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ABSTRACT 

 

Nutrition plays an important role in pediatric bone development. Research into dietary 

factors that influence pediatric bone have focused primarily on vitamin D and calcium; 

however, recently other nutrients and foods, specifically protein and eggs, have been 

highlighted for their potential role in bone health. Additionally, there is interest in the 

inflammatory nature of the diet, as measured by the dietary inflammation index (DII), to 

impact bone health. Pro-inflammatory diets have been associated with poorer bone mass 

in adults. It is unknown whether these associations are evident in children. The objective 

of this dissertation is to utilize existing data to examine the relationships between egg 

intake, dietary inflammation, and protein consumption on pediatric bone health. Chapter 

3 examined the relationship between egg intake and bone outcomes, measured by 

peripheral quantitative computed tomography (pQCT) in 290 children ages 9-13 years. 

Egg intake was a positive predictor of mid-radius cortical bone mineral content (CtBMC) 

and the association between egg and CtBMC was mediated through fat-free soft tissue. 

Additionally, egg intake was positively correlated with the biomarker of bone turnover, 

osteocalcin. Chapter 4 addressed the relationship between DII-scores and bone outcomes, 



 

measured by pQCT in 290 boys and girls ages 9-13 years. There were no relationships 

between DII-scores and cortical bone outcomes or serum inflammation; however, the 

biomarker of inflammation, monocyte chemoattractant protein-1 was negatively 

associated with tibia cortical thickness. Chapter 5 is a systematic review investigating the 

role of protein consumption on bone in 5,620 boys and girls. There was only one 

randomized controlled trial included in the systematic review; therefore, the effect of 

protein on pediatric bone was given a limited grade (grade C). These data are the first to 

investigate the role of both egg and the DII-scores on childhood bone and to 

systematically review the association between protein intake and pediatric bone. 

Randomized controlled trials and prospective studies are needed to determine whether 

egg and protein intake and elevated serum inflammation influence long-term bone health. 

Findings from this dissertation provided preliminary evidence to support the funding of 

the SCENE (Skeletal and Cognitive Effects of Nutrition from Eggs) intervention study.  
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CHAPTER 1 

INTRODUCTION 

Childhood and adolescence are periods of rapid bone growth, areal bone 

expansion and bone mineral accrual. Indeed, 90% of adult bone mineral content is 

achieved by 18 years of age (1). This rapid growth period is important given bone 

mineral density tracks through childhood into adulthood (2). Given lifestyle choices 

during youth influence 20-40% of adult bone mass, optimizing factors known to 

influence peak bone mass and strength are important strategies aimed at reducing 

osteoporosis or low bone mass later in life (3). This is especially important given 

osteoporosis affects 44 million men and women aged 50 years and older in the United 

States and incurs an estimated 16 billion dollars in medical expenses each year (4).  

Modifiable lifestyle factors such as the diet have been associated with bone health 

in youth and adulthood. In children, the assessment of dietary factors thought to influence 

bone mass has focused primarily on intakes of calcium and vitamin D. However, skeletal 

health appears also to also be influenced by nutrients other than calcium and vitamin D, 

specifically protein (5, 6). The rationale for examining the role of dietary protein on bone 

health is related to the fact that protein comprises approximately 50% of bone volume 

and approximately 33% of its mass. Protein intake stimulates the activity of anabolic 

hormones and growth factors including insulin-like growth factor-1 (IGF-1). IGF-1 is a 

major component of the organic skeletal matrix, a strong predictor of skeletal muscle 

mass, and is the most important differentiation factor for the bone building cells, 
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osteoblasts (7). Skeletal muscle development precedes bone mass accrual during youth, 

and it is well documented that fat-free soft tissue mass is the most important determinant 

of bone strength during childhood (7). Low protein intakes (<0.80 grams per kilogram of 

body weight per day) reduces intestinal calcium absorption and increases levels of 

circulating parathyroid hormone, resulting in the release of calcium from the bone which 

can lead to reduced bone mass (8). Thus, it seems that adequate dietary protein intake is 

essential for optimal bone growth during childhood. Future intervention studies are 

needed to better understand the role of dietary protein in pediatric bone development. 

The osteogenic effect of protein intake may be improved when packaged together 

and consumed contemporaneously (3, 9, 10) or as whole foods (11, 12). However, with 

the exception of dairy foods, little is known about the effects of whole foods on bone 

health. Eggs contain high-quality protein, the bone nutrients vitamin D and zinc, and the 

osteogenic bioactive components lutein and zeaxanthin. Whole eggs have been examined 

in prior adult studies concerning their beneficial effects on bone and fracture outcomes, 

but egg intake was only considered as part of larger food groupings and not examined 

independently. Whole egg protein and lecithin, a primary amino acid in whole eggs, have 

been demonstrated to stimulate muscle protein synthesis in adults (13, 14). Thus, it is 

plausible that the amino acid and protein components of eggs may positively influence 

bone strength through increased muscle mass.  

Eggs contain a variety of essential nutrients and bioactive compounds that possess 

anti-inflammatory properties. Recently, dietary inflammation has been highlighted for its 

potential detrimental effects on bone. For example, systemic, low-grade inflammation has 

been associated with osteoporosis in adults (15, 16) and reduced bone mass in children 
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with inflammatory diseases (e.g., ulcerative colitis, cystic fibrosis, and systemic lupus 

erythematous) (17). The primary research approach to determine whether nutrition 

influences serum inflammation is to target individual nutrients such as omega-3 fatty 

acids and antioxidant vitamins such as vitamin E and vitamin C (18, 19).  However, there 

are published reports that dietary patterns or whole foods may be more robust than 

individual nutrients in producing pro- or anti- inflammatory affects (20). One diet that has 

been highlighted for its role in decreasing serum inflammation and reducing osteoporosis 

risk is the Mediterranean diet (21). The Dietary Inflammatory Index (DII), a relatively 

new method of evaluating the diet, was developed by Cavicchia et al (22) and updated by 

Shivappa et al (23) to assess the overall quality of the diet on a continuum from 

maximally anti-inflammatory to maximally pro-inflammatory. In adults, a pro-

inflammatory diet as measured by a high DII score has been associated with decreased 

lumbar spine bone mineral density (BMD) in women (24) and decreased total femur, 

femoral neck, trochanter, and intertrochanter BMD in U.S. adults (25). Although there 

are few studies in adults investigating the role of the DII on bone health, the limited 

published studies suggest that dietary inflammation, as measured by the DII, may 

negatively influence the adult skeleton. To our knowledge, there are no published studies 

examining the effects of a pro-inflammatory diet, as measured by high DII scores on 

pediatric bone health.  

The literature review (Chapter 2) provides a summary of the current body of 

evidence relating to the following topics: 1) bone, 2) pediatric bone development, 3) 

measuring properties of bone, 4) protein and eggs, 5) protein and bone, 6) eggs and bone, 

7) inflammation, 8) inflammation and bone, 9) inflammation and diet. Although eggs 
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contain high quality protein and bioactive components that are thought to influence bone 

health, no studies have investigated the independent effect of egg intake on bone. Chapter 

3 presents the first manuscript of this dissertation, which is a cross-sectional ancillary 

study of a previously conducted randomized controlled trial aimed at investigating the 

role of egg intake on cortical bone outcomes and body composition in healthy boys and 

girls ages 9-13 years. Recently, dietary inflammation has been highlighted for its 

potential negative effects on bone. Whether a pro-inflammatory diet as determined by 

high DII scores influences pediatric bone is unknown. Chapter 4 is a cross-sectional 

ancillary study of a previously conducted randomized controlled trial investigating the 

influence of the DII-scores on bone outcomes and serum inflammation in healthy boys 

and girls ages 9-13 years. To our knowledge, there is only one systematic review and 

meta-analysis investigating the role of dietary protein intake in children and adolescents, 

but this study focused primarily on adults and assessed the evidence published over the 

past 40 years. Therefore, Chapter 5 presents a systematic review of seventeen articles 

examining the relationships between dietary protein intake and pediatric bone health 

outcomes as measured by dual-energy x-ray absorptiometry, peripheral quantitative 

computed tomography and high-resolution peripheral quantitative computed tomography. 
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CHAPTER 2 

REVIEW OF THE LITERATURE 

 

Bone 

There are two major types of bone that comprise the human skeleton: cortical 

(80% of total body skeleton) and trabecular (20% of skeletal tissue) (1). Cortical bone is 

located primarily within the mid-regions (diaphysis) of the long bones (i.e., tibia, radius, 

and femur). The cortical bone compartment is separated into two distinct regions, the 

endosteum and periosteum. The endosteum is a thin vascular membrane of connective 

tissue that lines the inner surface of the bony tissue that forms the medullary 

cavity/marrow cavity. The periosteum is a connective sheath covering the outer surfaces 

of the bone (2, 3) (Figure 1). The epiphysis and metaphysis are located distally from the 

diaphysis of long bones. The epiphysis is the rounded end of long bones and the 

metaphysis is the region between the diaphysis and epiphysis (Figure 2). The metaphasis 

contains the growth plate and overtime fuses with the diaphysis and epiphysis. At the 

epiphysis and metaphasis, the cortical bone becomes thinner and the medullary 

cavity/marrow cavity is replaced by trabecular/cancellous bone, often referred to as 

“spongy bone”. Trabecular bone is characterized by an inner network of calcified 

trabeculae and is also found in the spine, femoral neck, ilium, and skull (2). Cortical and 

trabecular bone are designed to perform different functions with cortical bone offering 

structure and protection while trabecular bone playing a more active metabolic role. 
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Bone is a unique tissue that is responsible for supporting mechanical loads, 

metabolic demands, and mineral homeostasis. Material properties determine bone mass 

and structural properties dictate bone strength. The material properties of bone are 

composed of an organic component (20-25% by weight), an inorganic component (70% 

by weight), and a water component (5% by weight) (4). Type I collagen, bone cells, and a 

small amount of noncollagenous protein comprise the organic component, while the 

inorganic component primarily consists of crystalline calcium hydroxyapatite (4). The 

major structural property of bone is collagen, a protein that consists of three polypeptide 

chains and over 1,000 amino acids. These molecules align in a parallel fashion to form a 

collagen fibril. These collagen fibrils are grouped together to create collagen fibers. 

Hydroxyapatite, the major inorganic component of bone is located in and around the 

collagen fibers.  

Bone cells that comprise the organic component of bone, also play an important 

role in bone metabolism and maintenance of skeletal tissue by responding to various 

environmental signals such as chemical, mechanical, electrical and magnetic stimuli.  

These bone cells include osteoblasts, osteocytes, and osteoclasts. Osteoblasts, or bone 

forming cells, are located on the surface of bone and are derived from mesenchymal stem 

cells. Osteoblasts mature into osteocytes which embedded deep within osteocytic lacunae 

and form a network throughout the bone matrix. This network allows for the 

communication required for mechanotransduction or the process by which physical 

forces are converted into biological signals that are then integrated into cellular responses 

(5).  Bone lining cells provide a protective layer on inactive bone surfaces (6). 

Osteoclasts or bone resorption cells are derived from hematopoietic stem cells and are 
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responsible for maintaining calcium homeostasis. Osteoblasts signal osteoclasts to resorb 

bone into circulation. A concerted effort between osteoblasts and osteoclasts leads to 

bone modeling and remodeling. Bone modeling refers to the process in which new bone 

is formed at the bone surface resulting in a change in bone size and shape (7). Bone 

remodeling refers to the coupled process in which osteoclasts first resorb bone followed 

by osteoblasts adding new bone in the resorbed bone surface (Figure 3). The bone 

remodeling process serves to modify bone architecture to meet changing mechanical 

needs and to assist in repairing micro-damages in the bone matrix which prevents an over 

accumulation of bone (8). Additionally, bone remodeling plays a vital role in maintaining 

plasma calcium homeostasis which is important because a variety of bodily functions 

depend on calcium including nerve transmission, nerve conduction and muscle 

contraction (8).  

 During growth bone modeling dominants. Through the first three decades of life, 

bone turnover is tightly coupled to maintain a steady state between bone formation and 

bone resorption. Later in life, there is a significant increase in bone resorption over 

formation leading to accelerated bone loss and increased risk of falls, fractures, and 

osteoporosis (9).    

Pediatric Bone Development 

Establishing healthy bones during childhood serves as a blueprint for skeletal 

health in adulthood. The main causes of osteoporotic fractures is reduced bone mass and 

this reduction in bone mass can be attributed to age-related bone loss and/or failure to 

achieve optimal peak bone mass during childhood (10). Therefore, peak bone mass 

accrual during childhood is a key determinant of skeletal health throughout life.  
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 Peak height velocity (PHV) precedes peak bone mass accrual and is achieved in 

girls and boys around the ages of 12 and 13.5 years, respectively (11-14)  (Figure 4). 

After PHV is achieved, peak lean mass velocity is achieved, and is followed months later 

by peak bone mineral content accrual. Peak lean mass accrual plateaus around the age of 

18 years and precedes peak bone mass accrual by months or even years depending on the 

skeletal site (11, 12)  (Figures 4 and 5). The period between PHV and peak bone mineral 

content accrual is a time when children are at an increased risk for sustaining a skeletal 

fracture, primarily at bone loading sites including the distal tibia and radius (14). For 

approximately two years following PHV, roughly one-fourth of adult bone mass is 

accrued; therefore, this is a desirable time for dietary and physical activity interventions 

to promote bone strength.  

 During growth both cortical and trabecular bone adapt to withstand stresses from 

vertical growth and increased muscle force. Trabecular parameters (e.g., trabecular 

thickness and trabecular separation) increase during development while trabecular 

number decreases, leading to a consistent bone volume to tissue volume fraction. During 

this period of growth, boys have a more optimal trabecular microarchitectural framework; 

however, in both boys and girls, cortical bone size, volumetric density, and strength 

increase significantly and lag behind the growth trajectory of muscle cross-sectional area 

(13, 15-17). Boys tend to have larger, thicker, and stronger bones while girls tend to have 

denser and less porous cortical bones (15, 16). These sex-related differences in cortical 

bone geometric and material properties are in part attributed to differences in skeletal 

muscle mass (13, 15). However, sex hormones, specifically estrogen, are believed to 
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contribute to the stronger muscle-bone relationship between girls and boys despite higher 

lean body mass in boys (18). 

Measuring Properties of Bone 

The measurement of bone quality is employed in both clinical and research 

settings by non-invasive imaging technologies. Dual-energy X-ray absorptiometry 

(DXA) is a three-component imaging technique that is able to perform site-specific bone 

scans to measure bone mineral content (BMC) and areal bone mineral density (aBMD). 

DXA is used to diagnose osteoporosis and is the gold standard for measuring body 

composition, as it provides a measurement of fat mass and fat-free soft tissue (FFST) 

mass, which are also determinants of bone material properties (19). Advantages of DXA 

include the low level of radiation exposure (equivalent to ~0.03% of the natural annual 

dose of radiation), accuracy and precision, ability to measure bone mineral at axial and 

appendicular sites, and its ability to measure both bone mineral and soft tissue 

composition (20). Although DXA provides good insight into bone quality, it does not 

provide a measure of the geometrical properties of bone or the bone microarchitecture 

(e.g., trabecular number, connectivity and orientation) (21) and osteoporosis involves 

changes in aBMD bone dimensions and microarchitecture (22). Moreover, although DXA 

measures of aBMD incorporate bone size and are less influenced by bone size than BMC, 

the bone size adjustment is incomplete. DXA provides a two-dimensional image and does 

not provide information about the depth of bone, thus smaller bones of comparable 

volumetric BMD appear to have lower aBMD (23). 

