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ABSTRACT 

This project sought to determine relationships among changes in plasma 25(OH)D, plasma IGF-

I, and BMC in prepubertal females (N = 76; aged 4 to 8 years), over a period of up to 9 years. 

BMC was measured using DXA. Plasma 25(OH)D and plasma IGF-I were assessed using 

ELISA and RIA, respectively. Linear mixed modeling that was employed to analyze the 

proportion of variance each explained on the four bone outcomes. IGF-I was more strongly 

associated with BMC accrual than 25(OH)D at the total proximal femur (R2 = 0.847 vs. 0.771), 

radius (R2 = 0.812 vs. 0.759), and lumbar spine (R2 = 0.759 vs. 0.698). At each skeletal site, the 

rate of BMC accrual was negatively associated with changes in 25(OH)D, but positively 

associated with changes in IGF-I. These longitudinal data in early adolescent females indicate 

that both 25(OH)D and IGF-I have a significant impact on bone mineral accrual. 
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CHAPTER 1 

INTRODUCTION 
 
 

Osteoporosis is a degenerative disease characterized by low bone mass and 

structural deterioration of bone tissue leading to fragile bones that are vulnerable to 

fracture. Healthy People 2010 identified osteoporosis as a public health focal area in the 

United States.(1) An estimated 10 million Americans are diagnosed with osteoporosis, and 

an additional 34 million individuals have low bone mass placing them at an increased risk 

of developing the disease.(2) Together these individuals comprise 55% of the population 

aged 50 years and older. One in two women and one in four men over the age of 50 years 

will suffer an osteoporosis-related fracture. In 2005, the projected healthcare expenditure 

associated with osteoporosis related fractures was 19 billion dollars. These costs are 

expected to rise to 25.3 billion dollars by year 2025.(2)  

One of the aims of osteoporosis prevention is to optimize bone strength during 

childhood.(3) The majority of bone acquisition occurs between 10 to 18 years. At least 

90% of peak bone mass (PBM) is acquired by age 18.(4) Peak bone mass and the 

subsequent loss of bone are contingent on the interaction between genetic, hormone, 

nutrition, and environmental factors, yet it remains unclear to what extent each of these 

key factors modulates bone growth.(5) Much of the research in children and adolescents 

has focused on exogenous lifestyle and environmental factors governing bone mass 

accrual. In order to efficaciously address osteoporosis prevention efforts, it is necessary 
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to better delineate the endocrine factors that influence bone mineral accrual during 

growth.  

Recently, there has been heightened interest in vitamin D and the active role it 

plays in bone metabolism. An increasing number of older adults are at increased risk for 

vitamin D deficiency. In adults, poor vitamin D status results in decreased calcium 

absorption and elevated levels of parathyroid (PTH) hormone and is related to low bone 

mass and increased risk of fracture.(6,7) While the relationships between serum 25(OH)D 

and bone in adults are more clearly documented, major gaps still exist with regard to our 

understanding of the vitamin D status of growing children.      

 Few studies have been conducted in children to examine vitamin D status and bone 

mineral accrual over time. In a 12-month double blind, placebo-controlled vitamin D 

supplementation trial in 10 to 17 year-old Lebanese females conducted by El-Hajj 

Fuleihan et al(8) significant negative correlations between baseline 25(OH)D and the 1-

year percent change in spine bone mineral content [BMC (r= -0.20)], femoral neck BMC 

(r= -0.16), and radius BMC (r= -0.17) were reported (P<0.05 for all) indicating that those 

girls with low baseline 25(OH)D values responded to supplementation to a greater extent 

than girls with higher baseline 25(OH)D values.       

 Preliminary data from our laboratory in pre- and early- pubertal females over a time 

frame of 1 to 7 years showed a significant effect of 25(OH)D on BMC gains, with the 

greatest rates of accrual occurring for participants with lower levels of plasma 

25(OH)D.(9) There is a need to elucidate the relationship of vitamin D and bone in the 

pediatric population; it is not currently known if increased vitamin D favorably alters 

accrual of bone mass during adolescence. Based on our laboratory’s preliminary findings, 
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an NIH reviewer suggested vitamin D may not be essential to mineral accrual in growing 

children. The reviewer further posed the question, which hormones are preeminent in 

bone development? It may be that during childhood other hormones, particularly insulin-

like growth factor I (IGF-I), may exert a greater influence on bone mineral accrual.    

 IGF-I regulates cells involved in the development and homeostatic maintenance of 

bone and cartilage.(10,11,12) In vitro and in vivo studies provide substantive evidence to 

indicate IGF-I involvement in osteoblast and osteoclast cell proliferation. The pubertal 

period is marked by a rapid increase of serum concentrations of IGF-I.(13) Secretion of 

IGF-I and bone mineral accrual follow analogous curves, increasing during pubertal 

maturation, peaking in the years surrounding peak height velocity (PHV), and declining 

thereafter. (12,14,15,16) A cross-sectional study by Libanati et al(17) observed a significant 

positive correlation between serum IGF-I and lumbar BMC, adjusted for BMI, in Tanner 

stages II and III (r=0.67 and r=0.60, respectively; P<0.05). In a prospective analysis of 

1,119 healthy adolescents, Léger and colleagues reported serum IGF-I to be positively 

correlated with both bone alkaline phosphatase (BAP) and CrossLaps before puberty 

(Tanner 1: ρ= 0.17, P≤0.01 and ρ= 0.30, P≤0.0001; respectively) and after puberty 

(Tanner 5: ρ=0.15 and ρ=0.13, respectively; P≤0.01). 

 The purpose of this project was to gain a better understanding of the hormonal 

influences on bone growth through prospective investigation of the relationships between 

BMC accrual and plasma concentrations of both IGF-I and 25(OH)D in pre- and early-

pubertal females, ages 4 to 15. We hypothesize that changes in plasma concentrations of 

IGF-I are more strongly associated with BMC accrual than changes in plasma 

concentration of 25(OH)D. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

 

In order to gain a better understanding of hormones and bone mineral accrual, this 

chapter provides a compendium of the current empirical literature that discusses: biology 

of bone, skeletal development in children, and the determinants of peak bone mass. In 

particular, hormonal influences on bone will be addressed, with a primary focus being on 

insulin-like growth factor I (IGF-I) and vitamin D. 

Bone Biology 

Anatomy 

 Bones are vital to the body for functioning in movement, mechanical support, and 

protection of body structures. Additionally, they are responsible for blood cell production 

and serve as a mineral reservoir in the body.(1) Bone consists of three components: an 

organic matrix, an inorganic matrix, and water. The structural, mechanical, and 

biochemical properties of bone are partially determined by the organic matrix, which is 

comprised of Type I collagen, bone cells, and noncollagen proteins. The inorganic 

component is crystalline hydroxyapatite formed from calcium and phosphorous. Bone 

accounts for 98% of calcium in the body; the remaining 2% resides in the blood.(3)  

Types of bone 

There are two types of bone: cortical bone and cancellous bone. Cortical bone, 

accounting for 80% of skeletal mass, is the dense calcified tissue that makes up the outer 
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portion of most bones and the shaft of long bones.(4) The hard, rigid cortical bone tissue 

provides the skeleton with compression strength. Cortical bone is organized into 

functional units called osteons, which are composed of a Haversian canal surrounded by 

collagen (see figure 1). The collagen is organized into concentric rings. Cavities called 

lacunae, embedded within these rings, house osteocytes. Through channels called 

canaliculi, osteocytes residing in the lacunae communicate with the central Haversian 

canal that surrounds blood vessels, nerve fibers, and lymphatics. Cancellous bone is 

predominately located in the axial skeleton, flat bones, and the ends of long bones. 

Cancellous bone is also known as trabecular bone because it is arranged into thin 

calcified honeycomb-like structures called trabeculae. This configuration places the 

trabecular bone in contact with blood vessels, connective tissue, and bone marrow, which 

allows the network to function metabolically.(5,6)  

 

Figure 1. The microstructure of bone. Adapted from SEER training 

module.(7) 
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Bone cells 

Bone cells function in regulating bone metabolism. There are three types of bone 

cells: osteoblasts, osteoclasts, and osteocytes. Osteoclast cells are responsible for bone 

resorption, the removal of damaged bone tissue. Osteoclasts are sizeable multinucleated 

cells that have an ephemeral lifespan of approximately 2 weeks.(8) These cells contain a 

ruffled border surrounded by contractile protein with which they use to attach themselves 

to bone. Once attached, the osteoclasts form a resorption cavity known as a Howship 

lacuna. Lysosomal enzymes secreted from the osteoclast’s ruffled border breakdown the 

inorganic hydroxyapatite, and the remaining collagen is removed by cathepsin or 

collagenase.(9) Osteoblasts are cuboidal single nucleated cells that are responsible for the 

synthesis and deposition of bone matrix. The number of osteoblasts at the lacunae sites 

determines the rate of bone formation. Osteoblast cells either evolve into osteocytes or 

become inactive cells that line bone surfaces. Osteocytes are flattened mature cells that 

comprise 90 to 95% percent of bone cells.(10)  

Bone remodeling and bone modeling  

Throughout life, bones are constantly undergoing the process of bone remodeling. 

Bone remodeling is the process by which the microstructure of bones is repaired through 

replacement of fatigued bone with newly formed tissue (see figure 2). The process is 

mediated by osteoclasts and does not result in a net gain of bone mass, rather it is a 

coupled process by which the removal of bone initiates bone formation. This coupling of 

bone formation to resorption is likely directed by the insulin-like growth factor system.(11) 

Remodeling occurs at discrete loci of the bone. Bone that is going through remodeling is 

called a basic structural unit, and the cells involved in this process make up the basic 
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multicellular unit. Approximately 20% of cancellous bone undergoes remodeling at a 

given time, and in a period of about 2 years every surface of bone is remodeled.(12) At the 

end of the remodeling process, the osteoblasts become osteocytes (see figure 2). The 

process of bone remodeling is affected by various environmental factors including dietary 

intake and physical activity. Hormones, in particular, exert a great influence over the 

osteoblast and osteoclast activity. When homeostatic mechanisms of bone remodeling 

become off balance uncoupling can occur, resulting in a net loss or a net gain of bone. 

The increased resorption activity can lead to bone loss.  

