, the primary mechanism of pubertal insulin 

resistance is thought to be due to the increased growth hormone (GH) secretion around 

puberty, as high levels of GH have been shown to have antagonistic effects on 

insulin.(71, 72) Insulin resistance and the resultant hyperinsulinemia of puberty reduces 

insulin-like growth factor binding protein-1 (IGFBP-1) and sex hormone-binding 

globulin (SHBG) resulting in greater amounts of biologically active insulin-like growth 

factor 1 (IGF-1) and sex steroids.(71, 73) IGF-1 promotes linear skeletal growth through 

stimulating the proliferation and differentiation of chondrocytes in the epiphyseal growth 

plate.(16) IGF-1 also promotes periosteal bone growth and cortical bone mass accrual, 

both directly through binding to its receptor on osteoblast, and indirectly through, 
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increasing lean mass.(74, 75) In addition, the insulin resistance of puberty has been found 

to only alter the sensitivity of tissues in the body to insulin for processes related to 

glucose metabolism, which allows for the enhancement of the anabolic effects of insulin 

on protein metabolism needed for growth.(76) Thus, insulin resistance during puberty is 

likely a response to the rapid growth spurt occurring during late childhood and 

adolescence. Although pubertal insulin resistance seems to be related more to somatic 

growth rather than sexual maturation, the pattern of the insulin resistance and resulting 

hyperinsulinemia of adolescence has been primarily described by Tanner stage, which is 

an indicator of sexual growth and development. Nevertheless, linear growth occurs in 

tandem with pubertal sexual maturation.(77)  

 

Despite insulin’s positive effects on bone development, insulin resistance has been 

inversely associated with total body BMC in overweight children and adolescents.(78, 

79) Kindler et al. showed that insulin resistance as estimated by the homeostasis model 

assessment of insulin resistance (HOMA-IR) was a negative predictor of cortical bone 

mineral content, cortical area, and overall bone strength of the tibia of 9-to-13 year-old 

children after adjusting for age, race, sex, and pubertal stage.(80) Moreover, in Kindler’s 

study, the strength of the positive relationship between IGF-1 and total bone cross-

sectional area (CSA), periosteal circumference (PC), and cortical area was attenuated in 

children within the highest HOMA-IR group (i.e. HOMA-IR>4.0).(80) Also, the positive 

relationship of IGF-1 with lean mass was attenuated in children with higher HOMA-

IR.(80) Considering that the children in the high HOMA-IR group had a significantly 

greater percentage of body fat and higher fasting glucose levels than the lower HOMA-IR 
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group, it is possible that the negative influence of insulin resistance on the IGF-1 

mediated lean mass development on bone in the high HOMA-IR children is reflective of 

other biological factors associated with obesity-related insulin resistance rather than the 

normal insulin resistance of puberty. In support of this hypothesis, Pollock et al. also 

found that overweight adolescents who had ≥2 cardiometabolic risk factors (CMR) had 

6.3% lower total bone mass than overweight children with no CMRs, where CMR criteria 

were defined according the National Cholesterol Education Program Adult Treatment 

Panel III (NCEP ATP III) definition for metabolic syndrome (MetS) modified for 

age.(79) This suggests that the relationship of obesity to bone depends on whether 

systemic manifestations of adipose-driven metabolic dysfunction are present.  

 

The CMR components of MetS (i.e. central obesity, glucose intolerance, dyslipidemia, 

and hypertension) co-occurring with dysfunctional adipose tissue have been negatively 

associated with bone outcomes. The mechanisms by which CMRs directly compromise 

bone are not clear although some have been proposed. For example, oxidation of lipids 

resulting from hyperlipidemia have been proposed to inhibit osteoblastic differentiation 

of marrow stromal cells of mice.(81) Glucose intolerance and hyperglycemia have also 

been shown to have detrimental effects on bone cells in vitro and bone strength in animal 

models.(82) Although glycation is a common protein post-translational modification 

mediated by sugars that promotes protein cross-linking, non-enzymatic glycation of bone 

collagenous proteins from hyperglycemia resulting in accumulation of advanced 

glycation end products (AGEs) is associated with increased bone tissue brittleness and 

skeletal fragility.(43, 82) Hypertension is thought to lead to decreased BMD by 
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contributing to abnormalities in calcium homeostasis leading to hypercalciuria.(83) 

Despite some evidence directly connecting CMRs to negative bone outcomes, the data is 

limited and restricted to mostly animal and cell models. It is most likely that CMRs 

themselves do not directly cause bone changes, however the presence of multiple CMRs 

is indicative of systemic chronic inflammation and other endocrine and metabolic 

changes that have known effects on bone. For example, there is strong evidence for 

systemic inflammation having a direct negative effect on bone. Cell culture and human 

studies have provided evidence that increased secretion of pro-inflammatory cytokines 

from visceral fat, such as tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1) and 

interleukin-6 (IL-6), promote osteoclast activity and bone resorption through regulation 

of the receptor activator of nuclear factor-κB ligand (RANKL)/RANK/ osteoprotegerin 

(OPG) pathway.(84) Increased levels of pro-inflammatory cytokines have also been 

suggested to impair IGF-1 signaling, which can be detrimental to bone given IGF-1’s 

critical role in skeletal development. (63, 85)  

 

Relationship of soft tissue composition with bone in the presence of cardiometabolic 

risk 

To date, the role of adiposity on bone health in children has been controversial with 

reports of total body fat mass having a positive(8, 9, 86-90), negative(58, 91-95), or no 

relationship(57, 78, 96-100) with bone outcomes. Understanding the role of fat mass on 

bone development in children is complicated, as there is large variability in the skeletal 

size of growing children due to differences in the timing and rate of somatic and sexual 

maturation. Children with greater fat mass tend to have earlier pubertal maturation, 



	 33	

contributing to them being taller and having accelerated bone age compared to children 

with less body fat.(101) Moreover, given the high correlation of body weight and fat with 

lean mass, children with greater fat mass also have higher amounts of lean mass as 

greater muscle forces are required to move a higher body weight.(57) Lean mass has been 

shown to be a large contributor to bone strength.(6) Beyond the confounding effects of 

maturation and lean mass on bone, other factors such as the child’s race and 

ethnicity(40), physical activity level(16), and diet(16) can all contribute to variability in 

the skeletal status of children. Accounting for these and other confounding factors is 

important when assessing the relationship of adiposity with bone.  

 

Recently, Pollock et al.(7) and others(3, 18) have suggested that the presence of 

metabolic dysfunction may be another important confounder to consider when assessing 

the fat-bone relationship in children. It is important to note that not all overweight and 

obese individuals suffer the traditional CMRs (e.g., insulin resistance, dyslipidemia, and 

hypertension) that are often associated with excess body fat.(11) Indeed it has been 

demonstrated, as with adults, that about 20-to-33% of children who are obese are 

metabolically healthy.(11) Thus, the conflicting results of previous studies may be due to 

the presence of metabolic abnormalities in some but not all overweight and obese 

children.(7) These metabolic abnormalities may compromise gains in bone mass in 

overweight and obese children, despite the increased loading on bone with excess weight. 

Due to inconsistent findings and the paucity of research exploring the potentially 

modifying effects of CMRs in children, the third aim of this dissertation was designed to 

assess the effect of CMRs on the relationship between total body fat mass with measures 
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of total and regional bone strength while controlling for maturation and lifestyle factors, 

such as physical activity and diet, which are known to influence bone outcomes.  
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CHAPTER 2 

 

METHODS 

Study design 

The parent study from which data were drawn for this dissertation, the “Soft Tissue and 

Bone Development in Young Girls” (STAR) study, was a mixed observational design 

with cross-sectional and longitudinal samples of girls to investigate the associations of 

whole body and regional adiposity, insulin resistance, inflammation, and cardiometabolic 

risk factors with bone mass, vBMD, structure and strength. Girls aged 9-12 years were 

recruited from local schools, pediatric clinics, and wellness community events in Tucson, 

Arizona. Written informed consent was obtained from all participants and their parents or 

legal guardians. Exclusion criteria included: diagnosis of diabetes, taking medications 

that altered body composition and bone mineral accrual (i.e. growth hormone, albuterol), 

physical disability that limited physical activity, or a learning disability that limited 

completion of questionnaires or ability to comply with assessment protocols.  

 

Study Participants 

A CONSORT flowchart describes the progress of participants through the cross-sectional 

arm of the STAR study (Figure 3). At the time of dissertation analysis, a total of 344 

healthy girls from the cross-sectional arm of the STAR study had been measured and 

were included in the analysis. Data collection for the parent study is ongoing; analyses 

presented herein use data available at the time of the analysis, and the final baseline 

number of participants varies for each aim. Following informed consent, participants’ 
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guardians were asked to complete a health history questionnaire, which included 

questions on the participants’ ethnicity and race. Girls also completed a physical activity 

and food frequency questionnaire with assistance from their parents or legal guardians. 

Girls were then asked to participate in laboratory measurements of body composition 

including soft tissue composition, bone mass, structure, and strength and a fasting blood 

draw. Following laboratory measurements, girls were provided with an accelerometer to 

wear during their waking hours for a total of seven consecutive days, upon which the 

accelerometers were returned to the laboratory for data acquisition and analysis.  

 

Anthropometry 

Anthropometric measures were obtained according to standardized protocols.(102) Body 

mass was measured to the nearest 0.1 kg using a calibrated scale (Seca, Model 881, 

Hamburg, Germany). Standing and sitting height were measured at full inhalation to the 

nearest millimeter using a stadiometer (Shorr Height Measuring Board, Olney, MD). 

Using a flexible tape and with the subjects standing, waist circumference (WC) was 

measured at the umbilicus in centimeter. Leg length was determined by subtracting 

sitting height from standing height. The mean of two measurements of weight, standing 

height, sitting height and WC were used in the analysis. Measurements were repeated if 

they differed by ≥0.3 kg for body mass, ≥0.5 cm for height, and ≥1.0 cm for WC. If 

repeat measures were required, the mean of the second set of measures was used. BMI 

was calculated as weight (kg) divided by height (m) squared. Based on CDC growth 

charts, BMI percentiles specific for age and gender were used to categorize girls as either 

underweight (<5th percentile), normal weight (≥5th and <85th percentiles), overweight 
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(≥85th and <95th percentiles), or obese (≥95th percentile).(103) Girls were also categorized 

into risk groups (<85th, ≥85th and <95th, and ≥95th percentiles) based on their percent 

body fat using body fat percentile curves for US children and adolescent.(104, 105) 

 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

a“Other”	includes	word	of	mouth,	Facebook	and	Craigslist	ads,	referral	by	friend	
	

Figure 3: CONSORT flowchart describing the progress of participants through cross-
sectional arm of the STAR study [courtesy Vinson Lee and the STAR study] 

Received Study Packets  
(n= 3000) 

(33 Schools, 3 Pediatrics Offices, 6 
Community Groups, Othera) 

Participants Excluded (220) 
§ Did not meet inclusion criteria (n = 1) 
§ Dropped (n = 20) 
§ Did not commit to measurements  

(n = 199) 
 

Ccomplete Baseline Measurements 
(n = 316) 

Consented/Enrolled 
(n = 578) 

 
Completed Baseline Measurements 

(n = 358) 
	

Missing Measurements: 
Blood Draw/Assay (n = 5) 
DXA (n = 2) 
pQCT (n =4) 

§ Radius (n =1) 
§ Femur (n = 3) 
§ Tibia (n = 0) 

PYPAQ (n = 1) 
Accelerometer (n = 23) 
YAQ (n = 0) 
BP (n = 2) 
Waist Circumference (n = 9) 
 



	 38	

Physical Maturation 

The use of chronological age as a proxy for maturation status is limited as there can be 

important differences in maturation in children of the same age, especially during the pre-

pubertal and pubertal years.(106) Thus, in the STAR study, maturation was assessed 

several ways. First, a self-reported questionnaire was used where girls rated their breast 

and pubic hair development based on pictures illustrating the Tanner stages of pubertal 

maturation(107) in addition to self-reporting menarcheal status. Understanding that there 

are limitations associated with self-reported Tanner staging (108, 109), maturation was 

also assessed using maturity offset, an estimate of years from peak height velocity 

(PHV). PHV is a maturational indicator that reflects the maximum growth during 

adolescence.(106) Maturity offset is estimated from age and anthropometric measures 

(height, weight, sitting height, and leg length) using the sex- and gender-specific 

algorithms developed by Mirwald et al. (Maturity Offset for females= -9.376 + 

0.0001882 x Leg Length and Sitting Height interaction + 0.0022 x Age and Leg Length 

interaction + 0.005841 x Age and Sitting Height interaction - 0.002658 x Age and 

Weight interaction + 0.07693 x Weight by Height ratio).(106) The maturity offset 

equations were derived using data from three longitudinal studies of Canadian and Dutch 

boys and girls who were followed for 6 to 9 years. The maturity offset equation for girls 

has been shown to explain 89% of the variance in years from PHV.(106) After PHV is 

reached maturity offset is positive, while a negative maturity offset represents years 

before PHV. Although there is variation in the timing of PHV as it relates to pubertal 

stage, the majority of girls achieve PHV during Tanner stage 3 and 4 with >95% of girls 

achieving PHV by Tanner stage 5.(77, 109)   
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Physical Activity Assessment 

Physical activity was assessed objectively using Actigraph GT3X+ (Pensacola, FL) 

accelerometers. All girls were instructed to wear the accelerometer on their hip for seven 

consecutive days, excluding during sleep, or any contact with water such as showering 

and swimming. The accelerometers were initialized for data collection at a 30hz 

frequency. Data were saved in 60-second epochs with the “low frequency extension” 

option selected. Recorded data were analyzed using moderate-to-vigorous physical 

activity (MVPA) cut-points and algorithms developed by Evenson et al.(110), which are 

included with Actigraph’s Actilife software.  

 

Physical activity was also assessed using the Past Year Physical Activity Questionnaire 

(PYPAQ), which has been validated in adolescents aged 15-to-18-years-old.(111) This 

questionnaire has been previously modified to include a comprehensive list of 41 

common youth activities and used to survey all sport and leisure-time physical activity in 

which subjects had engaged at least 10 times in the past year outside of school physical 

education classes.(112) In the present study, participants were asked to record the average 

duration, weekly frequency, and the number of months of participation for each activity. 

The questionnaire was completed by the subject with the help of their parent(s) or 

guardian(s) and reviewed by a research technician during the measurement session to 

correct any issues regarding subjects’ responses. Analysis of PYPAQ data was 

accomplished by first separating MVPA from non-moderate-to-vigorous physical 

activities (NMVPA) activities.  Activities were determined to be at least moderate in 

intensity if they had a metabolic equivalent (MET) value greater than or equal to 3.0 ml 
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O2/kg of bodyweight per minute according to the CDC.(113) All MET values to 

determine MVPA vs. NMVPA were obtained from the Compendium of Energy 

Expenditures for Youth.(114) After separating MVPA from NMVPA activities, daily 

minutes of MVPA were calculated using the duration, frequency and number of months 

for each activity provided by the subject.  

 

Dietary Assessment 

Dietary energy and nutrient intakes (i.e. Vitamin D (IU/day), calcium (mg/day)) were 

assessed using the semi-quantitative Harvard Youth/Adolescent Questionnaire (YAQ), 

which is a self-administered food-frequency questionnaire that has been validated in 

children and adolescents.(115) The questionnaire was modeled after the adult Nurses’ 

Health Study semi-quantitative 177-item food frequency questionnaire(116) capturing the 

frequencies of intake of 154 food items during the past year. Participants were instructed 

to fill out the questionnaire with assistance from parent(s)/guardian(s). Trained study staff 

reviewed the YAQs for completeness and coded them following standard coding 

procedures.(115) YAQs were then sent to Harvard T. H. Chan School of Public Health 

(Boston, MA) for nutrient analysis. 

 

Serum Assays for Metabolic Measures 

Fasting blood samples were drawn by venipuncture and centrifuged after sitting for a 

minimum of 30 minutes and no longer than 45 minutes at room temperature to allow for 

clotting. Serum was separated and aliquoted into cryovials, and either immediately sent 

for analysis or stored at -80°C for later analyses. Fasting glucose and lipids were 
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measured by CLIA certified clinical laboratory immediately post-processing. Fasting 

glucose was measured in serum utilizing a clinical laboratory hexokinase-based 

automated assay with intra- and inter-assay variability of 0.54% and 3.22%, respectively. 

Total fasting triglycerides (TG) were measured in serum with an automated enzymatic 

method using a modified Trinder reaction. The intra- and inter-assay variability were 

0.48% and 2.85%, respectively. Total fasting high-density lipoprotein cholesterol (HDL-

C), and low-density lipoprotein cholesterol (LDL-C) were measured in serum with an 

automated enzymatic assay utilizing a homogeneous method. Intra- and inter-assay 

variability for HDL-C were 1.25% and 4.12% and for LDL-C were 0.46% and 5.61%. 

Using stored serum samples, fasting insulin was measured in the laboratory at the 

University of Arizona utilizing a human insulin specific RIA that does not cross-react 

with pro-insulin (EMD Millipore, Darmstadt, Germany). The intra- and inter-assay 

variability were 2.9% and 7.5%, respectively. If any intra-assay difference between 

duplicates was >10%, the sample was reanalyzed. Insulin resistance was estimated using 

a homeostatic model assessment of insulin resistance (HOMA- IR1), which was 

developed by Matthews et al.(117) HOMA-IR1 (HOMA-IR) is defined by the product of 

the fasting glucose and fasting insulin divided by a constant and is represented by the 

following equation:  

HOMA-IR=(insulin [µU/ L]×glucose [mM/L])/22.5.(117) 

Fasting CRP was analyzed by the University of Washington Medical Center in Seattle, 

WA using a Beckman Coulter AU5812 Clinical Chemistry Analyzer, which uses a high-

sensitivity CRP latex reagent and nephelometric assay to measure CRP levels in serum. 

The inter-assay variability was 3.46% at 0.69 mg/L for low concentration and 1.28% at 
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5.6 mg/L for high concentration controls. Lower limit of detection for the high sensitivity 

CRP assay was ≤ 0.07 mg/L. Systolic and diastolic blood pressure was measured using an 

automated blood pressure monitor (Omron HEM-907XL). The subject was seated 10-15 

minutes prior to measurement. For measurement, the subject was sitting with legs 

uncrossed, back supported, and arm supported and slightly bent (15-30 degrees) at the 

level of the right atrium, palm up. All blood pressure measurements were performed in 

triplicate with the mean of the three measurements being used in analysis. 

 

The cardiometabolic biomarkers used to categorize girls into CMR groups in this study 

were based on the National Cholesterol Education Program Adult Treatment Panel III 

(NCEP ATP III) definition of metabolic syndrome modified for age(118) as this 

definition is the most widely used definition in pediatric practice(119). According to the 

modified NCEP ATP III definition, an individual is determined to have metabolic 

syndrome if 3 of the 5 following criteria are met: WC ≥90th percentile for age and 

sex(120), HDL-C ≤40 mg/dL(118), TG ≥110 mg/dL(118), systolic or diastolic blood 

pressure ≥90th percentile for age, sex, and height(121), and fasting glucose ≥100 

mg/dL.(122) Due to the low prevalence of metabolic syndrome in this study (12%, n=37) 

using the modified NCEP ATP III criteria(118, 123) and to be consistent and facilitate 

comparisons with previous work examining metabolic risk and BMC (79), girls were 

classified as having CMR if 1 or ≥2 of the 5 criteria were met.  

 

Dual energy X-ray absorptiometry (DXA) 
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Measures of whole-body BMC, aBMD, BA, fat mass, and lean mass, as well as android 

fat mass and gynoid fat mass were obtained from dual energy x-ray absorptiometry 

(DXA) using GE/Lunar Radiation Corp (Madison, WI) Prodigy using software version 

13.60.033 (n=287) and iDXA software version 16.20.059 (n=57) following standard 

subject positioning and data acquisition protocols. The android region is the area 

extending vertically from immediately superior to the iliac crests to 20% of the distance 

between the iliac crests and the inferior edge of the chin, and laterally to include all of the 

torso. The gynoid region’s upper and lower borders are located below the iliac crests at 

1.5 and 3.5 times the height of the android region, respectively, and its lateral borders are 

positioned at the outer border of the leg region. The within-subject variation for bone and 

soft tissue in our laboratory has been previously reported.(124, 125) The DXA was 

calibrated daily according to manufacturer guidelines. DXA scan analyses were 

performed by one certified technician.  

 

Peripheral quantitative computed tomography (pQCT) 

Bone strength was assessed in cortical (diaphyseal) weight bearing (tibia and femur 66% 

and 20% sites, respectively, relative to the distal growth plates) and non-weight bearing 

sites (radius 66%) and a trabecular (metaphyseal) weight bearing site (tibia 4%) of the 

non-dominant limb using the STRATEC, XCT 3000 pQCT (Medizintechnik GmbH, 

Pforzheim, Germany, Division of Orthometrix; White Plains, NY). Figure 4 illustrates 

the pQCT measurement sites used and provides corresponding example pQCT images of 

those sites. The 66% distal tibia and radius and 20% femur were chosen because these 

sites consist predominately of cortical bone allowing for bending and torsional strength to 
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be calculated (i.e. SSI). The 20% distal femur site was also chosen because it represents a 

diaphyseal site that allowed girls to sit comfortably during measurement, minimizing 

motion artifact. Since the STAR study was also assessing muscle cross sectional area and 

muscle density, the 66% distal tibia and radius along with the 20% distal femur are sites 

of the largest muscle girth of the calf, forearm, and thigh, respectively. The 4% tibia site 

was chosen as this site is composed almost exclusively of trabecular bone and allowed us 

to assess compressive bone strength (i.e. BSI). All sites used are common pQCT 

measurement sites used in the literature allowing for the comparison of our findings to 

other studies.(13, 126, 127) All pQCT scans were analyzed using Stratec XCT software, 

Version 6.0 and operators were trained for pQCT data acquisition and analyses following 

guidelines provided by Bone Diagnostic LLC (Spring Branch, TX). A detailed 

description of the instrument and imaging processing and analysis protocols used in our 

laboratory has been previously published, as have coefficients of within-subject variation 

for pQCT bone measurements.(98)  

 
Figure 4: Representative pQCT measurement sites at femur, tibia, and radius with 
corresponding pQCT images for femur and tibia.  
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In brief, pQCT slice thicknesses were 2.3 mm and voxel sizes and scanner speed were set 

at 0.4 mm and 25mm/sec respectively. Contour, Peel, and Cort modes, as described in the 

Stratec XCT software manual,(128) were employed to obtain measures of bone geometry 

and material properties. At diaphyseal sites, total bone area (Tot A, mm2) was obtained 

using Contour mode 1 (710 mg/cm3) and measures of cortical vBMD (Cort vBMD, 

mg/cm3), cortical BMC (Cort BMC, mg/mm), cortical area (Cort area, mm2), endosteal 

circumference (EC, mm), periosteal circumference (PC, mm), and cortical thickness (Crt 

Thk, mm) were obtained using Cort mode 2 (710 mg/cm3). At the metaphyseal site, total 

bone area (Tot A, mm2) and total vBMD (Tot vBMD, mg/cm3) was determined using 

Contour mode 3 (169 mg/cm3) and trabecular vBMD (Trab vBMD, mg/cm3) and 

trabecular area (Trab area, mm2) were measured using Peel mode 4 (650 mg/cm3) with a 

10% peel to ensure that only trabecular bone was included in the region of interest. 

Cortical parameters were not assessed at the metaphyseal region of the 4% tibia due to 

insufficient spatial resolution of the pQCT device to accurately analyze the thin cortical 

shell at the distal region.(129) 

 

Using these pQCT measures of bone density and geometry, estimates of bone strength 

were calculated using previously described methods.(45, 51) To estimate the resistance of 

diaphyseal bone to bending and torsional loading, a strength-strain index (SSI, mm3) that 

assesses both the structural and material properties of bone was calculated for diaphyseal 

sites, as described by Shedd et al.(51), which has been shown to account for up to 80% of 

the variance in bending failure load in human tibias (45): 

SSI=Σ((dz
2 x Av) x (Cort vBMD/ND))/dmax,) 
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where, dz is the distance of voxel from the center of gravity (see Figure 5), Av is the area 

of the voxel (mm2), Cort vBMD is the cortical bone density (mg/cm3), ND is the 

estimated normal physiological bone density (1200 mg/cm3), and dmax is the maximum 

distance of a voxel from the center of gravity (See Figure 5).(51) 

 

 
Figure 5: Illustration of dz and dmax, which are used in calculating SSI.(130) 
 
 
The ability of weight bearing metaphyseal bone to withstand a compressive force was 

estimated by calculation of the bone strength index (BSI, mg/cm4) at the 4% tibia, which 

has been shown by Kontulainen et al.(45) to account for 85% of the variance in 

compressive failure load in human tibias:  

BSI=Tot vBMD2 x Tot A 

where, Tot vBMD is the total bone density (mg/cm3), and Tot A is the total bone area 

(mm2).  

 

Regional soft tissue composition at the radius and tibia 66% site and femur 20% site 

relative to the respective distal growth plates of the non-dominant limb were assessed, 

using edge detection and threshold techniques to separate tissues (i.e., adipose, muscle, 

and bone) based on attenuation characteristics, which are related to tissue composition 

and density. As previously described(98), images were filtered prior to being analyzed 
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using Contour mode 3 (−101 mg/cm3) and Peel mode 2 (40 mg/cm3) to separate adipose 

(<40 mg/cm3) and muscle/bone (≥40 mg/cm3), respectively. Images were subsequently 

filtered with a 7 × 7 image filter that clearly defined the edge of the muscle and 

eliminated all bone above 120 mg/cm3, ensuring that muscle density was a direct result of 

the soft tissue within the edge of the muscle. Muscle density is a measure of skeletal 

muscle fat content in that lower muscle density indicates greater fat content in the skeletal 

muscle.(131) The XCT analysis of the tibia and femur provided measurements of 

subcutaneous fat area (SAT, mm2), skeletal muscle fat area (referred to as IMAT in the 

XCT analysis, but is a combination of inter- and intramuscular fat), muscle cross-

sectional area (MCSA, mm2), and muscle density (mg/cm3). CVs for MCSA, muscle 

density, and SAT at the calf region were 1.4%, 0.9%, and 3.4%, respectively, while CVs 

for the same parameters at the thigh region were 1.2%, 0.4%, 4.2%, respectively and have 

previously been described.(131) 

 

Statistical Analysis 

All variables were initially assessed for outliers and normality using histogram plots. 