 Over the past decade, there has been an increase in the use of peripheral 

quantitative computed tomography (pQCT) for the assessment of skeletal health. Using 
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pQCT, trabecular and cortical bone parameters can be analyzed separately, thus allowing 

the examination of bone distribution, architecture and geometry at fracture-prone sites. 

Additionally, pQCT provides measurements that may be used to calculate muscle 

strength. For example, the strength strain index is an estimate of bone bending-strength 

and is derived from material properties of bone. The pQCT scanner must be positioned at 

pre-measured distances from a reference point. This reference point is at either the 

growth plate (children) or endplate (adults) in order to capture compartments of the 

peripheral bones (i.e., radius, tibia, or femur) that are predominantly composed of 

trabecular bone (metaphyseal site, 4%) or cortical bone (diaphyseal site, 33%, 38%, 65%, 

or 66%), or to allow for determination of muscle density (diaphyseal site, 65% or 66%) 

(24-26). Radiation exposure from pQCT is low (0.01 mSV), although slightly higher if 

compared with DXA (0.004-0.005 mSV) (27).  

Protein and Eggs 

 Modifiable factors such as the diet are thought to positively influence pediatric 

bone growth. The majority of evidence supporting the role of nutrition on bone health has 

focused on individual nutrients such as calcium and vitamin D. Recently there is 

increasing interest in the role of protein intake on bone and muscle development in 

children. Protein, an essential nutrient in every cell in the body, is composed of amino 

acids, which serve as building blocks to help grow and maintain the body’s tissues (e.g., 

muscles, blood, vessels, skin, hair, and nails).  

 The Dietary Guidelines for Americans (DGAs) provide recommendations for diet 

and lifestyle choices. One of the key recommendations from the 2015-2020 DGAs is to 

support healthy eating patterns for all (28). This healthy eating pattern includes 
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consuming a variety of protein foods including seafood, lean meats and poultry, eggs, 

legumes (e.g., beans and peas), and nuts, seeds, and soy products.  

 The recommended dietary allowance (RDA) for protein and the average protein 

intakes for children ages 1-18 years are provided in Table 1. In the United States, both 

boys and girls are exceeding the RDA for protein in all age categories. For boys and girls 

ages 2-18, milk provides the greatest percentage of protein in the diet at 19.1% followed 

by beef at 15.0% and poultry at 10.0%. Pasta and eggs provided the least amount of 

protein in the diet at 2.3% and 2.4%, respectively (29).  

  Eggs contain high-quality protein and are a functional food, containing essential 

nutrients that may benefit bone health including vitamin D and zinc, as well as the 

bioactive compounds, lutein, zeaxanthin, lecithin, and zeaxanthin (Table 2). Lutein and 

zeaxanthin are carotenoids best known for their function in the neural retina where they 

are found in high concentrations. Additionally, lutein and zeaxanthin are known for their 

antioxidant and anti-inflammatory functions and therefore are thought to play a role in 

reducing immune-mediated macular degeneration and age-related cataract formation 

(30). Lecithin is a functional and structural component of all biological membranes and 

acts in the rate-limiting step in the activation of membrane enzymes including superoxide 

dismutase. Eggs are one of the only foods that contain high concentrations of choline. 

Choline has several important physiologic functions including the synthesis of 

phospholipids, the metabolism of methyl and cholinergic neurotransmission, and is 

essential for normal brain development (31).  

 The composition of eggs can be affected by several factors including hen diet, 

age, strain, as well as environmental factors. Despite the high nutritional value, culinary 
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versatility, and low costs, eggs have been considered a controversial food for decades 

because of the saturated fat content (~3 g/100g) and cholesterol content (200-300 

mg/100g) (32). Over the past 40 years, the public has been warned about frequent egg 

consumption due to a supposed increase in cardiovascular disease risk. This risk was 

based on the assumption that increased dietary cholesterol consumption is associated with 

increased serum cholesterol levels and thus cardiovascular disease risk. Reviews 

conducted by Shin et al. (33) and Griffin et al. (34) evaluated results from 16 and 12 

studies, respectively. These studies showed that egg consumption was not associated with 

hyperlipidemia, risk of cardiovascular disease, or cardiac mortality in the general 

population. These reviews provided the basis for the 2015 DGAs which de-emphasized 

the recommendation to limit cholesterol rich foods, including eggs (28). 

Protein and Bone 

Protein is a major component of bone, making up approximately 50% of bone 

volume and approximately 33% of its mass (35). Additionally, it provides the structural 

matrix of the bone (calcium is the prevailing mineral within the matrix). Protein intake 

stimulates the activity of anabolic hormones and growth factors such as insulin-like 

growth factor-1 (IGF-1). During pubertal growth, bone mineral content accrual is 

markedly influenced by increasing IGF-1 (36). Thus, adequate dietary protein intake 

appears to be essential for optimal bone growth during childhood. Lastly, dietary protein 

intake may increase calcium absorption from the gut (37), which is likely to be beneficial 

for bone mineralization.  

Studies examining the association between protein intake and bone health are 

limited and focus primarily on adult populations. A meta-analysis published in 2009 
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found no effects of protein consumption on fracture risk in healthy adults (38), while two 

more recent meta-analyses demonstrated a slight reduction in hip fractures with increased 

protein intake (39) and protective effects on lumbar spine bone mineral density with 

increased protein intakes (40). Together these studies suggest there is a slight benefit of 

increasing protein intake for bone health in adults and no detrimental effects of protein 

intake. 

Although it is suspected that protein intake is important for improving and 

maintaining bone health, there is some concern that higher intakes of sulfur containing 

amino acids (primarily from red meats) increases net physiological acid production. It is 

hypothesized that the acidic environment increases release of calcium from bone and 

increases osteoclast activity (41). An established method of estimating the acid loads of 

foods or diets is to calculate the potential renal acid load (PRAL) (42). The PRAL 

provides an estimate of the production of endogenous acid that exceeds the level of alkali 

produced for a given amount of food ingested daily. The PRAL considers different 

intestinal absorption rates of individual minerals, sulfur-containing protein, and the 

amount of sulfate produced from metabolized proteins (43). Elevated PRAL levels have 

been demonstrated to be detrimental to bone health outcomes in children, adolescents, 

and adults (44). Consuming protein with other components of the diet may modify the 

overall net acid concentration and decrease the dietary PRAL. For example, fruits, 

vegetables, and dairy products have an alkalizing effect and soy isoflavones have 

estrogenic effects (44, 45). Future research needs to include larger-scale intervention 

studies to determine the effect of increased protein intake on bone outcomes and fracture 

risk.  
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Protein and Pediatric Bone 

Given establishing healthy bones during childhood serves as a blueprint for bone 

health in adulthood, it is of interest to determine whether nonpharmalogic dietary 

approaches, such as increasing dietary protein intake, can improve peak bone mass gains 

during childhood. To our knowledge there is only one systematic review and meta-

analysis examining the role of protein intake in children and adolescents, but this study 

focused primarily on adult populations and assessed evidence published over the last 40 

years (46). They did, however, find that protein intake accounted for 0-14% of areal 

BMC variance in children and adolescents. In young adults ages 18-25 years, there was 

no effect of protein supplementation in conjunction with a strength and conditioning 

training program for 6 months on trabecular or cortical bone at the 4% and 20% sites of 

the distal tibia, respectively (47). Prospectively, Alexy et al., demonstrated in a cohort of 

German children that protein intakes over 4 years was positively associated with and was 

a predictor of, forearm periosteal circumference (PC), cortical area (CA), BMC, and 

stress strain index (SSI). These investigators also showed that long-term dietary PRAL 

was negatively associated with forearm BMC and CA (48). In the same cohort, Remer et 

al. demonstrated that urinary nitrogen was positively associated with forearm PC, CA, 

BMC, SSI, and urinary PRAL was negatively associated with forearm BMC and CA 

(49). The authors did not specify what types of protein the children were consuming in 

these prospective studies. Budek et al., investigated the relationships between total 

protein but also, milk, dairy, and meat protein on total body BMC. After adjusting for 

BA, weight, height, and sex, only total protein and milk protein were associated with total 

body BMC. Additionally, when calcium, energy intake, and physical activity were added 
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to the model, only the relationship between milk protein and total body BMC persisted 

(50).  

Eggs and Bone 

The osteogenic effect of individual nutrients may be improved when packaged 

together and consumed contemporaneously (51, 52) or as whole foods (53, 54). With the 

exception of dairy foods (51) little data exists on the effects of whole foods on bone 

health in children. 

Whole eggs have been examined in prior adult studies with respect to their 

beneficial effects on bone and fracture outcomes, but egg intake was only considered in 

food groupings and not independently. For example, Inose et al., showed greater Z-scores 

for tibia cortical speed of sound, a measure associated with cortical strength, in mothers 

who consumed more milk, dairy products, and eggs (55). In older adults, intakes of red 

meat, but not poultry or eggs, was associated with greater risk for skeletal fractures (56). 

While these two adult studies suggest the bone augmenting potential of eggs, it is 

difficult to ascertain whether and to what degree eggs independently contributed to these 

positive relationships given they were not studied in isolation.  

The ability of whole eggs to positively impact cortical bone may occur indirectly 

through effects on skeletal muscle. Skeletal muscle development precedes bone mass 

accrual during pubertal growth, and it is well documented that FFST mass is the most 

important determinant of bone growth in youth (57, 58). In young men, consuming 20 

grams of whole egg protein stimulated greater muscle protein synthesis following 

resistance exercise than in those not consuming whole egg protein (59). Moreover, 

leucine, a primary amino acid in whole eggs, improved skeletal muscle synthesis in 
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young adults (60). Thus, it is possible that the amino acid and protein components of eggs 

may indirectly enhance bone strength through increased muscle mass. Although eggs 

contain protein and bioactive nutrients that are thought to improve pediatric bone health, 

whether egg consumption benefits bone health growing children remains to be elucidated. 

Inflammation  

Acute inflammation is a normal, adaptive physiological response of the immune 

system to pathogens and tissue injury. Mediated by immune cells, acute inflammation 

typically lasts only a few days. During acute inflammation, immune cells function rapidly 

and efficiently to eliminate pathogenic stimuli and return the affected tissue to its normal 

homeostatic state through a coordinated activation and resolution of pro-inflammatory 

leukocyte activity (31). Classic signs of acute inflammation include heat, redness, 

swelling, pain and loss of function.  

If the body fails to appropriately execute and resolve acute inflammatory 

responses this can lead to a detrimental chronic inflammatory tissue state. Chronic 

inflammation is characterized by pathological tissue remodeling, fibrosis, and impaired 

functioning due to persistent inflammatory cell infiltration, activation, and leukocyte-

mediated tissue damage (61, 62). These detrimental effects are observed in cases of 

inappropriate activation of the immune system such as autoimmune conditions (e.g., 

rheumatoid arthritis and irritable bowel disease) and allergic reactions (63-65). 

Additionally, systematic, low-grade inflammation is associated with several other chronic 

diseases including cardiovascular disease (66, 67), type 2 diabetes mellitus (68), obesity 

(69), non-alcoholic fatty liver disease (70) and osteoporosis (71, 72).  
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Inflammation and Bone 

Osteoporosis is a heterogeneous condition occurring during many life stages and 

its etiology is attributed to various endocrine, metabolic, and mechanical factors (e.g., 

vitamin D and calcium deficiency, postmenopausal hormonal changes, etc.) (73). The 

heightened interest in the link between inflammation and bone is derived primarily from 

observational studies of low BMD in children and adults with inflammatory conditions 

(e.g., Crohn’s Disease, Ulcerative Colitis, Cystic Fibrosis and Rheumatoid Arthritis) (74). 

Potential side effects of these inflammatory diseases are thought to indirectly be 

detrimental to bone (Figure 6). For example, most chronic inflammatory diseases are 

associated with a catabolic state that favors the loss of lean body mass which can be 

detrimental to bone. Systemic inflammation can impact the secretion and action of 

parathyroid hormone which can increase the activity of osteoclasts thus increasing bone 

resorption. Steroids such as glucocorticoids are commonly used to treat inflammatory 

diseases and these drugs frequently have major adverse effects on bone health. Lastly, 

malnutrition is common in chronic inflammatory diseases which may be indirectly 

detrimental to bone. 

Elevated levels of pro-inflammatory cytokines seen in chronic inflammatory 

diseases can directly affect bone resorption and/or bone formation, leading to increased 

bone loss. For example, studies in untreated celiac disease patients found that serum 

interleukin-6 (IL-6) was negatively associated with total body BMD and positively 

associated with carboxyterminal telopeptide region of type 1 collagen (marker of bone 

resorption) (75, 76). In a cross-sectional study in otherwise healthy adolescent boys and 

girls, monocyte chemoattractant protein-1(MCP-1) was negatively associated with tibia 
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cortical thickness after adjusting for the covariates, stage of sexual maturation, sex, race, 

muscle cross-sectional area, and height (77). Similarly, a systematic review in individuals 

with rheumatoid arthritis demonstrated that following treatment with a tumor necrosis 

factor alpha (TNF-a) antagonists, patients had an increase in total body BMD (78). This 

suggests that by decreasing inflammation, individuals with chronic inflammatory diseases 

may have stronger bones and thus decreased risk for osteoporosis and fractures later in 

life.  

Of the inflammatory diseases that may influence bone, obesity affects 18.5% of 

children and adolescents in the United States and may therefore provide the greatest 

insight into the inflammation-bone relationship in otherwise healthy youth (79). With 

obesity, there is an increase in the amount of adipose tissue, leading to increased 

macrophage infiltration into the adipose tissue. As a result of this macrophage infiltration, 

pro-inflammatory cytokines, chemokines, and growth factors are released into 

circulation. Russell et al., conducted a study in 12 to 18-year-old obese and non-obese 

females to determine whether associations between visceral and subcutaneous adipose 

tissue (VAT and SAT) and bone density measures were influenced by the pro-

inflammatory biomarkers TNF-a, IL-6, and the adhesion molecule E-selectin. 

Surprisingly there were no relationships between TNF-a and IL-6 with VAT or SAT. 

However, in a regression model that included VAT/SAT, adipokines, and cytokines, E-

selectin was a negative predictor of spine and whole-body BMD (80).  

 Although data have shown that individuals with chronic inflammatory diseases 

are at risk for bone loss and osteoporosis, findings in otherwise healthy adults at risk for 

age-related bone loss may be more applicable to the general population. Lim et al. 
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demonstrated that elevated C-reactive protein (CRP) levels were associated with 

decreased lumbar spine and femoral neck BMD in healthy adults (81). Additionally, in a 

study in older women, those with elevated biomarkers of inflammation (IL-6 and TNF-a) 

had a 1.5-fold increased risk for hip fracture in comparison to those with lower levels of 

inflammation (82). Lastly, a prospective study by Cauley et al. (83) demonstrated that 

higher serum concentrations of inflammatory-related biomarkers, TNF-a, and IL-6 

predicts a higher incidence of fracture over 6 years in 70 to 79 year-old adults (83). These 

findings support that chronic, systemic inflammation is not only a risk factor for bone 

loss in individuals with chronic diseases but also potentially in otherwise healthy adults. 

Whether elevated levels of pro-inflammatory cytokines in otherwise healthy children 

negatively influences bone health outcomes remains unknown. 