During periods of growth and bone healing, new bone is formed on existing bone 

through the process of bone modeling. During modeling, bone resorption and formation 

occur at different sites, and therefore, the alterations in structure are not dependent on the 

coupled activity of osteoblasts and osteoclasts. Modeling changes the shape of bone 

through apposition of bone on the outer or periosteal surface and resorption on the inner 

endosteal surface. Bone modeling is directed by both genetic determinants and the 

responses to load.  
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Figure 2. Bone remodeling process. Adapted from Compston et al(13) 

Bone Strength 

Bone strength is influenced by of both the material and structural properties of 

bone.(14,15) Material properties such as bone mineral density (BMD) are often the focal 

area of bone research. As a result, there is a propensity for bone mass and bone strength 

to be regarded as one and the same. Bone mass, bone architecture, bone geometry, and 

bone size are all components of bone strength. During growth, bones increase in both 

length and width. Bone is added to the outer periosteal surface, and resorbed from the 

inner medullary cavity leading to an expansion of the cavity which results in increased 

bone strength. While increases in both length and width are known to occur during 
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growth, the geometrical changes that occur during this time period are unknown. Concern 

about the accuracy of reporting areal bone mineral density (aBMD) by dual energy x-ray 

absorptiometry (DXA) in adolescent populations has emerged because aBMD does not 

account for the changes that occur in bone size during growth.(16) The only densitometric 

parameter of bone that is consistent with bone geometry in children is bone mineral 

content (BMC). BMC is recognized as the primary contributing factor of bone strength, 

and has been proposed as a more appropriate measure for the assessment than the BMD 

of bone in growing individuals.(17)  

Skeletal Development in Children  

The growth phase of childhood and adolescence is deemed a critical time for 

potentially optimizing bone strength given that the majority of bone mineral accrual 

occurs between 10 to 18 years of age. Moreover, during this life phase there is an 

interaction between genetic, hormonal, and environmental influences that enhances 

skeletal mineralization, bone expansion, and linear growth.(18) Any disorder or condition 

that reduces bone formation or enhances bone resorption during the maturational period 

may lead to suboptimal skeletal development and, presumably, a greater risk of 

osteoporotic fractures later in life.(19,20)  

Prospective studies of total body BMC measurements indicate that approximately 

25% of adult bone is accrued during the two-year period surrounding peak height 

velocity.(21) Peak height velocity (PHV) occurs at 11.8 and 13.4 years in females and 

males, respectively. The maximal rate of BMC accrual occurs 6 to 12 months after PHV 

(see figure 3).(2) Boys and girls reach 90% of their adult stature, but only 57% of their 

BMC at PHV.(2) At least 90% of peak bone mass (PBM), defined as the highest amount 
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of bone mass present at the end of skeletal maturation, is acquired by age 18 years.(22)  It 

is reported that half of PBM is gained during the pubertal years, with 37% of the gain 

occurring between pubertal stages 2 and 5.(23) While the precise time period of PBM 

attained is debated, the majority of bone mass is achieved by the second decade of 

life.(22,24,25) 

 

 

 

 

 

 

 

 

 

 

 

 

A cross-sectional study of 265 females conducted by Matkovic et al,(24) reported 

that total body BMD and BMC (measured using DXA) leveled off at age 18 years, and 

remained unchanged at age 50 years. The peak BMD of the spine and of the wrist were 

attained at ages 23 and 20 years, respectively, with no significant losses prior to 

menopause. The hip peak BMD was attained at an earlier age of 17 years, and a gradual 

decline in bone mass ensued immediately following PBM. While cross-sectional data 

Figure 3. Ages at total body (TB) peak bone mineral content (BMC) and peak height 
velocities (PHV) by chronological age for boys and girls. Adapted from Bailey at al.(2) 
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indicate it is conceivable that the time occurrence of PBM is marginally variable between 

individuals, it is implicit that attainment of the greatest possible bone mass functions in 

the protection against bone loss related fractures. Moreover, with the major gains in bone 

mineralization occurring during pubertal years, this life phase may be particularly critical 

in the prevention of bone loss.(22)  

Determinants of bone mineral accrual 

Genetics  

 There is a strong genetic component in the pathogenesis of osteoporosis.(26) 

Genetic factors play a role in bone mineral development and are resultantly related to 

fracture risk.(27) It has been estimated from twin studies that 50 to 85% of interindividual 

variability in bone mass may be attributed to genetic factors.(28,29,30) Over the past few 

decades numerous candidate genes for osteoporosis have been identified, some of theses 

include vitamin D receptor (VDR), estrogen receptor, apolipoprotein E, collagen I α 1, 

and transforming growth factor β 1.(26,31) Findings from studies linking osteoporosis 

candidate genes with various bone indices are inconsistent. Normal genetic variation in 

bone phenotypes is likely due to polymorphisms. Polymorphisms can lead to changes in 

gene-gene interactions and gene-environment interactions that further perplex the 

relationship.(32) Heredity and environment are not entirely separable. Manipulation of an 

environmental factor, such as nutrition, can influence the expression of a genetic 

influence.(26) The identification of environment factors is particularly important because, 

unlike genotype, they are modifiable. Genetic determinants on bone will have little 

impact on the prevention and treatment of osteoporosis without the identification of both 

the specific genes involved and the environmental factors they interact with.  
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Body Composition 

DXA technology allows for the measurement of total body bone and soft-tissue, 

compartmentalizing the body into bone mineral, fat tissue, and lean tissue. The relative 

contributions of lean mass and fat mass to bone mass vary throughout the lifespan. Of the 

two forms of soft-tissue, lean (fat-free) mass has proved to be the best correlate with bone 

mass and/or density in children.(5) In a cross-sectional study of 115 healthy adolescents, 5 

to 18 years of age, Manzoni et al(33) reported lean mass was a strong correlate with total 

BMC in both normal weight and obese children (r=0.94 and r=0.91, respectively). 

Prospective data from University of Saskatchewan Pediatric Bone Mineral(34) Study 

(n=138) showed peak lean mass velocity was independently associated with peak BMC 

velocity (r=0.50, P<0.001), which suggests the development of bone is driven by muscle. 

Young et al(35) observed females, 10 to 26 years of age, and reported an approximate 1% 

greater proximal femoral aBMD for each kilogram of lean mass, holding all other factors 

constant. Empirical evidence supports a link between lean mass and bone growth and 

development. Fat mass appears to be less influential during childhood, but has been 

shown to contribute to bone mass during infancy and in the years following menopause.(5) 

Physical Activity 

Studies predominately demonstrate that participation in physical activity for 

individuals of all ages results in higher aBMD and BMC than those who are less 

active.(21,36,37,38,39) The degree to which physical activity influences bone is dependent on 

the mode and intensity of the activity, the age at which activity began, and the number of 

years spent training.(40) Prospective data from the Saskatchewan Bone Mineral Accrual 

Study showed that in the year following peak BMC velocity, active boys and girls 
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showed 9% and 17% greater bone mineral accrual, respectively, compared to inactive 

peers.(21) Weight-bearing exercise may contribute to the prevention of bone loss by 

increasing the amount of bone accrued during growth.(41,42,43,44) Furthermore, it has been 

proposed that during growth, weight-bearing exercise produces its most beneficial effects 

because it is at this time that peak bone mass is attained.(45,46,47) The mechanostat theory 

proposes an explanation for the positive effect of weight-bearing exercise on bone, 

stating the relationship between the intensity of bend or strain on bone and the adaptation 

of bone to these forces.(5) Bone resorption will exceed formation when activity falls 

below the physiological minimal effective strain threshold. Bone is maintained within the 

threshold, and net gains will occur only when the intensity of loading is increased.  

New bone can be produced in response to extremely high loads. While physical 

activity clearly increases bone accrual in adolescence it remains unclear whether these 

benefits persist into adulthood. Retrospective assessment in retired athletes report 

conflicting results of both sustained gains and loss of bone mass after cessation or 

reduction of activity.(48,49) An 8 year follow-up study of children who participated in a 7-

month jumping intervention conducted by Gunter et al(50) showed a 1.4% (P<0.05) 

increase in BMC at the hip in participants who completed the high-impact jumping 

exercises compared to the nonimpact stretch group control participants. Baxter-Jones et 

al(51) reported young adults who were active in adolescence had 8-10% (P<0.05) greater 

hip BMC compared to peers who were less active in their early years. It is important to 

note, however, that the participants who were active as adolescents remained 

significantly more active in early adulthood (P<0.05). 
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Dietary Intake 

Adequate dietary intake during the growth may be critical to the attainment bone growth 

potential.  A number of micronutrient factors have been linked with skeletal growth and 

development either independently or through the modification of calcium metabolism. 

These nutrients include minerals: calcium, phosphorous, magnesium, copper, manganese, 

and zinc; and vitamins: D, C, and K.(22,52) A clearly established association between 

calcium and bone health exists, however, calcium metabolism is a complex process in 

children and adolescents, and the intake necessary to maintain a positive calcium balance 

that promotes maximal acquisition of bone mass is not known. Calcium supplementation 

trials in children have shown an augmentation of bone mass (aBMD) in the total body 

and spine with food-based and nonfood supplements.(53,54) In addition to the 

micronutrient influences, adequate macronutrient consumption is essential to bone matrix 

synthesis. Protein energy malnutrition in childhood can lead to growth retardation and 

decreased formation of cortical bone.(22,55) Adequate protein is required for the production 

of IFG-I, and the impact of malnutrition on bone likely results from inadequate levels of 

IGF-I factor amongst other factors.(53) Fruit and vegetable intake is positively associated 

with BMC in adolescent girls, but not boys.(56) However, the positive relationship may be 

because they are a marker of an overall healthy diet rather than by cause of actual 

consumption of the foods. While individual nutritional related factors influence bone, 

consumption of an overall diet that is adequate in energy and balanced nutrients, and 

promotes a healthy body weight, appears to be the paramount factor in maximizing bone 

growth and development through dietary intake. 
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Hormones  

 Hormones are chemical substances released from glands that send messages to 

cells throughout the body. An array of hormones function in the regulation and 

regeneration of bone throughout life. The ability of hormones to function properly is 

dependent on a variety of factors, including body weight, age, dietary intake, and health 

status.(57) Moreover, the inability of hormones to function properly may lead to 

imbalances that can be detrimental to bone. There are a number of hormones involved in 

regulation of bone development. Several of these pivotal hormones are listed in table 1.  

 
Table 1. Key hormones in bone development.  

Hormones Functions on bone 

Estrogen ▪regulates the rate of bone formation and bone resorption 
▪prevents calcium loss and maintains levels of vitamin D 

Androgens ▪stimulate bone growth 

Parathyroid hormone 

▪stimulates osteoclastic bone resorption indirectly to release  
 calcium 
▪stimulates bone formation that is coupled to bone 
resorption 
▪increases renal tubular reabsorption of calcium 
▪stimulates the renal production of 1,25 dihydroxyvitamin 
D 

Calcitonin ▪inhibits osteoclast resorption 
▪delays calcium absorption from the intestine 

25 hydroxyvitamin D ▪promotes gastrointestinal absorption of calcium and  
  phosphorus 

Insulin-like growth factor-I ▪increases rate of protein synthesis for bone formation 
▪increases rate of mitosis of osteoblasts 

Thyroid hormone ▪increases the rate of protein synthesis 
▪controls energy production rate 

Insulin ▪decreases calcium absorption from the intestines 

Glucocorticoid 
 

▪inhibits bone formation 
▪increases bone resorption 
▪decreases sex steroid production 

                                                                                    Adapted from Hurley et al (2004).(58)  
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Some hormones influence bone by controlling serum calcium levels.(5) These 

hormones that directly respond to changes in the plasma–ionized calcium concentrations 

include parathyroid hormone, vitamin D and calcitonin. Other hormones released by 

factors other than changes in calcium levels can directly and indirectly influence bone 

through modification of calcium metabolism. These hormones include estrogen, 

testosterone, growth hormone, insulin-like growth factor I, corticosteroids, and thyroid 

hormone.  

Currently, there is an overall lack of research in hormonal influences on 

childhood bone. Published research inconsistently reports hormone bone relationships, 

and it not known which hormones exert the greatest influences on BMC accrual during 

bone growth. To our knowledge, the hormonal factors of vitamin D and IGF-I have never 

been prospectively analyzed together regarding their relationship with bone mineral 

accrual in pre- and early-pubertal females. 

Insulin-like Growth Factor-I and Bone 

IGF-I is a 70 amino acid residue polypeptide ligand.(59) It is a constituent of the 

IGF system, which also includes two structurally homogenous peptides, IGF-II and 

insulin, as well as three cell surface receptors, six insulin-like growth factor binding 

proteins (IGFBPs), and proteases. Synthesis of IGF occurs in both the liver, functioning 

as an endocrine hormone, and in the periphery tissue, operating as a paracrine/autocrine 

factor.(60) Hepatic synthesis, accounting for 80% of the IGF-I peptide in the blood, is 

regulated by growth hormone (GH), nutritional status, and insulin. IGF-I receptors (IGF-

IR) are present in nearly all tissues. Most cell types in the body are, therefore, affected by 

the hormone.  
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IGF-I has the highest affinity for an IGF-I receptor (IGF-IR), but can bind to an 

insulin receptor (IR) as well.(59) The binding of IGF-I to its receptor is moderated by the 

IGFBPs. IGF-I has a higher affinity for each of the six binding proteins than to its 

receptor. More than 99% of circulating IGF-I is bound in complex with IGFBP. More 

than 75% of the bound IGF-I forms a tertiary complex with IGFBP-3 and an acid-labile 

subunit.(61) IGFBP-3 is the largest molecular weight IGFBP. Binding of IGF-I with 

IGFBPs prolongs its half-life and forms a circulating pool of the hormone.(61) IGFBPs 

also function as carrier proteins transporting IGF-I from the circulation system to its 

target cells.  