Descriptive statistics, including measures of central tendency (mean) and variability 

(standard deviation) for normally distributed variables and median (interquartile range) 

for skewed variables, were used to describe the characteristics of the full sample. To 

compare differences in descriptive characteristics between the 3 CMR groups (aim 3) a 

one-way ANOVA with a Bonferroni adjustment for multiple comparisons was used to 

compare differences in continuous measures and a Kruskall-Wallis test was used to 

compare differences in Tanner stage and in percentiles of total body fat. A chi-square test 
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was used to compare differences in ethnicity, and a Fisher’s exact test was used to 

compare differences in BMI percentile status.  

 

All Aims: 

Multiple linear regression was used to analyze Aims 1 through 3. Ethnicity, height, and a 

measure of maturation were chosen a prior to be included in all models as they are all 

known to influence bone measures. Previous studies have reported ethnic differences in 

bone mass, density and strength between Hispanic and non-Hiapanic children.(132-134) 

Although the definition of ethnicity and race are often mixed in these studies making 

conclusions on the effects of ethnic status on bone challenging, the cultural and 

socioeconomic factors common among individuals identifying as Hispanic and non-

Hispanic have been shown to have an influence on bone(135); hence, ethnicity (Hispanic 

vs. non-Hispanic) was included as a covariate in all analyses. Height was also included as 

a covariate since bone outcome measures, especially whole body DXA measures, are 

highly dependent on body size.(130) Given that chronological age does not capture 

difference in the rate, timing and trajectories of changes in hormonal factors among 

children, and the assessment of maturation using self reported Tanner staging has 

inherent limitation due to the subjective nature of self-reporting(136), we used maturity 

offset to account for differences in maturation. The substitution of maturity offset with 

Tanner breast and pubic hair stage did not alter results, which is consistent with previous 

publications.(98) Thus, we only report analyses that included maturity offset because its 

relation to bone parameters was consistently stronger. In Appendix A. Table 4, we report 

the results of Aim 2 with Tanner stage substituted for maturity offset. Further adjustment 
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of models for physical activity, energy intake, and essential bone micronutrients 

including calcium and Vitamin D, did not alter the relationship of total body lean and fat 

mass (aim 1a, 1b) and metabolic measures (aim 2) with the bone outcome measures. 

Thus, due to missing diet and physical activity data on a portion of our cohort, we did not 

include these measures in the final models as covariates in order to maximize sample 

size. All models were checked for linearity, normality, and homoscedasticity and some 

variables were logarithmically transformed to meet linear regression assumptions. Since 

fat mass and lean mass are known to be significantly correlated, the variance inflation 

factor was calculated for all models to ensure colinearity was not a problem. A p-value of 

<0.05 was considered statistically significant. All analyses were performed using STATA 

version 13.1. 

 

Aim 1: Relationship of soft tissue composition with bone  

Of the 344 girls from the cross-sectional sample of the STAR study, 18 girls had missing 

data for either DXA soft tissue measures (n=2), pQCT bone measures (n=5) or ethnic 

status (n=11), and they were excluded from the analyses leaving a total analysis sample 

of 326 girls for aims 1a and 1b.  

 

Multiple linear regression was used to test the relationship of soft tissue composition 

(total body fat mass and lean mass) with DXA measures of BMC and BA (aim 1a) and 

pQCT measures of bone vBMD, geometry, and strength (aim 1b) as dependent variables 

while controlling for maturity offset, height, and ethnicity. It has been suggested that a 

“fat mass threshold” exists above which the relationship between fat and bone 
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changes.(60) To test for the presence of a curvilinear relationship between fat and/or lean 

mass with DXA and pQCT bone measures, inclusion of fat mass and lean mass squared 

terms were added to each regression model.  

 

Aim 2: Relationship of cardiometabolic biomarkers with bone  

Of the sample of girls with complete data on both DXA and pQCT bone outcomes used 

in the analysis of Aim 1 (n=326), 20 girls had missing data for a combination of either 

glucose, TG, LDL, HDL (n=6), insulin or HOMA-IR (n=16), CRP (n=18), or blood 

pressure (2) and were excluded from the analysis, leaving the total analysis sample for 

Aim 2 to be out of 306. 

 

Multiple linear regression was used to assess the independent effects of insulin resistance 

(HOMA-IR), inflammation (CRP), and each of the cardiometabolic risk biomarkers (ie. 

glucose, TG, LDL, HDL) on measures of whole body BMC and peripheral measures of 

bone strength as the dependent variables after controlling for total body fat and lean 

mass, maturity offset, height, and ethnicity.  

 

Aim 3: Relationship of soft tissue composition with bone in the presence of 

cardiometabolic risk 

The analysis sample used in Aim 2, with complete data on all metabolic measures, was 

used in the analysis of Aim 3 with an additional exclusion of 5 girls due to missing waist 

circumference values. This left the total analysis sample of Aim 3 to be out of 301 girls.  

 



	 51	

Interactions between CMR group (CMR=0, 1, or ≥2 CMR) and total body fat mass were 

tested separately by inclusion interaction terms (CMR=1 vs. CMR=0*fat mass and CMR 

≥2 vs. CMR=0*fat mass) to the regression models used in aim 1a and 1b. A likelihood 

ratio test was used to test the combined effect of the interactions of both CMR 1 and ≥2 

vs. CMR=0 and fat mass. If an interaction was present, regression models were stratified 

by CMR risk group to assess the degree of difference in relationship of fat mass with 

BMC and bone strength in girls with 0, 1, or ≥2 CMR.  
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CHAPTER 3 

 
MAIN FINDINGS 

1. Cohort Characteristics 
Table 1.1, 1.2, 1.3 
Figure 1.1, 1.2, 1.3, 1.4 
Appendix Table 1 

2. Relationship of soft tissue with bone (Aim 1) 
Table 2.1, 2.2 
Appendix Table 2 

3. Relationship of cardiometabolic biomarkers with bone (Aim 2) 
Table 3.1 
Appendix Table 3, 4 

4. Relationship of fat mass with bone in presence of cardiometabolic risk (Aim 3) 
Table 4.1, 4.2, 4.3, 4.4 
Figure 4.1, 4.2 
Appendix Table 5, 6 

5. Relationship of fat mass with bone in the presence of CMR’s using different 
criteria for defining CMR (Ancillary Aim 3) 
Appendix Table 5, 6 

 

Section 1. Cohort Characteristics 

Cross sectional data from 344 healthy girls, aged 9-to-12 years at the time of enrollment 

in the STAR study, form the basis for this dissertation. Due to missing data on certain 

variables, the sample sizes used for each aim varied. A list of missing measures is 

presented in Appendix A. Table 1. Descriptive characteristics for the entire cohort  

(n=344) are reviewed below.  

 

A description of the sample, which had an average age of 11.8 years, is shown in Table 

1.1. While recruitment was open to girls of all races and ethnicities, the majority of study 

participants identified as Hispanic (74%), an outcome that was reflective of the 

demographics of the school districts where recruitment was the most successful. Most of 
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the participants identified as being white/Caucasian for racial background. The median 

weight was 41.8 kg and average height was 145.7 cm for the cohort, which are slightly 

lower than those reported by the 2011-2014 NHANES for 11 year-old girls (median 

weight 44 kg, mean height 150.7 cm).(137) Based on age and gender-specific established 

cut-points for percentiles of body mass index (kg/m2)(138), the majority of girls had a 

healthy weight (57%). Only 3% of girls were underweight, while 16% were overweight, 

and 24% were obese, a distribution that mostly agrees with prevalence estimates reported 

by the 2011-2012 NHANES for 6-to-11-year-old girls of whom 3.7% are underweight, 

61.1% healthy weight, 16.2% overweight, and 19.1% are obese(139). A greater 

percentage of Hispanic girls in our cohort were overweight and obese (43.3% vs. 29.9% 

for Hispanic and non-Hispanic), which is consistent with the reported higher prevalence 

of overweight and obesity among Hispanic children compared to non-Hispanic 

whites.(140) Self-reported calcium and vitamin D intakes were below the recommended 

dietary allowances for 9-12 year olds, which consists of 1300mg/day for calcium and 

600IU/day for Vitamin D.(141) The median physical activity, as measured by an 

accelerometer, was 40 minutes less than the 60 minutes of moderate-to-vigorous physical 

activity per day recommended by the U.S. Department of Health and Human Services 

2008 Physical Activity Guidelines for children and adolescents.(142) 
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Table 1.1: Participant characteristics for the full sample  
 Full Sample (n=344) 
 Mean ± SD 
DEMOGRAPHICS  

Age (years) 10.8 ±1.1 
Ethnicity [n(%)]a  

Hispanic 247 (74.2%) 
Non-Hispanic 86 (25.8%) 

Race [n(%)]b  
White/Caucasian 229 (88.4%) 
Black/African American 12 (4.6%) 
Asian 4 (1.5%) 
American Indian/Alaska Native 14 (5.4%) 

MATURATION  
Maturity Offset (years) 0.3 ± 1.2 
Tanner breast stage [n(%)]  

1 60 (17.4%) 
2 122 (35.5%) 
3 113 (32.9%) 
4 40 (11.6%) 
5 9 (2.6%) 

Tanner pubic hair stage [n(%)]  
1 191 (55.5%) 
2 111 (32.3% 
3 27 (7.9%) 
4 11 (3.4%) 
5 4 (1.2%) 

Menarche [n(%)] 67 (19.5%) 
WEIGHT and HEIGHT  

Weight (kg) 41.8 (19.8)^ 
Height (cm) 145.7 ± 9.6 
BMI (kg/m2) 19.4 (7.0)^ 
BMI Percentile Status [n(%)]c  

Underweight (<5th) 11 (3.2%) 
Healthy weight (≥5th and <85th) 195 (56.7%) 
Overweight (≥85th<95th) 55 (16.0%) 
Obese (≥95th) 83 (24.1%) 

Percentiles of Total body fat [n(%)]d  
<85th 144 (41.9%) 
≥85th and <95th 87 (25.3%) 
≥95th 113 (32.9%) 

PHYSICAL ACTIVITY and DIET  
MVPA (min/day)e 20.4 (18.2)^ 
Total energy (kcals/day)f 2007.9 (1153.1)^ 
Calcium (mg/day)f 1093.3 (784.9)^ 
Vitamin D (IU/day)f 259.6 (264.5)^ 

MVPA, moderate to vigorous physical activity 
^median (interquartile range) 
an=333 
bn=259 
cpercentiles specific for age and gender based on CDC growth charts(103) 
dFat percentiles based on body fat percentile curves for US children and adolescent(104) 
en=320  
fn=325  
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The majority of girls were early pubertal (Tanner breast stage 2-3, Tanner pubic hair 

stage 1-2) and pre-menarchal by self-report, and on average had just reached their 

estimated peak height velocity (maturity offset=0.3 year) (Table 1.1). Calculated maturity 

offset increased with Tanner breast (Figure 1.1a) and pubic hair staging (Figure 1.1b), 

indicating that maturity offset, a measure of somatic maturation, corresponded well with 

self-reports of sexual maturation. 

 
Figure 1.1: Average maturity offset at each Tanner a) breast b) pubic hair stage 
 

a. b.  
 
 

Biomarkers of inflammation, insulin resistance and/or cardiometabolic risk for the study 

cohort are given in Table 1.2. The average levels of glucose, HDL-C, LDL-C, SBP, DBP, 

and median level of TG all fell within the healthy range for children and adolescents 

according to the National Institutes of Health (NIH) expert panel on integrated guidelines 

for cardiovascular health and risk reduction in children and adolescents.(143) There is 

currently no established risk cut-off for CRP for children and adolescents; however the 

average CRP values in our sample fell below 3 mg/L, which is the CRP cut-point derived 

from the literature in adults.(144) There are currently no standard accepted cut-offs for 

insulin and HOMA-IR in children or adults due to the lack of standardization of insulin 
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assays, which are needed when determining cut-points. Proposed cutoffs for HOMA-IR 

determined using HOMA-IR1 developed by Matthews et al.(117) have ranged from 1.14-

5.56 for children between the ages of 3-to-18 years.(145) 

 
Table 1.2: Summary of cardiometabolic measures 

Full sample (n=306) 
 Mean ± SD Optimal Range 
   
Insulin (µU/mL) 17.1 (10.2)^ na 
   
Glucose (mg/dL) 92.9 (6.9) 70-100 mg/dL(146) 
   
HOMA-IRa 4.0 (2.5)^ na 
   
CRP (mg/L) 0.5 (1.4)^ <3mg/L (adults)(144) 
   
TG (mg/dL) 89.0 (53.0)^ <110 mg/dL(147) 
   
HDL-C (mg/dL) 52.1 (11.3) >40 mg/dL(147) 
   
LDL-C (mg/dL) 99.9 (26.7) <110 mg/dL(147) 
   
SBP (mmHg) 99.7 (8.9) <90th percentile for sex, age, and height(121) 

(for 11 year-old girls is <119 mg/dL) 
   
DBP (mmHg) 63.5 (7.1) <90th percentile for sex, age, and height(121) 

(for 11 year-old girls is <77 mg/dL) 
^median (interquartile range) 
HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; CRP, C-reactive protein (mg/L); TG, 
triglyceride (mg/dL); HDL-C, high density lipoprotein cholesterol (mg/dL); LDL-C, low density 
lipoprotein cholesterol (mg/dL); SBP, systolic blood pressure (mmHg); DBP, diastolic blood pressure 
(mmHg) 
aHOMA-IR=(insulin [µU/ L]×glucose [mM/L])/22.5 
 
 
Transient insulin resistance is known to occur during puberty, which has been shown to 

be independent of weight and body fat.(69, 148) In the STAR cohort of girls, as Tanner 

stage increased insulin levels also increased (Figure 1.2). These findings are similar to 

those of Kelley et al. who reported a progressive increase in fasting insulin from Tanner 

stage 1 to 5 in overweight Hispanic girls.(68) Figure 1.3 displays how insulin levels 

correspond to levels of somatic maturation as represented by quintiles of maturity offset. 
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There was a stepwise increase in median insulin values going from the first quintile to the 

5th.  

Figure 1.2: Median fasting insulin values by Tanner a) breast b) pubic hair stage 
 

a. b.  
 
	Figure 1.3: Median fasting insulin values per quintile of maturity offset 
 

 
 
 
Table 1.3 displays a summary of mean and/or median values for DXA and pQCT 

measurements. These measurements will be compared and discussed in subsequent 

sections. 
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Table 1.3: Summary of DXA and pQCT bone measures  
 Full sample 
 Mean ± SD 
  
DXAa  

BMC (g) 1424.6 (552.3)^ 
BA (cm2) 1563.3 (428.4)^ 
aBMD (g/cm2) 0.93 ± 0.09 

  
pQCT b  
Non-weight bearing diaphyseal  

Radius (66%)  
Cort vBMD (mg/cm3) 1053.5 (60.7)^ 
Cort BMC (mg/mm) 55.3 ± 14.0 
Cort A (mm2) 52.4 ± 11.9 
Tot A (mm2) 171.5 (43.0)^ 
PC (mm) 32.9 ± 3.5 
EC (mm) 20.6 ± 3.6 
Crt Thk (mm) 2.0 ± 0.4 
SSI (mm3) 161.3 (67.8)^ 

Weight bearing, diaphyseal  
Femur (20%)  

Cort vBMD (mg/cm3) 1058.6 ± 27.4 
Cort BMC (mg/mm) 191.7 (54.2)^ 
Cort A (mm2) 182.2 (48.6)^ 
Tot A (mm2) 413.6 (143.2)^ 
PC (mm) 79.7 ± 8.9 
EC (mm) 63.3 ± 9.0 
Crt Thk (mm) 2.6 ± 0.4 
SSI (mm3) 1540.4 (659.2)^ 

Tibia (66%)  
Cort vBMD (mg/cm3) 1034.2 ± 35.6 
Cort BMC (mg/mm) 206.6 ± 43.5 
Cort A (mm2) 199.4 ± 39.1 
Tot A (mm2) 394.6 (120.8)^ 
PC (mm) 74.6 ± 7.2 
EC (mm) 55.2 ± 7.2 
Crt Thk (mm) 3.1 ± 0.5 
SSI (mm3) 1412.4 (580.0)^ 

Weight	bearing,	metaphyseal  
Tibia (4%)  

Trab vBMD (mg/cm3) 226.7 ± 28.0 
Trab A (mm2) 469.4 (135.9)^ 
Tot vBMD (mg/cm3) 302.6 ± 37.8 
Tot A (mm2) 603.3 (152.0)^ 
BSI (mg/cm4) 54.1 (22.7)^ 

an=342 
bn=339 
BMC, bone mineral content; BA, bone area; aBMD, areal bone mineral density; Cort vBMD, 
cortical volumetric bone mineral density; Cort BMC, cortical bone mineral content; Cort A, 
cortical area; Tot A, total bone cross-sectional area; PC, periosteal circumference; EC, 
endosteal circumference; Crt Thk, cortical thickness; SSI, strength strain index; Trab vBMD, 
trabecular volumetric bone mineral density; Trab A, trabecular area; Tot vBMD, total 
volumetric bone mineral density; BSI, bone strength index 
^median (interquartile range) 
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Section 2. Relationship of soft tissue with bone (Aim 1) 

The relative contributions of total body lean and fat mass to bone strength, including 

consideration of weight bearing vs. non-weight bearing bone, were assessed using both 

(1a) total body and (1b) regional measures of bone. 

 

Aim 1a: To assess the relationship of total body soft tissue composition (total lean and fat 

mass) with DXA-derived whole body measures of bone (BMC, BA, and aBMD). 

Hypothesis Aim 1a: Total body lean mass, a surrogate for muscle, will be a stronger 

predictor of BMC, BA, and aBMD than total body fat mass.  

 

In Aim 1a, independent contributions of total body lean versus fat mass on measures of 

total bone mass, area, and strength  (BMC, BA, and aBMD) in 9-to-12-year old girls 

were compared to test the hypothesis that dynamic muscle forces play a greater role in 

determining bone strength as compared to the static load of fat mass.(6)  

 

The independent contributions of lean vs. fat mass to DXA measured total BMC, BA, 

and aBMD after adjusting for maturity offset, height, and ethnicity, are presented in 

Table 2.1. Together, lean and fat mass with the addition of a measure of maturation, 

height, and ethnicity, explained a greater percent of the variance in BMC and BA than in 

aBMD (87% in BMC and BA vs. 60% for aBMD). While lean and fat mass were both 

significant positive predictors of BMC and BA, lean mass was a stronger predictor for 

BMC (standardized β=0.44 for log lean mass vs. 0.22 for log fat mass) whereas fat mass 

more strongly predicted BA (standardized β=0.32 for log fat mass vs. 0.21 for log lean 
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mass). However, when examining the ratio of BMC to BA (i.e. aBMD), fat mass had no 

association. In contrast, lean mass had a significant association with aBMD that was, in 

fact, stronger than that for BMC and BA alone. Given that DXA measured aBMD is the 

most widely used clinical tool for assessing fracture risk and thus bone strength(149), 

lean mass played a greater role in determining bone strength using DXA in our sample of 

pre-and peri-pubertal girls.  

 
Table 2.1: Multiple linear regression of total body lean and fat mass as independent predictors of DXA 
whole body BMC, BA, and aBMD  
 Log lean mass (β) p-value Log fat mass (β) p-value Adjusted R2 
      
Log BMC (g) 0.44 0.0001 0.22 0.0001 0.87 
Log BA (cm2) 0.21 0.0001 0.32 0.0001 0.87 
aBMD (g/cm2) 0.73a 0.0001 0.01a 0.79 0.60 
n=326 
β=standardized beta-coefficient adjusted for maturity offset, height, ethnicity and fat mass or lean mass 
BMC, bone mineral content; BA, bone area; aBMD, areal bone mineral density 
alean mass and fat mass not logged 
 
 
Although fat mass was a significant positive predictor of both total BMC and BA, 

suggesting that fat mass is beneficial for bone, there was a significant curvilinear 

relationship of fat mass with total BMC (p=0.02) and BA (p=0.0001). This finding 

indicates that the relationship of fat mass with BMC and BA was not constant across 

different levels of fat mass. We proposed that cardiometabolic risk factors, usually 

associated with higher levels of fat mass, negatively affect bone and could be 

contributing to this curvilinear relationship. This hypothesis was tested in Aim 2 and 3, 

where in Aim 2 the association of each cardiometabolic risk factor with bone was 

assessed and in Aim 3 the effect of a clustering of certain cardiometabolic risk factors on 

the relationship of fat mass with bone was assessed. 
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Aim 1b: To assess the relationship of soft tissue composition (total lean and fat mass) 

with pQCT-derived measures of bone vBMD, geometry, and strength of both weight 

bearing and non-weight bearing bones of the appendicular skeleton (see Appendix B for 

manuscript under review). 

Hypothesis 1b: Total body fat mass will have a positive relationship with weight bearing 

(tibia and femur) skeletal sites that will be lost or reversed in non-weight bearing bone 

(radius). In contrast, total body lean mass will have a greater positive association with 

the appendicular skeleton that is site independent. 

 

Having demonstrated in Aim 1a that total body fat and lean mass were positively related 

to total body bone as measured by DXA, with total lean mass being the stronger 

contributer to total body BMC and aBMD, we next assessed the associations of total 

body lean and fat mass on local, regional measures of bone strength in both weight 

bearing and non-weight bearing skeletal sites (Aim 1b). Unlike DXA, which measures 

areal BMD and is devoid of bone geometric information, the use of pQCT in Aim 1b 

allowed for the determination of bone geometry and a 3D assessment of BMD, which 

together were used to generate a predicted index of torsional and compressive bone 

strength (i.e. strength-strain-index, SSI, and bone strength index, BSI, respectively). 

Similar to Aim 1a, it was anticipated that lean mass would be the stronger predictor of 

bone strength due to the strong role of muscle contractile forces on bone strength.(6) 

Likewise, it was anticipated that fat mass would have a positive effect on weight bearing 

bone due to the mechanical loads from gravitational impact(150), however this positive 

effect would be attenuated in non-weight bearing sites, which are less subjected to 
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gravitational load. Without the positive influence of gravitational forces on bone from fat 

mass, the positive effect of fat on bone might be reversed in non-weight bearing sites due 

to the added negative effects of metabolic complications on bone associated with excess 

adiposity.(7) 

 

The independent contributions of lean vs. fat mass to bone vBMD, structure, and strength 

(SSI, BSI) after adjusting for maturity offset, height, and ethnicity, are presented in Table 

2.2.  
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Table 2.2: Multiple linear regression of total body lean and fat mass as independent predictors of bone 
density, geometry, and strength in weight bearing and non-weight bearing skeletal sites 
 Log lean 

mass (β) 
p-value Log fat 

mass (β) 
p-value Model 

Adjusted 
R2 

Non-weight bearing diaphyseal  
Radius (66%)      

Log Cort vBMD -0.12 0.33 -0.10 0.16 0.10 
Cort BMC 0.52 0.0001 -0.11 0.04 0.52 
Log Cort A 0.55 0.0001 -0.10 0.07 0.53 
Log Tot A 0.83 0.0001 0.03 0.50 0.61 
PC 0.57 0.0001 0.09 0.14 0.44 
EC 0.29 0.02 0.24 0.001 0.11 
Crt Thk 0.39 0.0001 -0.23 0.0001 0.35 
Log SSI 0.67 0.0001 0.002 0.96 0.58 

      
Weight bearing, diaphyseal 

Femur (20%)      
Cort vBMD -0.35 0.01 -0.04 0.56 0.13 
Log Cort BMC 0.51 0.0001 0.04 0.35 0.73 
Log Cort A 0.58 0.0001 0.05 0.25 0.74 
Log Tot A 0.74 0.0001 0.16 0.0001 0.73 
Log PC 0.46 0.0001 0.15 0.001 0.70 
Log EC 0.36 0.0001 0.16 0.003 0.51 
Log Crt Thk 0.40 0.001 -0.07 0.30 0.21 
Log SSI 0.53 0.0001 0.07 0.05 0.82 

      
Tibia (66%)      

Cort vBMD -0.36 0.003 -0.03 0.63 0.22 
Log Cort BMC 0.60 0.0001 0.08 0.06 0.71 
Log Cort A 0.71 0.0001 0.09 0.03 0.72 
Log Tot A 0.84 0.0001 0.17 0.0001 0.74 
Log PC 0.59 0.0001 0.15 0.002 0.63 
Log EC 0.36 0.001 0.14 0.03 0.30 
Crt Thk 0.54 0.0001 0.02 0.71 0.33 
Log SSI 0.68 0.0001 0.13 0.0001 0.78 

      
Weight bearing, metaphyseal 

Tibia (4%)      
Trab vBMD 0.73 0.0001 0.12 0.09 0.18 
Trab A 0.36 0.001 0.11 0.07 0.38 
Tot vBMD 0.63 0.0001 0.06 0.38 0.16 
Log Tot A 0.47 0.0001 0.13 0.02 0.51 
Log BSI 0.86 0.0001 0.14 0.007  0.58 

n= 326 
β=standardized beta-coefficient adjusted for maturity offset, height, ethnicity and fat mass or lean mass 
Cort vBMD, cortical volumetric bone mineral density (mg/cm3); Cort BMC, cortical bone mineral content 
(mg/mm); Cort A, cortical area (mm2); Tot A, total bone area (mm2); PC, periosteal circumference (mm); 
EC, endosteal circumference (mm); Crt Thk, cortical thickness (mm); SSI, strength-strain index (mm3); 
BSI, bone-strength index (mg/cm4) 
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Consistent with our hypothesis, lean mass was a significant positive contributor to all 

measures of bone geometry, density, and strength in both the weight bearing (tibia and 

femur) and non-weight bearing (radius) skeletal sites, with the exception of cortical 

vBMD at the radius. When substituting muscle cross sectional area (MCSA), a surrogate 

for the local dynamic muscle loads on bone, for lean mass in our regression models, the 

relationships of MCSA with bone strength at the radius, tibia, and femur were similar to 

those of total body lean mass (Appendix A. Table 2).  