Inflammation and Diet 

There is a substantial amount of evidence suggesting that many foods, nutrients, 

and non-nutrient food components influence the inflammatory response process (84). The 

primary research approaches to test whether nutrition modifies inflammation is to target 

individual nutrients (85, 86). For example, consuming omega-6 fatty acids and 

antioxidant vitamins (e.g., vitamin E, lutein and vitamin C) have been associated with 

decreased serum inflammation (86), while consuming saturated fatty acids and excessive 

refined grains have been correlated with higher levels of pro-inflammatory cytokines 

(85).  

There are published reports that dietary patterns or whole foods may be more 

robust than individual nutrients in producing pro- or anti- inflammatory affects (87). For 

example, in healthy adults, adherence to the traditional Mediterranean diet was associated 
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with a reduction in the concentrations of the inflammatory biomarkers, IL-6, TNF-a, and 

CRP. In a cross-sectional study of 732 women who participated in the Nurses’ Health 

Study, researchers investigated the relationship between dietary patterns and 

inflammatory biomarkers. Using food-frequency questionnaires, the researchers 

established two common dietary patterns, the prudent pattern diet and the Western diet. 

The prudent pattern diet is similar to the Mediterranean diet with an emphasis on 

vegetables, fruits, legumes, whole grains, fish and poultry. The Western dietary pattern 

was characterized by increased consumption of red meat, processed meats, refined grains, 

sweets, and fried foods. After adjusting for the covariates, age, body mass index (BMI), 

physical activity, smoking status and alcohol consumption, the prudent pattern was 

inversely associated with plasma concentrations of CRP and E-selectin. The Western 

dietary pattern was positively associated with increased levels of CRP, IL-6, E-selectin, 

soluble intercellular adhesion molecule-1 and soluble vascular cell adhesion molecule-1 

after adjusting for the all covariates except BMI. When BMI was added to the model, the 

relationships between the western dietary pattern and IL-6 were nullified (88).  

An increased understanding of how diet influences inflammation led to the 

development of the Dietary Inflammatory Index (DII) by Cavicchia et al (89) to assess 

the diet on a continuum from maximally anti-inflammatory to maximally pro-

inflammatory. Utilizing the first version of the DII, Cavicchia et al. demonstrated that the 

DII
 
scores correlate with the inflammatory biomarker CRP in a longitudinal study of 

apparently healthy adults (89). These analyses were repeated for the next generation DII
 

which was developed to include peer-reviewed articles published from 2007 to 2010 and 

to refine the scoring algorithm (90). Several cross-sectional studies have demonstrated 
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significant relationships between the updated DII score and CRP in adults (91), as well 

as, IL-6, TNF-α and a combined inflammatory biomarker score in postmenopausal 

women (92). Among children and adolescents, whether a pro-inflammatory diet 

(indicated by higher DII
 
scores) is associated with serum biomarkers of inflammation is 

unknown.  

Eggs and Inflammation  

Eggs contain a variety of essential nutrients and bioactive compounds that contain 

anti-inflammatory properties. Examples include phospholipids, cholesterol, high-quality 

protein, and the carotenoids lutein and zeaxanthin.  

Egg yolks are one of the richest dietary sources of phospholipids. The 

predominant phospholipid class found in eggs is glycerophospholipid 

phosphatidylcholine. Egg derived phospholipids are highly bioavailable, with 

glycerophospholipid phosphatidylcholine being absorbed at >90% efficiency (93, 94). 

Phospholipids are known to influence plasma lipids by increasing high-density 

lipoprotein cholesterol (HDL-C) concentrations (95, 96). HDL-C is thought to be anti-

inflammatory due to its ability to selectively decrease endothelial cell adhesion molecules 

which facilitate the binding of mononuclear cells to vessel walls (97). Moreover, HDL-C 

limits the expression of the pro-inflammatory cytokines, TNF-a and interleukin-1 (98). 

In addition to phospholipids, egg yolks contain a variety of antioxidant 

carotenoids (99, 100). The carotenoid composition of egg yolks is reflective of the hen’s 

diet, with greater intake of carotenoid-rich foods conferring greater yolk carotenoid 

enrichment (101). The two predominant carotenoids found in egg yolks are lutein and 

zeaxanthin, although beta-carotene, alpha carotene, and beta-cryptoxanthin are also found 
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in lower levels (99). Both lutein and zeaxanthin function as antioxidants and anti-

inflammatory agents (102, 103). For example, lutein and zeaxanthin are efficient physical 

quenchers of singlet oxygen and scavengers of other reactive oxygen species (ROS) 

(104). Additionally, they can act as chemical quenchers, undergoing irreversible 

oxygenation (104). The antioxidant potential of the carotenoids lutein and zeaxanthin are 

of particular significant to human health because reducing ROS, results in decreased 

oxidative stress and damage which is a critical factor in the pathogenic processes of 

several chronic diseases such as cardiovascular disease and cancer (104). 

Lastly, eggs contain a variety of bioactive proteins in the egg white fraction, 

including ovalbumin, ovotransferrin, ovomucin, lysozyme and avidin (105). For example, 

the egg-white derived lysozyme naturally exerts antimicrobial effects against Gram-

positive and Gram-negative bacterial through hydrolysis of structural peptidogylcans in 

the bacterial cell walls (106). Moreover, in a porcine model of dextran sodium sulfate 

induced colitis, egg protein supplementation decreased intestinal gene expression of the 

pro-inflammatory cytokines, TNF-a, IL-6, interferon-gamma, interleukin-8, and 

interleukin-17, while increasing the expression of anti-inflammatory interleukin-4 and 

transforming growth factor beta (107). 

Although eggs contain a variety of bioactive compounds associated with anti-

inflammatory effects, there are a limited number of intervention trials examining the 

effects of egg intake on inflammation, and all of these studies have been conducted in 

adults with obesity, metabolic disorder or type 2 diabetes (31). For example, in 

overweight men following a carbohydrate-restricted diet (% energy from 

carbohydrate:fat:protein = 17:57:26) for 12 weeks, the men who consumed eggs had 
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decreased plasma CRP compared to control (108). Moreover, in men and women with 

metabolic syndrome, whole egg intake during moderate carbohydrate restriction (25-30% 

of energy) improved peripheral blood mononuclear cell inflammation, highlighting the 

anti-inflammatory effect of this dietary intervention (109). Lastly, in comparison to an 

oatmeal-based breakfast, egg consumption (one per day) for five weeks resulted in 

decreased TNF-a concentrations in individuals with type 2 diabetes (110). Collectively, 

these studies provide support for eggs to mitigate inflammation under specific health 

conditions; however, future research needs to be conducted to determine the anti-

inflammatory effects of egg consumption in healthy individuals. To my knowledge there 

are no studies investigating the anti-inflammatory potential of eggs in healthy children 

and adolescents.  

Summary 

Adolescence is a period of rapid and significant longitudinal bone growth, areal 

bone mineral accrual, and bone expansion (12, 13, 16, 17). Thus, achieving optimal peak 

bone mass gains during adolescence is important to prevent low bone mass and 

osteoporosis later in life. Recently, dietary protein has been highlighted for its potential 

benefit on adult bone health outcomes; however, limited research has investigated the 

role of dietary protein on pediatric bone outcomes. It has been postulated that whole 

foods or dietary compounds may be more robust in influencing not only pediatric bone 

growth but also inflammatory response patterns. Eggs are a high-quality protein 

providing 6 grams per egg and contain bioactive components that are thought to influence 

pediatric bone growth and inflammation. Whether whole egg consumption during 

childhood influences bone mass and reduces inflammation remains to be elucidated. 
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Moreover, whether and how inflammation influences bone mass in healthy children is 

unknown. Therefore, this dissertation seeks to address two specific gaps in the current 

body of evidence: 1) the relationships between egg intake and protein intake and cortical 

bone endpoints in apparently healthy children, and 2) the influence of dietary and serum 

inflammation on cortical bone outcomes in apparently healthy children.  

Chapter 3 of this dissertation found a positive link between whole egg 

consumption and radius cortical bone in healthy, black and white children in the early 

stages of puberty and showed for the first time that FFST mediated these relationships. 

Additionally, egg intake was positively correlated with the biomarker of bone turnover, 

osteocalcin. Chapter 4 of this dissertation found that the pro-inflammatory biomarker, 

MCP-1 was inversely related to tibia cortical thickness in healthy children and 

adolescents. Chapter 5 of this dissertation found limited evidence (Grade C) for a positive 

impact of protein intake on pediatric bone health. The limited grade was given was due to 

there being only one dietary protein intervention in children and adolescents and this 

intervention was in conjunction with an exercise intervention. Currently there are no 

intervention studies independently assessing the influence of dietary protein on pediatric 

bone health. 

 The findings from this dissertation led to the funding of the Skeletal and 

Cognitive Effects of Nutrition from Eggs (SCENE study) (Figure 7). The SCENE study 

is a 9-month randomized controlled feeding trial in healthy and obese boys and girls ages 

9-13 years. The SCENE study is a 2-phase study. SCENE phase 1 was a pilot study 

aimed at determining the feasibility of consuming egg products and control products (i.e., 

whole milk protein and gelatin) in children ages 9-13 years. All products were tested in a 
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minimum of 75 children to determine overall acceptability. After being tested, all 

products were judged as acceptable for inclusion in the randomized controlled trial 

(SCENE phase 2). The SCENE study central hypothesis is that the consumption of whole 

egg products will enhance skeletal strength in children to a greater degree that controls. 

The secondary hypothesis is that biomarkers of inflammation will partially mediate the 

positive effects of eggs on skeletal strength. The tertiary hypothesis is that egg intake will 

positively influence cognitive function in children.  
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Table 2.1: Average protein intakes versus RDA 

 

Average Protein 
Intakes (grams) 

 RDA 
(grams/day) 

Age (years) Males Females Age (years) Males Females 

2-4 55 51 1-3 13 

6-11 69 65 4-8 19 

12-19 85 63 9-13 34 34 

   14-18 52 46 

Table 2.2: Nutritional composition of hen eggs 

Component (Unit) Amount Component (Unit) Amount 

Egg shell (%) 10.5 Calcium (mg) 56.0 

Egg yolk (%) 31 Magnesium (mg) 12.0 

Egg white (%) 58.5 Iron (mg) 2.1 

Water (g) 74.5 Phosphorus (µg) 180.0 

Energy (Kcal) 162 Zing (mg) 1.44 

Protein (g) 12.1 Thiamine (mg) 0.09 

Carbohydrates (g) 0.68 Riboflavin (mg) 0.3 

Lipids (g) 12.1 Niacin (mg) 0.1 

Saturated fatty acids (g) 3.3 Folic acid (µg) 65.0 

Monounsaturated fatty acids (g) 4.9 Cyanocobalamin (µg) 66.0 

Polyunsaturated fatty acids (g) 1.8 Pyridoxine (mg) 0.12 

Cholesterol (mg) 410 Retinol equivalents (µg) 227.0 

Iodine (µg) 12.7 Potassium (mg) 147 

Tocopherol (µg) 1.93 Carotenoids (µg) 10 

Selenium (µg) 10 Cholecalciferol (µg) 1.8 

Quantities represent an edible portion of about 100 g 

g, grams; mg, miligrams; µg, micrograms 
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Figure 2.1. Bone anatomy (111) 

 

 

 
Figure 2.2. Structure of a long bone (112) 
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Figure 2.3. Bone remodeling process (113) 

 
 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2.4. Peak bone mineral content (BMC) gains and peak height velocity (PHV) in boys and girls (51) 
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Figure 2.5. Peak bone mineral density (BMD) at the lumbar spine over time 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Inflammatory disease states 
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Figure 2.7. SCENE study timeline 
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CHAPTER 3
3
 

WHOLE EGG CONSUMPTION AND CORTICAL BONE 

IN HEALTHY CHILDREN 
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Abstract 

Purpose: This study examined the relationships between egg consumption and cortical 

bone in children.  

Methods: The cross-sectional study design included 294 9-13-year-old black and white 

males and females. Three-day diet records determined daily egg consumption. Peripheral 

quantitative computed tomography measured radius and tibia cortical bone. Body 

composition and biomarkers of bone turnover were assessed using dual energy X-ray 

absorptiometry and ELISA, respectively.  

Results: Egg intake was positively correlated with radius and tibia cortical bone mineral 

content (Ct.BMC), total bone area, cortical area, cortical thickness, periosteal 

circumference, and polar strength strain index in unadjusted models (r=0.144-0.224, all 

P<.050). After adjusting for differences in race, sex, stage of sexual maturation, fat-free 

soft tissue mass (FFST), and protein intakes, tibia relationships were nullified; however, 

egg intake remained positively correlated with radius Ct.BMC (r=0.138, P=.031). Egg 

intake positively correlated with total body bone mineral density, bone mineral content, 

and bone area in the unadjusted models only (r=0.119-0.224; all P<.050). After adjusting 

for covariates, egg intake was a positive predictor of radius FFST (β=0.113, P<.050) and 

FFST was a positive predictor of radius Ct.BMC (β=0.556, P<.050) in path analyses. 

There was a direct influence of egg on radius Ct.BMC (β=0.099, P=.035), even after 

adjusting for the mediator, FFST (β=0.137, P=.020). Egg intake was positively correlated 

with osteocalcin in both the unadjusted (P=.005) and adjusted (P=.049) models. 

Conclusion: If the positive influence of eggs on Ct.BMC observed in this study are 
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confirmed through future randomized controlled trials, whole eggs may represent a viable 

strategy to promote pediatric bone development and prevent fractures.  

 

 

 

Key Words: egg, cortical bone, fat-free soft tissue, pQCT 
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Mini Abstract:  

Eggs contain bioactive compounds thought to benefit pediatric bone. This cross-sectional 

study shows a positive link between childhood egg intake and radius cortical bone. If 

randomized trials confirm our findings, incorporating eggs into children’s diets could 

have a significant impact in preventing childhood fractures and reducing the risk of 

osteoporosis. 
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Introduction 

The majority of evidence supporting the role of nutrition on bone health has 

focused on individual nutrients, particularly calcium, vitamin D, and protein (1-7). There 

is strong evidence for supplemental calcium (7) to increase bone mineral accrual in 

children, whereas findings are less consistent with respect to vitamin D (5, 6) or protein 

(8,9) supplementation and their effects on childhood bone accrual. The osteogenic effects 

of these individual nutrients may be improved when packaged together and consumed 

contemporaneously (7-9) or as whole foods (10, 11). For example, in a prospective study 

of children ages 15-17 years, consuming at least two servings of dairy per day, in 

comparison to fewer than two servings per day, was associated with significantly higher 

mean bone mineral content (BMC) and bone area (10). In older adults, greater yogurt 

consumption is related to higher bone mineral density and physical function scores (11). 

With the exception of dairy foods (9) little data exist on the effects of whole foods on 

bone health. 

Eggs contain nutrients that may benefit bone health including vitamin D and zinc 

and osteogenic bioactive components, lutein and zeaxanthin. Whole eggs have been 

examined in prior studies with respect to their beneficial effects on bone and fracture 

outcomes, but egg intake was only considered in food groupings and not independently. 

For example, Inose et al. showed greater Z-scores for tibia cortical speed of sound, a 

measure associated with cortical strength, in mothers who consumed more milk, dairy 

products, and eggs (12). In older adults, intakes of red meat, but not poultry or eggs, was 

associated with greater risk for skeletal fractures (13). While these two adult studies 

suggest the bone augmenting potential of eggs, it is difficult to ascertain whether and to 
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what degree eggs contributed to these positive relationships given they were not studied 

in isolation.  