Insulin-like growth factors function in the regulation of cells involved in the 

development and homeostatic maintenance of bone and cartilage in children and 

adults.(62,63,64) IGF-I is available to bone through exocrine delivery via the circulation, 

paracrine and autocrine synthesis, and liberation from stores in the bone matrix.(60,65) 

During growth, IGF-I secretion and bone mineral accrual follow analogous patterns, 

increasing during pubertal maturation reaching zenith in the years surrounding PHV, and 

declining thereafter. (64,66,67,68) Moreover, serum IGF-I declines with age, with a slope 

similar to age-related bone loss.(69) The influence of IGF-I on the bone remodeling 

process may consequently affect bone mass and fracture risk.(70,71) 

IGF is involved in both the bone formation and the bone resorption aspects of 

bone remodeling. In vitro and in vivo studies provide substantive evidence to indicate 

IGF-I involvement in osteoblast and osteoclast cell proliferation, but the process is 

immensely complex, and the precise role of the hormone has yet to be defined.(72,73,74) 

There is recent evidence to suggest that local secretion of IGF-I further influences bone 
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formation by recruiting osteoblasts to fracture and bone resorbing sites.(75) Studies of 

human marrow stromal cells (hMS), a cell line that differentiates into either osteoblasts or 

adipocytes, failed to show a direct relationship between IGF-I and 

recruitment/commitment into osteoblasts.(76) IGF-I was shown to increase hMS 

proliferation, but it did not induce expression of the osteoblast commitment transcription 

factor. IGF-I did, however, stimulate osteoblastic cell proliferation, through the 

stimulation of type I IGF collagen expression, in hMS cells induced to differentiate into 

the osteoblast lineage. In fully differentiated osteoblasts, IGF-I has been shown to 

promote bone matrix formation by binding to IGF-type I receptors on osteoblast cells, 

and subsequently stimulating collagen synthesis.(77,78) IGF-I has also been shown to 

inhibit the activity of collagen synthesis and, therefore, reduce osteoblast degradation.(78) 

Moreover, there is recent evidence to suggest that local secretion of IGF-I further 

influences bone formation by recruiting osteoblasts to fracture and bone resorbing 

sites.(75) Less is known about the action of IGF-I on osteoclast cells and bone resorption. 

Murine studies show IGF-I can stimulate osteoclast activation,(79) but the process is 

mediated through and dependent on the presence of osteoblast cells.(80,81) Additionally, 

mature human osteoclast cells express type I IGF receptors which may directly impact 

osteoclast function. The role of IGF-I in bone remodeling has also been supported 

physiologically through correlational studies link low circulating levels of IGF-I with low 

bone mineral density.  

Cross-sectional studies in healthy children and adolescents reveal conflicting 

reports of hormonal influences of IGF-I on bone growth.(82,83,84,85,86) These 

inconsistencies may be due to between-study variability in the form of IGF-I measured 
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[i.e. serum IGF-I, IGFBP-(1-6), IGF-I/IGFBP-3 ratio, etc.], the bone variable observed 

(aBMD, BMC, cortical thickness, bone biomarkers etc.), the bone site measured (lumbar, 

total body, metacarpal, etc.), and the maturational stage of participants. A cross-sectional 

study conducted by Libanati et al(85) investigating the potential mediators of skeletal 

changes occurring during puberty, in 65 girls aged 9-14 years, showed a pubertal stage 

dependent positive correlation between serum IGF-I and lumbar bone mass as measured 

by DXA. During maturation from Tanner stage II to IV the girls exhibited a 40% increase 

in lumbar aBMD, and an 87% increase in lumbar BMC. Tanner stages II and III are 

associated with a 50% increase (P<0.001) in serum levels of IGF-I. However, the 

maturation advancement from stage III to IV did not significantly correlate with an 

increase in serum IGF-I. Serum IGF-I was positively correlated with lumbar BMC, 

adjusted for BMI, in Tanner stages II and III (r=0.67 and r=0.60, respectively; P<0.05). 

For all subjects, ranging from Tanner stage II through IV, serum IGF-I was positively 

correlated with increased cortical metacarpal thickness, (r=0.60, P<0.001) and metacarpal 

total thickness (r=0.66, P<0.001), with the strongest association occurring during Tanner 

stage II of development(82,87).  

Léger and colleagues(84) conducted a prospective analysis of 1,119 healthy 

adolescents 10-16 years, of age reporting that IGF-I is independently associated with 

bone turnover markers, bone-specific alkaline phosphatase (BAP; bone formation), and 

CrossLaps (bone resorption). Serum IGF-I was positively correlated with both BAP and 

CrossLaps before puberty (Tanner 1: ρ= 0.17, P≤0.01 and ρ= 0.30, P≤0.0001; 

respectively) and after puberty (Tanner 5: ρ=0.15 and ρ=0.13, respectively; P≤0.01), but 

during puberty only the CrossLaps was weakly correlated to serum IGF-I. Conversely, 
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Kanubur(83) et al reported no significant association between IGF-I and bone formation 

markers, BAP, and osteocalcin in girls. The study, investigating 205 adolescents aged 9 

to 17, found the bone formation markers were only significantly associated to serum IGF-

I in boys.  A study utilizing computed tomography conducted by Mora et al(70) reported a 

direct relationship between levels of IGF-I and femur cross-sectional area (CSA; r=0.49) 

and cortical bone area (r=0.50; P<0.01) in healthy adolescents 7 to 18 years of age 

(n=197). However, the study reported no significant association of IGF-I and aBMD.  

Studies comparing IGF-I with diseases known to affect bone metabolism indicate 

that diseased individuals have lower IGF-I concentrations than healthy individuals. 

Chlebna-Sokol et al(82) investigated IGF-I concentrations in individuals, 7 to 18 years of 

age, with idiopathic osteoporosis. They exhibited a lower mean value serum IGF-I than 

the control group (583 and 850 ng/ml, respectively; P<0.05). Additionally, IGF-I 

positively correlated with total body and spinal aBMD (R=0.85 and R=0.80, respectively; 

P<0.00001). In a study comparing adolescent girls diagnosed with anorexia nervosa(AN) 

to bone age matched controls (n=38), Soyka and colleagues(82) reported significantly 

lower lateral spine aBMD (0.68 ± 0.02 and 0.81 ± 0.02 g/cm2, respectively; P<0.0001). 

Sixty-three percent of the AN participants’ lumbar spine aBMD was more than one SD 

below normal mean, and 26% fell more than 2 SD below normal mean. Compared to the 

control group individuals, the AN subjects also displayed significantly lower LBMD, 

LBMC, and total body BMC, but a significant reduction in total aBMD between the 

groups was not observed. Serum IGF-I was significantly lower in the AN subjects (219 ± 

41 and 511 ± 35 ng/mL, respectively; P<0.0001). Additionally, bone formation markers 

BAP and osteocalcin were significantly reduced (P=0.02) in the AN group versus 
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controls. Through stepwise regression analysis, it was determined that the majority of the 

decreased bone formation was explained by decreased IGF-I concentrations (osteocalcin: 

r2=0.72, P= 0.002 and BSAP: r2=0.53, P=0.01). 

Longitudinal studies investigating IGF-I and bone mass are very limited in 

number. A study conducted by Cadogan and colleagues(66) that followed 31 12-year old 

girls for a period of 24 months, failed to detect significant association between serum 

IGF-I and change in total BMC (g/yr) and total aBMD (g/cm2/yr). Additionally, the 

researchers reported a negative relationship between IGF-I and change in height (cm/yr), 

attributing the negative correlation to the large percentage of participants reaching PHV 

velocity and suggesting IGF-I no longer had a stimulatory effect on the growth plate. The 

study findings are not consistent with the literature on the action of IGF-I on bone accrual 

and longitudinal growth.  

Most of the literature favors a positive association between IGF-I and bone 

accrual, however, some cross-sectional reports contravene the relationship, and therefore 

it remains to be elucidated. There is a need for more longitudinal research on the IGF-I/ 

bone accrual relationship during pubertal years.    

Vitamin D and Bone 

Vitamin D is essential to the growth and regulation of bone. Poor vitamin D in the 

elderly is related to low bone mass. Moreover, in this age group, vitamin D 

supplementation is shown to increase calcium absorption, suppress PTH, and favorably 

alter functional outcomes of bone metabolism.(88,89,90) While much is known regarding 

serum 25(OH)D and bone in adults, major gaps still exist with regard to our 

understanding of the status of vitamin D in growing children. The years leading up to 
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menarche may be particularly crucial for maximizing bone accrual, however, the vitamin 

D level that optimizes bone mass in this age group is not known.  

Few studies have investigated the relationship between serum 25(OH)D levels and 

bone indices in children and adolescents, and those that do report inconsistent findings, 

with some studies showing no relationships,(91,92) some positive,(93,94,95) and others 

negative.(96) The variability between studies may be attributed to the varying ages, 

maturation status, and vitamin D status of the participants. Racial differences between 

participants may have an additional impact on the studies’ outcomes. In spite of having 

lower levels 25(OH)D, black females have higher total body BMC, (96,97,98,99) and they are 

at a lower risk for osteoporotic fractures compared to white females.(100,101,102) 

Few studies have been conducted in child and adolescent populations observing 

vitamin D status and bone mineral accrual over time. Prospective data from our 

laboratory showed a significant negative relationship between 25(OH)D on BMC gains in 

adolescent females followed throughout pre- and early- puberty.(99) Over a seven-year 

period, subjects with lower levels of 25(OH)D showed greater rates of gain than those 

with higher levels of 25(OH)D.(99) Likewise, Tylavsky et al(92) showed 25(OH)D was 

inversely related to gain in total body BA, BMC, and BMD in a two year longitudinal 

study of 69 adolescents, ages 8 to 13. In a 3-year prospective study in Finnish girls, ages 

9 to 15, wintertime baseline serum 25(OH)D levels were significantly associated with the 

change in lumbar spine and femoral aBMD (r=0.35, P<0.001 and r=0.32, P<0.001, 

respectively).(103)  For the participants who reached sexual maturity, mean change from 

baseline in lumbar spine aBMD was 26% higher in the girls with the highest baseline 

serum 25(OH)D compared to the  girls with the lowest circulating levels at baseline. 
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BMC, the most appropriate outcome variable for the assessment of bone in growing 

individuals was, unfortunately, not reported. (104) 

It is unclear as to whether increased vitamin D intakes or supplementation favorably 

alters bone metabolism during adolescence. El-Hajj Fuleihan et al(95) conducted a 12-

month double blind, placebo-controlled vitamin D supplementation trial in 10 to 17 year-

old Lebanese females with mean 25(OH)D concentrations of 35 nmol/L.  The girls were 

randomized into 3 groups: 1,400 IU/week (~200 IU/day), 14,000 IU/week (~2,000 

IU/day), or placebo. There was a significant association between baseline serum 

25(OH)D and radius BMC (r=0.16, P<0.05). The 1-year percent change in spine BMC 

(r= -0.20), femoral neck BMC (r= -0.16), and radius BMC (r= -0.17) significantly 

negatively correlated with baseline 25(OH)D. (P<0.05 for all). The negative correlations 

suggest girls with low baseline 25(OH)D values responded to supplementation to a 

greater degree than girls with higher baseline 25(OH)D values. There was a significant 

dose-dependent increase in both trochanteric BMC and lumbar spine aBMD in 

premenarcheal girls, but there were no significant differences in changes in lean mass, 

aBMD, or BMC in the participants who were postmenarcheal.  