 

Similar to lean mass, fat mass also had a positive relationship with most bone outcomes, 

particularly total bone area (Tot A) of weight bearing bones; however, these relationships 

were much weaker with many of the positive relationships not reaching statistical 

significance. Moreover, as anticipated in non-weight bearing bone, there was a negative 

association between fat mass and cortical bone content (Cort BMC) and thickness (Crt 

Thk).  

 

Unlike with total bone measures in Aim 3a, we did not detect a curvilinear relationship 

between fat mass and bone strength (p>0.05), however, there was a significant curvilinear 

relationship of lean mass with bone strength at both the weight and non-weight bearing 

skeletal sites (p<0.05), indicating that the relationship of lean mass with bone strength 

was not constant across different levels of lean mass. 

 

Section 3. Relationship of cardiometabolic biomarkers with bone (Aim 2) 
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Aim 2: To assess the relationship of cardiometabolic biomarkers with total body and 

regional bone measures independent of soft tissue composition (total lean and fat mass).   

Hypothesis Aim 2: CRP, a biomarker of inflammatory load, will have the strongest 

association with bone outcomes due to the known direct adverse influence of 

inflammation on bone cells. Fasting insulin, although an anabolic hormone, will be 

negatively associated with the bone outcomes after adjustment for fat mass due to the 

negative effects of insulin resistance on bone. Since dyslipidemia, glucose intolerance, 

and hypertension are all biomarkers of chronic inflammation and insulin resistance from 

excess adiposity, they will not have a significant association with the bone outcomes 

independent of CRP and insulin.  

 

The objective of Aim 2 was to determine the associations of cardiometabolic biomarkers 

with total body and regional bone measures independent of fat mass in order to assess 

which risk factors have the strongest influence on bone. Since chronic inflammation has 

been shown to have a direct negative effect on bone at the cellular level(84) and is the 

main cause for bone loss occurring in specific disease states(151), it was postulated that 

CRP, a biomarker of inflammatory load, would have a significant negative association 

with both total body and regional bone outcome measures independent of fat mass. 

Although insulin has known anabolic effects on bone(76), the insulin resistance and 

hyperinsulinemia associated with obesity has been linked to negative bone outcomes.(79, 

80) Thus, it was expected that insulin would have a negative association with bone after 

accounting for fat mass. Given that dyslipidemia, glucose intolerance, and hypertension 

are all underlying results of the chronic inflammation and insulin resistance of 
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dysfunctional adipose tissue occurring with excess body fat,(152) it was hypothesized 

that these cardiometabolic biomarkers would not have a significant association with bone 

after accounting for CRP and insulin.  

 

The partial correlations of the cardiometabolic biomarkers with DXA and pQCT bone 

outcome measures are presented in Table 3.1. In general, individual cardiometabolic 

biomarkers explained very little variance in the bone parameters after accounting for total 

body lean mass, fat mass, maturation, height, and ethnicity. Contrary to predicted, fasting 

serum glucose had a negative relationship with most bone outcomes and was the 

metabolic parameter most significantly associated with the DXA and pQCT bone 

outcomes accounting for approximately 4% of the variance in BMC and aBMD, 1.4% of 

the variance in tibia SSI and 4.4% of the variance in tibia BSI. Compared to the variance 

explained by the combination of lean and fat mass, which together accounted for ~42%, 

41%, 17%, 29%, and 27% of the variance in BMC, BA, aBMD, tibia SSI, and tibia BSI 

respectively, fasting serum glucose was a weak predictor of total body and regional bone 

outcomes. Fasting insulin had mainly negative associations with all the bone outcomes, 

however negative associations were only significant for total area (TotA) and periosteal 

circumference (PC) of the radius. CRP had negative partial correlations with DXA 

measures of whole body BMC and BA; these were similar in magnitude to that of 

glucose.  

 

Insulin resistance has been shown previously to be negatively associated with bone(79); 

therefore, associations of HOMA (a surrogate measure of insulin resistance) with both 
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DXA and pQCT bone outcomes were also assessed. Due to colinearity of including 

HOMA-IR in linear regression models with insulin and glucose, all models were re-run 

without insulin and glucose. Partial correlations of HOMA-IR with the bone outcomes 

were similar to that of insulin and glucose (Appendix A. Table 3). Given that certain 

metabolic markers are influenced by pubertal stage(153), we substituted Tanner breast 

and pubic hair stage (markers of sexual maturation) for maturity offset as a covariate in 

the regression models (Appendix A. Table 4). A summary of changes subsequent to this 

adjustment for Tanner stage are found in Appendix A., Table 4. Most notably, the 

previous non-significant inverse association of insulin with total BMC and BA became 

statistically significant (p<0.05), as did the negative relationship of insulin with cortical 

vBMD at the radius. Significant inverse relationships of glucose with radius cortical 

vBMD and thickness were lost when adjusting for Tanner stage whereas total cross-

sectional area at the tibia became significant. Diastolic blood pressure also became a 

significant positive contributor to radius cortical BMC and tibia cortical vBMD, and 

became a significant inverse contributor to tibia trabecular area. All other associations 

remained un-affected by substituting Tanner stage for maturity offset as a covariate.   
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Table 3.1: Partial correlations (r) of cardiometabolic risk markers with DXA and pQCT bone outcomes  
 Insulina  Glucose CRPa TGa HDL LDL SBP DBP Model 

Adjusted 
R2 

DXA          
BMCa -0.10 -0.21** -0.18* 0.03 0.04 -0.06 -0.06 0.02 0.88 
BAa -0.11 -0.11 -0.23** -0.02 0.05 -0.06 0.008 -0.05 0.88 
aBMD -0.05 -0.20** -0.03 0.08 0.01 -0.04 -0.10 0.08 0.62 

          
pQCT          

Radius 66%          
Cort BMC -0.06 -0.11 -0.07 -0.007 0.06 0.05 -0.04 0.10 0.53 
Cort vBMDa -0.03 -0.12* -0.02 -0.0006 0.09 0.05 -0.09 0.17* 0.14 
Tot Aa -0.12* -0.004 -0.13* 0.01 -0.04 -0.02 0.07 -0.06 0.61 
PC -0.12* 0.01 -0.04 0.03 0.01 0.03 0.07 -0.07 0.43 
EC -0.11 0.09 0.0009 0.02 -0.008 0.01 0.10 -0.14* 0.13 
Crt Thk 0.02 -0.14* -0.05 -0.003 0.03 0.03 -0.08 0.14* 0.35 
SSIa -0.10 -0.02 -0.08 0.03 0.01 0.02 0.05 -0.03 0.58 

Femur 20%          
Cort BMCa -0.09 -0.06 -0.03 -0.03 -0.03 -0.03 0.009 0.03 0.74 
Cort vBMD -0.05 -0.05 -0.03 -0.11 -0.04 0.09 0.01 0.04 0.13 
Tot Aa 0.001 -0.08 -0.04 0.10 0.08 -0.10 -0.11 0.07 0.72 
PCa -0.05 0.01 -0.006 0.06 0.06 -0.05 0.008 -0.07 0.70 
ECa -0.03 0.03 0.005 0.06 0.06 -0.04  0.0005 -0.08 0.50 
Crt Thka -0.04 -0.05 -0.02 -0.04 -0.05 -0.02 0.002 0.07 0.24 
SSIa -0.06 -0.04 -0.004 0.01 0.01 -0.06 0.02 -0.05 0.81 

Tibia 66%          
Cort BMCa -0.07 -0.15* 0.05 0.006 0.03 -0.02 -0.05 0.09 0.72 
Cort vBMD -0.05 -0.06 -0.07 -0.06 0.006 0.06 -0.008 0.09 0.23 
Tot Aa 0.01 -0.11 0.02 0.04 0.01 -0.04 -0.07 0.05 0.73 
PCa -0.002 -0.02 0.002 0.04 0.03 -0.02 0.008 -0.04 0.62 
ECa 0.02 0.04 -0.01 0.03 0.02 -0.008 0.03 -0.07 0.28 
Crt Thk -0.07 -0.13* 0.03 -0.007 -0.0004 -0.02 -0.06 0.09 0.35 
SSIa -0.04 -0.12* 0.02 0.02 0.04 -0.02 -0.03 0.04 0.78 

Tibia 4%          
Trab vBMD -0.08 -0.17* -0.01 0.09 -0.03 -0.06 -0.04 0.07 0.20 
Trab A -0.10 0.01 0.05 0.03 0.09 -0.12* 0.04 -0.10 0.38 
Tot vBMD -0.01 -0.17* -0.04 -0.005 -0.09 0.02 -0.04 0.10 0.19 
Tot Aa -0.11 0.004 0.04 0.04 0.09 -0.14* 0.03 -0.09 0.52 
BSIa -0.10 -0.21** -0.009 0.03 -0.04 -0.08 -0.03 0.05 0.61 

n=306 
alogrithmic transformed 
All models adjusted for log fat mass (kg), log lean mass (kg), maturity offset, height, and ethnicity 
CRP, C-reactive protein (mg/L); TG, triglyceride (mg/dL); HDL-C, high density lipoprotein cholesterol 
(mg/dL); LDL-C, low density lipoprotein cholesterol (mg/dL); SBP, systolic blood pressure (mmHg); DBP, 
diastolic blood pressure (mmHg); BMC, bone mineral content (g); BA, bone area (cm2); aBMD, areal bone 
mineral density (g/cm2); Cort vBMD, cortical volumetric bone mineral density (mg/cm3); Cort BMC, 
cortical bone mineral content (mg/mm); Cort A, cortical area (mm2); Tot A, total bone area (mm2); PC, 
periosteal circumference (mm); EC, endosteal circumference (mm); Crt Thk, cortical thickness (mm); SSI, 
strength-strain index (mm3); BSI, bone-strength index (mg/cm4) 
*p<0.05 
**p<0.001 
	
	
Section 4. Relationship of fat mass with bone in presence of metabolic risk (Aim 3) 

For the analysis of Aim 3, girls were categorized into 3 cardiometabolic risk groups 

(CMR=0, CMR=1, and CMR ≥ 2) based on NCEP ATP III criteria for metabolic 
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syndrome (Aim 3a and 3b) and modified versions of the NCEP ATP III criteria 

(Ancillary Aim 3c). The relationship of total body fat mass with measures of bone 

strength in the presence of CMR risk factors was assessed in (3a) total body and (3b) 

regional weight bearing and non-weight bearing bones.  

	

Aim 3a: To assess the relationship of total fat mass with DXA-derived whole body 

measures of bone (BMC, BA, and aBMD) in the presence of cardiometabolic risk (CMR). 

Hypothesis Aim 3a: Any positive relationship of fat mass with bone due to its 

contribution to static load, will be attenuated in girls who have cardiometabolic risk 

factors (CMRs). 

 

Although fat mass was positively related to total body bone mass and area, this 

relationship was curvilinear (Aim 1a). For Aim 3, we assessed whether this curvilinear 

relationship could be explained by the presence of cardiometabolic risk factors. Although 

in Aim 2, each cardiometabolic biomarker had an overall weak associations with total 

body bone measures after taking into account fat mass, it is possible that having a 

clustering of these risk factors, which is more indicative of systemic metabolic 

dysfunction, could have a stronger adverse effect on the positive relationship fat has with 

bone. Thus, in Aim 3a, the relationship of fat mass with measures of total body bone 

mass, area, and strength (BMC, BA, aBMD) was assessed in girls with and without a 

clustering of cardiometabolic risk (CMR) components to assess whether the adverse 

metabolic effects often coinciding with excess adiposity would attenuate the positive 

relationship of fat mass with total body bone outcomes as observed in Aim 1a. Given 
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previous findings by Pollock et al., of lower BMC in overweight adolescents with 1 or ≥ 

2 CMRs compared to healthy overweight adolescents(79), it was hypothesized that after 

controlling for differences in maturation, height, lean mass, and ethnic background the 

relationship of fat mass with total body bone measures would differ depending on 

whether or not risk factors were present such that the relationship of fat with bone would 

be weaker in girls presenting with a clustering of risk factors. 

 

For this analysis, the CMR components and cutoffs used were based on age modified 

National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) 

criteria used to define metabolic syndrome (MetS) (118), which are the most widely used 

criteria for defining MetS in pediatric practice(119). Risk factors consisted of a WC≥90th 

percentile for age and sex, fasting glucose ≥100 mg/dL(122), TG ≥110 mg/dL, HDL-C 

≤40mg/dL, SBP or DBP ≥90th percentile for age, sex, and height. Only the 

cardiometabolic biomarkers that were part of the NCEP ATP III MetS criteria were used 

in order to be consistent with and facilitate comparisons with previous studies that have 

assessed bone outcomes between children with and without metabolic dysfunction, where 

metabolic dysfunction was based on the presence of MetS components.(79, 154)  

 

Subgroups were defined based on the number of MetS risk factors present (0, 1, and ≥2 

CMR), with descriptive characteristics for the total cohort (n=301[number of girls who 

had measures on all MetS criteria]) and by CMR group are presented in Table 4.1. Of the 

301 girls, 31% had 1 CMR and 27% had ≥2 CMR, with n=44, n=31, and n=6 girls having 

two, three, and four risk factors, respectively. Of the girls with >1 CMR(s) (n=173), a 
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WC ≥ 90th percentile for age and sex occurred most commonly (65%), followed by 

elevated TG (54%), abnormal glucose (24%), and low HDL-C (23%). Elevated systolic 

or diastolic blood pressure was rare (2%). Only 2% of girls had a systolic or diastolic 

blood pressure greater than or equal to the 90th percentile for age, sex, and height. The 

prevalence of each risk factor in both CMR groups (i.e. CMR=1 and ≥2) are presented in 

Figure 4.1. A greater percentage of the girls with 1 or more CMRs were 

overweight/obese based on age and gender-specific established cut-points for percentiles 

of body mass index (BMI, kg/m2)(138) compared to healthy girls (64% vs. 4%, 

respectively). Girls with CMRs had significantly more fat mass than girls with no CMR, 

with 93% of girls with ≥2 CMRs having a body fat percent greater than or equal to the 

85th percentile for age (85th percentile range for girls aged 9-12 is 28.0-32.6% total body 

fat).(104) Moreover a greater percentage of total body fat was distributed in the android 

region compared to gynoid region, as measured by DXA, in girls with CMR(s) compared 

to girls without CMR. In addition to having more fat, girls with CMR(s) had a 

significantly higher absolute amount of lean mass (p<0.00001) compared to girls with no 

CMR. However, despite higher absolute amounts of lean mass, girls with CMR(s) had a 

smaller percentage of their total body mass as lean soft tissue (62.6% and 55.6% for 

CMR=1 and ≥2 vs. 70.2% for CMR=0). Girls with only 1 CMR were significantly older 

than girls with no CMRs, however there was no significant difference in age between 

girls with ≥2 CMRs and girls with no CMRs. Despite similarities in biological age 

between girls with ≥2 CMRs and girls with none, girls with ≥2 CMRs were significantly 

taller than girls with no CMR as well as girls with 1 CMR. Girls with 1 CMR and ≥2 

CMR were more mature (higher maturity offset reflecting somatic maturity and higher 
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average Tanner stage reflecting sexual maturation, 2.7 vs. 2.1, respectively) compared to 

girls with no CMRs. In terms of health behavior, there were no significant differences in 

total energy, calcium, and Vitamin D intake among the three groups. However, girls with 

CMR(s) participated in significantly less moderate-to-vigorous physical activity (MVPA) 

per day compared to the girls with no risk factors.  
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Table 4.1. Participant characteristics in full sample and by cardiometabolic risk group 

 Full Sample 
(n=301) 

CMR = 0a  
(n=128, 
42.5%) 

CMR = 1a 

(n=92, 30.6%) 
CMR ≥ 2a 

(n=81, 26.9%) 
p-valued 

Mean (SD) 
DEMOGRAPHICS      

Age (years) 10.8 (1.1) 10.6 (1.0) 11.1(1.1)e 10.8 (1.0) 0.004 
Ethnicity [n(%)]     0.10 

Hispanic 221 (73.4%) 87 (68.0%) 68 (73.9%) 66 (81.5%)  
Non-Hispanic 80 (26.6%) 41 (32.0%) 24 (26.1%) 15 (18.5%)  

MATURATION      
Maturity Offset (years) 0.3 (1.2) -0.2 (1.1) 0.6 (1.2)e 0.8 (1.0)e 0.00001 
Tanner breast stage [n(%)]     0.0001 

1 51 (16.9%) 35 (27.3%) 8 (8.7%) 8 (9.9%)  
2 108 (35.9%) 57 (44.5%) 30 (32.6%) 21 (25.9%)  
3 101 (33.6%) 24 (18.8%) 36 (39.1%) 41 (50.6%)  
4 33 (11.0%) 11 (8.6%) 14 (15.2%) 8 (9.9%)  
5 8 (2.7%) 1 (0.8%) 4 (4.3%) 3 (3.7%)  

Tanner pubic hair stage [n(%)]     0.0001 
1 166 (55.1%) 92 (71.9%) 33 (35.9%) 41(50.6%)  
2 98 (32.6%) 26 (20.3%) 39 (42.4%) 33 (40.7%)  
3 23 (7.6%) 4 (3.1%) 15 (16.3%) 4 (4.9%)  
4 10 (3.3%) 5 (3.9%) 5 (5.4%) 0 (0.0%)  
5 4 (1.3%) 1 (0.8%) 0 (0.0%) 3 (3.7%)  

Menarche [n(%)] 61 (20.3%) 17 (13.3%) 28 (30.4%) 16 (19.8%) 0.008 
BODY COMPOSITION      

Weight (kg) 41.7 (19.7)^ 34.0 (10.1)^ 44.8 (16.3)^e 57.1 (19.1)^e,f 0.00001 
Height (cm) 146.1 (9.7) 142.7 (9.7) 148.1 (9.3)e 149.1 (8.5)e,f 0.00001 
BMI (kg/m2) 19.3 (6.9)^ 16.9 (2.7)^ 20.6 (5.7)^e 25.5 (5.5)^e,f 0.00001 
BMI Percentile Status [n(%)]b     0.0001 

Underweight (<5th) 7 (2.3%) 5 (3.9%) 2 (2.2%) 0 (0.0%)  
Normal (≥5th and <85th) 177 (58.8%) 118 (92.2%) 47 (51.1%) 12 (14.8%)  
Overweight (≥85th<95th) 45 (15.0%) 5 (3.9%) 21 (22.8%) 19 (23.5%)  
Obese (≥95th) 72 (23.9%) 0 (0.0%) 22 (23.9%) 50 (61.7%)  

Percentiles of Total body fat [n(%)]c     0.0001 
<85th 127 (42.2%) 88 (68.8%) 33 (35.9%) 6 (7.4%)  
≥85th and <95th 76 (25.2%) 32 (25.0%) 24 (26.1%) 20 (24.7%)  
≥95th 98 (32.6%) 8 (6.3%) 35 (38.0%) 55 (67.9%)  

Total fat mass (kg) 13.1 (13.2)^ 8.4 (4.4)^ 15.0 (11.5)^e 24.0 (11.6)^e,f 0.00001 
Total body fat (%) 32.5 (9.9) 26.1 (6.7) 33.9 (9.0)e 41.2 (7.8)e,f 0.00001 
Android fat (%) 6.9 (1.6) 5.8 (1.4) 7.2 (1.3)e 8.2 (1.1)e,f 0.00001 
Gynoid fat (%) 19.9 (3.2) 21.4 (3.2) 19.6 (2.7)e 17.8 (2.2)e,f 0.00001 
Total lean soft tissue mass (kg) 26.2 (8.1)^ 23.1 (6.2)^ 26.8 (7.1)^e 29.7 (8.3)^e,f 0.00001 
Total body lean (%) 64.0 (9.6) 70.2 (6.5) 62.6 (8.7)e 55.6 (7.4)e,f 0.00001 

PHYSICAL ACTIVITY and DIET      
MVPA (min/day) 20.4 (17.8)^ 23.7 (21.0)^ 18.8 (16.8)^e 16.1 (14.3)^e,f 0.0005 
Total Energy (kcals/day) 2033.0 (1152.8)^ 2103.8 (1108.0)^ 1907.9 (1092.7)^ 2217.2 (1234.4)^ 0.40 
Calcium (mg/day) 1195.5 (757.7)^ 1076.9 (741.0)^ 959.5 (713.6)^ 1195.5 (757.7)^ 0.43 
Vitamin D (IU/day) 258.6 (263.8)^ 268.3 (257.3)^ 226.7 (307.3)^ 281.4 (256.0)^ 0.78 

CMR, cardiometabolic risk factors; MVPA, moderate to vigorous physical activity; Android fat (%)=(android fat mass (kg)/total body fat 
mass (kg))*100; Gynoid fat (%)=(gynoid fat mass (kg)/total body fat mass (kg))*100 
^median (interquartile range) 
aCMR=1 and ≥2 were defined as girls having 1 or ≥ 2 of the following 5 criteria: a waist circumference ≥90th percentile for age and sex, 
HDL cholesterol ≤40 mg/dL, triglycerides ≥110 mg/dL, systolic or diastolic blood pressure ≥90th percentile for age, sex, and height, and 
fasting glucose ≥100 mg/dL 
bBMI percentiles specific for age and gender based on CDC growth charts(103) 
cFat percentiles based on body fat percentile curves for US children and adolescent(104) 
dTest of significance between groups were conducted using ANOVA for continuous variables, Kruskall-Wallis for ordinal variables, and 
either a χ2 test or Fisher’s exact test for categorical variables 
eSignificantly different from CMR=0  
fSignificantly different from CMR=1  
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Figure 4.1: Prevalence of risk factors by CMR group 

 
 
Table 4.2 compares the average value of each cardiometabolic biomarker among the 

three CMR groups. There was a significant increase in WC and TG, and a decrease in 

HDL-C as the number of risk factors increased above zero. SBP and DBP were both 

significantly higher in the CMR≥2 group compared to those with zero CMRs. Although 

not part of the NCEP ATP III definition, values of fasting insulin, CRP, and LDL-C were 

all significantly greater in the group of girls with ≥2 CMR. I did not include these 

measures when defining CMR risk groups as I wanted to use the criteria for defining 

MetS that is most widely used in pediatric practice as well as be able to compare my 

results with a previous study that assessed the effect of CMRs on bone using the NCEP 

ATP III risk criteria to define CMR.(79)  
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Table 4.2: Description of metabolic factors by risk group 
 CMR = 0a  

(n=128) 
CMR = 1a 

(n=92) 
CMR ≥ 2a 

(n=81) 
Mean (SD) 

 
WC (cm) 64.6 (8.0)^ 76.8 (16.1)^b 88.2 (14.0)^b,c 

    
Glucose (mg/dL) 89.4 (5.3) 94.3 (6.0)b 96.7 (7.5)b,c 

    
TG (mg/dL) 70.5 (34.5)^ 90.5 (45.5)^b 143.0 (65.0)^b,c 

    
HDL-C (mg/dL) 58.3 (11.1) 51.1 (8.3)b 43.5 (8.2)b,c 

    
LDL-C (mg/dL) 94.4 (27.0) 99.7 (23.7) 108.9 (27.3)b 

    
SBP (mmHg)  97.8 (8.5) 99.9 (8.3) 102.6 (9.5)b 

    
DBP (mmHg)  61.9 (6.6) 63.4 (7.2) 66.0 (7.3)b 

    
Insulin (µU/mL) 13.3 (6.4)^ 18.6 (8.7)^b 27.5 (16.7)^b,c 
    
HOMA-IRd 2.9 (1.5)^ 4.3 (2.1)^b 6.3 (4.3)^b,c 
    
CRP (mg/L) 0.3 (0.5)^ 0.4 (1.1)^ 1.7 (3.5)^b 

^median (interquartile range) 
WC, waist circumference; HOMA-IR, Homeostatic Model Assessment of Insulin 
Resistance; CRP, C-reactive protein (mg/L); TG, triglyceride (mg/dL); HDL-C, high 
density lipoprotein cholesterol (mg/dL); LDL-C, low density lipoprotein cholesterol 
(mg/dL); SBP, systolic blood pressure (mmHg); DBP, diastolic blood pressure 
(mmHg) 
CMRs were defined as girls having 1 or more of the following 5 criteria: a waist 
circumference ≥90th percentile for age and sex, HDL cholesterol ≤40 mg/dL, 
triglycerides ≥110 mg/dL, systolic or diastolic blood pressure ≥90th percentile for 
age, sex, and height, and fasting glucose ≥100 mg/dL 
aTest of significance between groups were conducted using ANOVA 
bSignificantly different from CMR=0 (p<0.05) 
cSignificantly different from CMR=1 (p<0.05) 
dHOMA-IR=(insulin [µU/ L]×glucose [mM/L])/22.5 
 
 
The effect of interaction by CMR group on the relationship between fat mass and total 

body BMC, BA, and aBMD as well as the main effect of total body fat mass with DXA 

bone outcomes for each CMR group are presented in Table 4.3.  

 

When assessing the interaction between fat mass and CMR group, the individual 

interactions (i.e. between fat mass and CMR=1 vs. CMR=0 and between fat mass and 
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CMR≥2 vs. CMR=0) were not statistically significant, however, their combined effect 

was significant for BMC and BA, suggesting that the relationship between fat mass and 

BMC and BA differed depending on the number of CMR(s) present. Despite the presence 

of a significant interaction of fat and CMR with BMC and BA, there was no effect of 

interaction by CMR group on the relationship of fat mass with aBMD.  