The ability of whole eggs to positively impact cortical bone may occur indirectly 

through effects on skeletal muscle mass. Skeletal muscle development precedes bone 

mass accrual during pubertal growth, and it is well documented that fat-free soft tissue 

(FFST) mass is the most important determinant of bone strength in youth (14, 15). In 

young men, consumption of 20 grams of whole egg protein was shown to stimulate 

greater muscle protein synthesis following resistance exercise than in those not 

consuming whole egg protein (16). Moreover, leucine, a primary amino acid in whole 

eggs, improved skeletal muscle synthesis in young adults (17). Thus, it is possible that 

the amino acid and protein components of eggs may indirectly enhance bone strength 

through increased muscle mass.  

The 2015 Dietary Guidelines for Americans de-emphasized the recommendation 

to limit cholesterol-rich foods, including eggs, which had been restricted in years past due 

to their perceived risk on cardiovascular health (18). Reviews conducted by Shin et al. 

(19) and Griffin et al. (20) evaluated results from 16 and 12 studies, respectively, and 

provided the basis for the 2015 guidelines. These studies showed that egg consumption 

was not associated with hyperlipidemia, risk of cardiovascular disease, and cardiac 

mortality in the general population. Given that eggs are the least expensive source of 

high-quality protein per standard United States Department of Agriculture serving, 

incorporating eggs into everyday diets may be a cost-effective strategy to benefit skeletal 

health in growing youth. 
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To our knowledge, studies investigating the associations between egg 

consumption and bone outcomes during the critical period of rapid pubertal growth have 

not been conducted. Therefore, the aim of this study was to cross-sectionally explore the 

relationships between whole egg intake and cortical bone parameters, total body bone 

outcomes, and biomarkers of bone turnover in children entering the early stages of 

puberty. A secondary aim was to determine if FFST has a mediating role on the 

relationship between egg intake and cortical bone.  

Subjects and Methods 

Study design and participant characteristics 

This study was a secondary analysis of baseline data obtained from a multi-site 

randomized controlled vitamin D clinical trial (21). Study sites were in Georgia 

(University of Georgia [UGA]) and Indiana (Purdue University [PU] and Indiana 

University [IU]). Reported healthy participants who were free from chronic diseases 

(N=323) were included in the parent study if they were between ages 9-13 years, in the 

early stages of puberty with self-reported sexual maturation ratings of 2 or 3 for breast 

development in females and genital development in males as described by Tanner (22), 

and self-reported non-Hispanic white or black race, with both sets of biological parents 

and grandparents all identifying as the same race. Exclusion criteria included menarche 

(for females), the presence of growth disorders/chronic disease (e.g., cerebral palsy) or 

the use of medications (e.g., corticosteroids) known to influence bone metabolism. A 

power analysis was conducted on the outcome variable tibia strength strain index using 

the existing sample size from the original study of 323 With a medium effect size of .30 

and an alpha of .05, the expected statistical power for this cross-sectional study is greater 
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than .99, which indicates a high probability to detect an existing effect in our data. 

Twenty-nine participants were excluded from this ancillary study due to incomplete diet 

records, as described below. The Institutional Review Boards for Human Subjects at all 

study sites approved the study procedures. Informed assent and permission were obtained 

from each participant and their parent/guardian, respectively. 

Demographic and dietary assessment 

With assistance from parents or guardians, three-day diet records, a valid and 

reliable method for estimating energy and nutrient intakes in children (23-25), were 

completed at home on two weekdays and one weekend day. Records were analyzed by 

one trained registered dietitian nutritionist using Food Processor SQL version 9.7.3 

(ESHA Research). Three-day diet records were used to estimate total whole egg intake 

(e.g., scrambled eggs, hard-boiled eggs, fried eggs) over three days, as well as mean daily 

energy (kcal) and mean daily protein (g) intakes. Egg consumption from mixed dishes 

was not quantified and therefore was not included in these analyses. Average measure 

(three-day) intraclass correlation coefficients (ICCs) were calculated in girls ages 6-10 

years (N=10), whose three-day diet records were completed twice over two weeks and 

calculated for vitamin D, calcium, and energy (≥0.86).  

Anthropometry  

Height (to the nearest 0.1 cm) and body mass (to nearest 0.1 kg) were measured 

using a wall-mounted stadiometer and electronic scale, respectively. Body mass index 

(BMI, in kilograms per meter squared) was calculated, and sex- and age-specific 

percentiles derived using a BMI percentile calculator (26). Single-measure ICCs and test-

retest coefficients of variation (CV) were determined previously in our lab for standing 
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height (0.99 and 0.4%) and body weight (0.99 and 1.4%) in females ages 6-10 years 

(N=10) who were measured twice over a two-week period by the same researcher.  

Body composition and whole body bone measurements 

Fat mass, percent fat, and FFST were assessed using dual energy X-ray 

absorptiometry (DXA; Delphi-A, Hologic Inc. [UGA]; Lunar iDXA, GE Medical 

Instruments [PU]; and Hologic Discovery-W [IU]). Whole body bone mineral density 

(BMD), BMC, and bone area were also assessed with DXA. At each study site, the same 

technician completed scans and performed analyses using instrument-specific software 

and protocols. ICCs were calculated for body composition in females, ages 5-8 years 

(N=10), scanned twice at UGA over 7 days (all ≥ 0.98). As previously reported, DXA 

scanners at each testing site were cross-calibrated, and regression formulae were 

determined to the adjust data (21, 27, 28).  

Cortical bone measurements 

Cortical bone was assessed using peripheral quantitative computed tomography 

(pQCT) at each study site using Stratec XCT 2000 machines (Stratec Medizintechnik 

GmbH, Pforzheim, Germany), as reported previously (27). A single tomographic slice 

was taken at the tibia and radius 66% site relative to the distal growth plate. Subjects 

were positioned supine with their self-reported non-dominant leg and arm in the center of 

the gantry of the pQCT machine. A cortical bone phantom specific to the pQCT machine 

with known properties was scanned a minimum of 20 times on each scanner to ensure 

comparability of machines between each testing site. The variation in phantom measures 

differed by <1% (27). 
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Cort mode 1 (threshold, 710 mg/cm
3
) was used to obtain cortical volumetric bone 

mineral density (Ct.vBMD mg/cm
3
), cortical bone mineral content (Ct.BMC; mg/mm), 

and cortical area (Ct.Ar; cm
2
) and to define the outermost edge of the bone. Peel mode 2 

(threshold, 400 mg/cm
3
) was used to separate the cancellous and cortical bone 

compartments. Total bone area (Tt.Ar, mm
2
), cortical thickness (Ct.Th, mm), periosteal 

perimeter (Ps.Pm, mm), and endosteal perimeter (Es.Pm, mm) were also measured. This 

same threshold was used to calculate polar-strength strain index (pSSI, mm
3
), which is 

derived from Ct.vBMD, section modulus, and normal physiological bone density that is 

estimated at 12,000 mg/mm
3
 (27, 29, 30). Using a F03F05 filer (contour mode 3 

[threshold of -100 mg/cm
3
] and peel mode 2 [threshold of 40 mg/cm

3
]), muscle cross-

sectional area (MCSA) was measured. Five healthy females (ages 18-24 years) were 

scanned at the UGA site to determine test-retest reliability (31). One-way random effects 

model and single measure ICCs for all pQCT variables were R ≥ 0.97. At the IU site, 

short-term precision for the pQCT scanning procedure on 30 healthy individuals scanned 

six times with interim repositioning showed root mean square coefficients of variation 

(RMS-CVs) of <1% for bone density, mass, structure, and estimated strength measures, 

and <1.5% for mCSA (32).  

Biochemical analyses 

Blood and urine samples were collected in the morning following an overnight 

fast. All samples were prepared for storage and frozen in a <-80°C freezer until analyses. 

Reference controls (kits) and internal controls (in-house pooled samples) were included 

with each assay run for quality control. Repeat analyses were conducted when duplicate 

samples differed by ≥10%. Serum osteocalcin (OC) and bone-specific alkaline 
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phosphatase (BSAP) were assessed as measures of bone formation, and were measured 

by ELISA (Quidel Corp., San Diego, CA). Urine N-terminal telopeptide (NTX) was 

assessed as a measure of bone resorption, and was measured by ELISA (Ostex 

International, Seattle, WA). Mean interassay CVs for the bone turnover markers ranged 

from 4.1%-8.0%. Serum 25(OH)D was assessed using a 2-step RIA (Diasorin). The inter- 

and intra-assay CV were 5.6% to 8.4% and 5.5% to 7.0%, respectively. Analytical 

reliability of 25(OH)D assays was further monitored through DEQAS (the Vitamin D 

External Quality Assessment Scheme).  

Statistical analyses 

Data were analyzed using SPSS version 21 (SPSS, Inc.) for the Mac OS X. 

Histograms were visually inspected for outliers and normal distribution. Distributions 

were classified as skewed or kurtotic if > 2.0 standard deviations (SDs). An outlier was 

detected when visually inspecting the histogram of three-day egg consumption. Given 

that one participant reported consumption of 12 whole eggs during the three-day dietary 

recall period, this participant was removed from our data. Because three-day egg 

consumption, urine NTX, and serum OC each had positive skewed distributions, they 

were log-transformed (i.e., NTX) or square-root-transformed (i.e., three-day egg 

consumption and OC) prior to analyses.  Pearson’s bivariate and partial correlations were 

conducted to determine the association between egg intake and whole body bone 

outcomes and cortical bone outcomes while adjusting for stage of sexual maturation, sex, 

race, FFST, and average three-day total protein intake. Using Mplus software (version 

7.31), path analysis was performed to examine the FFST-mediated relationship between 

egg intake and Ct.BMC. Indirect effects tests were conducted using the product 
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coefficient method (33). Each of the above-mentioned path models was identified and 

included sexual maturation, race, and sex as covariates. A P-value < .05 was considered 

statistically significant for all analyses.  

Results 

Participant characteristics 

Descriptive participant characteristics are presented in Table 1. Approximately 

30% of study participants consumed eggs during the three-day dietary recording period 

(n=87). Between-group differences were assessed by independent samples t-tests. There 

were statistically significant differences in stages of sexual maturation between egg 

consumers and non-egg consumers (Table 1). Moreover, egg consumers were 

significantly taller, heavier, and had greater FFST in comparison to the non-consumers. 

Total protein intake was higher in egg consumers; however, energy intake did not differ 

between the two groups.  

Egg consumption and cortical bone outcomes 

Egg consumption was positively associated with mid-tibia and mid-radius 

Ct.BMC, Tt.Ar, Ct.Ar, Ct.Th, PC, and pSSI (Table 2). After adjustments for stage of 

sexual maturation, sex, race, FFST, and average total protein intake, the relationships 

between egg consumption and mid-tibia cortical bone outcomes were nullified, but egg 

intake remained positively correlated with mid-radius Ct.BMC (P=.031, Table 2).  

Egg consumption and total body outcomes 

 Egg consumption was positively associated with total body FFST in the 

unadjusted model (r=.185, P=.001) and remained positively associated with total body 

FFST when adjusting for the mediators, stage of sexual maturation, sex, race, and 
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average total protein intake (r=.126, P=.033). Egg intake was positively associated with 

total body bone mineral density (BMD; r=.181, P=.002), bone mineral content (BMC; 

r=.224, P<.001), and bone area (BA; r=.119, P=.043) in the unadjusted model. After 

controlling for the mediators, all total body relationships were nullified. 

Mediating role of FFST in the association between egg intake and Ct. BMC at the 

mid-radius 

The path models presented in Figure 1 represent the FFST-dependent relationship 

between egg intake and mid radius Ct.BMC while controlling for race, sex, and stage of 

sexual maturation. Three-day egg intake was a positive predictor of FFST (P=.027) and 

FFST was a positive predictor of Ct.BMC (P<.001). After adjusting for the mediator, 

FFST, egg intake remained a positive predictor of Ct.BMC (P<.050). The test for an 

indirect effect was statistically significant (P=.020).  

Egg consumption and bone biomarkers 

Egg consumption was positively correlated with OC (r=0.170, P=.005) and 

negatively correlated with both BSAP (r=-0.084, P=.163) and NTX (r = -0.128, P=.033). 

After controlling for race, sex, stage of sexual maturation, and average total protein 

intake, these relationships were nullified except for OC (r=0.120, P=.049).  

Discussion 

The aim of this cross-sectional study was to determine whether whole egg intake 

was associated with cortical bone strength and biomarkers of bone turnover in healthy 

children. The secondary aim of this study was to determine whether FFST mediates the 

relationship between egg and bone. The primary finding was that egg intake was a 

positive predictor of mid-radius Ct.BMC and that the relationship between egg intake and 
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Ct.BMC was partially mediated through FFST. With the exception of dairy foods, 

including a recent study using yogurt, (9, 11, 34, 35) limited research exists regarding the 

relationships between whole food consumption and bone outcomes in children. The 

present study is the first to assess the relationships between whole egg intake and radius 

and tibia cortical bone in children. The only other study that examined egg intake and 

bone strength used a composite measure of eggs and dairy intake, which showed positive 

relationships between tibia cortical speed of sound in adult females (12). The degree to 

which eggs alone contributed to these positive relationships was not ascertained. 

The positive relationship between whole egg intake and radius cortical bone 

observed in the current study could be related to the protein component of eggs, as cross-

sectional (34-37) and prospective (4, 38-40) studies in children support the role of dietary 

protein on bone. For example, Bounds et al. (39) showed that protein intake in children is 

a positive predictor of total body BMC. Alexy et al. (4) reported that dietary protein 

intake over four years during growth is associated with increased diaphyseal bone 

strength, specifically increases in PC, Ct.Ar, Ct.BMC, and pSSI. Randomized-controlled 

trials have not been conducted and are needed to confirm the results of the cross-sectional 

and prospective protein studies.  

Beyond protein, components of eggs that may benefit bone health include 

nutrients, such as vitamin D and zinc and bioactive components, including lutein and 

zeaxanthin. There is moderate evidence supporting a role of vitamin D for improving 

bone outcomes in children and adolescents (7) and zinc supplementation in children has 

been shown to increase bone formation (41). Lutein and zeaxanthin, bioactive 

components present in eggs, have known anti-inflammatory effects (42). These dietary 



 

 

59 

factors may mediate a potential benefit of egg consumption on bone geometry, as the pro-

inflammatory cytokines tumor necrosis factor alpha, interleukin-6 and c-reactive protein 

have a negative effect on adult bone strength (43, 44). Assessments of biomarkers of 

inflammation in future studies can provide additional insight into the anti-inflammatory 

roles of whole eggs and bone outcomes. 

In addition to a direct effect of whole eggs on bone, it is possible that eggs could 

improve bone strength through actions on lean body mass. In our path model, FFST 

mediated the relationship between egg intake and Ct.BMC. This novel finding is 

supported by previous studies showing that protein and leucine stimulate muscle protein 

synthesis (17, 45) and skeletal muscle mass is a strong determinant of pediatric bone 

mass (14, 15, 46). The significant positive relationships between 3-day egg intakes and 

FFST mass reported in the current study are supported by a short-term intervention study 

by Candow and colleges (45) who showed that independent of source, young adults who 

consumed a protein supplement during resistance training had increases in lean tissue 

mass and strength versus those who consumed an isocaloric placebo during resistance 

training (P<.050). Our data showing that FFST mass is a significant predictor of radius 

Ct.BMC is in agreement with Crabtree et al. (47) who demonstrated that among school 

children ages 5-18 years living in the United Kingdom, lean body mass was the strongest 

predictor of BMC at the total body and lumbar spine. In a recent review, the authors 

reaffirmed the importance of FFST mass as a strong positive predictor of cortical bone 

geometry (46). 