While it is clearly understood that poor vitamin D status is related to low bone 

mass in adults, less is known about the potentiating effect of this hormone on skeletal 

growth in children. It is imperative that the role vitamin D plays in bone mineral accrual 

is further investigated to determine the optimal levels for maximizing skeletal gains. 

IGF-I and Vitamin D 
 
 An endogenous interrelationship between IGF-I and vitamin D may have an 

added effect on bone metabolism (see figure 4). Cell culture studies indicate that IGF-I 
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and 1,25(OH)2D up-regulate each other. 1,25(OH)2D promotes the action of IGF-I by 

increasing IGF-I receptors. In turn IGF-I stimulates the hydroxylation of the circulating 

25(OH)D to the active 1,25(OH)2D form in the kidneys through the stimulation of the 1α-

hydroxylase enzyme.(105,106)  

 

Figure 4. The interrelationship between IGF-I and 1,25(OH)D 

 
Osteoblast- like cells exposed to recombinant human IGF-I increased bone 

formation markers, alkaline phosphatase and osteocalcin in the presence of 1,25(OH)2D. 

Cells cultured in the absence of active vitamin D metabolite did not exhibit an increase in 

bone formation.(107) Studies conducted with IGF-I knockout mice further support this 

relationship. Kasukawa el al(108) discovered there is a significant decrease in 

serum1,25(OH)2D concentration in IGF-I knockout mice (24%, P<0.05) compared to 
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wild type (WT) controls. Additionally, it was reported that the IGF-I knockout mice 

exhibited a 70% decrease in kidney vitamin D receptor expression. Very few human 

studies have investigated the relationship between IGF-I and the vitamin D endocrine 

system. A cross-sectional study in 61 middle aged men conducted by Rucker(106) and 

colleagues ascertained a positive relationship between 25(OH)D and IGF-I. Correcting 

for age and BMI, the two hormones were correlated (β= 0.39, P<0.01). Bianda et al(109) 

treated healthy men (n=7) with a subcutaneous infusion of IGF-I (8µg/kg/hr) for 5 days 

followed by a subcutaneous injection of GH (6 U twice daily on days 3,4, and 5 of IGF-I 

infusion). Free 1,25(OH)2D rose significantly following IGF-I treatment (2.2 ± 5 x 10-5 to 

2.81 ± 0.25 x 10-5) but was not significantly altered with the addition of the GH 

injections. Serum bone formation markers osteocalcin and carboxyterminal propeptide of 

type I collagen were also significantly increased following IGF-I infusion (P<0.02). 

Bianda again investigated the relationship in GH-deficient adults (n=8).(110) IGF-I 

infusion was positively associated with bone formation and 1,25(OH)2D in this 

population as well. The PTH, calcium, and phosphate levels in the GH-deficient adults 

were not significantly affected by the IGF-I/GH treatment. In a study of children 

suffering from nutritional rickets who were treated with a megadose of vitamin D3 

(300,000 IU), Soliman et al(111) reported both a significant increase in vitamin 25(OH)D 

levels and IGF-I concentrations. The two hormones were significantly positively 

correlated both before and after vitamin D3 treatment (r=0.325 and r=0.314, respectively; 

P<0.001). Moreover, the children’s growth velocity standard deviation score following 

treatment correlated with the increase of IGF-I and 25(OH)D (r=0.325 and r=314, 

respectively; P<0.01) indicating growth is mediated through the insulin-like growth 
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factor system. In vitro and in vivo studies provide a substantial amount of evidence 

indicating the interrelationship of IGF-I and 1,25(OH)2D, however, there is a need for 

further investigation through human research into their synergy and resulting potential 

influences on bone metabolism. 

Summary 

While peak bone mass achieved in adolescence is primarily determined by genetic 

predisposition, hormonal and environmental influences can enhance skeletal 

mineralization, bone expansion, and linear growth.(18)  The extent to which hormones 

contribute to variation in PBM is unclear. Moreover, it is unknown which of the 

hormones involved in bone metabolism exerts the greatest influence on bone mineral 

accrual. Empirical evidence supports a relationship with the hormones vitamin D and 

IGF-I and bone mineral accrual, but their relative contribution to the attainment of peak 

bone mass is currently unknown. To date, vitamin D and IGF-I have never been 

prospectively analyzed together in a pediatric population. 
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ABSTRACT 

The extent to which 25-hydroxyvitamin D [25(OH)D] and insulin-like growth factor-I 

(IGF-I) influence bone mineral accrual from early to mid-puberty is unclear. This project 

sought to determine relationships among changes in plasma 25(OH)D, plasma IGF-I, and 

bone mineral content (BMC) in prepubertal females (N = 76; aged 4 to 8 years at 

baseline), over a period of up to 7 years. BMC was measured using dual-energy X-ray 

absorptiometry (Hologic QDR-1000W). Plasma 25(OH)D and plasma IGF-I were 

assessed using and radioimmunoassay (DiaSorin, Inc.) and quantikine enzyme-linked 

immunosorbent serologic assay (R&D Systems), respectively. Prior to the primary 

analyses, 25(OH)D and IGF-1 were log-transformed and further adjusted, using two-way 

ANOVA, for baseline differences in season and race. Linear mixed modeling that 

included a random subject-specific intercept and a random subject-specific slope on age 

was employed to analyze the transformed 25(OH)D and IGF-1 variables for the 

proportion of variance each explained on the four bone outcomes. IGF-I was more 

strongly associated with BMC accrual than 25(OH)D at the total body (R2 = 0.874 vs. 

0.809), total proximal femur (R2 = 0.847 vs. 0.771), radius (R2 = 0.812 vs. 0.759), and 

lumbar spine (R2 = 0.759 vs. 0.698). At each skeletal site, the rate of BMC accrual was 

negatively associated with changes in 25(OH)D, but positively associated with changes in 

IGF-I. When IGF-I and 25(OH)D were included in the same regression equation, 

25(OH)D did not have a significant predictive effect on BMC accrual at any site above 

and beyond that of IGF-I. These longitudinal data in early adolescent females indicate 

that both 25(OH)D and IGF-I have a significant impact on bone mineral accrual; 
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however, the positive effect of IGF-I on BMC is greater than the negative influence from 

25(OH)D. 

 
Key words: Vitamin D, Insulin Like Growth Factor-I, Pediatrics, Bone Mineral Accrual 

INTRODUCTION 

Poor vitamin D status in older adults is related to low bone mass, and 

supplementation increases calcium absorption, suppresses PTH secretion and favorably 

alters functional outcomes of bone metabolism.(1,2,3) While much is known regarding 

vitamin D and bone metabolism in adults, major gaps still exist with regard to our 

understanding of the status of vitamin D in growing children. At least 90% of adult bone 

mass is acquired by the end of adolescence with 28% of adult bone mass accrued during 

the 2 years surrounding peak BMC velocity.(4) Vitamin D status in children and 

adolescents may have significant health implications, particularly with respect to bone 

metabolism, however, the 25(OH)D concentration(s) reflecting optimal vitamin D status 

in children and adolescents is unknown.  

Prospective data from our laboratory showed a significant negative relationship 

between 25(OH)D on BMC gains in adolescent females followed throughout pre- and 

early- puberty.(5) Over a seven-year year period, subjects with lower levels of 25(OH)D 

showed greater rates of gain than those with higher levels of 25(OH)D. These preliminary 

data suggest that vitamin D may not be essential with respect to bone mineral accrual in 

growing children. It may be that during childhood other hormones, particularly insulin-

like growth factor I (IGF-I), may exert a greater influence on bone mineral accrual.  

The pubertal period of adolescence is marked by a rapid increase of serum 

concentrations of IGF-I(6) that later declines with increasing age with a slope similar to 
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age-related bone loss.(7) IGF-I regulates cells involved in the development and 

homeostatic maintenance of bone and cartilage. In vitro and in vivo studies provide 

substantive evidence to indicate IGF-I involvement in osteoblast and osteoclast cell 

proliferation, but the process is immensely complex, and the precise role of the hormone 

has yet to be defined.(8,9,10) Cross-sectional studies investigating correlations between 

IGF-I and bone mineral accrual in healthy children and adolescents have reported 

conflicting results.(11,12,13,14,15) 

To our knowledge, IGF-I and vitamin D have never been prospectively analyzed 

together with regard to their relationship to bone mineral accrual during growth. The 

purpose of the present study was to determine the relationships between BMC accrual 

and plasma concentrations of both IGF-I and 25(OH)D in pre- and early-pubertal 

females, ages 4 to 15. We hypothesize that changes in plasma concentrations of IGF-I are 

more strongly associated with BMC accrual than changes in plasma concentration of 

25(OH)D in adolescent females. 

MATERIALS AND METHODS 

Participants 

The study participants were females, 4 to 8 years of age, at baseline who were 

originally recruited to participate in a prospective study investigating the influence of 

artistic gymnastics on bone.(16) The present study followed subjects in the nonintervention 

group (n=96) for a period of up to 9 years. All of the girls were healthy and were not 

taking any medications known to effect bone metabolism. The participants’ ethnicity 

(Hispanic or Latino, Non-Hispanic or Latino) and race (American Indian or Alaska 

Native, Asian, black or African American, Native Hawaiian or other Pacific Islander, 
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white, or any combination of the above) were classified through parent identification 

according to the National Institutes of Health Policy and Guidelines on the Inclusion of 

Women and Minorities as Subjects in Clinical Research.(17) Ethnic/racial groups with 

small sample sizes (n < 7) were excluded from the current project, leaving 83 participants 

(49 white and 34 black girls) of those originally recruited. Sixty-five (34 white, 31 black) 

subjects provided annual serum samples over 4 years, 12 (11 white, 1 black) over 5 years, 

6 (2 white, 2 black) over 6 years, 1 (white) over 7 years, and 1(white) subject provided a 

serum sample over 9 years. The University of Georgia Institutional Review Board for 

Human Subjects approved the study protocol. Prior to every testing session, each 

participant and her guardian completed informed assent and consent forms, respectively.  

Data Collection 

Data collection took place in the Bone and Body Composition Laboratory 

between October 1997 and October 2008. The enrollment was staggered throughout the 

fall (September-November) winter (December-February), spring (March-May), and 

summer (June-August). Annual testing of each participant fell within the same season as 

the baseline testing session. Blood was collected from participants between 0730 and 

1000 h following a 12-hour fast. The participants returned to the laboratory within l week 

of their blood draw to provide bone scans and anthropometric measures (i.e., height and 

weight), and complete questionnaires assessing demographic information, dietary intake, 

and physical activity.  

Anthropometric Measures 

Anthropometric measures were conducted according to Anthropometric 

Standardization Reference protocol.(18) The participants wore light clothing and no shoes 
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for the height and weight measurements. Using a wall mounted stadiometer (Novel 

Products, Rockton, IL) height was measured to the nearest 0.1 cm. Weight was measured 

to the nearest 0.25 kg using a calibrated double-beam balance scale (Fairbanks Scales, 

Kansas City, MO). Single measure intraclass correlation (ICC) coefficients were 

calculated in females 6 to 10 years of age (n = 10) measured twice in a 2-week period by 

the same individual. The height and weight ICC (R value) and the test-retest CV (%) 

values were 0.99 and 0.4% and 0.99 and 1.4% for height and weight, respectively. Body 

mass index (BMI; in kg/m2) values were plotted on BMI-for-age percentile charts.(19) 

Sexual Maturation 

A physician conducted annual sexual maturation assessments using criteria for 

stages of breast development (stages 1-5) as described by Tanner.(20) Computed results of 

one-way random effects model and single measure ICCs indicated perfect agreement 

(R=1.0) for the staging of breast and pubic hair development in females from current 

study (n=10). 