 

When stratified by CMR group, total body fat mass remained positively associated with 

BMC for girls with 0, 1, and ≥2 risk factors after adjustment for height, maturity offset, 

lean mass, and ethnicity, although the relationship was not statistically significant in the 

≥2 CMR group. Furthermore, the slope of the relationship between fat and BMC was less 

for girls with ≥2 CMR compared to girls with 1 or 0 risk factors. For each 10% increase 

in fat mass there was an estimated 0.7% increase in BMC when ≥2 CMR were present, 

while a 10% increase in fat mass resulted in a predicted 1.4% increase and 1% increase in 

BMC when 1 and no CMRs were present, respectively. Similarly, the positive slope of 

the relationship of fat mass with BA was less steep for the ≥2 CMR group compared to 

the group of girls with 1 or 0 CMR, such that for each 10% increase in fat mass there was 

a predicted 0.9%, 1.3%, and 1% increase in BA when ≥2, 1, and 0 CMR(s) were present, 

respectively. Unlike BMC and BA, total body fat mass was not significantly associated 

with aBMD in any of the CMR groups (p>0.05).  
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Table 4.3: Linear regression of total body fat mass against DXA total body bone measures by CMR 
group 
 Log BMC  Log BA aBMDb 
Interaction significance     
CMR 0 vs. 1 (p-value) 0.06 0.11 0.46 
CMR 0 vs. 2 (p-value) 0.21 0.31 0.58 
Combined (p-value) 0.003 0.02 0.09 
    
aCMR = 0 n=128 n=128 n=128 
Log total body fat mass (kg)    
β (95%CI) 0.10 (0.06, 0.15) 0.10 (0.07, 0.14) 0.0006 (-0.003, 0.004) 
SE 0.02 0.02 0.002 
p-value 0.0001 0.0001 0.71 
    
aCMR =1 n=92 n=92 n=92 
Log total body fat mass (kg)    
β (95%CI) 0.14 (0.09, 0.19) 0.13 (0.10, 0.17) 0.001 (-0.0006, 0.003) 
SE 0.03 0.02 0.001 
p-value 0.0001 0.0001 0.15 
    
aCMR ≥ 2 n=81 n=81 n=81 
Log total body fat mass (kg)    
β (95%CI) 0.07 (-0.006, 0.14) 0.09 (0.03, 0.14) -0.0001 (-0.002, 

0.002) 
SE 0.04 0.03 0.0009 
p-value 0.07 0.001 0.89 
β=unstandardized beta-coefficient adjusted for maturity offset, height, ethnicity and lean mass 
BMC, bone mineral content (g); BA, bone area (cm2); aBMD, areal bone mineral density (g/cm2); 
CMR, cardiometabolic risk factor 
aCMRs were defined as girls having 1 or more of the following 5 criteria: a waist circumference 
≥90th percentile for age and sex, HDL cholesterol ≤40 mg/dL, triglycerides ≥110 mg/dL, systolic or 
diastolic blood pressure ≥90th percentile for age, sex, and height, and fasting glucose ≥100 mg/dL 
btotal body fat mass not logged in regression model with aBMD 
 
 
Figure 4.2 displays the predicted logarithmic back-transformed BMC values for each girl 

from the regression models in Table 4.3 for BMC. In all three groups, increased total 

body fat corresponded to increased BMC, however for a given amount of fat mass the 

predicted gains in BMC were less in girls who had ≥2 CMR. Similarly, for a given 

amount of fat mass, predicted increases in logarithmic back-transformed BA were less in 

girls who had ≥2 CMR (data not shown). 
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Figure 4.2. Relationship of predicted logarithmic back transformed DXA BMC with total 
body fat mass for girls with CMR=0, CMR=1, and CMR ≥ 2 adjusted for height (cm), 
maturity offset (years), lean mass (kg), and ethnicity (Hispanic or non-Hispanic).  

 
 
 

Aim 3b: To assess the relationship of fat mass with pQCT regional measures of 

volumetric bone mineral density (vBMD), total cross-sectional area (total CSA), bone 

mineral content (BMC) and estimated bone strength (i.e. strength-strain index, SSI; bone 

strength index, BSI) of the weight bearing and non-weight bearing skeleton in the 

presence of cardiometabolic risk. 

Hypothesis 3b: The positive effect of total body fat mass on weight-bearing (tibia and 

femur) bone strength will be attenuated or lost in girls who present with CMRs whereas 

any positive relationship of fat mass to non-weight bearing bone strength (radius) will be 

reversed when CMR’s are present.  
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Having demonstrated in Aim 3a that the relationship of fat mass with total body bone 

mass and area differed depending on whether or not CMR(s) were present, we next 

assessed whether the relationship of fat mass with regional measures of bone vBMD, 

geometry, and strength at both weight bearing and non-weight bearing skeletal sites 

depended on the presence of CMR(s) for Aim 3b. Similar to Aim 3a, it was anticipated 

that the positive weight-loading benefit of fat mass on the weight bearing femur and tibia 

would be attenuated by the adverse metabolic effects of excess adiposity. It was also 

hypothesized that although fat mass was positively related to bone strength in the non-

weight bearing skeleton, albeit not significant in Aim 1b, the presence of metabolic risk 

would reverse its associations on bone strength.  

 

Unlike in Aim 3a, where there was no effect of interaction by CMR group on the 

relationship of fat mass with aBMD, there was a significant interaction effect of CMR on 

the relationship of fat mass with cortical vBMD of the radius, femur, and tibia (66% site). 

When stratified by CMR group, total body fat mass had a negative association with 

vBMD for girls with 0 and ≥2 risk factors and a positive association for girls with 1 

CMR, although none of the relationships were significant (Table 4.4). Similar to Aim 1b 

results, where fat mass did not significantly contribute to cortical vBMD in both weight 

bearing and non-weight bearing skeletal sites, fat mass remained a non-significant 

contributor to cortical vBMD whether or not CMR(s) were present, and despite the 

presence of a CMR interaction effect. 
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Similar to results of Aim 3a, where there was a significant interaction effect of CMR on 

the relationship between fat mass and total body BMC, we found a significant interaction 

effect by CMR for the relationship of fat mass with regional cortical BMC of the femur 

and tibia (66% site). When assessing the relationship of fat mass with both femur and 

tibia cortical BMC by CMR group, fat mass was positively related to BMC in girls who 

had ≤1 CMR but was negatively associated with BMC in girls with ≥2 risk factors; 

however, none of these relationships were statistically significant (Table 4.4). As in Aim 

1b where fat mass was not significantly related to regional measures of BMC whether 

they were at weight-bearing skeletal sites or not, the relationship of fat mass remained 

non-significant whether or not girls had CMR(s). These results are contrary to those of 

Aim 3a, where the positive relationship of fat mass with total body BMC was significant 

for girls with 0 or 1 CMR.  
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Table 4.4: Linear regression of total body fat mass against pQCT regional body bone measures by CMR 
group for models where a statistical interaction between body fat and CMR risk group were present 
 Log Radius 

Cortical 
vBMD 

Femur Cortical 
vBMD 

Tibia (66%) 
Cortical vBMD 

Log Femur 
Cortical 
BMC 

Log Tibia 
(66%) 
Cortical BMC 

Radius 66%      
Interaction significance       
CMR 0 vs. 1 (p-value) 0.01 0.0001 0.002 0.18 0.25 
CMR 0 vs. 2 (p-value) 0.60 0.08 0.91 0.14 0.22 
Combined (p-value) 0.02 0.0004 0.0007 0.01 0.04 
      
aCMR = 0 n=128 n=128 n=128 n=128 n=128 
Log total body fat mass (kg)      
β  
(95%CI) 

-0.01  
(-0.03, 0.006) 

-13.9  
(-25.90, -1.80) 

-11.86  
(-27.86, 4.14) 

0.004  
(-0.04, 0.05) 

0.01  
(-0.04, 0.06) 

SE 0.01 6.09 8.08 0.02 0.03 
p-value 0.16 0.02 0.15 0.86 0.70 
      
aCMR =1 n=92 n=92 n=92 n=92 n=92 
Log total body fat mass (kg)      
β  
(95%CI) 

0.0005  
(-0.02, 0.02) 

7.79  
(-7.26, 22.85) 

13.05  
(-4.60, 30.69) 

0.04  
(-0.02, 0.09) 

0.05  
(-0.02, 0.11) 

SE 0.01 7.6 08.88 0.03 0.03 
p-value 0.96 0.31 0.15 0.16 0.14 
      
aCMR ≥ 2 n=81 n=81 n=81 n=81 n=81 
Log total body fat mass (kg)      
β  
(95%CI) 

-0.02  
(-0.05, 0.02) 

-0.24  
(-17.53, 17.06) 

-3.66  
(-23.11, 15.78) 

-0.03  
(-0.11, 0.04) 

0.04  
(-0.04, 0.11) 

SE 0.02 8.7 9.76 0.04 0.04 
p-value 0.30 0.98 0.71 0.41 0.33 
β=unstandardized beta-coefficient adjusted for maturity offset, height, ethnicity and lean mass 
CMR, cardiometabolic risk factor; vBMD, volumetric bone mineral density (g/cm3); BMC, bone mineral 
content (g) 
aCMRs were defined as girls having 1 or more of the following 5 criteria: a waist circumference ≥90th 
percentile for age and sex, HDL cholesterol ≤40 mg/dL, triglycerides ≥110 mg/dL, systolic or diastolic 
blood pressure ≥90th percentile for age, sex, and height, and fasting glucose ≥100 mg/dL 
 
 

Section 5. Relationship of fat mass with bone in the presence of CMR’s using different 

criteria for defining CMR (Ancillary Aim 3) 

Ancillary Aim 3c: To assess whether the relationship of fat mass with DXA-derived total 

bone and pQCT-derived regional bone outcomes in the presence of CMRs differs 

depending on how CMR’s are defined. 

Hypothesis Aim 3c: There will be a difference in interaction effects of CMR on the 

relationship of fat with bone due to the various sensitivities and specificities of each 

definition of CMR to correctly identify girls who are at risk and those who are not.  
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The NCEP ATP III criteria for MetS included WC, a commonly used surrogate for the 

presence of visceral abdominal fat and marker for metabolic dysfunction, as one of the 

criterion.(155) Although WC was used as a risk factor in categorizing girls into CMR 

groups, since it is included in the standard NCEP ATP III criteria for metabolic 

syndrome, WC is also highly correlated with total body fat mass.(156) Since the 

objective of Aim 3 was to assess differences in the relationship between fat mass and 

bone outcomes based on the presence of CMRs, use of a measure of fat to categorize girls 

into CMR groups may have confounded results. Hence, we tested whether creating CMR 

groups using the NCEP ATP III definition without WC as a criterion measure would alter 

the findings of Aim 3. Elimination of a waist circumference ≥ 90th percentile for age and 

sex from the CMR criteria shifted the distribution of girls among the 3 CMR risk groups, 

such that 45 of the girls originally classified into the 1 CMR group based on waist 

circumference were placed in the 0 CMR group and 31 girls originally in the CMR ≥2 

group were placed in the 1 CMR group.  

 

Assessment of the interaction effect of a clustering of CMRs on the relationship of fat 

mass with bone using CMR groups that were developed without using WC as a criterion 

measure did not alter the results of Aim 3 (Appendix A. Table 5). Despite there being 

differences in the regional bone measures that had a significant interaction, the 

relationship of fat mass with weight and non-weight bearing bone outcomes within each 

CMR group was not significant, which is congruent with the results of Aim 3b.  
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Despite being a widely used definition to classify individuals at cardiovascular risk, the 

NCEP ATP III risk criteria does not include a direct measure of insulin resistance or an 

indicator of systemic inflammation. Since insulin resistance and inflammation are core 

components of dysfunctional adipose tissue that are associated with the development of 

cardiometabolic risk factors (152), and since insulin resistance and inflammation have 

been found to have negative associations with bone in the literature(7), I tested if 

inclusion of fasting insulin and CRP along with glucose, HDL-C, TG, and blood pressure 

as the criteria used to classify girls as with or without metabolic risk would alter results of 

analyses of the interaction effect of CMR group on the relationship between fat mass and 

bone measures. There is currently no established risk cut-off for CRP for children and 

adolescents; however there are CRP cut-points derived from the literature in adults.(144) 

Likewise, due to lack of standardized insulin assays(157) and the transient rise in insulin 

resistance during puberty(158), there are no universal cut-points to define insulin 

resistance in children. Hence, in the normal weight girls based on BMI percentiles 

specific for age and sex (103), we arbitrarily chose one standard deviation above the 

mean for the log of insulin, given that the distribution of insulin was skewed. This 

corresponded to an insulin level >21.1 µU/mL as the cut-off for risk in our sample.  

 

Adding CRP and insulin to the risk factor criteria along with glucose, TG, HDL-C, and 

blood pressure to define our CMR groups resulted in 146 girls classified with no CMR, 

81 with 1 CMR, and 74 with ≥2 CMR. Similar to my analyses using the original NCEP 

ATP III risk criteria, there was a significant interaction effect of CMR on the relationship 

of fat mass with total body BMC using the modified definition excluding WC and 
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including insulin and CRP (Appendix A. Table 6). The slope of the relationship of fat 

mass with BMC was greater for girls in the 0 and 1 CMR group. Using the modified 

definition of risk also resulted in the loss of a statistical interaction effect of CMR on the 

relationship of fat with BA. The relationship of fat mass with weight and non-weight 

bearing bone outcomes within each CMR group was not significant, which is similar to 

the results of Aim 3b. 
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CHAPTER 4 

 

DISCUSSION 

The STAR (Soft tissue and bone development in young girls) study was a mixed cross-

sectional and longitudinal observational study that took place over a five year time span, 

gathering measurements on whole body and appendicular bone, body composition, 

physical activity, and dietary intake in 344, 9-to-12 year-old girls. The cross-sectional 

data from this study were used to analyze the associations of soft-tissue composition and 

cardiometabolic risk factors with bone strength in young girls, adding to the literature on 

factors effecting bone development in children. Novel findings include: 

 

Aim 1a: Both lean and fat mass positively contribute to total body BMC, BA, and 

aBMD, with lean mass being the stronger determinant of total body BMC and aBMD 

compared to fat mass and fat mass being a greater contributor to BA compared to lean 

mass.  

Aim 1b: Lean mass is the main determinant of bone strength for appendicular 

skeletal sites. Fat mass contributes to bone strength in the weight-bearing skeleton but 

does not add to bone strength in non-weight-bearing locations and may potentially be 

detrimental. 

Aim 2: Independent of fat mass, cardiometabolic biomarkers have weak correlations 

with total body and regional measures of bone. HOMA-IR, glucose, and CRP are the 

biomarkers that have a significant inverse association with whole body bone 

outcomes and some regional measures. Most markers of dyslipidemia (TG, HDL-C, 
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LDL-C) and hypertension (SBP, DBP) are not associated with any total body or 

regional bone outcomes. 

Aim 3a: The positive relationship of fat mass with total body BMC and BA is 

attenuated in girls who have a clustering of cardiometabolic risk factors.  

Aim 3b: Fat mass does not have a significant relationship with weight bearing and 

non-weight bearing bone in girls with and without a clustering of cardiometabolic risk 

factors  

 

Aim 1a: Relationship of soft tissue composition with DXA whole body bone measures 

of BMC, BA, and aBMD adjusting for height, maturation, and ethnicity 

Lean mass was a significant contributor to total body BMC, BA, and aBMD in 9-to-12 

year-old girls. This finding is consistent with Frost’s mechanostat theory that bone adapts 

primarily to the dynamic loads imposed by muscle contractions.(126, 159) However, fat 

mass was also a significant contributor to total body BMC and BA, independent of lean 

mass. Other studies assessing the independent relationship of fat mass on DXA total body 

bone outcomes in children and adolescents while also controlling for lean mass, 

maturation and height have reported similar positive associations of fat mass with BMC 

and BA.(87, 160-162) Despite lean mass playing the major role in bone acquisition 

during childhood(4), this finding indicates that fat mass has an additional mechanical 

loading effect on total body bone mass and area. However, unlike lean mass, fat mass 

was not a significant contributor to total body aBMD. Similarly, Witzke et al. also found 

no association of fat mass with total body aBMD in adolescent girls but found fat mass to 

be a significant contributor to total body BMC.(161) Reasons for these differences in the 
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relationship of fat mass with aBMD versus BMC are likely due to the inherent two-

dimensional nature of DXA aBMD, which is confounded by bone size. Therefore, true 

vBMD is overestimated in taller children with large bones and underestimated in shorter 

children with small bones.(3) BMC adjusted for height has therefore been proposed to be 

the most appropriate assessment of bone mass in children(48); this is the reason why I 

include height in the models.  

 

Although our results support the notion that excess adiposity is protective against 

fractures and enhances bone strength due to the increase in mechanical loading on the 

skeleton stimulating bone formation(2), these findings contradict previous observations 

that obese children have an increased fracture risk compared to normal weight 

children.(7) Findings from Viljakainen et al., suggested that fat mass can have differential 

effects on bone such that fat is beneficial to bone in children and adolescents with normal 

body fat content, while either low or high body fat content is detrimental to bone.(163) 

Like Viljakainen et al., I found that fat mass had a significant curvilinear relationship 

with total body BMC and BA, indicating that the relationship of fat with bone differed 

across different levels of fat mass, such that at higher fat levels the rate of increase of 

bone mass and area was less than that at lower fat levels. This differential relationship of 

fat mass with bone may explain why there are differences in fracture incidence observed 

between obese and normal weight children.  

 

Although fat appears to be a positive predictor of whole body bone mass and area, DXA 

measures of BMC, BA, and aBMD provide information only on the material properties of 
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bone. Predicting bone strength and fracture risk requires knowing not only about the 

material properties of bone but also the geometric properties (e.g. size and shape).(13) It 

is possible that despite the positive effect of excess adiposity on bone mass, overall bone 

strength may be compromised in overweight and obese children, contributing to higher 

fracture incidence. It is also possible that excess fat is only beneficial to weight bearing 

bones where gravitational forces have the strongest influence on bone. Thus, without fat 

mass equally contributing to non-weight bearing bones, the greater forces due to excess 

weight generated in a fall can leave the forearms of overweight and obese children more 

susceptible to fracture. Understanding the independent contributions of total body fat and 

lean mass on bone density, geometry, and strength at weight bearing and non-weight-

bearing skeletal sites in young girls was the goal of aim 1b.  

 

Aim 1b: Relationship of soft tissue composition with pQCT measures of bone vBMD, 

geometry, and strength of the appendicular skeleton 

Similar to the findings of Aim 1a, where lean mass significantly contributed to total body 

bone mass, area, and areal density, lean mass significantly contributed to bone structure 

and overall bone strength at both weight bearing and non-weight-bearing skeletal sites as 

assessed by pQCT. Fat mass was also a significant contributor to bone strength at the 

femur and tibia, independent of lean mass through its positive effects on bone area and 

periosteal expansion. This indicated that fat mass has an additional mechanical loading 

effect on bone strength at weight bearing skeletal sites beyond that of the dynamic 

loading imposed by muscle forces. Contrary to our findings, Cole et al., found that total 

body fat mass, although positively related to pQCT estimated bone strength of the distal 
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tibia in 6-year-old children, was not a significant predictor after adjustment for total body 

lean mass.(93) However, Farr et al., used high-resolution pQCT and found that total body 

fat mass had a significant positive relationship with bone strength, independent of 

appendicular lean mass at the distal tibia in 8-15-year-old girls.(61) Unlike for the tibia 

and femur, total body fat mass had no effect on bone strength at the radius in our sample 

of girls. Similarly, Farr et al., found no relationship between fat mass and bone strength at 

the radius after controlling for appendicular lean mass.(61) In contrast, Wey et al., found 

total body fat mass had a significant negative association with bone strength at the radius 

measured by pQCT in girls aged 13 to 17.(95) Our findings together with those of Cole, 

Farr and Wey suggest that fat mass may have differential relationships to bone strength at 

weight bearing and non-weight bearing skeletal sites, such that for the weight bearing 

skeleton of the lower limbs, fat mass may positively add to bone strength, whereas fat 

mass provides little or no benefit to bone strength in the upper limbs and may potentially 

be detrimental through its negative influence on cortical thickness and mineral content. 

  

Although I found that total body fat mass had a positive relationship with bone strength 

of the weight bearing skeleton, there have been reports of fat mass having a negative 

effect on bone outcomes. For example, in a study of older adolescent females, Pollock et 

al., found that females with ≥32% total body fat had lower bone strength at the tibia and 

radius compared to females with <32% total body fat.(13) It is possible that a threshold 

exists at which an increase in fat mass no longer has a beneficial effect on the growing 

skeleton and may actually be detrimental to bone development in children.(60) Unlike in 

Aim 1a, where the effect of fat on total body bone mass and area differed at different 
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levels of fat mass, I did not observe a significant curvilinear relationship between fat 

mass and bone strength of the appendicular skeleton in our sample of girls. However, I 

did find a significant curvilinear relationship between lean mass and bone strength at both 

the weight bearing and non-weight bearing skeletal sites. This suggests that at higher 

levels of lean mass, there was less of an increase in bone strength compared to that at 

lower levels of lean mass. Since both fat and lean mass are linearly related, at higher 

levels of lean mass there are higher levels of fat mass. With high levels of fat mass, 

deposition of fat within ectopic fat depots such as skeletal muscle can occur. The 

resulting metabolic changes from these ectopic fat depots could attenuate the potential 

gains in bone strength with increasing lean mass. Hence, Aim 2 and 3 explored how 

biomarkers of metabolic dysfunction are related to bone and how their presence can 

affect the relationship of fat with bone.  

 

Aim 2: Relationship of cardiometabolic biomarkers with bone  

After accounting for total body fat mass and lean mass, insulin resistance (i.e. HOMA-

IR), glucose levels, and CRP were the cardiometabolic biomarkers independently related 

to total body bone outcomes. HOMA-IR, glucose, and CRP all were significantly 

inversely associated with total body BMC, whereas HOMA-IR and glucose were 

significantly inversely associated with total aBMD, and HOMA-IR and CRP were 

significantly inversely associated with total BA. Fasting insulin did not have a significant 

inverse association with total body bone. However, even though we found maturity offset 

and Tanner stage to have a similar relationship with fasting insulin levels, when Tanner 
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stage was used as a covariate to adjust for maturation instead of maturity offset, fasting 

insulin was significantly inversely associated with total BMC and BA. 

 

Similar to our results, Pollock et al., found fasting insulin as well as insulin resistance, as 

estimated by HOMA-IR, to be the cardiometabolic risk factors most significantly 

associated with total body BMC in a sample of older adolescent girls, with HOMA-IR 

explaining 4.1% of the variance in total BMC.(79) Likewise, in a similarly aged 

adolescent sample as used by Pollock et al., Lawlor et al., found fasting insulin to have a 

significant inverse association with total body BMC as well as total body BA and aBMD, 

independent of total body fat mass.(164) However, contrary to our findings, both Pollock 

et al., and Lawlor et al. found glucose to not be a significant predictor of total BMC. The 

lack of association between glucose and total BMC reported by Pollock et al. and Lawlor 

et al. may be explained by the lower percent of their study population with abnormal 

glucose values (vs. 13% of our sample having abnormal values) and/or lack of controlling 

for insulin in their analyses assessing the relationship between glucose and total body 

bone. It is possible that the statistically significant association between total body BMC 

and aBMD with glucose (vs. insulin) is because glucose is a better reflection of more 

severe insulin resistance, as compared to insulin alone, a postulate that is further 

supported by the statistically significant inverse correlation seen between total body bone 

outcomes with a composite index of insulin resistance (HOMA-IR). The association of 

inflammation with bone independent of fat mass was not assessed by Lawlor et al., and 

Pollock et al., however Soininen et al. found inflammation, as assessed by measures of 

CRP, IL-6, and TNF-α, to not be significantly associated with total aBMD in a group of 
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6-to-8 year-old children.(165) This is congruent to the non-significant association I found 

between CRP and total aBMD in our sample of 9-to-12 year old girls. However, I was 

unable to compare our findings of CRP being inversely associated with total BMC and 

BA, since Soininen et al., did not assess these relationships.  

 

Despite HOMA-IR, fasting insulin, glucose, and CRP having significant inverse 

relationships with total body bone measures, these biomarkers accounted for ~2% to 5% 

of the variance in either total body BMC, BA, and/or aBMD. Considering lean and fat 

mass account for ~42%, 41%, and 17% of the variance in BMC, BA, and aBMD 

respectively, the effects of HOMA-IR, insulin, glucose, and CRP on bone appear 

minimal. Moreover, none of the other cardiometabolic risk biomarkers including HDL-C, 

LDL-C, triglycerides, and blood pressure were significantly related to measures of total 

body bone mass, area, and density after fat and lean mass were accounted for, which is 

similar to results from other studies.(79, 164) These findings suggest that on their own, 

cardiometabolic biomarkers have very little influence on total body bone mass, area, or 

density, with insulin resistance, glucose intolerance, and inflammation being the strongest 

contributors.  

 

It is not surprising that one of the few risk biomarkers to have a significant inverse 

association with total body bone was CRP, a biomarker of inflammation, given the 

known direct negative effect inflammation has on bone at the cellular level(84) and the 

presence of compromised bone mass and osteoporosis accompanying many inflammatory 

conditions, such as rheumatoid arthritis, systemic lupus erythematosus, and ankylosing 
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spondylitis.(166) Although HOMA-IR, fasting insulin, and glucose, also had a significant 

inverse associations with bone, the exact mechanism for their potential negative effects 

on bone remains unclear. Some hypotheses for how glucose can be detrimental to bone 

include increased production of advanced glycation end products (AGEs) from bone 

collagenous proteins due to hyperglycemia resulting in skeletal fragility(43, 80) and high 

glucose levels promoting the differentiation of mesenchymal stem cells (MCS) to 

adipocytes instead of osteoblasts(7). However, the mechanisms for insulin on bone, if 

any, are thought to be anabolic. Therefore, it is most likely that factors associated with 

insulin resistance and hyperinsulinemia, such as chronic inflammation, have a direct 

effect on bone rather than insulin itself and these factors are partially mediating the 

negative effects of insulin resistance on bone.(167)  

 

Similar to total body bone measures, cardiometabolic biomarkers were weakly associated 

with pQCT measures of bone geometry, vBMD, and strength of the appendicular 

skeleton independent of fat mass, with glucose and HOMA-IR having the most 

significant associations. There have been very few studies that have assessed the 

independent associations of cardiometabolic risk biomarkers with measures of bone 

structure, vBMD, and strength in children(80, 167), however similar to my findings these 

studies found that biomarkers were not significant predictors of most pQCT measures of 

bone after adjusting for measures of fat and lean mass or muscle cross sectional area. 