Though our data showed a positive association between egg intake and radius 

Ct.BMC, we did not find significant relationships between egg consumption and mid-
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tibia cortical bone outcomes and total body bone outcomes after adjusting for the 

covariates. Measures of areal bone mineral density may underestimate the strength of the 

bone given it does not provide information regarding trabecular and cortical bone 

properties. While there are no studies investigating egg intake on cortical bone outcomes, 

the site-specific differences reported in the present study are consistent with pediatric 

physical activity investigations. For example, Jackowski et al. (48) did not show a 

difference between recreational gymnastic, an activity known to exert positive influences 

on bone mineral accrual during growth, or control, on bone mineral content and bone area 

at the tibia in children ages 4-12 years. However, increased bone mineral content and area 

were seen at the distal radius in those children who participated in recreational 

gymnastics. Thus, it is plausible that mechanical loading associated with compression 

forces on the lower limbs with weight bearing masked any potential effects of gymnastic, 

or in the present study, egg intake, on tibia outcomes. It is also possible that the null 

findings of egg consumption on tibia bone outcomes were associated with weight bearing 

masking effects. Future intervention trials should account for site-specific effects of diet 

and load bearing, including physical activity, when assessing the relationship between 

egg intake and bone outcomes.  

 The positive relationship between egg consumption and the bone formation 

marker OC, following adjustments for key covariates, supports the mediation model and 

provides potentially, some insight into mechanisms for the link between eggs and bone. 

To our knowledge, there are no prior studies examining the relationships between egg 

consumption and markers of bone turnover in children. A number of clinical studies have 

investigated the effects of protein intake on bone biomarkers and the findings are 
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equivocal. For example, biomarkers of bone resorption and formation have been reported 

to decrease (49, 50) remain the same (51-53) or increase (54) following protein 

supplementation. It has been reported that milk protein supplementation in healthy 

women leads to a reduction in NTX and no change in BSAP or OC (55). Further, since 

OC is not the ideal marker for bone formation and most likely better reflects overall bone 

turnover (56), a more specific marker of pediatric bone formation like N-terminal 

propeptide of type 1 procollagen, should be assessed. Randomized controlled egg feeding 

trials will help to improve our understanding of the role of whole eggs on bone turnover. 

The strength of this study is the utilization of path analysis statistical techniques 

to explore the mediation effects of FFST on the relationship of egg intake and Ct.BMC. 

However, when interpreting our results, certain aspects of the study should be considered. 

First, given its cross-sectional design, we cannot confirm causality when linking egg 

intake and bone. Second, participants self-reported their dietary intakes, which may have 

resulted in either over- or under-reporting of food consumption (57). Though the three-

day dietary recall used in our study is a valid method in children (23-25), another 

limitation of the study is our single measure assessment of egg intakes. Given this study 

was a secondary analysis on baseline data obtained from a randomized controlled trial 

and not originally intended to assess egg intake, more complete egg intake data, including 

egg intakes from mixed dishes, was not collected and is needed in future trials. Despite 

these limitations, our results are hypothesis generating, and provide valuable insight into 

the relationship between egg consumption and musculoskeletal outcomes in children. 

Importantly, our results provide the basis to explore in clinical trials the viability of 

whole egg intake to increase bone strength and prevent childhood and adult fractures. 
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This cross-sectional study provides novel evidence of a positive link between 

whole egg consumption and cortical bone in healthy, black and white children in the 

early stages of puberty, and we showed for the first time that FFST mediated these 

relationships. Considering the liberalization of egg intake recommendations in the 2015 

Dietary Guidelines for Americans report, coupled with the affordability of eggs in the 

marketplace, greater incorporation of eggs into children’s diets is feasible, and could have 

a significant public health impact, including fracture risk reduction and osteoporosis 

prevention. Future randomized controlled trials are needed, however, to confirm the 

positive impact of egg intake on pediatric musculoskeletal development. 
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Table 3.1. Participant characteristics                 

    

Total Cohort 

 N=294   

Egg Consumers  

n=87   

Non-Egg Consumers 

n=207 Pa
 

Demographics              

 Age, y  11.5  ± 1.2  11.7 ± 1.3  11.3 ± 1.2 .004 

 Sex (male), n  162 (55%)  34 (12%)  128 (44%) .027 

 Race (black), n  165 (56%)  49 (17%)  116 (39%) .014 

 Sexual maturation stage (2/3) 211(72%) / 83(28%)  50(17%) / 20 (7.0%)  161(55%) / 63 (21%) .040 

Anthropometrics              

 Height, cm  150.7  ± 9.3  153.5 ± 9.6  149.9 ± 9.1 .002 

 Weight, kg  47.4  ± 12.2  53.1 ± 34.0  48.9 ± 12.5 .002 

 BMI percentile  68.0  ± 29.2  69.6 ± 27.0  66.3 ± 30.5 .352 

 BMI-for-age, Z-score  .67  ± 1.1  .75 ± 1.0  .57 ± 1.1 .196 

 Tibia length, cm  349.6  ± 35.2  360.3 ± 34.3  346.4 ± 35.6 <.001 

 Radius length, cm  245.8  ± 25.4  255.8 ± 25.3  242.5 ± 24.9 <.001 

Body Composition              

 Body fat, %  31.1  ± 9.4  29.6 ± 9.0  31.5 ± 9.5 .992 

 Fat mass, kg  14.7  ± 7.4  15.1 ± 7.7  14.5 ± 7.1 <.001 

 FFST mass, kg  30.4  ± 6.9  33.1 ± 7.4  29.4 ± 6.4 .352 

Serum Biomarkers              

 25(OH)D, ng/mL  28.0  ± 7.4  27.0 ± 7.4  28.4 ± 7.6 .182 

Physical Activity              

 Average 3-day EE, Mets/d  62.2  ± 10.0  63.2 ± 11.1  62.0 ± 9.5 .384 

Nutrition              

 Average kcal consumed, kcal/d  2004.3  ± 628.5  2097.0 ± 632.7  1975.4 ± 624.3 .132 

 Average 3-day PRO intake, g/d  77.1  ± 26.3  85.0 ± 29.5  74.4 ± 24.1 .004 

 Average 3-day PRO intake, 

 gm/1000kcal  39.9  ± 11.4  42.2 ± 11.1      38.9 ± 11.4 .025 

 Average 3-day egg intake           0.7 ± 0.4           

Data presented as mean ± SD unless otherwise indicated          
a
Test of between-group significance based on independent samples t-test 

BMI, body mass index; FFST, fat-free soft tissue; EE, energy expenditure; 

Mets, metabolic equivalents; PRO, protein        
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Table 3.2. Bivariate and partial correlations between dietary egg intake and cortical bone outcomes 

  Tibia Radius 

  Unadjusted Adjusted Unadjusted Adjusted 

  r P r P  r P r P 

MCSA 0.188 .001 
 

  0.218 <.001    
Ct.vBMD  0.040 .506 0.032 .620 0.082 .184 0.016 .799 

Ct.BMC  0.208 <.001 0.039 .539 0.224 <.001 0.138 .031 

Tt.Ar  0.151 .011 -0.043 .504 0.150 .015 0.078 .223 

Ct.Ar  0.202 .001 0.031 .628 0.181 .003 0.053 .406 

Ct.Th  0.188 .002 0.073 .255 0.144 .020 0.025 .694 

PC  0.146 .014 -0.047 .467 0.155 .012 0.086 .183 

EC 0.070 .240 -0.071 .270 0.051 .408 0.045 .484 

pSSI  0.186 .002 -0.001 .986 0.166 .007 0.054 .401 

Statistically significant at P<.05 

N=294 

Adjusted for race, sex, stage of maturation, FFST, and protein intakes (g) 

FFST, fat-free soft tissue; MCSA, muscle cross sectional area; Ct.vBMD, volumetric cortical bone 

mineral density; Ct.BMC, cortical bone mineral content; Tt.Ar, total area; Ct.Ar, cortical area; Ct.Th, 

cortical thickness; PC, periosteal circumference; EC, endosteal circumference; pSSI, polar strength 

strain index 
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Figure 3.1. FFST mass is a partial mediator in the relationship between dietary egg intake and 

mid-radius Ct.BMC. Race, sex, and sexual maturation rating stage were included in this model.  

a
Indicates the relationship between 3-day egg consumption and mid-radius Ct.BMC after 

adjusting for race, sex, and sexual maturation rating stage.  

FFST, fat-free soft tissue; Ct.BMC, cortical bone mineral content 
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Abstract 
 
Purpose: Examine the relationships between the dietary inflammatory index (DII)-scores 

and bone and biomarkers of inflammation in 290 adolescents, ages 9-13 years.  

Methods: DII-scores were calculated from 3-day diet records and categorized into 

tertiles, low (<-1.34), medium (-1.34 to 1.41), and high (>1.41) inflammation. Radius and 

tibia bone were assessed via peripheral quantitative computed tomography (Stratec XCT 

2000) at the 66%-site relative to the distal growth plate. Fasting serum was measured for 

tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), vascular endothelial growth 

factor (VEGF), and monocyte chemoattractant protein-1 (MCP-1). The relationships 

between DII-score and bone and biomarkers of inflammation were assessed using 

bivariate and partial correlations adjusting for sexual maturation, sex, race, muscle cross-

sectional area, and height. ANOVA/ANCOVA models were used to compare DII-tertiles 

with dependent variables.  

Results: DII-score was negatively associated with tibia trabecular area (TtAr; r=-.141, 

P=.019), periosteal perimeter (PsPM; r=-.145; P=.016); endosteal perimeter (r=-.145, 

P=.016), strength strain index (SSI; r=-.129, P=.032), and radius TtAr (r=-.140, P=.020), 

PsPm (r=-.138, P=.027) and SSI (r=-.131, P=.036) but nullified when adjusting for 

covariates. Tibia PsPm was higher in the low DII group compared to the medium 

(P=.050) and high (P=.046) groups but nullified after controlling for covariates. DII-

scores were not associated with TNF-a, VEGF, or IL-6, but were associated with MCP-1 

only in the unadjusted model (r=.125, P=.042). In the adjusted model MCP-1 was 

inversely associated with tibia cortical thickness (r=-.150 P=.030).  
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Conclusion: The DII-scores were not related to biomarkers of inflammation or bone; 

however, the biomarker of inflammation, MCP-1 was negatively associated with tibia 

CtTh. Future prospective pediatric studies should be conducted to better understand this 

relationship and determine if there are long-term implications in adulthood.   

 

 

 

Key Words: Diet, Inflammation, pQCT, DII, Adolescents 
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Mini Abstract 

Diet is thought to modulate inflammation. This study shows no relationships between the 

DII and biomarkers of inflammation or bone after adjusting for covariates. Monocyte 

chemoattractant protein-1 was inversely associated with peripheral tibia cortical thickness 

and prospective childhood studies should be conducted to better understand these 

relationships and to determine if there are long-term consequences in adulthood. 
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Introduction 

Systemic, low-grade inflammation is associated with several chronic diseases 

including cardiovascular disease (1, 2), type 2 diabetes mellitus (3), obesity (4), and 

osteoporosis (5, 6). Once considered adult diseases, children and adolescents are 

increasingly being diagnosed with these chronic conditions (7). Similar to adults, the 

relationships between inflammation and metabolic syndrome (8), obesity (8) and insulin 

resistance (9) are observed in youth. Low-grade, systemic inflammation in youth tracks 

into adulthood, putting these adolescents at increased risk for chronic diseases later in life 

(10).   

Modifiable factors such as diet have been demonstrated to influence the 

inflammatory response process (11). The primary research approaches to test whether 

nutrition modifies inflammation is to target individual nutrients (12, 13). For example, 

consumption of omega-6 fatty acids and antioxidant vitamins (e.g., vitamin E, lutein and 

vitamin C) have been associated with lower inflammation (13), while consuming 

saturated fatty acids and excessive refined grains have been correlated with higher 

inflammation (12).  

There are published reports that dietary patterns or whole foods may be more 

robust than individual nutrients in producing pro- or anti- inflammatory affects (14). The 

Dietary Inflammatory Index (DII) was developed by Cavicchia et al. (15) and updated by 

Shivappa et al. (16) to assess the overall quality of the diet on a continuum from 

maximally anti-inflammatory to maximally pro-inflammatory. Utilizing the first version 

of the DII, Cavicchia et al. demonstrated that the DII
 
scores correlate with the 

inflammatory biomarker C-reactive protein (CRP) in a longitudinal study of apparently 
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healthy adults (15). These analyses were repeated for the next generation DII (16). 

Several cross-sectional studies have demonstrated significant relationships between the 

updated DII score and CRP in adults (17), as well as, IL-6, tumor necrosis factor alpha 

(TNF-α) and a combined inflammatory biomarker score in postmenopausal women (18). 

Among adolescents, pro-inflammatory diet (indicated by higher DII
 
scores) was 

associated with increased levels of various inflammatory markers: TNF-α, interleukin-1, 

interleukin-2, interferon gamma, and vascular cell adhesion molecule (19).  

The heightened interest in the link between chronic inflammation and pediatric 

bone health is derived from observations of low bone mass in children with a wide range 

of inflammatory disease states, including ulcerative colitis, cystic fibrosis, systemic lupus 

erythematous and rheumatoid arthritis (20-22). In a review addressing the link between 

the skeleton and immune system in children with clinical disorders, Cheung et al. noted 

that independent of pharmacological interventions, a high percentage of patients with 

chronic inflammatory conditions had low total body bone mineral density (BMD) and 

were at greater risk for fracture (23). For example, Roth et al. demonstrated low 

trabecular volumetric BMD and cortical bone strength in children with juvenile arthritis 

(24). 

Given inflammation may negatively impact both cortical and trabecular bone 

density and volume, researchers have investigated the impact of the DII
 
in relation to 

prospective changes in BMD and fracture. Orchard et al. found that a more anti-

inflammatory diet, as measured by the DII, was associated with attenuated hip BMD loss 

in post-menopausal women, and consuming a higher inflammatory diet was associated 

with increased risk of hip fracture in younger women (25). A pro-inflammatory diet, as 
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indicated by a high DII
 
score, also has been shown to be a risk factor for lower lumbar 

spine BMD in post-menopausal women (26). Similarly, body mass index (BMI)-adjusted 

mean BMD at the total femur, femoral neck, trochanter, and intertrochanter significantly 

decreased across increasing quartiles of DII score in US adults (27). These studies offer 

some evidence that chronic inflammation is related to adverse skeletal outcomes in 

adults. To our knowledge, there are no published studies examining the effects of a pro-

inflammatory diet, as measured by the DII,
 
on bone outcomes in healthy children. This 

could have important ramifications for peak bone mass attainment because bone mass 

tracks from youth into adulthood (28). Thus, the aim of this study is to assess the 

relationships between inflammatory diet patterns, as represented by DII scores, with 

cortical bone outcomes in otherwise healthy boys and girls.  