Bone Mineral Content and Body Composition 

The participants’ bone area (in cm2) and bone mineral content (BMC; in g) were 

assessed at total body, lumbar spine, non-dominant proximal femur, and non-dominant 

distal radius by dual energy X-ray asorptiometry (DXA; QDR-1000W, Hologic Inc, 

Waltham, MA). All scans were performed on the same instrument. Daily calibration of 

the DXA was performed using a calcium hydroxyapatite and epoxy lumbar spine 

phantom embedded in a Lucite cube (Hologic c-caliber anthropometric spine phantom, 

model DPA-QDR-1). The laboratory CV calculated from 365 scans over 5 y was 0.27%. 

In our laboratory, test-retest measurements with DXA in 6 to 10-year-old girls (n=10) 
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showed the following CVs for aBMD: total body, 1.2%; lumbar spine, 1.3%; proximal 

femur, 1.6%: and forearm, 2.1%. The lumbar spine was analyzed with the use of DXA 

low density spine software version 4.74 (Hologic Inc.). The fat free soft tissue (FFST) 

mass (in g) and percentage body fat were determined by DXA and analyzed using 

pediatric whole body analysis version 5.73 (Hologic Inc). An external three step soft 

tissue wedge composed of aluminum and Lucite, calibrated against Stearic acid (100% 

fat) and water (8.6% fat), was run in tandem with each whole body scan for quality 

control. The percentage fat single measure ICC and CV in participants 5 to 8 years of age 

(n=10) scanned twice in a 1-week period were R=0.99 and 2.0%, respectively. 

Biochemical Assays 

Fasting blood samples were collected for analysis of plasma 25(OH)D and IGF-I. 

Samples were stored at –70 °C until analysis. IGF-I and 25(OH)D are stable over the 

period of up to 9 years in blood samples stored at –70 °C.(21,22) All samples were run in 

duplicate using a block design, such that all samples from the same subject were assayed 

at one time and an equal number of black and white subjects were analyzed using the 

same kit. Plasma 25(OH)D samples were assayed in a duplicate block design using a 

radioimmunoassay (RIA; DiaSorin Laboratories, Stillwater, MN) and were reported by 

Willis et al(23) in 2007. The inter- and intra- assay coefficients of variation were 7.3 to 

10.5% and 5.9 to 7.0%, respectively. Plasma IGF-I concentrations were determined using 

recombinant human IGF-I quantitative sandwich immunoassay technique (ELISA; R&D 

Systems, Minneapolis, MN). The inter- and intra- assay coefficients of variation were 

7.5% to 8.3% and 3.5 to 4.3%, respectively.  
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Statistical Analyses 

Statistical analyses were performed using Statistical Analysis Software version 9.1 (SAS, 

Cary, NC). Descriptive statistics were expressed as mean ± SD and a P value ≤ 0.05 was 

considered statistically significant. Linear mixed-effects models were used to analyze the 

effects of IGF-I and 25(OH)D on bone mineral accrual. These models allowed for 

between subject and within subject variation analyses in participants who are different 

ages at baseline and/or different ages or different ages at repeat measures. Models were 

fixed at each of the four scan sites: total body, lumbar spine, non-dominant proximal 

femur, and non-dominant forearm. The models assumed a random subject-specific 

intercept and a random subject-specific slope allowing for correlation between random 

effects. Three models were fit for each of the four sites. Model 1 regressed BMC on: age, 

age2, baseline age, baseline age2, natural log (loge) of IGF-I, the interaction of loge IGF-I 

and age, the interaction of loge IGF-I and age2, loge IGF-I and baseline age, loge IGF-I 

and baseline age2, loge 25(OH)D (adjusted for season and race), the interaction of loge 

25(OH)D and age, the interaction of loge 25(OH)D and age2, loge 25(OH)D and baseline 

age, loge 25(OH)D and baseline age2, and race. Age and baseline age are centered from 

the mean age (8.52 yrs) averaged over all subjects at all testing sessions. This model 

accounts for within-subject correlation between repeated measures on the same subject 

showing the pattern of change in BMC over time accounting for baseline differences 

among the girls. This model including both IGF-I and vitamin D functions a standard of 

comparison. Model 2 is the same as model 1 except model 2 excludes all terms involving 

25(OH)D, capturing how bone mineral accrual depends on IGF-I. Model 3, excluding all 

terms involving IGF-I, captures the impact of 25(OH)D on bone accrual over time. 
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Predictive curves of BMC accrual were plotted for each bone site based on loge IGF-I and 

loge 25(OH)D percentile values. The models were reanalyzed, controlling for lean mass 

and baseline lean mass, to determine the partial association between BMC accrual and 

loge IGF-I and between BMC accrual and loge 25(OH)D. A bivariate mixed-model 

analysis was used to assess the correlation between variables IGF-I and 25(OH)D 

(adjusted for season and race) at different means. This model took into consideration 

random subject effects to account for within-subject correlation over time.  

RESULTS 

Participant Characteristics 

Baseline characteristics of the participants are presented in Table 1. Using the 

staging criteria described by Tanner,(20) all but 4 girls were classified as breast stage 1 

(i.e., prepubertal) at baseline. Throughout the 9-year study, 6 girls had reached menarche 

(and had advanced to breast stages 4 or 5). The majority of participants (n=44) at baseline 

had BMI-for-age percentiles that were between the 5th and <85th percentile, 3 participants 

had BMI-for-age percentiles that were less than the 5th percentile, 15 participants had 

BMI-for-age percentiles between the ≥85th and <95th percentiles and 14 participants had 

BMI-for-age percentiles that were ≥95th percentile.  

Vitamin D and IGF-1  

Participant baseline plasma 25(OH)D3 and IGF-I are presented in table 1. 

Prospective vitamin D data have been described elsewhere by Willis et al.(23) The 

majority of participants (n=51) had plasma 25(OH)D values above 80 nmol/L, 20 

participants had 25(OH)D values that were between 50 and 80 nmol/L, and 3 participants 

had 25(OH)D values that fell below 50 nmol/L. A large percentage of the participants 
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(~75%) had plasma 25(OH)D concentrations that fell <80 nmol/L at least once during the 

investigation.(23) Statistically significant linear (P < 0.001) and quadratic (P = 0.020) 

effects demonstrated a decreasing trend in 25(OH)D that accelerated with age. Baseline 

plasma IGF-I values ranged from 55 to 470 ng/mL and the spread of these 

IGF-I values plotted against chronological age are illustrated in Figure 1.  

Influence of 25(OH)D and IGF-1 on BMC Accrual  

Table 2 depicts the R2 values for change over time in BMC at the total body, 

lumbar spine, proximal femur, and forearm, and changes in either model 1 [IGF-I + 

25(OH)D], model 2 [25(OH)D], or model 3 (IGF-I). For each of the four skeletal sites, 

IGF-I was more strongly associated with BMC accrual compared to 25(OH)D. When 

IGF-I and 25(OH)D were included in the same regression equation, 25(OH)D did not 

have a significant predictive effect on BMC accrual at any site above and beyond that of 

IGF-I. The addition of fat-free soft tissue to the model testing the strength of the partial 

association between BMC accrual and changes in IGF-I and 25(OH)D, explained more of 

the variability in BMC accrual as indicated by higher R2 values [i.e., IGF-I vs. 25(OH)D, 

respectively, at the total body (R2 = 0.953 vs. 0.947), lumbar spine (R2 = 0.932 vs. 0.925), 

proximal femur (R2 = 0.928 vs. 0.921), and forearm (R2 = 0.927 vs. 0.921)]. 

Figure 2 illustrates the predicted curves of BMC accrual based on either baseline 

loge 25(OH)D or loge IGF-I for a subject who entered the study at age 4 years (i.e., the 

minimum age represented in our sample). Each of the 9 sequential curves (10th, 20th, 30th 

… up to the 90th) represents a percentile of either loge 25(OH)D or loge IGF-I in the 

sample. The respective percentiles of loge IGF-I and loge 25(OH)D are: 5.04 and -0.45 

(10th), 5.30 and -0.32 (20th), 5.46 and -0.23 (30th), 5.54 and -0.15 (40th), 5.69 and -0.07 
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(50th), 5.78 and -0.01 (60th), 5.89 and 0.07 (70th), 6.07 and 0.14 (80th), as well as 6.24 and 

0.26 (90th). The spread among these curves is greater for the loge IGF-I vs. the loge 

25(OH)D plots, showing graphically that IGF-I influences these growth curves more 

strongly than does 25(OH)D. The plots also demonstrate the greater positive effect of 

IGF-I on BMC accrual vs. the negative influence from 25(OH)D. Finally, a statistically 

significant negative correlation was observed between loge IGF-I and loge 25(OH)D (r= -

0.325; P < 0.0001).  

DISCUSSION  
 
 This is the first prospective investigation of the influences of vitamin D and IGF-I 

on bone mineral accrual in children. In adults, higher levels of 25(OH)D are associated 

with maximal suppression of iPTH, increased calcium absorption, attenuation of bone 

loss, and reduced risk of fractures.(1,24,25) What is less clear, are the roles of vitamin D in 

bone metabolism during childhood and adolescence. The primary finding of this study 

was that IGF-I is more strongly associated with BMC accrual at the total body, total 

proximal femur, radius, and lumbar spine regions in comparison to 25(OH)D. When IGF-

I and 25(OH)D were included in the same regression equation, 25(OH)D did not have a 

significant predictive effect on BMC accrual at any site above and beyond that of IGF-I. 

At each skeletal site, the rate of BMC accrual was inversely associated with baseline 

25(OH)D, but was positively associated baseline IGF-I.  

According to our findings that 25(OH)D concentrations are inversely associated 

with the rate of BMC accrual, it is not known if higher serum 25(OH)D concentration(s) 

lead to more favorable changes in bone status. Consistent with our results, in a study 

following healthy adolescents over a two year period, Tylavsky et al(26) reported 
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25(OH)D was inversely related to gain in total body BA, BMC, and BMD. It is important 

to note that, in both studies, the majority of the subject population had sufficient baseline 

vitamin D status. Two 12-month vitamin D intervention trials in female adolescents 

reported small dose dependent improvements in femoral(27,28) and vertebral spine(28) 

BMC. The participants in both studies had low mean baseline 25(OH)D values. One of 

the trials conducted in Lebanon by El-Hajj Fuleihan et al(27) reported significant negative 

correlations between baseline 25(OH)D and the 1-year percent change in BMC at the 

spine, femoral, neck, and radius bone sites. These negative correlations show girls with 

low baseline 25(OH)D values responded to supplementation to a greater extent than girls 

with higher baseline 25(OH)D values. These studies and our findings indicate that, unlike 

adults, low 25(OH)D in children and adolescents maybe reflective of the potential for 

greater bone mineral gains. Influences of other hormones present during puberty, 

particularly IGF-I, may contribute to the observed 25(OH)D and BMC relationship. 

Much of the focus has been on researching PTH and estrogens to explain the observed 

differences, this study investigated IGF-I and its potential role as a modulator of vitamin 

D and bone mineral accrual during growth. 