Kindler et al., found HOMA-IR to be a significant inverse predictor of cortical BMC of 

the tibia (66% site) as well as cortical area and tibial strength (SSI), but did not find 

HOMA-IR to be significantly associated with any other structural measures or cortical 
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vBMD.(80) On the other hand, Sayers et al., found that fasting insulin was not 

significantly associated with any measure of bone structure, density, or strength of the 

tibia (50% site) in girls.(167)  

 

Although overall the cardiometabolic biomarkers were all individually weakly associated 

with measures of total body and regional bone, especially blood pressure, triglycerides, 

HDL-C, and LDL-C, previous studies in children(79, 154) and adults(168-170) have 

indicated that the presence of multiple MetS risk factors were linked to lower total 

aBMD, BMC, and increased fracture risk. Hence, on their own, metabolic risk factors 

may not have much impact on bone, but their combined effect does. Both Hwang et al., 

and Kim et al., showed that as the number of MetS components increased in adult men 

and women, aBMD decreased indicating that there was an inverse relationship between 

aBMD and number of metabolic risk factors present.(169, 170) It is plausible that having 

a clustering of risk factors is more representative of systemic metabolic dysfunction and 

chronic inflammation, and although MetS components may not have a direct link to bone, 

together they are representative of a chronic inflammatory state, which activates bone 

resorption. Inflammation and other possibly unknown factors occurring in a state of 

metabolic dysfunction are most likely driving the associations between MetS and bone.  

 

Aim 3a: Relationship of fat mass with DXA total body BMC, BA, and aBMD in the 

presence of cardiometabolic risk (CMR) 

Although fat mass had a positive relationship with total body BMC and BA in our sample 

of girls (Aim 1a), the relationship significantly differed among girls having 0, 1, and ≥2 
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CMRs such that for a given amount of fat mass the predicted gains in total BMC and BA 

were less in girls who had ≥2 CMRs. These findings suggest that the positive relationship 

between fat mass and BMC and BA as have been reported in our study and others(9, 86, 

87, 160, 161), is attenuated by the presence of CMRs. Our findings in this cohort of 9-to-

12 year old predominately Hispanic girls with a wide range of body fat levels are similar 

to those reported by Pollock et al., in two different cohorts of older overweight 

adolescents (boys and girls).(79, 97) Pollock et al., found that after controlling for age, 

sex, race, height, and fat free soft tissue, overweight male and female adolescents with 

either one or more CMRs as defined by the NCEP adult treatment panel III definition 

modified by age, had significantly less total body BMC compared to the overweight 

adolescents with no CMRs, with the ≥2 CMRs adolescents having the greatest 

attenuation in total BMC.(79) In another study by Pollock et al., pre-pubertal overweight 

children with pre-diabetes had significantly lower total body BMC and BA than pre-

pubertal overweight children with normal glucose levels after adjusting for sex, race, 

height, and lean mass or body weight, suggesting that impaired glucose regulation 

independent of weight has a negative effect on the skeleton.(97) However, total aBMD 

was not significantly different between the pre-diabetes and normal glucose groups.(97) 

Similarly, I found no association between fat mass and total aBMD for each CMR group. 

As discussed previously, these differences in results between using aBMD and BMC as 

outcome measures could be due to the two-dimensional nature of DXA, which is largely 

affected by bone size, limiting its ability to provide an accurate surrogate of volumetric 

BMD (vBMD).(171)  
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These findings suggest that fat mass per se is not deleterious to bone, but the metabolic 

complications that often coexist with excessive fat accumulation do have a negative 

effect on bone. It is important to note that not all overweight and obese individuals suffer 

the traditional cardiometabolic risk factors (e.g., insulin resistance, dyslipidemia, and 

hypertension) that are often associated with excess body fat.(11) Indeed it has been 

demonstrated that about 1 in 5 to 1 in 3 children who are obese are metabolically 

healthy.(11) In the STAR cohort, approximately 41% of overweight and obese girls had 

<2 CMRs according to NCEP ATP III criteria(118), and only 4% of overweight and 

obese girls had no CMRs.  Mixed samples including so called metabolically healthy and 

at risk children likely explain many of the conflicting findings in the current literature 

where overweight and obese children have been found to have both augmented(8, 172) 

and compromised bone mass(10, 25, 173). 

 

Aim 3b: Relationship of fat mass with pQCT regional measures of vBMD, total cross-

sectional area, BMC, and estimated bone strength (i.e. SSI, BSI) of the weight bearing 

and non-weight bearing skeleton in the presence of cardiometabolic risk 

Like with total body bone, there was also a significant interaction between fat mass and 

CMR risk group for certain regional measures of cortical bone mass and density, 

however, unlike in Aim 3a, the main effect of the relationships of fat mass with cortical 

bone mass and density were not significant whether 0, 1 or ≥2 CMRs were present. These 

results are puzzling given the results of Aim 3 as it would be expected that if fat mass 

significantly attenuates total body bone mass in girls with multiple cardiometabolic risk 

factors, fat mass would have a similar effect on regional measures of bone mass. 
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However, fat mass was shown to have a weak non-significant relationship with measures 

of cortical vBMD and BMC of weight and non-weight bearing bones in Aim 1b. It is 

possible that the high sample variability in the pQCT bone measures limits the ability to 

detect any statistical significance of fat mass with the regional bone measures. Reasons 

for the increased variability in pQCT measures may be due to pQCT’s sensitivity to 

subject motion and partial volume effects, which can affect estimates of bone 

measures.(174)  

 

No study to our knowledge has investigated whether a clustering of CMRs affect the 

relationship between fat mass and bone in children. In adults, Maderia et al. found fat 

mass to not be significantly associated with vBMD or bone microarchitecture at both 

weight bearing and non-weight bearing skeletal sites as assessed by HRpQCT when MetS 

was present.(175) Again it is unclear why the findings of the relationship of fat mass with 

total body bone measures in the presence of CMRs differ from findings with regional 

bone outcomes. Future studies assessing the effect of a clustering of CMRs on the fat-

bone relationship at regional skeletal sites utilizing imaging methods such as pQCT to 

obtain measures of true vBMD, bone geometry, and estimated strength are warranted.  

 

Ancillary Aim 3c: Assess if the relationship of fat mass with total body and regional 

bone outcomes in the presence of CMR’s differs depending on how CMR’s are defined 

Although insulin resistance and CRP were the main risk components having a significant 

negative effect on bone independent of the effects of fat and lean mass in Aim 2, I did not 

originally include these measures as risk components in my definition of CMR for 
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creating risk groups. I chose the modified for age components and cut-points from the 

NCEP ATP III criteria for MetS (118), which included glucose, triglycerides, HDL-C, 

and systolic and diastolic blood pressure, to define girls with metabolic risk, since this 

definition for MetS has been used previously in another study assessing the relationship 

of CMRs on bone(79), and it is one of the most widely used definitions by pediatricians 

to define metabolic risk in children(119). In addition, both insulin resistance and CRP 

have been associated with a clustering of other cardiovascular risk factors in 

children(176, 177), therefore girls with multiple CMRs defined by the NCEP ATP III 

criteria would reflect the girls with higher inflammation and insulin resistance. However, 

in terms of assessing prevalence of MetS in children, the definition strongly affects the 

results reported with prevalence estimates ranging from 0 to 60% depending on the 

criteria used.(123) Therefore it was possible that how I chose to define girls with 

cardiometabolic risk could potentially alter outcomes in the differences between the 

relationship of fat mass with bone seen within different risk groups.  

 

I found that altering the definition of CMR criteria by excluding WC and including 

fasting insulin and CRP did not drastically alter results of Aim 3. Thus, the presence of a 

combination of dyslipidemia, glucose intolerance, and/or high blood pressure in girls is a 

good indicator that insulin resistance and inflammation are also present, as the addition of 

biomarkers for insulin resistance and inflammation to the CMR criterion for identifying 

girls at risk did not alter results of the interaction effect of CMR on the relationship of fat 

mass with bone. This finding makes sense given dyslipidemia, glucose intolerance, and 
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hypertension are all underlying results of the chronic inflammation and insulin resistance 

of dysfunctional adipose tissue occurring with excess body fat.(152) 

 

STRENGTHS and LIMITATIONS 

A major strength of this study was the large sample of girls who were all nearing or had 

just reached peak linear growth, a critical time in skeletal development when a majority 

of bone mineral is laid down. Moreover, the study sample consisted of a wide range of 

adiposity levels allowing me to assess the relationships of fat mass and impact of CMRs 

on bone across increasing degrees of body fatness. Unlike previous studies, which have 

consisted of mainly non-Hispanic participants, the STAR cohort had a sizable sample of 

Hispanic girls, which is an underserved population at risk for obesity and adverse 

cardiometabolic outcomes.(178) 

 

The measures for bone composition, bone outcomes, metabolic parameters, and 

behavioral variables were also a major strength of this study. Body composition (fat and 

lean mass) was assessed using DXA, which is considered a gold standard for body 

composition assessment(179), as it is able to discriminate between fat mass 

and lean mass and thus provide a more direct measure of body composition compared to 

anthropometric methods.(180) Besides body composition, DXA is the most widely used 

technique for measuring bone in children due to its low radiation exposure, speed, and 

availability. However the two-dimensional nature of DXA limits its ability to estimate 

true vBMD and provide measure of bone geometry and strength.(3) Thus, another 

strength of this study was our use of the advanced three-dimensional imaging technology 
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of pQCT, which is able to measure true vBMD and bone structural properties of both 

cortical and trabecular bone, as well as provide estimates of bone strength. Another major 

strength of this study was the availability of blood serum allowing for the measurement 

of cardiometabolic risk biomarkers, which was a main limitation of previous pediatric 

studies assessing the fat-bone relationship. As I showed in Aim 3a, including information 

on the metabolic profile of children is important as the presence of a clustering of CMRs 

can alter the relationship of fat mass with total body bone outcomes. Lastly, a strength of 

this study was information on maturation and behavioral factors, such as physical activity 

and diet, which are all factors known to influence bone parameters, although in my 

analyses only maturation presented as a significant confounder in the fat bone-

relationship, while physical activity and diet had little influence.  

 

This study is not without limitations, with a major limitation being the availability of only 

cross-sectional data at the time of analysis, which did not allow for determination of 

whether the relationships of soft tissue, CMRs, and their interaction with total body and 

regional bone persists as girls progress through puberty and into adulthood. Likewise, 

given the complexity of the many changes occurring during growth especially during 

puberty, make it impossible to establish causality from a single measure in time.  

 

For Aims 1b, 2, and 3b, although pQCT has advantages over DXA and is able to measure 

vBMD and bone structural properties, as well as provide estimates of bone strength, 

pQCT is very sensitive to subject motion and partial volume effects, which can affect 

estimates of bone measures potentially contributing to some of the increased variability in 



	 101	

the pQCT measures compared to DXA.(174) In addition, the pQCT calculations used to 

assess bone bending and compression strength, SSI and BSI respectively, were validated 

against human adult cadaver bone.(45) Thus, how well SSI and BSI estimate strength in 

the bones of children is unclear.  

 

There were also limitations revolving around the CMRs assessed. In Aim 2, the weak, 

non-statistically significant associations between many of the cardiometabolic biomarkers 

with total and regional bone outcomes could be due to the low number of girls with these 

cardiometabolic biomarker values falling outside the normal range for their age. Thus, 

further studies including more children with abnormal cardiometabolic biomarkers values 

are needed to fully assess if the lack of statistically significant associations between many 

of the cardiometabolic markers with bone outcomes are due the cardiometabolic 

biomarkers physiologically not having a direct impact on bone or if it is due to the small 

range of biomarker values in our sample. Further limitations revolved around the 

biomarkers chosen to be representative of insulin resistance and inflammation. I was 

unable to assess insulin resistance using the gold standard euglycemic-hyperinsulinemic 

clamp method due to the complicated nature of this technique especially in children. 

Instead I chose the commonly used alternative method for assessing insulin resistance, 

HOMA-IR1. HOMA-IR1 is a surrogate measure of insulin resistance derived by 

multiplying fasting glucose and insulin and then dividing by a constant.(117) The original 

HOMA-IR1 equation developed by Mathews et al.(117) was calibrated to an insulin 

assay used in the 1970s, and overestimates insulin resistance when using newer 

assays.(181) A newer computer model of HOMA-IR, HOMA-IR2, was created, which 
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expands upon the simple mathematical model developed by Mathews et al.(117) and 

takes into consideration the newer insulin assays.(181) Despite the limitations of the 

original HOMA-IR1 equation, HOMA-IR1 has been validated against the euglycemic-

hyperinsulinemic clamp method in children and adolescents(182) and remains an 

acceptable surrogate of insulin resistance in epidemiological studies.(183) The 

assessment of inflammation was also limited with the use of CRP. Although CRP is as a 

cost-effective marker for inflammation and increased risk of cardiovascular disease, 

multiple other factors can interact and modulate CRP levels, making interpretation 

complicated.(184) For example, CRP levels can be elevated with acute infection or 

illness. Thus, whether elevated CRP levels are attributed to low-grade inflammation or 

acute infection can only be confirmed by having multiple measures of CRP over time. In 

order to achieve a more comprehensive assessment of the inflammatory status of 

children, future studies should include multiple measures of several pro-inflammatory 

markers, especially those that are less subject to variation from environmental factors 

such as IL-6(185). Lastly, all biomarkers were assumed to be measured from fasting 

serum blood samples. It is possible that some girls may not have been fasting, although 

we did ask the girls prior to the blood draw when they last ate. Including non-fasting 

biomarker measures with fasted could skew relationships of the biomarkers with bone 

parameters (Aim 2) and misclassify girls as having CMRs when they really don’t, 

diluting potential interaction effects of CMR group on the relationship of fat mass with 

bone outcomes (Aim 3).   
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Although a strength of this study was the adjustment for maturation, as there can be 

important differences in maturation in children of the same chronological age, especially 

during the pre-pubertal and pubertal years(106), the measurement markers used for 

maturation are not without limitations. For all analyses, I attempted to adjust for 

maturation differences using both somatic (maturity offset) and sexual (Tanner staging) 

maturation measures. However, Tanner staging in children, especially self-reported, has 

potential limitations due to its subjective nature.(108, 109) On the contrary, maturity 

offset is an objective measure of somatic maturation that uses sex-specific algorithms to 

estimate years from peak height velocity (PHV) from cross-sectional data, thus providing 

an approximation of the time of maximum growth during adolescence.(106) Although 

PHV is best attained from serial measurements of body dimensions, maturity offset has 

been shown to explain 89% of the variance in years from PHV.(106) Maturation is also a 

time when major changes and fluctuations of hormones occur. Even though Tanner 

staging and/or maturity offset should be correlated with changes in hormone levels during 

growth, we did not have the actual measurements of hormone levels, such as estrogen, 

IGF-1, and GH, which could potentially confound relationships between soft tissue and 

bone (Aim 1), as hormone levels influence body composition and bone changes during 

childhood and adolescence.(40, 186) Likewise, hormones, such as estrogen, could have 

potential confounding effects on the relationship of cardiometabolic biomarkers with 

bone (Aim 2). For example, the greater estrogen levels occurring with more fat mass due 

to the aromatization of androgens to estrogen in fat tissue(84) could attenuate the 

potential negative effects of fat on bone.  
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Lastly, the generalizability of these findings to boys and other age groups are limited as 

this study was focused on only 9-to-12 year-old girls. Several previous studies have 

found sex differences when assessing relationships of soft tissue and cardiometabolic 

factors with bone.(86, 95, 187, 188) For example, HOMA-IR was found to have a 

significant inverse relationship with DXA BMC in male adolescents but not 

females.(187) Likewise, fat mass was shown to be a stronger contributor to periosteal 

expansion and reduced endosteal expansion in girls compared with boys.(188) Future 

studies are needed to assess if interaction effects of CMR on the relationship of fat mass 

with total body and regional bone measures differ in boys versus girls.  

 

CONCLUSIONS 

Given the controversy in the literature on the relationship between obesity and bone 

health in children, the overall goal of this dissertation was to investigate the role of 

adiposity and its metabolic complications in relation to the developing bones of young 

girls. Fat mass was found to be a positive contributor to bone, however the degree 

adiposity adds to total bone mass and area may be attenuated if there is co-occurring 

metabolic dysfunction. These findings are relevant given that nearly 17% of U.S. children 

are obese(20) of whom 66 to 80% are thought to have metabolic co-morbidities.(11) 

Since approximately 95% of adult bone mineral is achieved by the end of adolescence 

with almost half of this accrual occurring during the two years surrounding peak linear 

growth(4), preventing compromised bone development during this time is critical for 

optimizing bone strength and decreasing risk of osteoporosis later in life.(4) Prevention 

programs aimed at preventing obesity and its associated metabolic dysfunction will aid 



	 105	

not only in reducing the risk of cardiovascular disease in adulthood, but also help in 

maximizing bone mineral accrual during childhood. Future longitudinal studies that 

include a large sample of both metabolically healthy and non-healthy overweight and 

obese children are needed to assess if the presence of metabolic risk compromises 

predicted gains in bone strength as children progress through puberty and into adulthood.   
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APPENDIX A. SUPPLEMENTARY RESULTS 

 
Appendix A. Table 1: Missing measurements from n = 344 cohort 
Measurement with missing values Number of subjects 

missing measurement 
Ethnicity 11 
DXA  2 
pQCT 5 
WC 9 
Glucose, TG, HDL-C, LDL-C 6 
Insulin 17 
CRP 18 
Diet 19 
Accelerometer 24 
DXA, Dual-energy X-ray absorptiometry; pQCT, peripheral 
quantitative computed tomography; TG, triglyceride; HDL-C, high 
density lipoprotein cholesterol; LDL-C, low density; CRP, C-reactive 
protein 
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Appendix A. Table 2: Multiple linear regression of muscle cross-sectional area (MCSA) and fat mass 
as independent predictors of bone density, geometry, and strength in weight-bearing and non-weight-
bearing skeletal sites 
 MCSA 

(β) 
p-value Log fat mass 

(β) 
p-value Adjusted 

R2 
Non-weight bearing diaphyseal  
Radius (66%)      

Log Cort vBMD 0.18 0.01 -0.20 0.004 0.12 
Cort BMC 0.45 0.0001 -0.11 0.03 0.59 
Log Cort A 0.44 0.0001 -0.08 0.09 0.58 
Log Tot A 0.51 0.0001 0.11 0.01 0.62 
PC 0.47 0.0001 0.11 0.03 0.49 
EC 0.26 0.0001 0.26 0.0001 0.13 
Crt Thk 0.30 0.0001 -0.22 0.0001 0.37 
Log SSI 0.47 0.0001 0.05 0.24 0.61 

      
Weight bearing, diaphyseal 
Femur (20%)      

Cort vBMD -0.03 0.71 -0.15 0.04 0.10 
Log Cort BMC 0.34 0.0001 0.08 0.02 0.75 
Log Cort A 0.36 0.0001 0.11 0.003 0.76 
Log Tot A 0.39 0.0001 0.16 0.001 0.12 
Log PC 0.24 0.0001 0.23 0.0001 0.65 
Log EC 0.17 0.004 0.24 0.0001 0.46 
Log Crt Thk 0.30 0.0001 -0.06 0.32 0.26 
Log SSI 0.30 0.0001 0.14 0.0001 0.80 

Tibia (66%)      
Cort vBMD -0.14 0.11 -0.03 0.70 0.22 
Log Cort BMC 0.47 0.0001 -0.009 0.86 0.70 
Log Cort A 0.53 0.0001 -0.003 0.94 0.70 
Log Tot A 0.53 0.0001 0.11 0.02 0.69 
Log PC 0.42 0.0001 0.08 0.16 0.61 
Log EC 0.23 0.007 0.11 0.15 0.28 
Crt Thk 0.44 0.0001 -0.06 0.43 0.33 
Log SSI 0.48 0.0001 0.06 0.20 0.75 

      
Weight bearing, metaphyseal 
Tibia (4%)      

Trab vBMD 0.41 0.0001 0.13 0.13 0.15 
Trab A 0.47 0.0001 -0.03 0.71 0.39 
Tot vBMD 0.20 0.03 0.14 0.09 0.12 
Log Tot A 0.50 0.0001 -0.006 0.93 0.51 
Log BSI 0.52 0.0001 0.12 0.06 0.54 

n= 326 
β=standardized beta-coefficient adjusted for maturity offset, limb length, ethnicity and fat mass or MCSA 
MCSA, muscle cross-sectional area (mm2); Cort vBMD, cortical volumetric bone mineral density 
(mg/cm3); Cort BMC, cortical bone mineral content (mg/mm); Cort A, cortical area (mm2); Tot A, total 
bone area (mm2); PC, periosteal circumference (mm); EC, endosteal circumference (mm); Crt Thk, cortical 
thickness (mm); SSI, strength-strain index (mm3); BSI, bone-strength index (mg/cm4) 
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Appendix A. Table 3: Partial correlations (r) of cardiometabolic risk markers with DXA and pQCT 
bone outcomes  
 HOMA-IRa Adjusted R2 
DXA   

BMCa -0.20** 0.88 
BAa -0.16* 0.88 
aBMD -0.14* 0.61 

   
pQCT   

Radius 66%   
Cort BMC -0.11 0.53 
Cort vBMDa -0.09 0.14 
Tot Aa -0.12* 0.61 
PCa -0.12* 0.42 
ECa -0.07 0.12 
Crt Thk -0.04 0.34 
SSIa -0.11 0.58 

Femur 20%   
Cort BMCa -0.12* 0.74 
Cort vBMD -0.07 0.01 
Tot Aa -0.03 0.72 
PCa -0.05 0.70 
ECa -0.01 0.51 
Crt Thka -0.07 0.24 
SSIa -0.08 0.81 

Tibia 66%   
Cort BMCa -0.14* 0.71 
Cort vBMD -0.08 0.23 
Tot Aa -0.04 0.73 
PCa -0.01 0.62 
ECa 0.04 0.28 
Crt Thk -0.12* 0.35 
SSIa -0.09 0.78 

Tibia 4%   
Trab vBMD -0.16* 0.19 
Trab A -0.10 0.39 
Tot vBMDa -0.09 0.16 
Tot Aa -0.11 0.52 
BSIa -0.20** 0.59 

n=306 
alogrithmic transformed 
All models adjusted for CRP (mg/L), TG (mg/dL), HDL-C (mg/dL), LDL-C (mg/dL), SBP (mmHg), DBP 
(mmHG) log fat mass (kg), log lean mass (kg), maturity offset, height, and ethnicity 
HOMA-IR, Homeostatic model assessment of insulin resistance: HOMA-IR=(insulin [µU/ L]×glucose 
[mM/L])/22.5, CRP, C-reactive protein (mg/L); TG, triglyceride (mg/dL); HDL-C, high density lipoprotein 
cholesterol (mg/dL); LDL-C, low density lipoprotein cholesterol (mg/dL); SBP, systolic blood pressure 
(mmHg); DBP, diastolic blood pressure (mmHg); BMC, bone mineral content (g); BA, bone area (cm2); 
aBMD, areal bone mineral density (g/cm2); Cort vBMD, cortical volumetric bone mineral density 
(mg/cm3); Cort BMC, cortical bone mineral content (mg/mm); Cort A, cortical area (mm2); Tot A, total 
bone area (mm2); PC, periosteal circumference (mm); EC, endosteal circumference (mm); Crt Thk, cortical 
thickness (mm); SSI, strength-strain index (mm3); BSI, bone-strength index (mg/cm4) 
*p<0.05 
**p<0.001 
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Appendix A. Table 4: Partial correlations (r) of cardiometabolic risk markers with DXA and pQCT 
bone outcomes adjusted for Tanner stage instead of maturity offset 
 Insulina  Glucose CRPa TGa HDL LDL SBP DBP Adjusted 

R2 
DXA          

BMCa -0.13* -0.17* -0.14* 0.06 0.05 -0.07 -0.07 0.06 0.87 
BAa -0.13* -0.08 -0.21** 0.005 0.05 -0.07 0.003 -0.02 0.88 
aBMD -0.08 -0.16* -0.02 0.10 0.02 -0.05 -0.10 0.12 0.61 

          
pQCT          
Radius 66%          

Cort BMC -0.07 -0.08 -0.06 0.005 0.06 0.05 -0.05 0.12* 0.52 
Cort vBMDa -0.05* -0.09 -0.01 0.009 0.09 0.05 -0.10 0.20** 0.13 
Tot Aa -0.12* -0.008 -0.14* 0.005 -0.04 -0.01 0.07 -0.06 0.61 
PCa -0.12* 0.01 -0.05 0.02 0.01 0.04 0.08 -0.08 0.44 
ECa -0.10 0.07 -0.02 0.004 -0.01 0.02 0.11 -0.16* 0.17 
Crt Thk 0.01 -0.11 -0.03 0.02 0.04 0.02 -0.09 0.17* 0.37 
SSIa -0.11 -0.01 -0.08 0.03 0.02 0.02 0.05 -0.02 0.57 

Femur 20%          
Cort BMCa -0.11 -0.02 0.003 0.002 -0.03 -0.05 -0.001 0.08 0.75 
Cort vBMD -0.07 -0.01 -0.01 -0.08 -0.04 0.08 0.01 0.07 0.06 
Tot Aa 0.004 -0.08 -0.03 0.10 0.08 -0.10 -0.11 0.06 0.72 
PCa -0.06 0.008 -0.01 0.05 0.05 -0.06 0.01 -0.08 0.70 
ECa -0.02 0.01 -0.01 0.05 0.06 -0.04 0.01 -0.10 0.52 
Crt Thka -0.05 -0.02 0.01 -0.01 -0.05 -0.03 -0.01 0.11 0.29 
SSIa -0.08 -0.01 0.01 0.03 0.01 -0.07 0.02 -0.03 0.81 

Tibia 66%          
Cort BMCa -0.08 -0.13* 0.07 0.02 0.02 -0.03 -0.05 0.10 0.71 
Cort vBMD -0.08 -0.01 -0.03 -0.02 0.008 0.04 -0.01 0.12* 0.18 
Tot Aa 0.02 -0.12* 0.01 0.03 0.009 -0.04 -0.07 0.03 0.73 
PCa 0.003 -0.04 -0.01 0.02 0.03 -0.02 0.01 -0.05 0.62 
ECa 0.03 0.02 -0.03 0.009 0.02 -0.0006 0.03 -0.08 0.29 
Crt Thk -0.07 -0.12* 0.04 0.008 -0.002 -0.03 -0.06 0.10 0.36 
SSIa -004 -0.13* 0.02 0.02 0.04 -0.02 -0.03 0.04 0.78 

Tibia 4%          
Trab vBMD -0.08 -0.18* -0.003 0.10 -0.03 -0.07 -0.04 0.07 0.21 
Trab A -0.10 -0.01 0.03 0.02 0.08 -0.12* 0.05 -0.13* 0.40 
Tot vBMDa -0.03 -0.15* -0.005 0.03 -0.09 0.008 -0.05 0.11 0.20 
Tot Aa -0.11 -0.01 0.02 0.02 0.09 -0.14* 0.04 -0.11 0.53 
BSIa -0.11 -0.20** 0.01 0.05 -0.05 -0.09 -0.03 0.06 0.61 

n=306 
alogrithmic transformed 
All models adjusted for log fat mass (kg), log lean mass (kg), Tanner breast and pubic hair stage, height 
(cm), and ethnicity 
CRP, C-reactive protein (mg/L); TG, triglyceride (mg/dL); HDL-C, high density lipoprotein cholesterol 
(mg/dL); LDL-C, low density lipoprotein cholesterol (mg/dL); SBP, systolic blood pressure (mmHg); DBP, 
diastolic blood pressure (mmHg); BMC, bone mineral content (g); BA, bone area (cm2); aBMD, areal bone 
mineral density (g/cm2); Cort vBMD, cortical volumetric bone mineral density (mg/cm3); Cort BMC, 
cortical bone mineral content (mg/mm); Cort A, cortical area (mm2); Tot A, total bone area (mm2); PC, 
periosteal circumference (mm); EC, endosteal circumference (mm); Crt Thk, cortical thickness (mm); SSI, 
strength-strain index (mm3); BSI, bone-strength index (mg/cm4) 
*p<0.05 
**p<0.001 
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Abstract 

Background: With the high prevalence of childhood obesity, especially among Hispanic 

children, understanding how body weight and its components of lean and fat mass affect 

bone development is important, given that the amount of bone mineral accrued during 

childhood can determine osteoporosis risk later in life. The aim of this study was to 

assess the independent contributions of lean and fat mass on volumetric bone mineral 

density (vBMD), geometry, and strength in both weight-bearing and non-weight-bearing 

bones of Hispanic and non-Hispanic girls.  