Subjects and Methods 

Study design and participant characteristics 

This study was a secondary analysis of baseline data obtained from a randomized 

controlled clinical trial previously described (29). Healthy non-Hispanic Black and White 

participants were included if they were between the ages of 9-13 years, free from chronic 

diseases, and in the early stages of puberty with self-reported sexual maturation ratings of 

2 or 3 for breast development for females and genital development for males as described 

by Tanner (N=323) (30). Participants were excluded from the parent study if they were 

menarcheal (for females), had growth disorders/chronic diseases (e.g., cerebral palsy), or 

used medications (e.g., corticosteroids) known to influence bone metabolism. Thirty-

three participants were excluded from this ancillary analysis due to incomplete diet 

records. History of previous fracture and fracture site was assessed using a Health History 
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Questionnaire and was not considered in the exclusion criteria. Specific details 

surrounding the fracture incident (i.e., high vs. low impact fractures,) was not recorded. 

The Institutional Review Boards for Human Subjects at all study sites approved the study 

procedures. Participant informed assent and parental informed permission were obtained 

prior to all testing procedures. 

Dietary assessment 

Three-day diet records, a valid and reliable method for estimating energy and 

nutrient intakes in children (31, 32) were completed at home by participants with 

assistance from their parents or guardians for two weekdays and one weekend day. A 

registered dietitian nutritionist and one trained research assistant analyzed the diet records 

using Nutrition Data Systems for Research (NDSR
®

) software version 16 (Nutrition 

Coordinating Center [NCC], Minneapolis, MN). Test-retest coefficients of variation (CV) 

were determined for energy, protein, total fat, carbohydrates, vitamin D, and calcium 

(all≥0.85). Average measure (3-day) intraclass correlation coefficients (ICCs) were 

calculated in girls aged 6-10 years (N=10), whose 3-day diet records were completed 

twice during a 2-week period and calculated for vitamin D, calcium and energy 

(all≥0.86).  

DII score calculation 

The details of developing the DII is described by Shivappa et al. elsewhere (16). 

Briefly, high sensitivity CRP measurements were used to construct validity of the DII 

score in a longitudinal cohort using multiple (up to 15) 24-hour dietary recall interviews 

and up to five 7-day dietary recalls. The DII was subsequently validated in four studies 

among different populations with a variety of inflammatory biomarkers (i.e., 
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interleukin, IL-6, high sensitivity-CRP, fibrinogen, homocysteine and TNF-α) (16, 18). 

In this updated version of the DII, 1,943 articles were reviewed and scored. Forty-five 

food parameters, including foods, nutrients, and other bioactive compounds, were 

identified based on their inflammatory effect on six specific inflammatory markers, 

including CRP, interleukin-1 beta, interleukin-4, IL-6, interleukin-10 and TNF-α. A 

regionally representative world database representing diet surveys from 11 countries 

was used as a comparative standard for each of the 45 parameters (i.e. foods, nutrients, 

and other bioactive food components). Intake values from this database were used to 

calculate the DII scores. This is explained in more detail in the DII Methods paper (16). 

Briefly, a standard mean for each parameter from the representative world database was 

subtracted from the actual individual exposure and divided by its standard deviation to 

generate Z-scores. These Z-scores were converted to proportions (thus minimizing 

effects of outliers/right-skewing).  These values were then doubled, and one was 

subtracted to achieve symmetrical distribution with values centered on approximately 

zero. The resulting value was then multiplied by the corresponding inflammatory score 

for each food parameter and summed across all food parameters, to obtain the overall 

DII score. Using 3-day diet records, we calculated the DII based on 27 single food 

parameters of the 45 possible food parameters (Table 1).  

Anthropometry 

Height (to the nearest 0.1 cm) and body mass (to the nearest 0.1 kg) were 

measured using a wall-mounted stadiometer and electronic scale, respectively. BMI 

(kg/m
2
) was calculated, and BMI age-percentile scores were derived using the 2000 CDC 

growth charts (33). BMI Z-scores were calculated using STATA
®

 software (StataCorp. 
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2017. Statistical Software: Release 15. College Station, TX; StataCorp LLC). Single-

measure ICCs and test-retest CVs were determined previously in our lab for standing 

height (0.99 and 0.4%) and body weight (0.99 and 1.4%) in females aged 6-10 years (N = 

10) who were measured twice over a 2-week period by the same researcher. 

Body composition and whole body bone measurements 

Fat mass, percent fat, fat-free soft tissue, whole body BMD, and whole body bone 

mineral content (BMC) were assessed using dual energy X-ray absorptiometry (DXA; 

Delphi-A, Hologic Inc. [UGA]; Lunar iDXA, GE Medical Instruments [PU; Purdue 

University]; and Hologic Discovery-W [IU; Indiana University]) as previously described 

(29, 34, 35). The same technician at each site conducted scans and performed analyses 

using instrument-specific software and protocols. ICCs were calculated for body 

composition in females, aged 5-8 years (N=10), scanned twice over 7 days (all ≥ 0.98). 

Short- and long- term precision of DXA at IU was <2%. The UGA/PU sites were cross-

calibrated by scanning 26 children on the Delphi-A and an iDXA, whereas the IU and 

PU sites were cross-calibrated by scanning 10 children on the Discovery-W and iDXA. 

Regression formulae between UGA/PU and IU/PU were derived and used to adjust data 

from UGA/IU to PU values. 

Cortical bone measurements 

Peripheral quantitative computed tomography (pQCT) was used to assess cortical 

bone outcomes using Stratec XCT 2000 (Stratec Medizintechnik GmbH, Pforzheim, 

Germany), as previously reported (29). To measure tibia length, subjects were asked to 

cross their non-dominant leg over their dominant leg. A pen mark was placed on the 

upper boarder of the medial condyle of the non-dominant tibia and at the tip of the medial 
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malleolus. Distance between the two points was measured in millimeters (mm) with a 

spreading caliper. To measure radius length, participants were asked to place their non-

dominant forearm on a table forming a 90-degree angle. A pen mark was placed at the 

end the styloid process and the distance between the bottom of the forearm to the pen 

mark at the styloid process was measured in mm with a spreading caliper. All 

measurements were conducted by the same technician at all study sites. A single 

tomographic slice 66% relative to the distal growth plate was taken for the non-dominant 

tibia and radius. A cortical bone phantom specific to the pQCT with known properties 

was scanned a minimum of 20 times and the variation in phantom measures differed by < 

1% (34).  

Cort mode 1 (threshold, 710 mg/cm
3
) was used to obtain cortical volumetric bone 

mineral density (Ct.vBMD, mg/cm
3
), cortical bone mineral content (Ct.BMC, mg/mm), 

and cortical area (Ct.Ar, cm
2
) and to define the outermost edge of the bone. Peel mode 2 

(threshold, 400 mg/cm3) was used to separate the cancellous and cortical bone 

compartments. Total bone area (Tt.Ar, mm2), cortical thickness (Ct.Th, mm), periosteal 

perimeter (Ps.Pm, mm), and endosteal perimeter (Es.Pm, mm) were also measured. This 

same threshold was used to calculate polar-strength strain index (pSSI, mm
3
), which 

represents the density-weighted section modulus and has been validated as a non-invasive 

measure of bone strength (36).The pSSI was determined in a separate analysis using cort 

mode 2 (threshold, 400 mg/cm
3
), and was calculated as the section modulus multiplied by 

the ratio of CtBMD and normal physiologic density (i.e., 1200 mg/mm
3
), as previous 

descripted (34). Section modulus (mm
3
) was calculated as (a x d2)/dmax, where “a” is the 

cross-sectional area of a voxel (mm2), “d” is the distance of the voxel from the center of 
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gravity (mm), and “dmax” is the maximum distance (eccentricity) of one voxel to the 

center of gravity (mm).  

SSIp = Σ [(a × d
2
)(Ct.volumetric BMD / normal physiologic density BMD)] ⁄ 

dmax  

 Tibia and radius muscle cross-sectional areas (MCSA) were assessed using a 

F03F05 filter (contour mode 3 [threshold of -100 mg/cm
3
] and peel mode 2). All pQCT 

measures were performed and analyzed by one trained operator and the pQCT operator 

scanned the phantom daily to maintain quality assurance. Five healthy females (ages 18-

24 years) were scanned twice over 7 days to determine test-retest reliability (37). One-

way random effects model and single measure ICCs for all pQCT variables were R ≥ 

0.97. At the IU site, short-term precision for the pQCT scanning produce on 30 healthy 

individuals scanned six times with interim repositioning showed root mean square 

coefficients of variation of <1% for bone density, mass, structure, and estimated strength 

measures (38).  

Biochemical analyses 

Serum inflammation-related biomarkers, TNF-α, vascular endothelial growth 

factor (VEGF), and monocyte chemoattractant protein-1 (MCP-1) were quantified using 

the Luminex xMAP system, a high-throughput microsphere-based suspension array, with 

a MILLIPLEX MAP human cytokine/chemokine immunoassay (Millipore, St. Charles, 

MO). These biochemical measures were conducted in a single laboratory in batch 

analysis. The assay was analyzed on a Luminex 200 instrument (Luminex Corporation, 

Austin, TX) using Luminex xPONENT 3.1 software. Additional analysis was performed 

using MILLIPLEX analyst (Millipore). The intra- and inter- assay coefficients of 
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variation were 2.6% and 13.0% for TNF-α, 3.7% and 10.4% for VEGF, and 1.5% and 

7.9% for MCP-1, respectively (39). Serum IL-6 was quantified using a Meso Scale 

Discovery assay with a SECTOR Image plate reader. The intra- and inter-assay 

coefficients of variation were 4.4% and 12.3% for IL-6, respectively.  

Statistical Analyses 

Data were analyzed using SPSS
®

 version 21 (SPSS, Inc.) for the Mac Os X. 

Histograms were visually inspected for outliers and normal distribution. Distributions 

were classified as skewed or kurtotic if > 2.0 standard deviations (SDs). Because serum 

IL-6 and TNF-α each had positive skewed distributions, they were log-transformed (i.e., 

IL-6) or square-root transformed (i.e., TNF-α) prior to analyses. Pearson’s bivariate and 

partial correlations were conducted to determine the association between DII score and 

biomarkers of inflammation while adjusting for the covariates stage of sexual maturation, 

sex, and race. Additionally, Pearson’s bivariate correlations were conducted to determine 

the associations between DII score and bone parameters and serum biomarkers of 

inflammation and bone outcomes. Because MCSA and height are considered key 

determinants of bone strength in children (40-42), these covariates were added to the 

Pearson’s partial correlations models to determine the association between DII
 
score and 

bone parameters and serum biomarkers of inflammation and bone outcomes. The DII
 

score groups were created using tertile categories (low [<-1.34], medium [-1.34 to 1.41] 

and high [>1.41]) levels of inflammatory potential. Bone outcomes and biomarkers of 

inflammation were compared between groups using one-way analysis of variance and 

one-way analysis of covariance. Post hoc comparisons using the Bonferroni correction 

were utilized to compare DII
 
ranking scores on serum inflammatory biomarkers and bone 
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parameters. The Bonferroni correction was used to correct P-values for multiple 

comparisons. A P-value of < 0.05 was considered statistically significant for all analyses.  

Results 

Participant characteristics 

Descriptive participant characteristics are presented in Table 2. Participants were 

evenly distributed by sex and race (i.e., non-Hispanic White and Black). Average BMI-

age percentile and BMI Z-score fell within the normal range. Participants had a mean ± 

SD DII
 
score of 0.59 ± 1.36 (pro-inflammatory) and the means ± SDs are reported for the 

individual 27 nutrients and food components used to calculate DII
 
score (Table 2). 

Participants met at least two-thirds the recommended dietary intakes for vitamin A, 

vitamin C, vitamin B6, selenium, iron, riboflavin, niacin, omega-3 fatty acids, omega-6 

fatty acids, magnesium, and thiamine. Participants met 49% of the recommended 

dietary allowances (RDA) for fiber, 37% of the RDA for vitamin D, and 61% of the 

RDA for vitamin E. Approximately 23% (n=66) of participants had a history of a 

previous fracture (25 radius fractures, 8 tibia fractures, and 1 femur fracture).  

Dietary inflammatory index and bone outcomes 

DII
 
score was negatively associated with tibia TbAr, PsPm, EsPm, and SSI and 

radius TtAr, PsPm and SSI (Table 3). All relationships were non-significant when 

controlling for stage of sexual maturation, sex, race, MCSA (tibia and radius), and height. 

When comparing DII
 
rank score categories, tibia PsPm was significantly higher in the 

low inflammation group compared to both medium (P=.050) and high (P=.046) 

inflammation groups, F(2,277)=3.088, P=.047. When controlling for the covariates, these 

group differences were non-significant.  
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Dietary inflammatory index and biomarkers of inflammation  

The DII
 
score was not significantly associated with VEGF, IL-6, and TNF-α; 

however, it was positively associated with MCP-1 in the unadjusted model (r=.125, 

P=.042) When adjusting for the covariates stage of sexual maturation, sex, and race, the 

relationship between DII and MCP-1 was nullified (r=.100; P=.166). There were no 

significant differences between DII rank score groups on MCP-1, VEGF, IL-6 and TNF-

α (P=.120, P=.770, P=.250, and P=.637, respectively).  

Biomarkers of inflammation and bone outcomes 

In the unadjusted model, TNF-α was significantly negatively associated with tibia 

CtBMC, CtAr, and SSI; however, these relationships were nullified when adjusting for 

the covariates stage of sexual maturation, sex, race, tibia MCSA, and height (Table 4). In 

the unadjusted and adjusted models there were no significant relationships between IL-6 

and VEGF and any tibia bone outcomes. MCP-1 was significantly negatively correlated 

with tibia CtBMD, EsPM, and SSI in the unadjusted model. When adjusting for the 

covariates there was a significant inverse relationship between MCP-1 and tibia CtTh.  

Similar to the tibia, significant negative correlations were observed between TNF-

α and radius CtBMC, CtAr, and SSI in the unadjusted model (Table 5). These 

relationships were nullified when controlling for the covariates, stage of sexual 

maturation, sex, race, radius MCSA, and height. In the unadjusted and adjusted models, 

there were no significant correlations between IL-6 and VEGF and radius bone outcomes. 

There were no significant correlations between MCP-1 and radius bone outcomes in the 

unadjusted model. When adjusting for the covariates the relationship between MCP-1 and 

radius CtBMD approached significance (P=.050).  
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Discussion 

The aim of this cross-sectional study was to assess the relationships between 

dietary patterns reflective of varying degrees of inflammation, as represented by DII
 

scores, and cortical bone outcomes in healthy children. A secondary aim of this study was 

to determine the relationships between baseline DII
 
score and serum biomarkers of 

inflammation. The primary finding was that the DII
 
score was not related to cortical bone 

strength or serum biomarkers of inflammation. Importantly, the pro-inflammatory 

biomarker of inflammation, MCP-1 was negatively associated with tibia CtTh.  

The present study is the first to assess the relationships between the DII
 
and bone 

outcomes as measured by pQCT in children and adolescents. The fact that no significant 

relationships existed between DII
 
scores and cortical bone could be due to several factors. 