Cell culture and animal model studies have provided the bulk of the evidence 

supporting the role of IGF-I in bone mineral accrual during growth. Few studies have 

been conducted in children and adolescents to confirm the relationship.(8,9,10,29,30) During 

growth, both IGF-I secretion and bone mineral accrual increase during pubertal 

maturation, peak in the years surrounding PHV, and decline thereafter.(31,32,33,34) Evidence 

supporting a positive correlation between IGF-I and BMD is primarily based on cross-

sectional studies. Libanati et al(14) showed a pubertal stage dependent positive correlation 



 52 

between serum IGF-I and lumbar BMC as measured by DXA. The present study was the 

first prospective investigation to demonstrate a significant positive correlation between 

changes in IGF-I and BMC. To our knowledge, only one other study has prospectively 

analyzed IGF-I and the change in BMC.(32) This study did not show a significant 

relationship between IGF-I and change in BMC and BMD over a two year period in 

healthy adolescent females with a baseline age of 12 years. While this study did capture 

the significant changes in serum IGF-I accompanying puberty, significant changes in the 

girls’ BMC and BMD were only observed during the final 6 months of the study.  

The negative correlation between IGF-I and 25(OH)D observed in the present 

study indicates participants with lower circulating levels of vitamin D had higher levels 

of IGF-I over the nine-year period compared to the participants with higher levels of 

vitamin D. These findings lend support to the interrelationships observed between the 

two hormones. Cell culture studies indicate that IGF-I and 1,25(OH)2D up regulate each 

other. 1,25(OH)2D promotes the action of IGF-I by increasing IGF-I receptors. In turn, 

IGF-I stimulates the hydroxylation of the circulating 25(OH)D to the active 1,25(OH)2D 

form in the kidneys through the stimulation of the 1α-hydroxylase enzyme.(35,36) The high 

levels of IGF-I may explain the negative correlation between 25(OH)D and BMC. It may 

be that in the presence of higher circulating levels of IGF-I leads to lower levels of 

25(OH)D because IGF-I is stimulating hydroxylation to the active 1,25(OH)2D form 

which is positively influencing bone. Bianda et al(37) observed a significant increase in 

1,25(OH)2D (P<0.06) and osteocalcin (P<0.02) in young healthy males following a 5 day 

subcutaneous IGF-I infusion.  
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Although circulating 25(OH)D is recognized as the best functional indicator of 

vitamin D status in adults, a limitation of this study was 1,25(OH)2D was not assessed. 

By focusing only on the 25(OH)D form, information on the functional role of vitamin D 

during childhood bone growth may not have been captured. In support of this hypothesis, 

Abrams el al(38) reported that higher 1,25(OH)2D concentrations were significantly 

correlated with calcium absorption in 93 healthy adolescents, whereas 25(OH)D was not 

significantly associated with calcium absorption. Another limitation to this study is that 

the majority of the participants had sufficient vitamin D status. The associations between 

changes in IGF-I and bone mineral accrual may be different in children and adolescents 

with insufficient levels of vitamin D. Finally, estradiol was not assessed in the current 

study and may have impacted the findings. However, reference values indicate that 

estradiol levels markedly increase around age 14.(39) Only two of the samples in this 

study were collected from girls 14 years of age. The majority of the girls in the study 

were prepubertal with only 6 participants having reached menarche. 

In summary, changes in IGF-I were the strongest predictor of BMC accrual at all 

skeletal sites over a 9-year period in prepubertal girls. Vitamin D was also a strong 

predictor of BMC gain, but in an inverse manner such that subjects with lower 25(OH)D 

levels showed greatest BMC gain. Further studies are needed to examine the role of 

vitamin D in bone growth and mineralization, and to delineate the relationships of IGF-I 

and 1,25(OH)2D and their effects on bone growth in children. 

 

 

 

 



 54 

 

 

TABLE 1. Baseline descriptive characteristics of participants.  

 

 
Variable Mean 

 
SD n 

 

Age (yrs) 

Income Level1 

Anthropometrics 

     Weight (kg) 

     Height (cm) 

     BMI 

     BMI-For-Age Percentile 

     % Body Fat2 

     FFST Mass (kg)2 

Bone Mineral Content (g) 2 

     Total Body 

     Lumbar Spine 

     Proximal Femur 

     Forearm 

Physical Activity3 

Dietary Intake4 

     Vitamin D (µg) 

      Calcium (mg) 

Breast Stage5 

       Stage 1 

       Stage 2 

       Stage 3 

25(OH)D (nmol/L) 

IGF-1 (ng/mL) 

 

6.35 

4.42 

 

25.8 

120.0 

17.5 

69.1 

27.3 

16.8 

 

859.7 

17.8 

10.7 

2.43 

3.52  

 

5.34 

522.7 

 

N/A 

N/A 

N/A 

88.3 

251.3 

 

1.55 

2.60 

 

8.43 

11.8 

3.23 

28.3 

9.78 

4.25 

 

262.5 

4.84 

3.97 

0.77 

0.78 

 

3.24 

148.2 

 

N/A 

N/A 

N/A 

24.5 

94.1 

 

76 

73 

 

73 

73 

73 

73 

73 

73 

 

73 

73 

72 

73 

73 

 

73 

73 

 

71 

3 

1 

74 

76 
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1 Ordinal numbers represent range of parent income in US dollars (0= < 10,000, 1= 

10,000-20,000… 10= 100,000 +). 

2 Body fat %, fat-free soft tissue mass and bone mineral content measured by DXA. 

3 Physical activity level assessed by parent questionnaire developed by Slemenda et al. 

1991 (40) (1 = inactive, 2 = below average, 3 = average, 4 = above average, and 5 = very 

high). 

4 Dietary and supplement intake corrected per 1000 kcal energy intake. 

5 Sexual maturation stage (Breast) as described by Tanner 1962 (20). 
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TABLE 2. Correlation (R2 values) explaining changes in bone mineral content (BMC) 

relative to plasma 25(OH)D, IGF-1 and plasma 25(OH)D + IGF-1 in prepubertal females 

(N=76) over a period of up to 9 years.1  

 

 

Skeletal Site  

 

25(OH)D + IGF-1 2 

 

 

25(OH)D 3 

 

 

IGF-1 4 

 

Total Body 

 

0.837 

 

0.809 

 

0.874 

 

Lumbar Spine  

 

0.718 

 

0.698 

 

0.759 

 

Proximal Femur  

 

 

0.807 

 

0.771 

 

0.847 

Forearm  0.780 

 

0.759 0.812 

 
 
 
1 Linear mixed models were employed to analyze the proportion of variance that 

25(OH)D and IGF-1 explained on BMC accrual at 4 skeletal sites.  

2 The R2 value depicts the pattern of change over time accounting for how growth in 

BMC might be influenced by both 25(OH)D and IGF-1.  This model regressed BMC on: 

age, age2, baseline age, baseline age2, natural log (loge) of IGF-I, the interaction of loge 

IGF-I and age, the interaction of loge IGF-I and age2, loge IGF-I and baseline age, loge 

IGF-I and baseline age2, loge 25(OH)D (adjusted for season and race), the interaction of 

loge 25(OH)D and age, the interaction of loge 25(OH)D and age2, loge 25(OH)D and 

baseline age, loge 25(OH)D and baseline age2, and race. 

3 The R2 value depicts the pattern of change over time accounting for how growth in 
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BMC might be influenced by 25(OH)D, but not IGF-1. This model is the same as the 

25(OH)D + IGF-1 model (2), except it excludes all terms involving IGF-1, capturing how 

bone mineral accrual depends on 25(OH)D. 

4 The R2 value depicts the pattern of change over time accounting for how growth in 

BMC might be influenced by IGF-1, but not 25(OH)D. This model is the same as the 

25(OH)D + IGF-1 model (2), except it excludes all terms involving 25(OH)D, capturing 

how bone mineral accrual depends on IGF-1. 
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FIGURE 1. Plasma IGF-1 concentrations plotted by chronological age. All observations 

(N=326) were treated as cross-sectional data [i.e., each data point represented a 

participant’s age and corresponding IGF-1 value at any time throughout the 9-year 

study].  
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FIGURE 2. Predicted curves for bone mineral content (BMC) accrual over 9 years. A 

linear mixed effects model shows predicted curves between BMC accrual and either 

baseline loge 25(OH)D or loge IGF-1 for a subject who entered the study at age 4 years. 

Each sequential curve represents a percentile (10th, 20th, 30th … up to the 90th) of either 

loge 25(OH)D or loge IGF-1 in the sample. The spread among these 9 curves is greater for 

the loge IGF-1 vs. the loge 25(OH)D plots, showing graphically that IGF-1 influences 

these growth curves more strongly than does 25(OH)D. The plots also demonstrate the 

greater positive effect of IGF-I on BMC accrual vs. the negative influence from 

25(OH)D. 
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CHAPTER 4 

SUMMARY AND CONCLUSIONS 

 
While PBM achieved in adolescence is determined primarily by genetic 

predisposition, hormonal and environmental influences can impact skeletal 

mineralization, bone expansion, and linear growth.(1) The extent to which hormones 

influence bone metabolism during growth is unknown. Vitamin D supplementation 

reduces bone loss and prevents fracture in the elderly, therefore the propensity is to 

assume likewise beneficial effects are occurring on bone during growth and development. 

However, an individual’s hormonal status during maturational growth is uniquely 

different from all other life phases. IGF-I levels are at their highest concentration during 

this time period, and may significantly impact bone growth and PBM. 

The present study was conducted to prospectively evaluate the influences of both 

IGF-I and 25(OH)D on bone mineral accrual in pre- and early-pubertal females. The 

primary finding from the study was that IGF-I is more strongly associated with BMC 

accrual at the total body, total proximal femur, radius, and lumbar spine regions in 

comparison to 25(OH)D. When IGF-I and 25(OH)D were included in the same 

regression equation, 25(OH)D did not have a significant predictive effect on BMC 

accrual at any site above and beyond that of IGF-I. At each skeletal site, the rate of BMC 

accrual was negatively associated with changes in 25(OH)D, but was positively 

associated with changes in IGF-I.  
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IGF is involved in both the bone formation and the bone resorption aspects of bone 

remodeling.  In vitro and in vivo studies provide substantive evidence to indicate IGF-I 

involvement in osteoblast and osteoclast cell proliferation, but the process is immensely 

complex, and the precise role of the hormone has yet to be defined.(2,3,4) Animal model 

research in mice report that throughout puberty, IGF-I knockout mice (KO) display an 

88-90% reduction in femoral BMC compared with corresponding control mice.  

Additionally, BMD increases ~40% during puberty in IGF-I mice, whereas it does not 

significantly increase in the IGF-I KO.(5)  Most cross-sectional studies in children and 

adolescents support a positive correlation between IGF-I and BMD. Libanati et al(6) 

showed a pubertal stage dependent positive correlation between serum IGF-I and lumbar 

BMC, measured by DXA. The present study was the first investigation to demonstrate a 

significant positive correlation between changes in IGF-I and BMC. To our knowledge, 

only one other study has prospectively analyzed IGF-I and the change in BMC.(7) This 

study did not show a significant relationship between IGF-I and change in BMC and 

BMD over a two-year period in healthy adolescent females with a baseline age of 12 

years. While this study did capture the significant changes in serum IGF-I that 

accompany puberty, significant changes in the girls’ BMC and BMD were only observed 

during the final 6 months of the study.  

The negative correlation between IGF-I and 25(OH)D observed in the present study 

lends support to the interrelationships observed between the two hormones. Cell culture 

studies indicate that IGF-I and 1,25(OH)2D up regulate each other. 1,25(OH)2D promotes 

the action of IGF-I by increasing IGF-I receptors. In turn, IGF-I stimulates the 

hydroxylation of the circulating 25(OH)D to the active 1,25(OH)2D form in the kidneys 
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through the stimulation of the 1α-hydroxylase enzyme.(8,9) The high levels of IGF-I may 

explain the negative correlation of between 25(OH)D and BMC.  It may be that in the 

presence of higher circulating levels of IGF-I leads to lower levels of 25(OH)D because 

IGF-I is stimulating hydroxylation to the active 1,25(OH)2D form which is positively 

influencing bone. A limitation of this study was that the active vitamin D metabolite, 

1,25(OH)2D, was not assessed. By focusing only on the 25(OH)D form, information on 

the functional role of vitamin D during childhood bone growth may not have been 

captured.  These data were collected from an already completed trial and provide 

important information on vitamin D and IGF-I in association with bone mineral accrual.  