Methods: Bone vBMD, geometry, and strength were assessed at the 20% distal femur, 

the 4% and 66% distal tibia, and the 66% distal radius of the non-dominant limb of 326, 

9- to 12-year-old girls using peripheral quantitative computed tomography (pQCT). Total 

body lean and fat mass were measured by dual-energy x-ray absorptiometry (DXA). 

Multiple linear regression was used to assess the independent relationships of fat and lean 

mass with pQCT bone measures while adjusting for relevant confounders. Potential 

interactions between ethnicity and both fat and lean mass were also tested. 

Results: Lean mass was a significant positive contributor to all bone outcomes (p<0.05) 

with the exception of vBMD at diaphyseal sites. Fat mass was a significant contributor to 

bone strength at weight bearing sites, but did not significantly contribute to bone strength 

at the non-weight bearing radius and was negatively associated with radius cortical 

content and thickness. Bone measures did not significantly differ between Hispanic and 

non-Hispanic girls, although there was a significant interaction between ethnicity and fat 

mass with total bone area at the femur (p=0.02) and 66% tibia (p=0.005) as well as bone 

strength at the femur (p=0.03). 
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Conclusion: Lean mass is the main determinant of bone strength for appendicular 

skeletal sites. Fat mass contributes to bone strength in the weight-bearing skeleton but 

does not add to bone strength in non-weight-bearing locations and may potentially be 

detrimental. Bone vBMD, geometry, and strength did not differ between Hispanic and 

non-Hispanic girls; fat mass may be a stronger contributor to bone strength in weight-

bearing bones of Hispanic girls compared to non-Hispanic.  

 

Keywords 

Lean mass; Fat mass; Girls; Bone strength; Peripheral quantitative computed tomography 

(pQCT); Hispanic 

 

Abbreviations 

BMC, bone mineral content; DXA, dual-energy x-ray absorptiometry; aBMD, areal bone 

mineral density; pQCT, peripheral quantitative computed tomography; vBMD, 

volumetric bone mineral density; Tot A, total bone area; Cort vBMD, cortical vBMD; 

Cort BMC, coritical BMC; Cort area, cortical area; EC, endosteal circumference; PC, 

periosteal circumference; Crt Thk, cortical thickness; Trab vBMD, trabecular vBMD; 

Trab area, trabecular area; SSI, strength-strain index; BSI, bone strength index 

 

1. Introduction 

Osteoporosis is a major public health concern, especially in women, that has its origins in 

adolescence.(16, 189) Approximately 95% of adult bone mineral is achieved by the end 

of adolescence with almost half of this accrual occurring during the two years 
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surrounding peak linear growth.(4) Although a large proportion of adult peak bone mass 

is genetically determined, up to 40% can be influenced by lifestyle factors.(4) This fact 

suggests that the period of rapid growth and bone accrual during adolescence is a window 

of both opportunity and vulnerability for optimizing bone strength and decreasing risk of 

osteoporosis later in life.(4)  

 

Body weight, with its fat and lean components, is a major determinant of bone mineral 

content (BMC).(5) With the high prevalence of childhood obesity(190), the role of body 

weight on bone development and strength has become an increasingly important area of 

research. Bone adapts its strength to the strains placed upon it from gravitational impact 

and muscle forces.(4) It has been suggested that the bones of heavier subjects have 

greater mass and strength since they are subjected to greater mechanical loads compared 

to the bones of normal weight subjects.(5) However, the relative contributions of lean and 

fat mass to bone strength during childhood are unclear. While lean mass has been 

consistently found to have a strong positive association with bone strength(4), the effect 

of fat mass on bone remains controversial, with reports of augmented(8, 9), 

decreased(10), or no significant effect of fat mass on bone (57-59).  

 

Many past studies have relied on the use of dual-energy x-ray absorptiometry (DXA), 

which provides 2-dimensional (areal) projections of the material properties of bone (i.e. 

BMC and areal bone mineral density (aBMD)).(3) However, bone strength, and 

consequently risk of fracture, is determined by both the material properties (i.e. mass and 

density) and the geometric properties of bone (i.e. size and shape).(13) Indeed, bone size 
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has been shown to make a larger contribution to bone strength than bone density in 

human cadaver models.(14)  

 

The development of peripheral quantitative computed tomography (pQCT) provides a 

low-radiation imaging alternative to DXA for measuring bone.(49) Unlike DXA, pQCT 

is a 3-dimensional technique that can provide an accurate estimate of volumetric bone 

mineral density (vBMD) in both cortical and trabecular bone compartments. In addition, 

pQCT provides site-specific geometric data for the appendicular skeleton which can be 

combined with vBMD to calculate estimates of bone strength and fracture risk.(49) Few 

studies have used pQCT to assess the independent effects of lean mass and fat mass on 

bone geometry and strength in children(13, 93-95, 98, 100), and even fewer studies have 

assessed the relationships among lean mass and fat mass with bone strength at both 

weight-bearing and non-weight-bearing skeletal sites.(13, 94)  

 

In addition to the methodological limitations of past studies, the potential race and 

ethnicity-related differences in the relationships of lean and fat mass with bone geometry 

and strength has not been well characterized. Previous pQCT studies have enrolled 

predominantly non-Hispanic white children, with mixed samples of both males and 

females.(13, 93-95, 98, 100) No study to our knowledge has assessed the association of 

lean and fat mass with bone strength using pQCT in Hispanic girls. Given that women 

have a higher risk for developing osteoporosis in their lifetime(189) and Hispanic 

children have a higher prevalence of obesity compared to similarly aged non-Hispanic 

white children(179), the effect of a higher body weight and its composition is an 
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important issue to address in this population. 

 

The aim of this study was to utilize the advanced imaging capability of pQCT to assess 

the independent contributions of total body lean and fat mass on bone density, geometry, 

and strength in both weight bearing (tibia and femur) and non-weight bearing (radius) 

metaphyseal and diaphyseal skeletal sites of 9-to 12-year-old Hispanic and non-Hispanic 

girls.  

 

2. Methods 

2.1 Study population 

Three hundred and forty-four girls aged 9-12 years were recruited from local schools, 

pediatric clinics, and wellness community events in Tucson, Arizona to participate in the 

Soft Tissue And Bone Development in Young GiRls (“STAR”) study, which was 

designed to assess the effects of adiposity and related metabolic risk factors on bone 

development in girls. The study protocol was approved by the University of Arizona 

Human Subjects Protection Committee. Written informed consent was obtained from all 

participants and their parents or legal guardians. Exclusion criteria included: diagnosis of 

diabetes, taking any medications that alter body composition, physical disability that 

limits physical activity, and learning disability that limited completion of questionnaires 

or otherwise made the participant unable to comply with assessment protocols. Following 

informed consent, participants’ guardians were asked to complete a health history 

questionnaire, which included questions on the participants’ ethnicity (Hispanic or non-

Hispanic) and race (white/Caucasian, black/African American, American Indian/Alaska 
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Native, Asian). 

 

2.2 Anthropometry 

Anthropometric measures were obtained according to standardized protocols, which have 

previously been described.(102, 191) In brief, body mass was measured to the nearest 

0.1 kg using a calibrated scale (Seca, Model 881, Hamburg, Germany). Standing and 

sitting height were measured at full inhalation to the nearest mm using a stadiometer 

(Shorr Height Measuring Board, Olney, MD). Leg length was estimated by subtracting 

sitting height from standing height. Body mass index (BMI) was calculated as weight 

(kg) divided by height (m) squared. Based on CDC growth charts, BMI percentiles 

specific for age and gender were used to categorize girls as either underweight (<5th 

percentile), healthy weight (≥5th and <85th percentiles), overweight (≥85th and <95th 

percentiles), or obese (≥95th percentile).(103)  

 

2.3 Physical Maturation 

Maturation was assessed several ways since there can be important differences in 

maturation in children of the same chronological age, especially during the pre-pubertal 

and pubertal years.(106) Using pictures illustrating the Tanner stages of pubertal 

maturation(107) girls rated their breast and pubic hair development as well as self-

reported menarcheal status. Maturation was also assessed using maturity offset given the 

potential limitations of self-reported Tanner staging in children.(108, 109) Maturity offset 

is an estimate of years from peak height velocity that is determined from age and cross-

sectional anthropometric measures (height, weight, sitting height, and leg length) using 
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the Mirwald equation (Maturity Offset for females= -9.376 + 0.0001882 x Leg Length 

and Sitting Height interaction + 0.0022 x Age and Leg Length interaction + 0.005841 x 

Age and Sitting Height interaction - 0.002658 x Age and Weight interaction + 0.07693 x 

Weight by Height ratio).(106) The maturity offset has been shown to explain 89% of the 

variance in years from peak height velocity.(106) After peak height velocity is reached 

maturity offset is positive, while a negative maturity offset represents years before peak 

height velocity.  

 

2.4 Dual energy X-ray absorptiometry (DXA) 

Measures of whole-body fat mass and lean mass were obtained from dual energy x-ray 

absorptiometry (DXA) using GE/Lunar Radiation Corp (Madison, WI) following 

standard subject positioning and data acquisition protocols on the Prodigy model using 

software version 13.60.033 (n=287) and iDXA model with software version 16.20.059 

(n=57) using enhanced analysis mode. One certified technician performed all DXA scan 

analyses. The DXA was calibrated daily according to manufacturer guidelines. The 

within-subject variation for soft tissue in our laboratory has been previously 

reported.(124, 125)  

 

2.5 Peripheral quantitative computed tomography (pQCT) 

Bone strength was assessed in cortical (diaphyseal) weight bearing (tibia and femur 66% 

and 20% sites, respectively, relative to the distal growth plates) and non-weight bearing 

sites (radius 66%) and a trabecular (metaphyseal) weight bearing site (tibia 4%) of the 

non-dominant limb using the STRATEC, XCT 3000 pQCT (Medizintechnik GmbH, 
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Pforzheim, Germany, Division of Orthometrix; White Plains, NY). All pQCT scans were 

analyzed using Stratec XCT software, Version 6.0 and operators were trained for pQCT 

data acquisition and analyses following guidelines provided by Bone Diagnostic LLC. 

(Spring Branch, TX). A detailed description of the instrument and imaging processing 

and analysis protocols used in our laboratory has been previously published, as have 

coefficients of within-subject variation for pQCT bone measurements.(98)  

 

In brief, pQCT slice thicknesses were 2.3 mm and voxel sizes and scanner speed were set 

at 0.4 mm and 25mm/sec respectively. Contour, Peel, and Cort modes, as described in the 

Stratec XCT software manual,(128) were employed to obtain measures of bone geometry 

and material properties. At diaphyseal sites, total bone area (Tot A, mm2) was obtained 

using Contour mode 1 (710 mg/cm3) and measures of cortical vBMD (Cort vBMD, 

mg/cm3), cortical BMC (Cort BMC, mg/mm), cortical area (Cort area, mm2), endosteal 

circumference (EC, mm), periosteal circumference (PC, mm), and cortical thickness (Crt 

Thk, mm) were obtained using Cort mode 2 (710 mg/cm3). At the metaphyseal site, total 

bone area (Tot A, mm2) and total vBMD (Tot vBMD, mg/cm3) was determined using 

Contour mode 3 (169 mg/cm3) and trabecular vBMD (Trab vBMD, mg/cm3) and 

trabecular area (Trab area, mm2) were measured using Peel mode 4 (650 mg/cm3) with a 

10% peel to ensure that only trabecular bone was included in the region of interest.  

 

Using these pQCT measures of bone density and geometry, estimates of bone strength 

were calculated using previously described methods.(45, 51) To estimate the resistance of 

diaphyseal bone to bending and torsional loading, a strength-strain index (SSI, mm3) that 



	 121	

assesses both the structural and material properties of bone was calculated for diaphyseal 

sites, as described by Shedd et al.(51), which has been shown to account for up to 80% of 

the variance in bending failure load in human tibias (45):   

SSI=Σ((dz
2 x Av) x (Cort vBMD/ND))/dmax,) 

where, dz is the distance of voxel from the center of gravity, Av is the area of the voxel 

(mm2), Cort vBMD is the cortical bone density (mg/cm3), ND is the estimated normal 

physiological bone density (1200 mg/cm3), and dmax is the maximum distance of a voxel 

from the center of gravity.(51) 

 

The ability of weight bearing metaphyseal bone to withstand a compressive force was 

estimated by calculation of the bone strength index (BSI, mg/cm4) at the 4% tibia, which 

has been shown by Kontulainen et al.(45) to account for 85% of the variance in 

compressive failure load in human tibias:  

BSI=Tot vBMD2 x Tot A 

where, Tot vBMD is the total bone density (mg/cm3), and Tot A is the total bone area 

(mm2).  

 

The pQCT XCT analysis software was additionally used to obtain muscle cross-sectional 

area at the 20% femur and 66% tibial and radial sites. 

 

2.6 Physical Activity Assessment 

Physical activity was assessed using Actigraph GT3X+ (Pensacola, FL) accelerometers. 

All girls were instructed to wear the accelerometer on their hip for seven consecutive 
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days. The accelerometers were initialized for data collection at a 30hz frequency. Data 

were saved in 60-second epochs with the “low frequency extension” option selected. 

Daily moderate-to-vigorous physical activity performed during the 7-day wear period 

was estimated using algorithms and cut-points developed by Evenson et al..(110)  

 

2.7 Dietary Assessment 

Dietary energy and nutrient intakes (i.e. vitamin D (IU), calcium (mg/day)) were assessed 

using the semi-quantitative Harvard youth/adolescent questionnaire, a self-administered 

food-frequency questionnaire with questions on 131 food items that has been validated in 

children and adolescents.(115) Participants filled out the questionnaire with assistance 

from parent(s)/guardian(s). Trained study staff reviewed the questionnaires for 

completeness and coded them following standard coding procedures.(115) 

Questionnaires were then sent to Harvard T. H. Chan School of Public Health (Boston, 

MA) for nutrient analysis. 

 

2.8 Statistical Analysis 

Of the 344 girls recruited for the study, 18 girls had missing data for either DXA soft 

tissue measures (n=2), pQCT bone measures (n=5) or ethnic status (n=11), and they were 

excluded from the analyses. A total of 326 girls had complete data on all measures and 

were included in the statistical analysis described herein.  

 

The mean and standard deviation for normally distributed variables and median and 

interquartile range for skewed variables, were used to characterize the sample; analyses 
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were also stratified by ethnic group (Hispanic vs. non-Hispanic). Differences between 

Hispanic and non-Hispanic girls were tested using a two-sample t-test for continuous 

measures and a chi-squared test or Fisher’s exact test for categorical measures. 

 

Multiple linear regression was used to assess the independent relationships of total body 

fat mass and lean mass with pQCT estimates of bone strength while adjusting for 

maturity offset, height, and ethnicity (Hispanic or non-Hispanic). Further regressions 

using pQCT measures of bone material and geometric properties as dependent variables 

were performed to further understand the independent effect of lean and fat mass on the 

components contributing to overall bone strength. It has been suggested that a “fat mass 

threshold” exists above which the relationship between fat and bone changes.(60) To test 

for the presence of a curvilinear relationship between fat and/or lean mass with bone 

measures, inclusion of fat mass and lean mass squared terms were added to each 

regression model. Both fat mass and lean mass were positively skewed and consequently 

log transformed for all regression analyses, with the exception of analyses testing for 

curvilinearity between fat mass and lean mass with the bone measures.  

 

Potential interactions between ethnicity and total body lean mass and fat mass were tested 

by inclusion of interaction terms in each regression model one at a time. There was a 

significant interaction between ethnicity and lean mass for total bone area of the femur 

and ethnicity and fat mass for total bone area of the femur and tibia (66% site) and femur 

strength. For all other bone outcomes there were no significant ethnicity-by-soft tissue-

composition interactions, thus Hispanic and non-Hispanic girls were included together in 
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all regression models.  

 

All models were checked for linearity, normality, and homoscedasticity and some pQCT 

bone dependent variables were logarithmically transformed to meet linear regression 

assumptions. Since fat mass and lean mass are known to be significantly correlated, the 

variance inflation factor was calculated for all models to ensure colinearity was not a 

problem. Further adjustment of models for physical activity, energy intake, and essential 

bone micronutrients including calcium and Vitamin D, did not alter the relationship of 

total body lean and fat mass with the bone outcome measures; these covariates 

contributed <0.03 to the overall variance in bone strength explained by the models (data 

not shown). Thus, to maximize sample size, physical activity and diet were not included 

in the final models as covariates. Likewise, substitution of maturity offset with Tanner 

breast and pubic hair stage did not alter results, which is consistent with previous 

publications.(98) Thus we only report analyses that included maturity offset because its 

relation to bone parameters was consistently stronger.  

 

A p-value of <0.05 was considered statistically significant. All analyses were performed 

using STATA (StataCorp LLC, College Station, TX, USA) version 13.1. 

 

3. Results 

The sample characteristics are shown in Table 1. Three percent of girls were 

underweight, 58% healthy weight, 15% overweight, and 24% were obese, based on age 

and gender-specific established cut-points for percentiles of body mass index (BMI, 
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kg/m2).(138) The majority of girls were early pubertal (Tanner breast stage 2-3 and 

Tanner pubic hair stage 1-2) and on average had just reached their estimated peak height 

velocity (maturity offset=0.3 year). Self-reported calcium and vitamin D intakes were 

below the recommended dietary allowances for 9-12 year olds(141) and physical activity 

was less than the 60 minutes of moderate-to-vigorous physical activity per day 

recommended by the U.S. Department of Health and Human Services 2008 Physical 

Activity Guidelines for children and adolescents.(142) The majority of the sample (74%) 

identified as Hispanic. Compared to non-Hispanic girls, Hispanic girls were significantly 

younger and had greater intakes of dietary calcium as well as total calories (p<0.05). 

Hispanic girls had a significantly greater percent of their body weight as fat compared to 

the non-Hispanic girls (p<0.05). 

 

There was no significant difference in any of the pQCT bone measures between Hispanic 

and non-Hispanic girls (Table 2).  

 

The independent contributions of lean vs. fat mass to bone vBMD, structure, and strength 

(SSI, BSI) after adjusting for maturity offset, height, and ethnicity, are presented in Table 

3.  

 

In diaphyseal bone (66% radius and tibia, 20% femur), with the exception of cortical 

bone density (Cort vBMD), lean mass was a significant positive contributor to all bone 

outcomes, including estimated bone torsional and bending strength (SSI), in both the 

weight bearing and non-weight bearing bones. When substituting muscle cross sectional 
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area, a surrogate for the local dynamic loads on bone, for lean mass in our regression 

models, the relationships of muscle cross-sectional area with bone strength at the radius, 

tibia, and femur were similar to those of total body lean mass (data not shown). Similar to 

lean mass, fat mass had a positive relationship with most bone outcomes including bone 

strength (SSI). However, in contrast to lean mass, these relationships were much weaker, 

with fat mass significantly contributing only to bone strength (SSI) at the weight bearing 

bones. Moreover, in the non-weight bearing diaphyseal radius, fat mass had a significant 

negative association with cortical bone content (Cort BMC) and thickness (Crt Thk).  

 

In the weight bearing metaphyseal bone (4% tibia), despite the lack of association of fat 

mass with total vBMD, which is an important element in estimating resistance to 

compression (BSI=Tot vBMD2 x Tot A), both lean and fat mass were predictive of BSI 

as well as all other bone outcomes, albeit with weaker associations for fat (vs. lean) mass.  

 

There was a significant curvilinear relationship of lean mass with bone strength at both 

the weight and non-weight bearing skeletal sites (p<0.05), indicating that the relationship 

of lean mass with bone strength was not constant across different levels of lean mass. No 

significant curvilinear relationship between fat mass and bone strength was observed 

(p<0.05).  

 

There was a significant interaction between ethnicity and log fat mass with total bone 

area (Tot A) at the 20% femur (p=0.02) and 66% tibia (p=0.005) as well as bone strength 

(SSI) at the 20% femur (p=0.03), such that, in Hispanic girls, fat mass was a significant 
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predictor of total bone area (Tot A) and strength of the femur (SSI) and total bone area of 

the tibia (Tot A). In non-Hispanic girls fat mass was not a significant contributor of bone 

outcomes (data not shown). Likewise, there was a significant interaction between 

ethnicity and log lean mass with total bone area (Tot A) at the 20% femur (p=0.04). Lean 

mass in Hispanic girls was not as strong of a predictor of total bone area (Tot A) and 

strength (SSI) at the 20% femur and total bone area (Tot A) at the 66% tibia compared to 

non-Hispanic girls (standardized β for log lean mass in Hispanic girls= 0.67, 0.45, and 

0.75 vs. non-Hispanic girls= 0.95, 0.76, 1.06 for femur Tot A, SSI, and tibia Tot A 

respectively).  

 

4. Discussion 

The aim of this study was to assess the independent contributions of total body fat and 

lean mass on bone density, geometry, and strength at weight-bearing and non-weight-

bearing skeletal sites in young Hispanic and non-Hispanic girls. Our results showed that 

lean mass significantly contributed to bone structure and overall bone strength at both 

weight-bearing and non-weight-bearing skeletal sites. This is consistent with Frost’s 

mechanostat theory that bone adapts primarily to the dynamic loads imposed by muscle 

contractions.(126, 159) Thus, since overweight and obese children have higher amounts 

of lean mass in addition to higher levels of fat mass, it has been postulated that the 

positive associations seen between higher body weight and bone outcomes is explained 

by their higher lean mass and not the extra weight from fat mass.(60) However, we found 

that fat mass was a significant contributor to bone strength at the femur and tibia, 

independent of lean mass, through its positive effects on bone area and periosteal 



	 128	

expansion. Thus, despite lean mass playing the major role in bone acquisition during 

childhood, this finding indicates that fat mass has an additional mechanical loading effect 

on bone strength at weight bearing skeletal sites beyond that of the dynamic loading 

imposed by muscle forces. Contrary to our findings, Cole et al., found that total body fat 

mass, although positively related, was not a significant predictor of pQCT estimated bone 

strength at the distal tibia in 6-year-old children after adjustment for total body lean 

mass.(93) However, Farr et al., using high-resolution pQCT, found that total body fat 

mass had a significant positive relationship with bone strength, independent of 

appendicular lean mass at the distal tibia in 8-15 year old girls.(61) Unlike for the tibia 

and femur, total body fat mass had no effect on bone strength at the radius in our sample 

of girls. Likewise, Farr et al., found no relationship between fat mass and bone strength at 

the radius after controlling for appendicular lean mass.(61) In contrast, Wey et al., found 

total body fat mass had a significant negative association with bone strength at the radius 

measured by pQCT in girls aged 13 to 17.(95) Our findings together with those of Cole, 

Farr and Wey suggest that fat mass may have differential relations to bone strength at 

weight-bearing and non-weight-bearing skeletal sites, such that for the weight-bearing 

skeleton of the lower limbs, fat mass may positively add to bone strength whereas fat 

mass provides little or no benefit to bone strength in the upper limbs.    