The studies that have reported positive findings were conducted in older adults. For 

example, Orchard et al. found that in comparison to a pro-inflammatory diet, 

postmenopausal women consuming a more anti-inflammatory diet had less hip BMD loss 

over a 6-year period, despite lower baseline hip BMD measurements (26). Additionally, a 

pro-inflammatory diet, as indicated by increasing DII
 
scores, was associated with lower 

lumbar spine BMD in postmenopausal Iranian women (16). Consistent with our null 

findings, a study in young adults ages 18-25, found no associations between increased 

DII
 
score and quantitative ultrasound of the right calcaneus (43). It is possible that the 

significant associations between low DII
 
scores and better bone outcomes in older adults, 

but not in children, adolescents or young adults, could be due to more years of exposure 

to a pro-inflammatory diet in the older adults than shorter exposure intervals in children 

and adolescents, although this is unknown. One of the limitations of the current study and 
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others (44, 45) is the cross-sectional nature of the study designs and that dietary 

assessment targeted current intakes and not historical dietary information. Hence, based 

on the study design in the current study and the dietary methodology employed, the 

authors cannot address the question regarding long-term dietary exposures.  

The DII was validated in adults using the pro-inflammatory biomarkers, CRP and 

IL-6 and an overall inflammatory biomarker score. In the current study, CRP was not 

assessed, but TNF-α, IL-6, VEGF, and MCP-1 were included as biomarkers of 

inflammation. We selected the biomarkers TNF- α, IL-6, VEGF and MCP-1 because of 

their potential detrimental effects on bone strength which was confirmed by the inverse 

relationships found between MCP-1 and tibia CtTh. To our knowledge it is not known 

whether CRP is higher in apparently healthy children due to lifestyle factors such as 

adhering to specific dietary patterns. Several factors including social (e.g., socioeconomic 

status) and physical (e.g., body fat) have been associated with higher levels of CRP in 

children (46). Because of the unavailability of additional serum samples, in the current 

study, CRP was not measured. It remains to be elucidated whether CRP is higher in 

apparently healthy children consuming pro-inflammatory diets; future studies of children 

should include assessment of CRP. The biomarkers IL-6, TNF-α, and VEGF were not 

related to DII
 
scores in the present study. MCP-1 was the only biomarker found to be 

positively associated with DII scores, but once race was added as a covariate to the 

adjusted model, the significant relationships did not persist. In adults, Blacks have 

significantly lower MCP-I concentrations than Whites, but no data are published in 

children and adolescents. Our findings of lower MCP-I levels in Black children and 
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adolescents compared to Whites, is consistent with studies in several adult populations 

(47).  

The most noteworthy finding in the current study was the significant inverse 

relationship observed between the pro-inflammatory biomarker of inflammation, MCP-1, 

and tibia cortical thickness. This inverse relationship makes sense given the biomarkers 

of inflammation investigated in this study are proresorptive and there is evidence for 

inflammation having a negative effect on bone outcomes (23). MCP-1 is a chemokine 

that regulates migration and infiltration of monocytes and macrophages into body tissues 

and has been implicated in multiple chronic inflammatory diseases. For example, it is 

well established that chronic inflammatory diseases such as rheumatoid arthritis and 

cystic fibrosis are associated with impairments in bone quality (20, 21). During growth, 

cortical bone expands and thickens via periosteal apposition and the cortical density and 

structural strength of the growing bone are determined by bone dimension and thickness. 

Thus, the negative association seen between MCP-1 and tibia cortical thickness is 

relevant and should be addressed in prospective trials to better ascertain if this negative 

association persists through growth and is linked with bone fragility and greater 

childhood fractures.  

 This is the first study to our knowledge that demonstrates a negative relationship 

between the serum biomarker of inflammation, MCP-1, and tibia cortical thickness in 

healthy children. This is important because it is during these years that children are 

developing maximum bone strength; thus, if inflammation attenuates bone strength in 

children this could have long-term fracture implications in adulthood. Future studies 
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should consider prospective study designs to confirm these cross-sectional findings, 

investigate potential mechanisms and explore potential strategies for intervention.  

There were several strengths to this study including the large sample size, diverse 

population, and the use of advanced imaging technology (i.e., pQCT) for the assessment 

of bone indices. Despite these strengths this study is not without limitations. We 

calculated the DII score using 27 out of a possible 45 food parameters because these were 

the only components present in our database. Additionally, the DII score considers 

nutrients from foods but does not account for other bioactive components of foods such 

as zeaxanthin and lutein, which are thought to play a role in both inflammation and bone 

health (48, 49). A dietary measurement at one time point may not be a true reflection of a 

child’s typical current dietary intake as many factors can influence a child’s diet over 

time such as stage of development, seasons of the year, and family preferences (50). 

Another limitation when analyzing the biomarkers of inflammation is the high variability 

associated with the methodologies. It is possible that the high variability in the 

biomarkers could limit the ability to detect significant relationships between DII and the 

biomarkers. For quality control, to reduce assay variability, one individual conducted 

batch analyses in a single lab at the same time. Despite these limitations, our results 

provide valuable insight into the relationships between dietary patterns, biomarkers of 

inflammation and bone outcomes in a cohort of diverse healthy adolescents. 

In conclusion, this was the first study to examine DII scores and bone outcomes in 

children and adolescents.  In contrast to studies in older adults, the DII score was found 

not to be related to biomarkers of inflammation or bone strength. Because of the findings 

that the biomarker of inflammation, MCP-1, was negatively associated with tibia cortical 
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thickness, future prospective studies should be conducted to better understand the role of 

inflammation on bone quality in youth and to determine if there are long-term fracture 

implications in adulthood.   
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Table 4.1. Mean, standard deviation (SD), RDAs and typical 

intakes of nutrients and food components included in the 

calculation of DII score 

 

DII
 
Food Parameters 

 

 

RDA     Mean SD 

 

Typical 

Intakes* 

Energy, kcal/day 

 

 1804 497 

1813-

2247 

Carbohydrate, g/day   227 71 233-282 

Protein, g/day 34-52  69 20 63-85 

Total fat, g/day   70.8 21.8 72.1-88.5 

Alcohol, g/day   0.26 3.80  

B-Carotene, μg/day 

 

 2019 2513 

1086-

1409 

Vitamin A, μg /day 600  504 430 506-653 

Caffeine, g/day   9.98 3.63 11.5-50.0 

Cholesterol, mg/day   224.4 110.4 214-276 

MUFA, g/day   24.1 7.91 24.3-30.1 

n-3 Fatty acids, g/day   1.62 0.69  

n-6 Fatty acids, g/day   15.0 5.56  

PUFA, g/day   16.9 6.24 15.6-19.1 

Saturated fat, g/day   24.2 8.20 24.8-31.0 

Trans fat, g/day   2.37 1.52  

Fiber, g/day 25-30  14.0 5.11 13.9-16.0 

Iron, mg/day  
 14.1 5.18 13.2-16.7 

Magnesium, mg/day  
 211.5 70.2 223-276 

Niacin, mg/day 12 
 21.4 6.61 19.9-27.8 

Riboflavin, mg/day 0.9 
 1.95 0.66 1.70-2.26 

Selenium, mg/day 

40 

 102.7 31.5 

91.9-

122.8 

Thiamin, mg/day 0.9 
 1.79 0.53 1.46-1.83 

Vitamin B6, mg/day 1.0  1.64 0.60 1.56-2.11 

Vitamin C, mg/day 45 
 64.2 50.2 63.5-67.9 

Vitamin D, μg/day 15 
 5.52 3.06 4.2-5.7 

Vitamin E, mg/day 11   6.72 3.07 7.1-8.5 

*From What We Eat in America, National Health and Nutrition 

Examination Survey 2015-2016, range for boys and girls ages 6-19  

RDA, Recommended Dietary Allowances; DII, dietary 

inflammatory index; kcal, calories; MUFA, monosaturated fatty 

acids; PUFA, polyunsaturated fatty acids; RE, retinol equivalents; 

SD, standard deviation 

N=290 
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Table 4.2. Participant characteristics   

		 		 Mean SD 

Age, years	 11.38 1.23 

SMR stage, 2 188 (65%) 

Race (Black), n 137 (47%) 

Height, cm 	 150.74 9.23 

Weight, kg 
 

47.7 12.44 

BMI 20.8 4.52 

BMI-age-percentile 68.1 29.3 

BMI Z-score 0.68 1.08 

Fat Mass. kg 15.15 7.3 

FFST mass, kg 30.30 6.90 

DII
 
score 0.59 1.36 

TNF-α, pg/mL 10.69 5.16 

IL-6, pg/mL 	 0.73 0.89 

MCP-1, pg/mL 481.41 228.82 

VEGF, pg/mL 269.35 220.74 

N = 290 

DII, dietary inflammatory index; SMS, sexual 

maturation rating; BMI, body mass index; TNF-

α, tumor necrosis factor-alpha; IL-6, interleukin-

6; MCP-1, monocyte chemoattractant protein-1; 

VEGF, vascular endothelial growth factor 
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Table 4.3. Bivariate and partial correlations between DII score and cortical bone outcomes 

	 Tibia	 	 Radius 

	 Unadjusted Adjusted 	 Unadjusted Adjusted 

	 R P R P 	 R P R P 

CtBMD -0.07 .27 -0.31 .61 	 -0.01 .99 -0.03 .64 

CtBMC -0.11 .06 -0.06 .30 	 -0.07 .30 -0.02 .77 

TtAr -0.14 .02 -0.03 .97 	 -0.14 .02 -0.09 .15 

CtAr -0.10 .10 -0.08 .19 	 -0.09 .14 -0.01 .85 

CtTh -0.02 .74 -0.09 .14 	 -0.02 .76 -0.04 .54 

PsPM -0.15 .02 -0.01 .94 	 -0.14 .03 -0.09 .18 

EsPM -0.15 .02 -0.05 .44 	 -0.11 .07 -0.08 .21 

SSI -0.13 .03 -0.05 .40 	 -0.13 .04 -0.07 .25 

Statistically significant at P < 0.05; N = 290; adjusted stage of sexual maturation, sex, muscle cross-

sectional area and height; CtBMD, cortical bone mineral density; CtBMC, cortical bone mineral 

content; TtAr, trabecular area; CtAr, cortical area; CtTh, cortical thickness; PsPM, periosteal 

perimeter; EsPM, endosteal perimeter; SSI, strength strain index 
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Table 4.4. Bivariate and partial correlations between biomarkers of inflammation and tibia bone outcomes   
  TNF-α   IL-6  MCP-1  VEGF  
 Unadjusted Adjusted  Unadjusted Adjusted  Unadjusted Adjusted  Unadjusted Adjusted  
 R P R P  R P R P  R P R P  R P R P  
CtBMD -0.12 .06 -0.09 .16  -0.06 .36 -0.06 .41  -0.20 <.01 -0.02 .82  -0.04 .95 -0.05 .44  
CtBMC -0.14 .03 -0.09 .19  0.05 .46 -0.02 .72  -0.07 .24 -0.10 .14  0.02 .75 -0.09 .18  
TtAr -0.10 .11 -0.02 .75  0.06 .35 -0.04 .50  -0.11 .09 -0.02 .82  -0.02 .78 -0.01 .89  
CtAr -0.12 .05 -0.07 .32  0.06 .36 -0.04 .54  -0.04 .58 -0.11 .09  0.03 .69 -0.08 .21  
CtTh -0.11 .09 -0.06 .36  0.04 .54 -0.02 .81  -0.06 .34 -0.15 .03  0.05 .40 0.08 .23  
PsPM -0.09 .14 -0.01 .89  0.07 .31 -0.05 .42  -0.10 .11 -0.01 .89  -0.02 .77 -0.01 .92  
EsPM -0.05 .42 -0.02 .73  0.05 .43 -0.03 .61  -0.14 .03 -0.08 .24  -0.04 .49 -0.03 .62  
SSI -0.12 .05 -0.05 .41  0.05 .49 -0.02 .80  -0.13 .05 -0.02 .82  0.04 .96 -0.06 .33  
Statistically significant at P < 0.05; N = 290; adjusted for stage of sexual maturation, sex, race, tibia muscle cross-sectional area, and height  
CtBMD, cortical bone mineral density; CtBMC, cortical bone mineral content; TtAr, trabecular area; CtAr, cortical area;  
CtTh, cortical thickness; PsPM, periosteal perimeter; EsPM, endosteal perimeter; SSI, strength strain index 
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Table 4.5. Bivariate and partial correlations between biomarkers of inflammation and radius bone outcomes 
 TNF-α  IL-6  MCP-1  VEGF 
 Unadjusted Adjusted  Unadjusted Adjusted  Unadjusted Adjusted  Unadjusted Adjusted 
 R P R P  R P R P  R P R P  R P R P 
CtBMD -0.06 .35 -0.03 .62  0.09 .17 -0.12 .07  -0.02 .73 -0.13 .05  0.051 .43 0.08 .23 
CtBMC -0.14 .04 -0.05 .47  -<0.01 .95 -0.03 .62  -0.03 .62 -0.04 .55  -0.03 .64 -0.06 .36 
TtAr -0.12 .06 -0.03 .64  -0.02 .79 -0.09 .21  -0.10 .13 -0.07 .31  -0.06 .39 -0.03 .71 
CtAr -0.14 .03 -0.05 .48  0.01 .83 -0.02 .82  -0.10 .11 -0.01 .94  -0.06 .37 -0.06 .41 
CtTh -0.10 .12 -0.02 .76  0.03 .71 -0.04 .57  -0.06 .33 -0.08 .27  -0.05 .41 -0.02 .79 
PsPM -0.12 .07 -0.03 .68  -0.02 .80 -0.08 .23  -0.10 .14 -0.60 .35  -0.05 .47 -0.04 .60 
EsPM -0.05 .49 -0.01 .91  -0.03 .63 -0.08 .24  -0.05 .46 -0.09 .20  -0.01 .89 -0.02 .82 
SSI -0.14 .03 -0.05 .46  <0.01 .99 -0.06 .35  -0.11 .09 -0.04 .57  -0.07 .31 -0.04 .54 
Statistically significant at P < 0.05; N = 290; adjusted for stage of sexual maturation, sex, race, muscle cross-sectional area, and height 
CtBMD, cortical bone mineral density; CtBMC, cortical bone mineral content; TtAr, trabecular area; CtAr, cortical area; CtTh, cortical thickness; PsPM, 
periosteal perimeter; EsPM, endosteal perimeter; SSI, strength strain index 
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Abstract 
 

Modfiable lifestyle factors such as the influence bone development in children and 

adolescents. Optimizing these factors in youth can be important strategies aimed at 

reducing the risk osteoporosis or low bone mass later in life. Recently, considerable 

attention has focused on the role of dietary protein on bone health in children and 

adolescents. Currently there are no systematic reviews assessing the role of dietary 

protein on pediatric bone. Therefore the aim was to systematically review cross-sectional 

and prospective studies and clinical trials in healthy children and adolescents and to 

determine whether dietary protein intake impacts bone health outcomes. Searches across 

3 databases were conducted from January 2000 to December 2018. Two investigators 

independently conducted abstract and full-text screenings and data extraction. Strength of 

evidence was rated by group consensus. Seven cross-sectional studies, 9 prospective 

studies, and 1 randomized controlled trial were included in this systematic review. 

Overall, this systematic review demonstrated limited evidence (Grade C) that protein 

intake has a positive role on bone health outcomes as determined by dual energy x-ray 

absorptiometry and peripheral quantative computed tomography in healthy children. It is 

likely that physical activty as well as calcium intakes, in addition to protein status may be 

important factors that mediate the effects of protein on bone. This trial was registered at 

www.crd.york.ac.uk as CRD4201811655.      
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Introduction  
 

Osteoporosis is a major public health concern, with 1 in 3 women and 1 in 5 men 

age 50 years or older experiencing an osteoporotic fracture during their lifetime (1-3). 