In conclusion, these longitudinal data in early adolescent females indicate that 

both 25(OH)D and IGF-I have a significant impact on bone mineral accrual; the positive 

relationship between IGF-I on BMC is greater than the negative association of 25(OH)D 

with BMC. Furthermore, IGF-I and Vitamin D are significantly and negatively correlated 

in children Additional research studies are needed to determine if the influences of 

vitamin D on bone are mediated by IGF-I, and to delineate the relationship of IGF-I and 

1,25(OH)2D and their effects on bone growth in children. 
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Assent Form 
 
I ___________________ agree to take part in a study about bone health and 
growth. 
 
I do not have to be in this study if I do not want to be.  I have the right to leave 
the study at any time without giving any reason, and without penalty. 
 
I will have pictures taken of my bones.  During one set of pictures I will lie on a 
table for approximately one hour.  I will take short breaks between the different 
pictures that are taken.  During another set of pictures I will place my arm on a 
box for about 5 minutes. 
 
I will have a blood sample taken from my arm. I will also have my height 
measured against a wall and my weight measured on a scale.   
 
I will answer questions about the activities that I participate in, the foods that I eat 
and how I perceive the shape of my body.  Some of the questions may cause me 
to be uncomfortable.  I may skip any question that I do not wish to answer. 
 
I will wear a little pouch during two weekdays and one weekend day.  The pouch 
will measure how much I move around. 
 
My parent and I will write down what I eat during two weekdays and one 
weekend day. 
 
My answers and any information about me will be kept confidential.  This means 
that the researchers will not use my name.  It also means that my responses to 
questions and any information about me will not be shared with anyone else.  If 
the researchers feel that my health may be in danger, some of my answers will 
be shared with my parent. 
 

If you have any questions or concerns you can always ask me or call my 
teacher, Dr. Richard Lewis at the following number: 542-4901.    
 
Sincerely, 
Emma Laing, Ph.D. 
Department of Foods and Nutrition 
University of Georgia 
279 Dawson Hall 
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I understand the project described above.  My questions have been answered 
and I agree to participate in this project.  I have received a copy of this form. 
 
____________________________ 
Signature of the Participant/Date 

 
Please sign both copies, keep one and return one to the researcher. 

Additional questions or problems regarding your rights as a research participant should 
be addressed to The Chairperson, Institutional Review Board, University of Georgia, 612 
Boyd Graduate Studies Research Center, Athens, Georgia  30602-7411; Telephone (706) 
542-3199; E-Mail Address IRB@uga.edu 
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CONSENT FORM (PARENT) 
 
I      agree to give consent for my child,           , 
to participate in the research study titled “Bone Response to Gymnastics Training 
in Young Girls,” which is being conducted by Dr. Richard D. Lewis and Dr. Emma 
Laing of the Department of Foods and Nutrition at the University of Georgia.  Dr. 
Lewis and Dr. Laing may be reached in room 279 Dawson Hall at 542-4901 or 
542-4918. I understand that the participation of my daughter is completely 
voluntary.  I can withdraw consent at any time without penalty and have the 
results of the participation, to the extent that which it can be identified as my 
child’s, removed from the research records, or destroyed. 
The following points have been explained to me: 
1)  The reason for the research is to study the impact of physical  activity on bone 
and growth in children.  The benefits that my daughter can expect from 
participation are the assessment of bone health (bone mineral density), body 
composition (percentage of body fat and nonfat tissue), diet and growth.  In 
addition, my daughter’s gymnastics or other activity classes will be paid for the 
duration of her participation in the study (up to $65/quarter during the first two 
years of the study and $100/year thereafter).  Payments will be distributed only if 
all testing sessions are completed for a given time point.  A brief summary of the 
testing and payment schedule is provided in the table below.  If my daughter 
does not complete a testing session, she will be removed from the study.  All 
measurements are being used for research purposes only, not medical purposes.  
However, if abnormalities are found in any measure, I will be notified and my 
daughter will be referred to an appropriate health care professional.  
a. The procedures are as follows: 
a)   Testing will be conducted at 10 different time points (the first five, each 6 
months apart: months 0, 6, 12, 18 and 24) and (the last five, each 12 months 
apart: 36, 48, 60, 72 and 84). At 0, 12, 24, 36, 48, 60, 72 and 84 months three 
different testing sessions (Session 1, Session 2, Session 3 and Session 4) will be 
required, whereas, only Session 3 will be required at 6 and 18 months (See 
table). 
 
Time point (months) Sessions  Payment 
0 1,2,3,4 Up to $65/quarter 
6 3 Up to $65/quarter 
12 1,2,3,4 Up to $65/quarter 
18 3 Up to $65/quarter 
24 1,2,3,4 $520 minus payments at 0, 6,  

12, and 18 months 
36 1,2,3,4 $100 
48 1,2,3,4 $100 
60 1,2,3,4 $100 
72 1,2,3,4 $100 
84 1,2,3,4 $100 
  Total = $1,020 
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b)   My daughter will fast the night before Session 1.  On the day of testing for 
Session 1, my daughter and I will arrive in the Sports Nutrition Lab in Dawson 
Hall at the scheduled time.  Prior to any testing or participation, a consent form 
will be read to me and an assent form will be read to my daughter.  After which, 
the researcher and I will sign the consent form and the researcher and my 
daughter will sign the assent form.  During the reading of the consent and assent 
forms, my daughter and I will be briefed and familiarized with the testing 
procedures that will be used during the study (15 minutes).  My daughter and I 
will be given the opportunity to reread the consent and assent forms and ask any 
questions that we may have about the study.  Each phase of the study will be 
explained to my daughter and me throughout testing, and my daughter can 
withdraw from the study at any time. Prior to any testing, my daughter and I will 
be walked through all procedures.  My daughter, a female chaperone and I will 
walk to a private room where a Gynecologist/Obstetrician will assess my 
daughter’s pubic hair and breast development, to determine her level of sexual 
maturation. 
 
My daughter will be walked to the female restroom and will collect a urine 
specimen in private.  A trained pediatric phlebotomist will then draw 
approximately 20 mL of blood from my daughter, after which she will be given a 
snack (15-20 minutes).  If a blood sample cannot be obtained after two attempts, 
no further attempts will be made.  A Research Assistant will then familiarize my 
daughter and me with the use of an accelerometer (an instrument used to assess 
physical activity) and completion of physical activity diaries.   My daughter will 
wear the accelerometer at each time point for three days.  Session 1 will require 
approximately 90 minutes.  Upon completion of Session 1, my daughter and I will 
be scheduled for Session 2, Session 3 and Session 4. 
 
c)   For Session 2, my daughter and I will arrive at University Health Services.  To 
assess bone age, an X-ray of the hand/wrist will be conducted by a trained 
radiologic technologist (10 minutes including waiting time). 
   
d) For Session 3, my daughter and I will arrive at the Sports Nutrition Lab.  I will 
answer questions regarding demographic information and medical history and 
my daughter will complete questionnaires dealing with her body shape 
perception, diet and physical activity (approximately 30 minutes). I understand 
that while information about diet and eating habits are being obtained, none of 
the researchers are clinical psychologists and the information alone cannot be 
used to accurately diagnose an eating disorder.  Dr. Patrick O’Connor in the 
Department of Exercise Science has experience to provide an accurate 
interpretation of my daughter’s answers on the body image questionnaires. If 
there are any concerns with my daughter’s responses, I will be informed and my 
daughter will be referred to a mental health professional in the Athens area. 
 
e) After completion of the questionnaires, my daughter’s height, sitting height, 
leg length and weight, and my height will be measured.  She will also have her 
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bone mineral density and body composition measured using a bone/body 
composition analyzer (DXA).  These measurements will require approximately 60 
minutes, which includes a small break in between each scan (four scans total).  I 
understand that a trained laboratory technician or graduate assistant under the 
supervision of Dr. Richard D. Lewis will conduct all measurements. 
 
3)  The discomforts or stresses that may be faced during this research are minor 
discomfort from blood draws, urine collection and sexual maturation ratings.  If 
undue discomfort or stress occurs, my daughter may decide to discontinue the 
testing at any time. 
 
4)  I understand that the only foreseen risk to my daughter is exposure to a small 
amount of radiation when assessing body composition and bone mineral density 
with DXA and bone age with X-rays.  The scans will give a total maximum 
radiation dose of 7.5 mR per testing session.  This dose is very small, as 
radiation doses from a dental bite-wing film are 334 mR, environmental 
background is 3.5 mR/week, and chest x-ray films are about 25-40 mR for 2 
standard films.  Thus, the exposure per session is 19-30% of standard chest x-
rays.  In the event that information from any scan is lost or unusable, no 
additional scans will be performed. 
 
5)  The results of my daughter’s  participation will be confidential and will not be 
released in any identifiable form without my daughter’s prior consent and mine 
unless required by law. While the body image questionnaires will be administered 
to my daughter in private, I will be informed if there are any concerns with my 
daughter’s responses.  My signature on this form authorizes the use of my 
daughter’s data in-group analyses, which may be prepared for public 
dissemination, without breaching my own or my daughter’s confidentiality.  To 
accomplish this, my daughter will be assigned a four digit subject participation 
code which will be used on all data collected during my participation and my 
daughter’s participation in this research.  A master list with my name, my 
daughter's name and corresponding code number will be kept separate from 
testing data and locked at all times.  
 
6)  The investigator will answer any further questions that my daughter or I may 
have about this research, either now or during the course of the project. 
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I understand the procedures described above.  My questions have been 
answered to my satisfaction, and I agree to participate in this study.  I have been 
given a copy of this form. 
 
 
Richard Lewis/Emma Laing _ _     ________________            _____ 
Name of Researcher    Signature   Date 
Telephone: _542-4901_____     
 Email: _rlewis@fcs.uga.edu____ 
 
 
______________________     ____________________  _____ 
Name of Parent or Guardian   Signature   Date 
 
 

Please sign both copies, keep one and return one to the researcher. 
 
Additional questions or problems regarding your child’s rights as a research participant should be 
addressed to The Chairperson, Institutional Review Board, University of Georgia, 612 Boyd Graduate 
Studies Research Center, Athens, Georgia  30602-7411; Telephone (706) 542-3199; E-Mail Address 
IRB@uga.edu 
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APPENDIX C 
 

Three-day diet record 
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DIRECTIONS FOR KEEPING A 3-DAY DIET DIARY 
 
Please write down everything you eat (meals, snacks, beverages) for three days on these 
forms. Please select TWO WEEKDAYS AND ONE WEEKEND DAY.  Use as much 
space as you need. 
 
 
1. Write down the date and day at the top of the form. 
 
2. Write down the first foods you ate for that day. Write down: 
 

b. The time of day you ate the food(s). 
 
c. Each food that you ate. 

 
d. How the food was prepared (baked, boiled, fried, microwaved). 

 
e. How much you ate (cup, 1/2 cup, pieces, tablespoons, teaspoons). 

 
3. It is important to describe each food you eat in detail. 

For example: 
 
Write down brand names for each food you ate if you know them. 
 
Write down the type of milk (whole, 2%, or skim) and bread (white, wheat, etc). 
 
Write down if the food was fresh, frozen, or canned. 
 
If you ate a casserole or a salad, write down the foods there were in it and 
amounts. 
 