 

Although we found that total body fat mass had a positive relationship with bone strength 

of the weight-bearing skeleton, there have been reports of fat mass having a negative 

effect on bone outcomes. For example, in a study of older adolescent females, Pollock et 

al., found that females with ≥32% total body fat had lower bone strength at the tibia and 
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radius compared to females with <32% total body fat.(13) It is possible that a threshold 

exists at which an increase in fat mass no longer has a beneficial effect on the growing 

skeleton and may actually be detrimental to bone development in children.(60) We did 

not observe a significant curvilinear relationship between fat mass and bone strength in 

our sample. However, we did find a significant curvilinear relationship between lean 

mass and bone strength at both the weight-bearing and non-weight-bearing skeletal sites. 

This suggests that at higher levels of lean mass, there was less of an increase in bone 

strength compared to that at lower levels of lean mass and it could be that higher levels of 

fatness attenuate the gains in bone strength with increasing lean mass, given the 

unfavorable metabolic changes that accompany excess fat accumulation, especially in 

ectopic depots.  

 

A strength of our study was a large sample, including a sizable sample of Hispanic girls, 

which is an underserved population at risk for obesity and adverse cardiometabolic 

outcomes.(178) Previous studies have reported the presence of racial and ethnic 

differences in DXA measured bone mass of children.(132, 192-194) However, few 

studies have examined the effect of race and ethnicity on measures of bone geometry and 

strength by pQCT. In our study, ethnicity accounted for very little variance in the bone 

parameters we measured, and after accounting for maturation, height, and lean mass, 

there were no significant differences in bone strength between Hispanic and non-

Hispanic girls. This is contrary to the findings of Weztsteon et al., who reported both 

black and Hispanic 9-to-12-year-old children have greater bone strength than white 

children after adjusting for age, sex, limb length, and muscle cross-sectional area.(133) 
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Although the Hispanic girls in our sample did not differ in bone outcomes compared to 

non-Hispanics, there was a significant effect of ethnicity on the relationship of fat mass 

with total bone area at the femur and diaphyseal tibia, and with bone strength at the 

femur, such that for a given amount of fat mass, bone area and strength were greater in 

Hispanic compared to non-Hispanic girls. Even though Hispanic females are more likely 

to have a higher percentage of body fat compared to non-Hispanic whites (195), it is 

possible that higher body fat up to a certain level, is not deleterious in Hispanics and this 

fat mass may be advantageous to bone. There was also a significant effect of ethnicity on 

the relationship of lean mass with total bone area at the femur such that compared to non-

Hispanic girls, Hispanic girls had a smaller bone area for a given amount of lean mass. 

No study to our knowledge has assessed differences in the relationship of fat and lean 

mass with bone measures of geometry and strength in Hispanic and non-Hispanic 

children. Further studies that include a larger sample of non-Hispanic children are needed 

to validate our findings of an ethnicity interaction with fat and lean mass on bone area 

and strength.  

  

A major strength of this study was the use of pQCT to measure bone outcomes at both 

the weight-bearing and non-weight-bearing skeletal sites. Unlike DXA, pQCT is able to 

measure vBMD and bone structural properties, as well as provide estimates of bone 

strength. Many previous studies assessing the effect of soft tissue composition on the 

developing bones of children have relied on DXA, which has inherent limitations when it 

comes to assessing bone density in the growing skeleton and lacks an analysis of bone 

geometry and therefore estimates of bone resistance to fracture in children.(3)  
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This study was not without limitations. Due to the studies cross-sectional design, we 

cannot determine whether the relationship of fat and lean mass with bone strength 

persists as girls progress through puberty and into adulthood. A second limitation was our 

use of lean mass as a surrogate measure of muscle strength although lean mass is highly 

correlated with muscle size and muscle size is highly related to muscle strength.(13) In 

addition, localized fat within muscle and around bone may have different associations 

with bone geometry and strength than that of total body fat mass. Further studies are 

needed to assess whether the relationships of site-specific measures of soft tissue (i.e. 

muscle density, muscle cross-sectional area, subcutaneous fat, skeletal muscle fat, etc.) 

with bone strength are similar to those of whole body lean and fat mass with bone 

strength. Lastly, we did not include measures indicative of metabolic dysfunction, which 

may modify the relationships we found between fat and lean masses and bone outcomes. 

Metabolic dysfunction, such as insulin resistance, chronic inflammation, and 

dyslipidemia, often present with excessive body fat levels, has been shown to impair 

bone.(7, 64) 

 

5. Conclusion 

Lean mass was consistently a stronger determinant of measures of bone structure and 

strength in the upper and lower limbs of both Hispanic and non-Hispanic girls compared 

to total body fat mass. These findings emphasize the importance of muscle mass for 

optimizing bone geometry and strength in children. While lean mass, a surrogate for the 

local dynamic loads on bone, is the main driver of bone strength for all skeletal sites, in 
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the weight-bearing skeleton, there appears to be an independent effect of the gravitational 

loads imposed by fat mass. Although fat mass was positively related to bone strength in 

the weight-bearing skeleton, it is possible that accumulation of fat within the skeletal 

muscle and metabolic dysfunction, commonly occurring with excessive levels of body 

fat, may attenuate these positive effects. Further studies in children are needed to assess 

whether the relationships of total body fat and lean mass with bone strength are altered by 

the presence of pathogenic fat depots and metabolic risk factors.  

 

Acknowledgements 

This study was executed at the University of Arizona Collaboratory for Metabolic 

Disease Prevention and Treatment Center. The study was supported by National Institute 

of Child Health and Human Development. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	 133	

Table 1: Participant characteristics  
 
Characteristic Full sample (n=326) Hispanic (n=241) Non-Hispanic (n=85) p-value 
 Mean (SD)  
   
Age (years) 10.8 ±1.1 10.7 ± 1.1 11.0 ± 1.1 0.024 

     
Ethnicity [n(%)]     
Hispanic 241 (73.9%)    
Non-Hispanic 85 (26.1%)    
     
Maturity Offset (years) 0.3 ± 1.2 0.2 ± 1.2 0.5 ± 1.3 0.10 

     
Tanner breast stage [n(%)]    0.49 

1 57 (17.5%) 39 (16.2%) 18 (21.2%)  
2 117 (35.9%) 88 (36.5%) 29 (34.1%)  
3 107 (32.8%) 80 (33.2%) 27 (31.8%)  
4 36 (11.0%) 29 (12.0%) 7 (8.2%)  
5 9 (2.8%) 5 (2.1%) 4 (4.7%)  
     
Tanner pubic hair stage [n(%)]    0.19 

1 182 (55.8%) 140 (58.1%) 42 (49.4%)  
2 104 (31.9% 76 (31.5%) 28 (33.0%)  
3 25 (7.7%) 14 (5.8%) 11 (12.9%)  
4 11 (3.4%) 7 (2.9%) 4 (4.7%)  
5 4 (1.2%) 4 (1.7%) 0 (0%)  
     
Menarche [n(%)] 63 (19.3%) 47 (19.5%) 16 (18.8%) 0.89 

     
Weight (kg) 41.2 (20.1)^ 41.8 (20.1)^ 40.7 (16.2)^ 0.45 

     
Height (cm) 145.8 ± 9.7 145.2 ± 9.4 147.4 ± 10.1 0.07 

     
BMI (kg/m2) 19.2 (6.8)^ 19.5 (6.8)^ 18.3 (5.7)^ 0.05 

     
BMI Percentile Status [n(%)]1    0.06 

Underweight (<5th) 10 (3.1%) 5 (2.1%) 5 (5.9%)  
Healthy weight (≥5th and <85th) 190 (58.3%) 135 (56.0%) 55 (64.7%)  
Overweight (≥85th<95th) 49 (15.0%) 42 (17.4%) 7 (8.2%)  
Obese (≥95th) 77 (23.6%) 59 (24.5%) 18 (21.2%)  
     
MVPA (min/day)2 20.4 (18.4)^ 19.5 (16.0)^ 23.0 (25.5)^ 0.20 

     
Total energy (kcals/day)3 2015.3 (1157.4)^ 2130.3 (1218.9)^ 1828.4 (995.8)^ 0.0044 
     
Calcium (mg/day)3 1093.3 (777.5)^ 1132.9 (827.2)^ 1042.7 (600.7)^ 0.034 

     
Vitamin D (IU/day)3 259.6 (264.9)^ 258.6 (282.5)^ 261.2 (220.4)^ 0.92 

     
Total fat mass (kg) 13.0 (13.2)^ 13.8 (13.1)^ 10.6 (8.8)^ 0.06 

     
Total body fat (%) 32.4 ± 9.8 33.4 ± 9.7 29.6 ± 9.8 0.0024 

     
Total lean mass (kg) 26.2 (8.1)^ 26.0 (7.4)^ 26.6 (8.6)^ 0.19 

     
Total body lean (%) 64.0 ± 9.5 63.1 ± 9.3 66.8 ± 9.4 0.0024 

MVPA, moderate to vigorous physical activity 
^median (interquartile range) 
1 percentiles specific for age and gender(103) 
2n=303 for full sample; n=222 for Hispanic; n=81 for non-Hispanic 
3n=309 for full sample; n=228 for Hispanic; n=81 for non-Hispanic 
4Significantly different from non-Hispanic using two-sample t-test (p<0.05) 
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Table 2: Summary of bone measures by pQCT in Hispanic and non-Hispanic girls 
 
 Full sample 

(n=326) 
Hispanic (n=241) Non-Hispanic 

(n=85) 
p-value1 

 Mean (SD)  
Radius (66%)     
Cort vBMD (mg/cm3) 1053.5 (58.2)^ 1052.7 (59.6)^ 1053.9 (56.6)^ 0.77 
Cort BMC (mg/mm) 55.4 ± 14.1 55.2 ± 13.5 55.8 ± 15.7 0.77 
Cort A (mm2) 52.5 ± 11.9 52.4 ± 11.4 52.7 ± 13.3 0.83 
Tot A (mm2) 171.9 (42.9)^ 170.4 (42.2)^ 175.8 (42.9)^ 0.41 
PC (mm) 33.0 ± 3.5 33.0 ± 3.3 32.9 ±3.9 0.69 
EC (mm) 20.7 ± 3.6 20.8 ± 3.5 20.4 ± 3.8 0.44 
Crt Thk (mm) 2.0 ± 0.4 2.0 ± 0.4 2.0 ± 0.4 0.56 
SSI (mm3) 164.0 (68.9)^ 160.0 (68.3)^ 175.6 (66.0)^ 0.56 
     
Femur (20%)     
Cort vBMD (mg/cm3) 1058.3 ± 27.7 1059.2 ± 27.0 1055.6 ± 29.6 0.30 
Cort BMC (mg/mm) 192.0 (54.2)^ 193.7 (51.7)^ 189.2 (55.0)^ 0.48 
Cort A (mm2) 186.1 ± 34.7 186.9 ± 34.0 183.9 ± 36.7 0.51 
Tot A (mm2) 413.9 (139.2)^ 412.2 (137.6)^ 415.7 (141.4)^ 0.51 
PC (mm) 79.8 ± 8.9 79.7 ± 8.9 79.9 ± 8.8 0.90 
EC (mm) 63.5 ± 8.9 63.3 ± 9.0 63.8 ± 8.8 0.67 
Crt Thk (mm) 2.6 ± 0.4 2.6 ± 0.4 2.6 ± 0.4 0.26 
SSI (mm3) 1543.3 (646.9)^ 1550.9 (651.5)^ 1540.4 (602.3)^ 0.87 
     
Tibia (66%)     
Cort vBMD (mg/cm3) 1034.2 ± 36.1 1036.1 ± 36.1 1028.8 ± 35.8 0.11 
Cort BMC (mg/mm) 206.8 ± 43.6 207.9 ± 41.4 203.6 ± 49.4 0.44 
Cort A (mm2) 199.5 ± 39.2 200.3 ± 37.5 197.1 ± 43.7 0.52 
Tot A (mm2) 395.0 (120.8)^ 396.8 (118.7)^ 391.8 (120.5)^ 0.87 
PC (mm) 74.6 ± 7.2 74.6 ± 7.3 74.7 ± 7.2 0.93 
EC (mm) 55.3 ± 7.2 55.1 ± 7.3 55.6 ± 6.9 0.60 
Crt Thk (mm) 3.1 ± 0.5 3.1 ± 0.5 3.0 ± 0.5 0.31 
SSI (mm3) 1413.0 (575.5)^ 1413.0 (582.4)^ 1413.0 (483.7)^ 0.78 
     
Tibia (4%)     
Trab vBMD (mg/cm3) 226.7 ± 28.0 226.9 ± 27.8 226.2 ± 28.9 0.85 
Trab A (mm2) 484.6 ± 102.5 481.0 ± 97.9 494.8 ± 114.6 0.32 
Tot vBMD (mg/cm3) 302.6 ± 37.8 303.8 ± 36.2 299.2 ± 42.1 0.33 
Tot A (mm2) 604.8 (151.5)^ 605.2 (159.1)^ 602.9 (134.1)^ 0.36 
BSI (mg/cm4) 54.1 (23.3)^ 54.6 (22.1)^ 53.1 (23.3)^ 0.68 
Cort vBMD, cortical volumetric bone mineral density; Cort BMC, cortical bone mineral content; Cort A, 
cortical area; Tot A, total bone cross-sectional area; PC, periosteal circumference; EC, endosteal 
circumference; Crt Thk, cortical thickness; SSI, strength strain index; Trab vBMD, trabecular volumetric 
bone mineral density; Trab A, trabecular area; Tot vBMD, total volumetric bone mineral density; BSI, bone 
strength index 
^median (interquartile range) 
1Test of significance between groups based on two-sample t-test  
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Table	3:	Multiple	linear	regression	of	total	body	lean	and	fat	mass	as	independent	
predictors	of	bone	density,	geometry,	and	strength	in	weight-bearing	and	non-
weight-bearing	skeletal	sites	
	
	 Log	lean	

mass	(β)	
p-value	 Log	fat	

mass	(β)	
p-value	 Adjusted	

R2	
Non-weight	bearing	diaphyseal	 	 	 	 	 	

Radius	(66%)	 	 	 	 	 	
Log	Cort	vBMD	 -0.12	 0.33	 -0.10	 0.16	 0.10	
Cort	BMC	 0.52	 0.0001	 -0.11	 0.04	 0.52	
Log	Cort	A	 0.55	 0.0001	 -0.10	 0.07	 0.53	
Log	Tot	A	 0.83	 0.0001	 0.03	 0.50	 0.61	
PC	 0.57	 0.0001	 0.09	 0.14	 0.44	
EC	 0.29	 0.02	 0.24	 0.001	 0.11	
Crt	Thk	 0.39	 0.0001	 -0.23	 0.0001	 0.35	
Log	SSI	 0.67	 0.0001	 0.002	 0.96	 0.58	

	 	 	 	 	 	
Weight	bearing	diaphyseal	 	 	 	 	 	

Femur	(20%)	 	 	 	 	 	
Cort	vBMD	 -0.35	 0.01	 -0.04	 0.56	 0.13	
Log	Cort	BMC	 0.51	 0.0001	 0.04	 0.35	 0.73	
Log	Cort	A	 0.58	 0.0001	 0.05	 0.25	 0.74	
Log	Tot	A	 0.74	 0.0001	 0.16	 0.0001	 0.73	
Log	PC	 0.46	 0.0001	 0.15	 0.001	 0.70	
Log	EC	 0.36	 0.0001	 0.16	 0.003	 0.51	
Log	Crt	Thk	 0.40	 0.001	 -0.07	 0.30	 0.21	
Log	SSI	 0.53	 0.0001	 0.07	 0.05	 0.82	

	 	 	 	 	 	
Tibia	(66%)	 	 	 	 	 	
Cort	vBMD	 -0.36	 0.003	 -0.03	 0.63	 0.22	
Log	Cort	BMC	 0.60	 0.0001	 0.08	 0.06	 0.71	
Log	Cort	A	 0.71	 0.0001	 0.09	 0.03	 0.72	
Log	Tot	A	 0.84	 0.0001	 0.17	 0.0001	 0.74	
Log	PC	 0.59	 0.0001	 0.15	 0.002	 0.63	
Log	EC	 0.36	 0.001	 0.14	 0.03	 0.30	
Crt	Thk	 0.54	 0.0001	 0.02	 0.71	 0.33	
Log	SSI	 0.68	 0.0001	 0.13	 0.0001	 0.78	

	 	 	 	 	 	
Weight	bearing	metaphyseal	 	 	 	 	 	

Tibia	(4%)	 	 	 	 	 	
Trab	vBMD	 0.73	 0.0001	 0.12	 0.09	 0.18	
Trab	A	 0.36	 0.001	 0.11	 0.07	 0.38	
Tot	vBMD	 0.63	 0.0001	 0.06	 0.38	 0.16	
Log	Tot	A	 0.47	 0.0001	 0.13	 0.02	 0.51	
Log	BSI	 0.86	 0.0001	 0.14	 0.007	 	0.58	

n=	326	
β=standardized	beta-coefficient	adjusted	for	maturity	offset,	height,	ethnicity	and	fat	mass	or	lean	
mass	
Cort	vBMD,	cortical	volumetric	bone	mineral	density	(mg/cm3);	Cort	BMC,	cortical	bone	mineral	
content	(mg/mm);	Cort	A,	cortical	area	(mm2);	Tot	A,	total	bone	area	(mm2);	PC,	periosteal	
circumference	(mm);	EC,	endosteal	circumference	(mm);	Crt	Thk,	cortical	thickness	(mm);	SSI,	
strength-strain	index	(mm3);	BSI,	bone-strength	index	(mg/cm4)	
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Abstract 

Background/Objective: Childhood obesity has been separately associated with 

cardiometabolic risk factors (CMR) and increased risk of fracture. However, both 

augmented and compromised bone mass have been reported among overweight/obese 

children. Metabolic dysfunction, often co-existing with obesity, may explain the 

discrepancy in previous studies. The aim of this study was to examine whether the 

relationship between adiposity and dual-energy x-ray absorptiometry (DXA) derived 

bone mass differed in young girls with and without CMR(s).  

Subjects/Methods: Whole body bone and body composition measures by DXA and 

measures of CMR (fasting glucose, high density lipoprotein cholesterol-HDL-C, 

triglyceride-TG, systolic and diastolic blood pressure, waist-circumference-WC) were 

obtained from 307, 9-12 year old girls. Girls with 1 or ≥ 2 CMR(s) were considered to be 

at risk (vs. no CMR). Multiple linear regression was used to test the relationship of total 

fat mass with total body bone mineral content (BMC) after controlling for height, lean 

mass, CMR risk, and other potential confounders. 

Results: There was a significant interaction between CMR risk and total body fat mass. 

When girls were stratified by CMR group, all groups had a significant positive 

relationship between fat mass and BMC (p<0.05), however girls with ≥ 2 CMRs had a 

lower BMC for a given level of body fat. Total body fat was not significantly related to 

bone mineral density (p>0.05).  

Conclusion: Fat mass has a positive relationship with BMC even after controlling for 

lean mass. However, the positive relationship of fat mass with BMC may be attenuated if 

multiple CMRs are present. 
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Introduction 

Childhood obesity is a major health concern leading to Type 2 Diabetes and 

cardiovascular disease.(196) A growing body of research suggests that childhood obesity 

may also impair bone development leading to decreased bone mineral content (BMC), 

density (BMD), strength and structural properties.(7) Although it has been reported that 

obese children are not more at risk of fracture than normal weight children(197), several 

studies have indicated the contrary, with findings of an increased prevalence and risk of 

certain fractures in overweight and obese children.(25, 198-200) These findings challenge 

the past notion that excess adiposity is protective against fractures and enhances bone 

strength due to the increase in mechanical loading on the skeleton stimulating bone 

formation.(2).  

 

Comparing bone mass of overweight and obese children to normal weight children is 

complicated, as overweight and obese children tend to be more advanced in maturation 

causing them to be taller and to reach peak height velocity sooner than children who are 

of normal weight.(7) In addition to having more fat mass, overweight and obese children 

also have higher amounts of lean mass, which is a major determinant of bone strength.(6) 

Thus, the higher bone mass seen in overweight and obese children may be primarily 

driven by the loading imposed by muscle forces on the skeleton instead of the extra 

weight of adipose tissue. Even after controlling for important confounders such as 

maturation, height, and lean mass, results are mixed with reports of augmented(8, 9) or 

compromised bone mass accrual in overweight and obese children.(10)  
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The conflicting results may be due to the presence of metabolic abnormalities in some but 

not all overweight and obese children.(7) These metabolic abnormalities may 

compromise gains in bone mass in overweight and obese children, despite the increased 

loading on bone with excess weight.  Several possible mechanisms have been proposed to 

explain the consequences of obesity-related metabolic dysfunction for bone. Pre-diabetes 

and type 2 diabetes, which occur in a setting of low-grade inflammation, have negative 

associations with bone mass.(3, 97) Whether altered metabolic factors associated with 

these conditions directly alter bone or serve as biomarkers for other adverse systemic 

changes is not clear, although, for example, there is some pre-clinical evidence and 

clinical evidence in adults that high cholesterol can alter bone cell function leading to a 

decrease in bone mineral density.(201) Beyond the adverse metabolic effects of excess 

adiposity, lifestyle factors that contribute to obesity such as lack of physical activity and 

poor diet, can also contribute to impaired bone development.(4, 12)   

 

Though methodological differences such as the skeletal site assessed, bone parameters 

reported, differences in confounders and covariates included in the statistical analysis, as 

well as differing demographics may contribute to the conflicting relationship reported 

between excess fat mass and bone in children, there is a paucity of research exploring the 

effects of CMRs.(202) Understanding how obesity and its metabolic consequences effect 

bone development in children, especially during the two years surrounding the adolescent 

growth spurt when peak bone mineral density occurs, is an important clinical question as 

impaired bone growth during this time likely leads to suboptimal peak bone mass, 

increasing the risk for fractures and developing osteoporosis later in life.(3, 18) The aim 
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of this study was to examine whether the relationship between whole body adiposity and 

DXA-derived total body bone mass in 9-to-12 year old girls differed depending on the 

number of CMRs present.  

 

Subjects and Methods 

Study population 

Three hundred and thirty-two girls aged 9-12 years were recruited from local schools, 

pediatric clinics, and wellness community events in Tucson, Arizona to participate in the 

Soft Tissue And Bone Development in Young GiRls (“STAR”) study, designed to assess 

the effects of adiposity and related metabolic risk factors on bone development in girls 

(Clinical trials # NCT02654262). The study protocol was approved by the University of 

Arizona Human Subjects Protection Committee. Written informed consent was obtained 

from all participants and their parents or legal guardians. Exclusion criteria included: 

diagnosis of diabetes, taking any medications that alter body composition, physical 

disability that limits physical activity, and learning disability that limited completion of 

questionnaires or otherwise made the participant unable to comply with assessment 

protocols.  

 

Anthropometry 

Anthropometric measures were obtained according to standardized protocols.(102) Body 

mass was measured to the nearest 0.1 kg using a calibrated scale (Seca, Model 881, 

Hamburg, Germany). Standing and sitting height were measured at full inhalation to the 

nearest mm using a stadiometer (Shorr Height Measuring Board, Olney, MD). Using a 
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flexible tape and with the subjects standing, waist circumference (WC) was measured at 

the umbilicus in cm. Leg length was determined by subtracting sitting height from 

standing height. The mean of two measurements of weight, standing height, sitting height 

and WC were used in the analysis. Measurements were repeated if they differed by ≥0.3 

kg for body mass, ≥0.5 cm for height, and ≥1 cm for WC. If repeat measures were 

required, the mean of the second set of measures was used.(98) BMI was calculated as 

weight (kg) divided by height (m) squared. Based on CDC growth charts, BMI 

percentiles specific for age and gender were used to categorize girls as either underweight 

(<5th percentile), normal weight (≥5th and <85th percentiles), overweight (≥85th and <95th 

percentiles), or obese (≥95th percentile).(103)  

 

Physical Maturation 

The use of chronological age as a proxy for maturation status is limited as there can be 

important differences in maturation in children of the same age, especially during the pre-

pubertal and pubertal years.(106) Thus, in the “STAR” study, maturation was assessed 

several ways. First, a self-reported questionnaire was used where girls rated their breast 

and pubic hair development based on pictures illustrating the Tanner stages of pubertal 

maturation (107) in addition to self-reporting menarcheal status. Understanding that the 

ability of self-reported Tanner staging to accurately assess maturation is limited(108, 

109), maturation was also assessed using maturity offset, an estimate of years from peak 

height velocity (PHV) that is estimated from age and anthropometric measures (height, 

weight, sitting height, and leg length) using the Mirwald equation.(106) The maturity 

offset has been shown to explain 89% of the variance in years from PHV.(106) After 
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PHV is reached maturity offset is positive, while a negative maturity offset represents 

years before PHV.  

 

Dual-energy X-ray absorptiometry (DXA) 

Measures of whole-body BMC, areal bone mineral density (aBMD, bone area (BA), fat 

mass, and lean mass were obtained from dual energy x-ray absorptiometry (DXA) using 

GE/Lunar Radiation Corp (Madison, WI) Prodigy using software version 13.60.033 

(n=287) and iDXA software version 16.20.059 (n=45) following standard subject 

positioning and data acquisition protocols. The within-subject variation for bone and soft 

tissue in our laboratory has been previously reported.(124, 125) The DXA was calibrated 

daily according to manufacturer guidelines. DXA scan analyses were performed by one 

certified technician.  

 

Metabolic measures 

Details regarding the collection and analysis of metabolic measures have previously been 

described.(191) In brief, serum from fasting blood samples was used to measure glucose, 

triglycerides (TG), and high density lipoprotein cholesterol (HDL-C) by a CLIA certified 

laboratory. Systolic and diastolic blood pressure was measured using an automated blood 

pressure monitor (Omron HEM-907XL). Blood pressure measurements were performed 

in triplicate with the subject in a seated position following 15 minutes at rest and using an 

appropriately sized BP cuff. The mean of the three measurements was used in analysis. 

 

The criteria for CMR in this study were based on the National Cholesterol Education 
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Program Adult Treatment Panel III (NCEP ATP III) definition of metabolic syndrome 

modified for age.(118) According to the modified NCEP ATP III definition, an individual 

is determined to have metabolic syndrome (MetS) if 3 of the 5 following criteria are met: 

a waist circumference ≥90th percentile for age and sex(120), HDL cholesterol ≤40 

mg/dL(118), triglycerides ≥110 mg/dL(118), systolic or diastolic blood pressure ≥90th 

percentile for age, sex, and height(121), and fasting glucose ≥100 mg/dL.(122) Due to the 

low prevalence of MetS in this study (12%, n=36) using the modified NCEP ATP III 

criteria(118, 123) and to facilitate comparisons with previous work examining metabolic 

risk and BMC (79), girls were categorized into three groups: those having 1) no MetS 

risk factors, 2) 1 MetS risk factor, or 3) ≥2 MetS risk factors (i.e. CMR=0, CMR=1, 

CMR ≥2)   

 

Physical Activity and Diet Assessment 

Physical activity was assessed objectively using Actigraph GT3X+ (Pensacola, FL) 

accelerometers. All girls were instructed to wear the accelerometer on their hip for seven 

consecutive days. The accelerometers were initialized for data collection at a 30hz 

frequency. Data were saved in 60-second epochs with the “low frequency extension” 

option selected. Estimates of daily MVPA performed during the 7-day wear period were 

made using algorithms and cut-points developed by Evenson et al.(110)  

 

Physical activity was also assessed using the past year physical activity questionnaire 

(PYPAQ), which has been validated in adolescents.(111) This questionnaire has been 

previously modified to include a comprehensive list of 41 common youth activities and 
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used to survey all sport and leisure-time physical activity in which subjects had engaged 

at least 10 times in the past year outside of school physical education classes.(112) 

Participants were asked to record the average duration, weekly frequency, and the 

number of months of participation for each activity. The questionnaire was completed by 

the subject with the help of their parent(s)/guardian(s) and reviewed by a research 

technician during the measurement session to correct any issues regarding subjects’ 

responses. Daily minutes of MVPA were calculated using the duration, frequency and 

number of months for each activity provided by the subject. Activities were determined 

to be MVPA if they had a metabolic equivalent (MET) value greater than or equal to 3.0 

ml O2/kg of bodyweight per minute according to the CDC.(113) All MET values to 

determine MVPA were obtained from the Compendium of Energy Expenditures for 

Youth.(114)  

 

Dietary energy and nutrient intakes were assessed using the semi-quantitative Harvard 

youth/adolescent questionnaire (YAQ), which is a self-administered food-frequency 

questionnaire that has been validated in children and adolescents.(115) Participants filled 

out the questionnaire with assistance from parent(s)/guardian(s). Trained study staff 

reviewed the YAQs for completeness and coded them following standard coding 

procedures.(115) YAQs were then sent to Harvard T. H. Chan School of Public Health 

(Boston, MA) for nutrient analysis. 

 

Statistical Analysis 

Of the 332 participants recruited in the study, 307 were used in the analyses since 25 had 
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missing data on DXA measures, fasting blood, waist circumference, or racial/ethnic 

status. The sample size justification was based on the relationship observed between 

BMC and adiposity in children ages 7 to 11 years.(97) Our sample size provided 80% 

statistical power to detect statistically significant relationships between measures of bone 

mass and total body fat mass, assuming that the percent of variation explained in the 

linear regression models was at least 82.5% (similar to that observed in (97)).   

 

Descriptive statistics, including measures of central tendency (mean) and variability 

(standard deviation) for normally distributed variables and median (interquartile range) 

for skewed variables, were used to describe the characteristics of the full sample and the 

sample stratified by number of CMRs (CMR=0, CMR=1, and CMR ≥2). To compare 

differences in descriptive characteristics between the three CMR groups a one-way 

ANOVA with a Bonferroni adjustment for multiple comparisons was used to compare 

differences in continuous measures, a Kruskall-Wallis test for ordinal variables, and 

either a chi-square test or Fisher’s exact test for categorical variables.  

 

Multiple linear regression was used to test the relationship of total fat mass (kg) with 

BMC as dependent variables while controlling for CMR risk, maturity offset, height, total 

body lean mass, and ethnicity. Similar analyses using total body aBMD and BA as 

dependent variables were also performed and are presented in a supplementary table. 

Further adjustment of models for Tanner stage, MVPA assessed either by PYPAQ or 

objectively by accelerometry, energy intake (kcal/day), and essential bone micronutrients 

including calcium (mg/day) and Vitamin D (IU/d), did not substantially alter the 
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relationship of total body fat mass with BMC (β changed <0.001), nor did it alter the 

variance in BMC explained by the models (0.01 change in adjusted R2) (data not shown). 

Thus, Tanner stage, physical activity, and diet were not included in the final models as 

covariates.  Potential interactions between total body fat mass and CMR risk group 

(CMR=0, CMR=1, and CMR ≥2) as well as total body fat mass and ethnicity (Hispanic 

or non-Hispanic) were tested by inclusion of interaction terms in each model. There was 

no significant interaction between total body fat mass and ethnicity, thus Hispanic and 

non-Hispanic girls were included together in all regression models. Since there was a 

significant interaction between total body fat mass and CMR risk, regression models 

were stratified by CMR risk group. All models were checked for linearity, normality, and 

homoscedasticity and BMC was logarithmically transformed to meet linear regression 

assumptions. All results presented have been back-transformed for interpretability.  

 

A p-value of <0.05 was considered statistically significant. All analyses were performed 

using STATA (StataCorp LLC, College Station, TX, USA) version 13.1. 

 

Results 

Descriptive characteristics are shown in Table 1 for the total sample (n=307) and by 

CMR group (CMR=0, CMR=1, and CMR ≥2).  Of the 307 girls, 27% had ≥2 CMR, of 

whom n=47, 30, or 6 girls had 2, 3 and 4 risk factors respectively.  Considering each risk 

factor separately, WC greater than the 90th percentile for age and sex (38% of girls) and 

high TG (32%) had the highest prevalence, followed by elevated glucose (14%) and low 

HDL-C (13%). Only 1% of girls had a systolic or diastolic blood pressure greater than or 
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equal to the 90th percentile for age, sex, and height. A breakdown of the prevalence of 

each risk factor in girls with 1 and ≥2 CMR(s) is presented in Figure 1. Of the entire 

sample, 2% of girls were underweight, 58% normal weight, 16% overweight, and 24% 

were obese based on age and gender-specific established cut-points for percentiles of 

body mass index (BMI, kg/m2)(138). More girls in the overweight/obese group had ≥2 

CMR (85%) than girls in the normal weight group (14.5%). Girls with ≥2 CMRs had 

significantly more fat mass than girls with 1 and no CMR(s) (23.5 kg  vs. 15.1 kg and 8.5 

kg, respectively) with 91.6% of girls with ≥2 CMRs having a body fat percent greater 

than or equal to the 85th percentile for age (85th percentile range for girls aged 9-12 is 

28.0-32.6% total body fat).(104) In addition to having more fat, girls with ≥2 CMR had a 

significantly higher absolute amount of lean mass (29.3 kg vs. 26.6 kg and 23.2 kg), but a 

lower percent of lean mass compared to girls with 1 and no CMR(s) (56% vs. 62% and 

70% total body lean mass, respectively). There was no significant difference in age 

between girls with 1 CMR and those with ≥2 CMRs; however, girls with 1 CMR were 

slightly older than girls without risk factors. Despite only slight differences in age, the 

girls with CMRs were significantly taller and more mature (higher maturity offset and 

average Tanner breast stage (2.7 for CMR=1 and CMR≥2 vs. 2.1 for CMR=0)) compared 

to girls with no CMRs (Table 1). Girls with 1 and ≥2 CMRs also had significantly higher 

BMC, aBMD, and BA (p<0.0001). 

 

Results of linear regression models of total fat mass against total body BMC within the 

full sample and stratified by CMR group are presented in Table 2. There was a significant 

interaction between total fat and CMR group (p<0.05) when assessing the relationship 
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between total body fat mass and BMC. After adjustment for height, maturity offset, lean 

mass, and ethnicity, total body fat mass had a significant positive association with BMC 

in the full sample and all three CMR groups, although the slopes of the 1 and no CMR 

group were significantly steeper (β=1.012 and 1.010, respectively) than the slope for the 

≥2 CMR group (β=0.004) for BMC such that a one kilogram increase in total body fat 

mass resulted in a 1.1 and 1.2% increase in BMC when 1 or no CMRs were present, 

while a one kilogram increase in total body fat mass resulted in a 0.4% increase in BMC 

when ≥2 CMRs were present. The relationship of fat with bone was not significantly 

different between girls with 1 and no CMR(s). Similar results were observed for the 

relationship between BA with total body fat mass (Supplemental Table 1). There was no 

interaction effect of CMR group on the relationship of total body fat mass with aBMD 

and fat mass was not significantly associated with aBMD in any CMR group (p>0.05) 

(Supplemental Table 1). 

 

Figure 2 displays the predicted BMC values for each girl from the regression models in 

Table 2. In all three groups, increased total body fat corresponded to increased BMC. For 

a given fat mass greater than ~10kg, predicted gains in BMC extrapolated from cross-

sectional data were less in girls who had ≥2 CMR compared to girls with 1 or no 

CMR(s). Similarly, for a given fat mass greater than ~10kg, predicted increases in BA 

were less in girls who had ≥2 CMR (data not shown). 

 

Discussion 

The aim of this study was to assess the relationship between total body fat mass and DXA 
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total body BMC in girls with and without CMR risk. Our results showed that higher fat 

mass was associated with higher BMC, which was independent of lean mass, height, 

maturation, and ethnicity. Our findings are consistent with those of other studies, which 

have investigated the relationship between fat mass and BMC in children controlling for 

important confounders (e.g., lean mass, maturation, and height).(9, 86) Although fat mass 

had a positive relationship with BMC in our sample of girls, the relationship significantly 

differed in girls having ≥2 CMRs compared to girls with 1 and no CMR(s) such that for a 

fat mass greater than ~10kg, girls with <2 CMRs had a higher BMC than girls with ≥2 

CMRs. These findings suggest that the positive relationship between body fat and BMC 

as reported in other studies(9, 86), is attenuated by the presence of multiple CMRs. Our 

findings in this cohort of 9-to-12 year old predominately Hispanic girls with a wide range 

of body fat levels, are similar to those reported by Pollock et al. in two different cohorts 

of older overweight adolescents (boys and girls).(79, 97) Pollock et al. found that after 

controlling for age, sex, race, height, and fat free soft tissue, overweight male and female 

adolescents with either one or more CMRs as defined by the NECP adult treatment panel 

III definition modified by age, had significantly less total body BMC compared to the 

overweight adolescents with no CMRs.(79) In another study by Pollock et al., pre-

pubertal overweight children with pre-diabetes had significantly lower total body BMC 

than pre-pubertal overweight children with normal glucose levels after adjusting for sex, 

race, height, and lean mass or body weight, suggesting that impaired glucose regulation 

independent of weight has a negative effect on the skeleton.(97)  

 

The mechanism(s) whereby a clustering of CMRs significantly attenuates bone mass is 
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unclear. It has been suggested that many of the components of metabolic syndrome 

(MetS) are driven by the impaired storage capacity of hypertrophied, subcutaneous 

abdominal adipocytes and the resultant accumulation of visceral fat.(62) Dysfunctional 

subcutaneous and visceral adipose tissue are insulin resistant with increased lipolytic 

activity, secrete inflammatory cytokines into circulation, and together contribute to the 

development of insulin resistance of other tissues and the ensuing components of MetS 

(ie. glucose intolerance, dyslipidemia, and hypertension).(64) Plausible mechanisms have 

been proposed to explain the influence of inflammation, insulin resistance, and 

components of MetS on bone. For example, cell culture and human studies have provided 

evidence that increased secretion of pro-inflammatory cytokines, such as TNF-α, IL-1, 

and IL-6, from visceral fat promote osteoclast activity and bone resorption through 

regulation of the RANKL/RANK/OPG pathway.(84) Insulin resistance as well as 

increased levels of pro-inflammatory cytokines have been suggested to impair IGF-1 

signaling. (63, 85) IGF-1 has been found to play a major role in bone mineral accrual and 

linear skeletal growth both directly through binding to its receptor on osteoblast and 

indirectly through increasing lean mass.(74) While we are unable to determine the 

mechanism underlying the attenuated BMC in girls with ≥ 2 CMRs, it is possible that the 

associated insulin resistance and low-grade chronic inflammation, as well as specific 

CMR factors themselves, are synergistically contributing to the compromised bone 

accrual.  

 

In addition to contributing to the development of CMRs, excess fat can cause alterations 

in circulating hormones involved in bone metabolism, such as increased leptin and 



	 151	

decreased serum 25-hydroxyvitamin D (25OHD) levels, which can lead to elevation in 

parathyroid hormone (PTH).(203) Despite the known anabolic effects PTH can have on 

bone through inducing IGF-1 expression by osteoblast(204, 205), high levels of PTH, 

such as those occurring in Vitamin D deficiency induced secondary hyperparathyroidism, 

can negatively affect bone mineralization through decreased calcium and phosphate 

absorption and enhanced bone resorption.(206) High leptin levels associated with excess 

fat can indirectly suppress bone formation through its actions in the hypothalamus(207) 

and can induce PTH secretion from parathyroid glands(208), which in the presence of 

Vitamin D deficiency can potentially exacerbate the negative effects of PTH on bone. 

One of the limitations of this study was the absence of measurements of serum PTH, 

25OHD, and leptin, making us unable to determine if the reduced effect of fat on bone in 

girls with multiple CMRs in our study was partially due to greater alterations in the 

aforementioned hormones.  

 

Although DXA is the most widely used technique for measuring bone in children due to 

its low radiation exposure, speed, and availability, DXA measures of BMC, BA, and 

aBMD provide information on the material properties of bone. DXA is unable to estimate 

true vBMD of cortical and trabecular bone and does not provide measures of bone 

geometry and strength.(3) However, predicting bone strength and fracture risk requires 

knowing not only the material properties of bone but also the geometric properties (eg. 

size and shape).(13) Thus, we are unable to comment on bone strength with any certainty, 

despite the important contribution of BMC and BA. Three-dimensional imaging such as 

peripheral quantitative computed tomography (pQCT) would provide further information 
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on the relationship of CMR to bone geometric properties and strength. Nevertheless, 

DXA measures of BMC are strongly correlated with bone strength and continue to be the 

standard for evaluating bone health.(130) Another limitation is the focus on only 9-12 

year old girls, limiting the generalizability of our findings to boys and other age groups. 

 

A major strength of this study was our large sample (n=307) of females, eliminating any 

confounding due to sex differences in the relationship between fat mass and bone. 

Furthermore, our sample was ~70% Hispanic. To our knowledge, no other study has 

addressed the relationship of fat with bone while considering multiple CMRs within 

Hispanic youth, which has been an understudied and at risk population. We found the 

relationship among fat, CMRs, and bone to be similar in Hispanic girls as shown for 

other ethnicities.  

 

Our findings suggest that fat mass per se is not deleterious to bone, but the metabolic 

complications that often coexist with excessive fat accumulation do have a negative 

effect on bone. It is important to note that not all overweight and obese individuals suffer 

the traditional cardiometabolic risk factors (e.g., insulin resistance, dyslipidemia, and 

hypertension) that are often associated with excess body fat.(11) Indeed it has been 

demonstrated that about 1 in 5 to 1 in 3 children who are obese are metabolically 

healthy.(11) Mixed samples including so called metabolically healthy and at risk children 

likely explain many of the conflicting findings in the current literature. Future research 

should focus on these two distinct groups and prevention programs to promote bone 

health as well as cardiovascular health should be focused on overweight/obese children 
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who present with cardiometabolic risk factors, as these risk factors could potentially 

compromise peak bone mass acquisition and increase the risk of current and future 

fracture risk.  
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Table 1. Participant Characteristics  
 
 Full Sample 

(n=307) 
CMR = 0a  
(n=129) 

CMR = 1a 

(n=95) 
CMR ≥ 2a 

(n=83) 
p-
valuee 

Age (years) 10.8 (1.1) 10.6 (1.0) 11.0 (1.1)f 10.8 (1.0) 0.006 
      
Ethnicity [n(%)]     0.07 

Hispanic 225 (73.3%) 87 (67.4%) 70 (73.7%) 68 (81.9%)  
Non-Hispanic 82 (26.7%) 42 (32.6%) 25 (26.3%) 15 (18.1%)  

      
Maturity Offset (years) 0.3 (1.2) -0.2 (1.1) 0.6 (1.2)f 0.7 (1.0)f 0.00001 
      
Tanner breast stage [n(%)]     0.0001 
1 51 (16.6%) 35 (27.1%) 8 (8.4%) 8 (9.6%)  
2 109 (35.5%) 57 (44.2%) 30 (31.6%) 22 (26.5%)  
3 106 (34.5%) 25 (19.4%) 39 (41.1%) 42 (50.6%)  
4 33 (10.8%) 11 (8.5%) 14 (14.7%) 8 (9.6%)  
5 8 (2.6%) 1 (0.8%) 4 (4.2%) 3 (3.7%)  
      
Tanner pubic hair stage [n(%)]     0.0001 
1 169 (55.1%) 92 (71.3%) 35 (36.8%) 42 (50.6%)  
2 100 (32.6%) 27 (20.9%) 39 (41.1%) 34 (41.0%)  
3 24 (7.8%) 4 (3.1%) 16 (16.8%) 4 (4.8%)  
4 10 (3.3%) 5 (3.9%) 5 (5.3%) 0 (0.0%)  
5 4 (1.1%) 1 (0.8%) 0 (0.0%) 3 (3.6%)  
      
Menarche [n(%)] 62 (20.2%) 17 (13.2%) 29 (30.5%) 16 (19.3%) 0.006 
      
Weight (kg) 41.8 (19.7)^ 34 (10.1)^ 44.8 (16.8)^f 54.9 (19.2)^f,g 0.00001 
      
Height (cm) 146.0 (9.6) 142.7 (9.6) 148.0 (9.3)f 148.9 (8.6)f 0.00001 
      
BMI (kg/m2) 19.4 (6.9)^ 17.0 (2.7)^ 20.8 (5.8)^f 25.4 (5.5)^f,g 0.00001 
      
BMI Percentile Statusb [n(%)]     0.0001 

Underweight (<5th) 7 (2.2%) 5 (3.9%) 2 (2.1%) 0 (0.0%)  
Normal (≥5th and <85th) 178 (58.0%) 119 (92.2%) 47 (49.5%) 12 (14.5%)  
Overweight (≥85th<95th) 49 (16.0%) 5 (3.9%) 24 (25.3%) 20 (24.1%)  
Obese (≥95th) 73 (23.8%) 0 (0.0%) 22 (23.2%) 51 (61.4%)  

      
Percentiles of Total body fatc 
[n(%)] 

    0.0001 

<85th 140 (45.5%) 99 (76.7%) 34 (35.8%) 7 (8.4%)  
≥85th and <95th 66 (21.5%) 22 (17.1%) 27 (28.4%) 17 (20.5%)  
≥95th 101 (33.0%) 8 (6.2%) 34 (35.8%) 59 (71.1%)  

      
      
DXA measures      
aBMD (g/cm2) 0.9 (0.09) 0.9 (0.08) 0.9 (0.09)f 1.0 (0.08)f 0.00001 
      
BA (cm2) 1565.0 (436.9)^ 1415.8 (328.2)^ 1606.2 (416.6)^f 1736.0 (379.4)^f 0.00001 
      
BMC (g) 1428.7 (556.1)^ 1225.4 (373.6)^ 1539.2 (598.1)^f 1621.1 (544.2)^f 0.00001 
      
Total fat mass (kg) 13.3 (13.0)^ 8.5 (4.3)^ 15.1 (11.3)^f 23.5 (12.7)^f,g 0.00001 
      
Total body fat (%) 32.6 (9.9) 26.1 (6.7) 33.9 (8.8)f 41.2 (7.7)f,g 0.00001 
      
Total lean soft tissue mass (kg) 26.2 (8.0)^ 23.2 (6.1)^ 26.6 (7.5)^f 29.3 (8.7)^f,g 0.00001 
      
Total body lean (%) 63.9 (9.5) 70.2 (6.5) 62.6 (8.6)f 55.6 (7.4)f,g 0.00001 



	 155	

      
CMRs      
Waist circumference (cm) 73.0 (19.8)^ 64.8 (7.9)^ 76.6 (14.8)^f 87.9 (14.7)^f,g 0.00001 
      
Waist circumference percentiled 82.0 (42.0)^ 56.0 (35.0)^ 89.0 (25.0)^f 97.0 (5.0)^f,g 0.00001 
      
HDL-C (mg/dL) 50.0 (13.0)^ 56.0 (12.0)^ 49.0 (9.0)^f 42.0 (11.0)^f,g 0.00001 
      
TG (mg/dL) 89.0 (54.0)^ 71.0 (34.0)^ 91.0 (46.0)^f 143.0 (66.0)^f,g 0.00001 
      
Systolic blood pressure (mmHg) 99.7 (8.9) 97.7 (8.5) 99.9 (8.4) 102.6 (9.4)f 0.0004 
      
Diastolic blood pressure 
(mmHg) 

63.5 (7.2) 61.9 (6.6) 63.4 (7.2) 66.1 (7.4)f,g 0.0002 

      
Fasting glucose (mg/dL) 92.9 (6.8) 89.5 (5.3) 94.1 (6.0)f 96.7 (7.4)f,g 0.00001 
aBMD = areal bone mineral density; BA = bone area; BMC = bone mineral content; HDL-C= high density lipoprotein 
cholesterol (mg/dL); TG = triglycerides; CMR = cardiometabolic risk factors 
^median (interquartile range) 
aCMRs included: a waist circumference ≥90th percentile for age and sex, HDL cholesterol ≤40 mg/dL, triglycerides 
≥110 mg/dL, systolic or diastolic blood pressure ≥90th percentile for age, sex, and height, and fasting glucose ≥100 
mg/dL 
bBMI	percentiles	specific	for	age	and	gender	based	on	CDC	growth	charts138 
cFat percentiles based on body fat percentile curves for US children and adolescent104 

dPercentile specific for age and gender 
eTest of significance between groups were conducted using ANOVA for continuous variables, Kruskall-Wallis for 
ordinal variables, and either a χ2 test or Fisher’s exact test for categorical variables 
fSignificantly different from CMR=0 
gSignificantly different from CMR=1 
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Table 2. Linear regression of total body fat mass against DXA bone mineral content (BMC) within full 
sample and by cardiometabolic risk (CMR) group 
 
 BMC (g)^ 

Full sample n=307 
total body fat mass (kg)  

β (95%CI) 1.006 (1.005, 1.008) 
SE 0.0009 
p-value 0.0001 
Adjusted R2 0.86 

  
CMR = 0 n=129 
total body fat mass (kg)  

β (95%CI) 1.012 (1.007, 1.017) 
SE 0.002 
p-value 0.0001 
Adjusted R2 0.84 

  
CMR = 1  n=95 
total body fat mass (kg)  

β (95%CI) 1.010 (1.007, 1.014) 
SE 0.002 
p-value 0.0001 
Adjusted R2 0.86 
  

CMR ≥ 2  n=83 
total body fat mass (kg)  

β (95%CI) 1.004 (1.000, 1.007) 
SE 0.002 
p-value 0.05 
Adjusted R2 0.80 

β = regression coefficient adjusted for height (cm), maturity offset (yrs), lean mass (kg), and ethnicity 
(Hispanic vs. non-Hispanic); SE = standard error; BMC = bone mineral content; CMR = cardiometabolic 
risk factors 
^results presented have been back-transformed  
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Figure 1. Prevalence of risk factors by cardiometabolic risk (CMR) group 
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Figure 2. Relationship of DXA total body BMC with total body fat mass for girls with 0, 
1, or ≥ 2 cardiometabolic risk factors (CMRs) adjusted for height (cm), maturity offset 
(yrs), lean mass (kg), and ethnicity (Hispanic vs. non-Hispanic).  
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Supplemental Table 1. Linear regression of total body fat mass against DXA total body bone area (BA) 
and areal bone mineral density (aBMD) within full sample and by cardiometabolic risk (CMR) group 
 
 BA (cm2)^ aBMD (g/cm2) 
Full sample n=307 n=307 
total body fat mass (kg)   

β (95%CI) 1.006 (1.005, 1.007)^ 0.0003 (-0.0007, 0.001) 
SE 0.0007 0.0005 
p-value 0.0001 0.61 
Adjusted R2 0.85 0.60 

   
CMR = 0 n=129	 n=129	
total body fat mass (kg)   

β (95%CI) 1.011 (1.008, 1.015)^ 0.0005 (-0.003, 0.004) 
SE 0.002 0.002 
p-value 0.0001 0.77 
Adjusted R2 0.84 0.42 

   
CMR = 1  n=95	 n=95	
total body fat mass (kg)   

β (95%CI) 1.009 (1.007, 1.012)^ 0.001 (-0.0006, 0.003) 
SE 0.001 0.0010 
p-value 0.0001 0.16 
Adjusted R2 0.86 0.64 
   

CMR ≥ 2  n=83	 n=83	
total body fat mass (kg)   

β (95%CI) 1.004 (1.001, 1.007)^ -0.0001 (-0.002, 0.002) 
SE 0.001 0.0009 
p-value 0.005 0.90 
Adjusted R2 0.79 0.59 

β = regression coefficient adjusted for height (cm), maturity offset (yrs), lean mass (kg), and ethnicity; SE = 
standard error; BA = bone area; aBMD = areal bone mineral density; CMR = cardiometabolic risk factors 
^results presented have been back-transformed  
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