If you add things like butter, jelly, sugar, honey, or cream to foods or beverages, 
please write them down with the amounts used. 

 
4. Do you drink whole   , 2%   , 1%   , or skim   milk? 
 
5. Do you use white    or whole-wheat    bread? 
 
6. What is the complete name and brand name of bread that you eat most 

often? 
 

 
 
7. About how many glasses of water do you drink each day?     
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AY 1 OF THE DIET DIARY 
 
ID:        CHECKED BY:     
DATE:       DAY OF THE WEEK:    
 
Did you drink a calcium-fortified beverage today (e.g. Calcium-fortified orange 
juice) or eat a calcium-fortified food (e.g. Total breakfast cereal)?   Yes No 
 
If yes, list all the calcium-fortified beverages/foods, with the BRAND name, and how 
much: 
 
 
 
 
 
 
 
Write down everything you eat, beginning with the first thing you have for breakfast. Be 
sure to include very detailed information such as how the food was prepared, how much 
you ate, and the brand names. 
 

Time 
Eaten 

Foods 
Eaten 

Preparation 
Methods 

Amount (cup, 1/2 cup, piece, 
etc) 
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DAY 2 OF THE DIET DIARY 

 
ID:        CHECKED BY:     
 
DATE:       DAY OF THE WEEK:   
  
 
Did you drink a calcium-fortified beverage today (e.g. Calcium-fortified orange 
juice) or eat a calcium-fortified food (e.g. Total breakfast cereal)?   Yes No 
 
If yes, list all the calcium-fortified beverages/foods, with the BRAND name, and how 
much: 
 
 
 
 
 
 
 
Write down everything you eat, beginning with the first thing you have for breakfast. Be 
sure to include very detailed information such as how the food was prepared, how much 
you ate, and the brand names. 
 

Time 
Eaten 

Foods 
Eaten 

Preparation 
Methods 

Amount (cup, 1/2 cup, piece, 
etc) 
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DAY 3 OF THE DIET DIARY 

 
ID:        CHECKED BY:     
 
DATE:       DAY OF THE WEEK:    
 
Did you drink a calcium-fortified beverage today (e.g. Calcium-fortified orange 
juice) or eat a calcium-fortified food (e.g. Total breakfast cereal)?   Yes No 
 
If yes, list all the calcium-fortified beverages/foods, with the BRAND name, and how 
much: 
 
 
 
 
 
 
 
Write down everything you eat, beginning with the first thing you have for breakfast. Be 
sure to include very detailed information such as how the food was prepared, how much 
you ate, and the brand names. 
 

Time 
Eaten 

Foods 
Eaten 

Preparation 
Methods 

Amount (cup, 1/2 cup, piece, 
etc) 
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APPENDIX D 
 

Demographic Questionnaire 
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Subject ID#:      

Interviewer:      

Date of Interview:     

GENERAL INFORMATION QUESTIONNAIRE 

Demographic Data: 

I am going to ask you some questions about your age, family and education.  Your 

mother or father can help you answer. 

1. What is your date of birth?  Month     Day      Year   

2. What is your age?  Years       Months     

3. What was your birth weight?    Pounds     Ounces 

4. Gender:  (Circle One) Female  Male 

5. What is your grade in school?     

6.  How do you describe yourself?  (Circle One or More: Mixed racial heritage should be 

indicated by checking more than one category)     

        
Ethnic ity:  Hispanic or Latino 

Non-Hispanic or Latino 
 

Race:   American Indian or Alaska Native  
Asian  
Black or African American 
Native Hawaiian or other Pacific Islander 
White 
any combination of the above 

 

7. Do you live with your parents?  (Circle One) YES NO 

  7a. If no, with whom do you live?        

8. Do you have any brothers or sisters?  (Circle One) YES NO 

  8a. If yes, list ages of:  Years (Brother)  Years (Sister) 

       Years (Brother)  Years (Sister) 

       Years (Brother)  Years (Sister) 

  8b. If yes, do they participate in sports?  (Circle One) YES NO 

  8c. If yes, list the sport and gender of sibling. Sport  (Brother or Sister) 

                    Sport  (Brother or Sister) 
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          Sport  (Brother or Sister) 

         Subject ID#:     

Interviewer:      

          Date of Interview:   

 

9. Do you have a twin brother or sister?  (Circle One)  YES NO 

 

10. What is your mother’s height and weight? Feet Inches  Pounds 

 

11. What is your father’s height and weight?  Feet Inches  Pounds 

 

12. What is your parents’ income?  (Circle One) Less than $9,999 

        $10,000 - $19,999 

        $20,000 - $29,999 

        $30,000 - $39,999 

        $40,000 - $49,999 

        $50,000 - $59,999 

        $60,000 - $69,999 

        $70,000 - $79,999 

        $80,000 - $89,999 

        $90,000 - $99,999 

        Over $100,000 

 

13. What is your mother’s occupation?      

 

14. What is your father’s occupation?      
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Subject ID#:      

Interviewer:      

Date of Interview:     

GENERAL INFORMATION QUESTIONNAIRE 

Health Data 

Now, I am going to ask you to respond to a few questions about your health.  I am the 

only one that will know how you answer these questions, so please be honest with your 

answers. 

 

1. Have you gained or lost any weight (≥ 10 pounds) in the last 3 months?  (Circle 

One) 

   YES NO 

  1a. If yes, how much? +  pounds   OR    -  pounds 

 

2. Have you had any height changes in the past 3 months?  (Circle One)  YES

 NO 

  2a. If yes, how much?    feet    inches 

 

3. How would you rate your present health?  (Circle One)  

   Poor  Fair  Good  Excellent 

 

4. Have you started your menstrual cycles?  (Circle One) YES NO  

 If so, what date? 

  4a.  Are your menstrual cycles regular?   YES    or     NO; circle one 

4b.  If not, how long have they been irregular? ___________________ 

 

5. Have you ever used birth control pills?   YES    or     NO; circle one 

5a.  How old were you when you began using birth control pills? __________ 

5b.  How long have you been using them? ___________________ 

5a.  What periods of time did you stop using birth control pills? __________ 

(Please give dates, if applicable)    
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6. Do you have any diseases or illnesses?  (Circle One) YES NO 

  6a. If yes, what diseases?      

       

 

7. Are you taking any medications either prescribed by a doctor or over-the-counter 

(self-prescribed)?  (Circle One) YES NO 

  7a. If yes, what medications?    Amount per day     

          Amount per day     

          Amount per day     

 

 

8. Do you currently smoke cigarettes?    YES    or     NO; circle one  

8a.  If yes, on the average, about how many cigarettes a day do you smoke?  

____1-5, ____6-14, ____15-24, ____25-35, ____35 or more 

 

9. If you used to smoke but do not smoke now, how long did you smoke? 

 months or years.  

 

 

Those were some difficult questions to answer because the questions were so private.  I 

want to assure you again that I am the only person who knows how you answered these 

questions.  Thank you for being so honest with your answers. 
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Subject ID#:      

Interviewer:      

Date of Interview:     

GENERAL INFORMATION QUESTIONNAIRE 

Nutrition Data: 

These next questions are about your diet and eating habits.  Try to think about how you 

eat. 

 

1. Do you eat three meals per day?  (Circle One) YES NO 

  1a. If no, why not?          

2. Do you eat snacks during the day?  (Circle One) YES NO 

  2a. If yes, how many snacks per day do you eat?     snacks per 

day 

3. Are you following a special kind of diet?  (Circle One) YES NO 

  3a. If yes, what kind of diet?         

4. Do you take any vitamin or mineral supplements or any “nutrition pills”?  

 (Circle One) YES NO 

  4a. If yes, what kind?     Amount per day    

          Amount per day    

          Amount per day    

5. Have you ever been on a diet to lose weight?  (Circle One) YES NO 

  5a. If yes, what kind of a diet was it?        

  5b. How old were you when you were on this diet?  years         months 

              years         months 

6. Have you ever eaten a large amount of food and then vomited to get rid of the 

 food?  (Circle One) YES NO 

  6a. If yes, how old were you?    years    months 

          years    months 

7. Were you breastfed as an infant?  (Circle One) YES NO 

  7a. If yes, for how many months (exclusive)?      

  7b.  If yes, for how many months (supplemented with formula)?   
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Subject ID#:      

Interviewer:      

Date of Interview:     

GENERAL INFORMATION QUESTIONNAIRE 

Physical Activity 

The next questions that I will ask you are about your physical activity such as P.E. and 

exercise.  There are no right or wrong answers, so please answer these questions the 

best that you can. 

 

1. How would you rate your physical activity level?  (Circle One) Inactive 

          Below average 

          Average 

          Above average 

          Very high 

 

2. Do you have any health problems that limit your activity?  (Circle One) YES NO 

  2a. If yes, what health problem?        

 

3. Do you exercise or do physical activity regularly (not including P.E. class)?   

   (Circle One) YES NO 

  3a. If yes, how often?     hours per day/week/month (Circle One) 

 

4. Do you participate in P.E. at school?  (Circle One) YES NO 

  4a. If yes, how often?     hours per day/week/month  (Circle One) 

 

5. How many hours, on average, do you spend watching TV, or on the computer? ___ 
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Subject ID#:      

Interviewer:      

Date of Interview:     

GENERAL INFORMATION QUESTIONNAIRE 

Bone Health Data: 

The next questions have to do with your bones and your family’s bones. 

 

1. Does anyone in your family (including your parent’s, grandparents, aunts, uncles, 

cousins) have osteoporosis or “humpback”?  (Circle One)  YES NO 

  1a. If yes, who?        

 

2. Has anyone in your family (including your parents, grandparents, aunts, uncles, 

cousins) had a hip or wrist fracture?  (Circle One)  YES NO 

  2a. If yes, who?        

 

3. Have you ever had a bone fracture or broken bone?  (Circle One) YES NO 

  3a. If yes, which bone(s)?         

  3b. If yes, how old were you?    years   months 

  3c.  If yes, in what type of circumstance did the fracture take place?    

  3d. If yes, how was the fracture treated (casting, medication, rest, etc.)?  

 

4. Have you ever been told by a doctor that you have bone disease?   

(Circle One)   YES   NO 

  4a. If yes, what disease?         

  4b. If yes, how old were you?   years    months 
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APPENDIX E 
 

Tanner stages of sexual maturation 
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APPENXIX F 
 

Anthropometric data recording sheet 
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Bone, Growth and Dietary Intakes in 4-8 Year Old Girls 
(UGA BONE STUDY) 

Participant Information Sheet 
 

Anthropometrics/DXA 
 

 

Subject ID:  ___________      timepoint:_____     Visit Date:________   
 
Race/Ethnicity:  ________                  Sex: ________ 
 
DOB: Month  ________    Day  ________    Year   ________ 
 
Weight (kg):             ________          _________                     __________ 
                                  Measure 1                  Measure 2                 Average of 1 and 2 
 
Height (cm):               ________          ________                       __________ 
                                         Measure 1                 Measure 2                  Average of 1 and 2 
 
Sitting Ht (cm):          ________           ________                       __________ 
                                         Measure 1                 Measure 2                  Average of 1 and 2 
 
BMI (g/cm2): ________ 
 

 
Length of Radius (cm): _______              R or L handed (circle one) 
 
 
 
 
 
 
 
 

 

 Total Body  

 Lumbar Spine 

 Proximal Femur 

 Radius 

Scan date:  ___________ 
Completed by:  ________ 

                                             initials of operator 
  

DXA operator use  
 

Comments:___________________
____________________________
_________________  
____________________________
________________________ .....................................................................  


	_Front_Matter-Template_TestF.pdf
	thesis_introductionF
	LitReview
	MB_Chapter3.1F
	summary and conclusionsF
	APPENDICESF