The main determinant of osteoporotic fractures is low bone mass and this low bone mass 

can be caused by failure to obtain optimal peak bone mass during childhood and 

accelerated age-related bone loss (4). While it is esimated that 60-80% of the variability 

in bone mass and osteoporosis risk is attributed to heritable factors (e.g., genetic and 

hormonal influences) (5, 6), modfiable lifestyle factors such as diet and physical activity 

(PA) impact peak bone mass; thus, optimizing these factors in youth can be important 

strategies aimed at reducing the risk of osteoporosis or low bone mass later in life. 

Previous investigations examining dietary factors that influence bone strength in 

children have focused primarily on the micronutrients calcium and vitamin D. Other 

nutrients, specifically the macronutrient protein (7, 8), have been examined with respect 

to bone mass in adults and children. The rationale for examing the role of dietary protein 

in the developing skeleton is related to the fact that protein comprises ~50% of bone 

volume and approximately ~33% of its mass (9). The organic bone matrix is comprised 

primarily of collagen and non-collagenous proteins which provides the bone structural 

integrety. Moreover, dietary protein intake stimulates the activity of anabolic hormones 

such as growth hormone (GH) and growth factors including insulin-like growth factor-1 

(IGF-1) (10). During pubertal growth, bone mineral accrual and linear bone growth are 

markedly influenced by GH and IGF-1 (11). GH and IGF-1 stimulate osteoblast 

proliferation and activity, promoting bone formation (12). Low protein intakes can 

contribute to low GH concentrations which results in a reduced rate of bone remodeling 
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and a gradual loss of bone mineral density (BMD) (12). Similarly, low dietary protein 

intakes are associated with low IGF-1 concentrations (13, 14), which lowers bone mineral 

accrual and linear growth (13, 14). Low protein intakes may also impact bone through 

intestinal calcium absorption. For example, low protein intakes (< 0.80 grams per 

kilogram of body weight per day [g/kgBW/day]), reduces intestinal calcium absorption, 

causing elevated parathroid hormone concentrations, and greater release of calcium from 

the bone (15). Thus, adequate dietary protein intake appears to be essential for optimal 

bone growth during childhood.   

A number of national and international organizations have set dietary reference 

values or recommendations for protein. According to the World Health Organization/ 

Food and Agriculture Organization, for boys ages 3-18 years and girls ages 3-15 years 

the reference value for protein intake is 0.9 g/kgBW/day (16). The recommended 

reference value decreases sightly for girls ages 15-18 years to 0.8 g/kgBW/day. The 

recommended dietary allowance (RDA) for protein ranges from 13-56 g/day for children 

ages 3-18 years (17). Most children worldwide are meeting the protein recommendations. 

According to the 2015-2020 Dietary Guidelines for Americans, both boys and girls are 

either meeting or exceeding the RDA for protein in all age categories (18). Similalry in 

European countires, average protein intakes varies in infants and young children from 

about 29-63 g/day (19). Protein intakes increase with age to about 61-116 g/day in 

adolescents (19). Only a few European countries present data as g/kgBW/day. The 

estimated mean intakes vary from ≥3 g/kgBW/day in the youngest group to 

approximately 1.2-2.0 gm/kgBW/day in children and adolescents aged 10-18 years (19).   

 



 

 

106 

Studies examining the associations between protein intake and bone health outcomes are 

limited and focus primarily on adult populations. A meta-analysis published in 2009 

found null effects of protein consumption on fracture risk in healthy adults (20), while 

two more recent meta-analyses demonstrated a slight reduction in hip fractures with 

increased protein intake (21) and protective effects on lumbar spine bone mineral density 

(BMD) with increased protein intakes in adults (22). Simiarly, in a recent systematic 

review and meta-analysis, protein intake accounted for 0-4% of bone mineral content 

(BMC) and areal bone mineral density (aBMD) variance in adults. Additionally, there 

were no associations between total protein, vegetable protein, or animal protein intake 

and relative risk of osteoporotic fractures for lumbar spine BMD and femoral neck BMD. 

Together these limited studies suggest there is slight beneficial effects of increasing 

protein intake for bone health in adults and no detrimental effects of protein intake on 

bone health outcomes. 

To our knowledge, there is only one systematic review and meta-analysis 

investigating the role of protein intake in children and adolescents, but the study focused 

primarily on adults and assessed evidence published over the last 40 years. They did find 

that protein intake accounted for 0-14% of areal BMC variance in children and 

adolescents. Given establishing healthy bones during childhood serves as a blueprint for 

bone health in adulthood, it is of interest to determine whether nonpharmalogic dietary 

approaches, such as nutrition, can increase bone mineral accrual and peak bone mass 

during childhood. The primary aim of this paper is to review cross-sectional and 

prospective studies and clinical trials in healthy children and adolescents and to 

determine whether dietary protein intake impacts bone health outcomes. 
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Methods 

Data sources and searches 

The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-

Analyses) statement, consisting of a 27-item checklist and four-phase flow diagram, was 

followed when reporting this systematic review (23). A specific systematic review 

protocol was developed and registered on PROSPERO (ID=CRD4201811655) (24).  

We conducted a comprehensive search of the literature in three databases: 

PubMed (http://www.ncbi.nlm.nih.gov/pubmed), Web-of-Science 

(webofknowledge.com) and Scopus (www.scopus.com) for articles published from 

January 2000 through December 2018. For PubMed the following search strategies were 

implemented (((((search term [Title/Abstract]) AND bone [Title/Abstract]) AND child* 

[Title/Abstract]) OR adolescent [Title/Abstract]) NOT review [Publication Type]). Due 

to differences in the search engine search bar, for Web-of-Science and Scopus the 

following search strategies were implemented, TITLE: (dietary protein) AND TITLE: 

(bone) AND TITLE: (child) Timespan: 2000-2018 and TITLE: (dietary protein intake) 

AND TITLE: (bone) AND TITLE: (adolescent*) Timespan: 2000-2018. For Web of 

Science the following indexes were also included: SCI-EXPANDED, SSCI, A&HCI, 

CPCI-S, CPCI-SSH, BKCI-S, BKCI-SSH, ESCI, CCR-EXPANDED, IC. All searches 

were limited to the English language. Specific filters were applied to the list of search 

results to eliminate articles published outside of the years of 2000-2018 and any articles 

reporting animal studies. MeSH terms were utilized rather than “Title/Abstract” in some 

instances to yield more viable results.   

Study eligibility criteria 
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Cross-sectional, prospective, and intervention trials were considered for inclusion 

in this systematic review. Dietary protein interventions included studies in which 

participants were asked to either a.) Increase consumption of dietary protein or protein 

containing food products (e.g., dairy products) or b.) Consume protein supplement in 

their regular diet. Interventions that examined protein and calcium or protein and exercise 

interactions were also included. Studies examining dietary patterns (e.g., Mediterranean, 

Western, etc.) rather than protein foods were excluded. We also excluded studies in 

children and adolescents with diseases known to affect bone metabolism (e.g., cerebral 

palsy). A complete list of bone outcomes included in this systematic review are depicted 

in Table 1. Reference lists of included studies were manually searched to identify 

additional articles. One reviewer independently assessed each article, generated a list of 

articles recommended for inclusion and this recommendation was reviewed and 

confirmed by the other co-authors. Any discrepancies were discussed among the research 

team and resolved via group consensus. The studies included in this systematic review 

were rated based on the extent of scientific evidence. This grading system has been 

previously utilized by prominent organizations such as the American Society for 

Nutrition (25) and is recommended by other experts (26). Recommendations are assigned 

ratings of A (strong), B (moderate), C (limited), or D (inadequate) depending on the 

quality of evidence (Table 2).  

Data extraction 

We extracted the following: descriptive information regarding the study reference 

(authors and year of publication), study design/characteristics, participant characteristics 

(e.g., sex, sample size, etc.), background dietary data, dietary assessment methods, 
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dietary intervention (in randomized controlled trials and intervention studies) method of 

assessing bone outcomes, anatomical sites assessed, bone variables reported, confounders 

and effect modifiers used in statistical analyses and results. A summary table was 

organized by study type (i.e., cross-sectional and prospective designs and intervention 

trials). Results were quantitatively and qualitatively summarized by study type and 

outcome of interest. 

Results  

Our search yielded 231 citations since January 2000. After removal of duplicate 

articles, twenty-three articles were identified for abstract screening. Of those, six articles 

were deemed irrelevant based on the abstract or title; thus, seventeen articles were 

identified for full-text screening and data extraction (7 cross-sectional studies, 9 

prospective cohorts, and 1 randomized-controlled trial). These studies taken together 

accounts for 5,620 children and adolescents (1,164 males and 1,500 females). Two 

studies did not differentiate results based on males and females (N=2,956). The details 

are summarized in Table 3. Overall the evidence was limited (grade C) for the effect of 

protein intake on pediatric bone. 

Characteristics of included studies 

The age of the participants varied between 2 months and 29 years. The total 

sample size was 5,620 participants with a mean sample size of 331 boys and girls. 

Thirteen studies measured bone outcomes with dual energy x-ray absorptiometry (DXA). 

Three studies measured the non-dominant forearm with peripheral quantitative computed 

tomography (pQCT) 2000, 1 study measured the distal tibia with pQCT 3000, and 1 
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study measured the distal tibia with high-resolution-pQCT (HR-pQCT). Two of the 

studies using pQCT to assess bone outcomes also used DXA for aBMD measures.  

Dietary intake was not measured objectively in any of the studies. Four studies 

measured dietary intake via 7-day food records. Three studies measured dietary intake via 

3-day diet records. Three-day weighed food diaries were used to measure typical intakes 

in three studies while four studies used food-frequency questionnaires. A Registered 

Dietitian administered interview to determine typical intakes in one study and one study 

used multiple 24-hour dietary recalls. 

The other characteristics and the main results (described below) are presented in 

Table 2.  

Cross-sectional associations between protein intake and bone outcomes 

Four of the seven cross-sectional studies examined the relationships between total 

protein intake and total body BMD outcomes (27-30). In the unadjusted model, Hoppe et 

al, determined that total protein intakes among Danish children ages 6-8 years were 

positively associated with total body bone area (BA) and total body BMC; however, 

when adjusting for the covariates, height, weight, and sex, only the relationship between 

total protein intake and total body BA persisted (27). In a group of healthy and 

malnourished children ages 2-3 years, total protein intakes were associated with total 

body BA and BMC (29). Budek et al., investigated the relationships between total protein 

intakes but also, milk, dairy, and meat protein intakes on total body BMC (27). After 

adjusting for BA, weight, height, and sex, only total protein and milk protein intakes were 

associated with total body BMC (27). Additionally, when calcium, energy intake, and 

PA, as measured by a 24-hour recall were added to the model, only the relationship 
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between milk protein intakes and total body BMC persisted (28). Lastly, in a study of 56 

twin pairs, differences in total body BMC were not explained by protein intakes (30).  

Four of the seven cross-sectional studies examined the relationship between 

protein intake and lumbar spine as measured by DXA (28, 30-32). One of the studies 

demonstrated a positive effect of milk protein, but not total protein on lumbar spine BMC 

after adjusting for BA, weight, height, sex, calcium, energy intake, and PA (determined 

by 24-hour recall questionnaire) (28). Similarly, Esterle et al. reports in postmenarcheal 

girls, lumbar spine BMC and BMD are positively associated with milk consumption and 

girls with milk intakes <55 mL/day have significantly lower lumbar spine BMC and 

BMD in comparison to those consuming over 260 mL/day (32). In pre-pubertal boys, 

total protein intakes were associated with lumbar spine BMC in the unadjusted model and 

when adjusting for PA and calcium intakes (31). Similar to the total body, in the 56 twin 

pairs, differences in lumbar spine BMC were not explained by differences in protein 

intakes (30).  

Other bone outcomes measured in the 56 twin pairs included differences in arm 

and leg BMC (30). Differences in protein intake was not associated with differences in 

BMC at the legs; however, differences in arm BMC between twins was partially 

explained by protein intakes, such that a 1-g increase in protein intake resulted in a 0.4% 

difference in arm BMC (30). In addition to demonstrating that protein intake was 

associated with lumbar spine BMC in prepubertal boys, total protein intake was 

associated with radial metaphysis, total radius, femoral neck, and femoral diaphysis when 

adjusting for PA and calcium intake (31).  
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Only one cross-sectional study measured mid-radius (65% site) cortical bone outcomes 

with pQCT. In healthy children who participated in the Dortmund Nutritional and 

Anthropometric Longitudinally Designed Study (DONALD) study, after adjusting for 

muscle area, body mass index standard deviation scores, body fat percentage, age, sex, 

androstenediol, calcium, vitamin D, and potential renal acid load (PRAL [measures the 

dietary component of net endogenous acid production and is highly correlated with 

analyzed urinary net acid excretion]), protein intake showed a trend for an association 

with mid-radius cortical BMC (β=0.11, P=.073) and cortical area (β=0.11, P=.056) (33).  

Prospective associations between protein intake and bone outcomes 

Four out of the nine prospective studies examined the associations between 

protein intake and total body bone outcomes. One study demonstrated that protein intakes 

in boys and girls between the ages of 2 months and 8 years were positively associated 

with total body BMC at age 8 (34). Another study demonstrated that over a period of 5 

years, protein consumption (average 57.3 g/day) in children with low calcium intakes 

were negatively associated with total body BMC (35). In young adults who participated 

in the Saskatchewan Pediatric Bone Mineral Accrual Study, protein intake predicted total 

body BMC net gains. Additionally, in females at peri-adolescents or early adulthood with 

calcium intakes >1000 mg/day, protein was a positive predictor of total body BMC, total 

body BMC net gains, and total body BMD (36).  Dairy intake, but not total protein 

intake, was shown to predict bone mineral accrual in children and adolescents (36). 

Children who consumed ³ 2 servings of dairy per day during the ages of 3-5 years had 

increases in trunk, ribs, and pelvis BMC and trunk and ribs bone area at ages 15-17 years 

when compared to children consuming <2 servings of dairy per day (37).  
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In a cohort of healthy boys, areal BMC at the femoral neck and total hip tracked 

from prepuberty to mid-adolescents. Additionally, healthy adolescent boys aged 6.5 to 

8.5 years, who consumed more protein (approximately 80% above the RDA) and had 

higher PA levels during childhood, had greater distal tibia volumetric BMD after 8 years 

compared to adolescent boys who had lower protein intakes and high PA levels (38). 

Interestingly, approximately 75% of the protein intake came from meats and 70% of the 

PA came from weight bearing activities. In a follow-up study of this cohort, Chevalley 

and colleagues determined that in boys with high PA levels, higher vs. lower protein 

intake was associated with 9.8% greater femoral neck BMC at 7.4 years and this 

difference was maintained at 15.2 and 22.6 years with 12.7% and 11.3% greater femoral 

neck BMC, respectively. Moreover, HR-pQCT assessment of the distal tibia at years 15.2 

and 22.6 indicated that high protein intake and high PA was associated with greater 

cross-sectional area, stiffness, and failure load (39).  

Alexy et al., demonstrated in a cohort of German children that protein intakes 

over 4 years were positively associated with, and were predictors of, forearm periosteal 

circumference, cortical area, BMC, and stress-strain index (SSI). Additionally, the 

investigators showed that long-term dietary PRAL, was negatively associated with 

forearm BMC and cortical area (40). In the same cohort, Remer et al. demonstrated that 

urinary nitrogen, an accepted recovery biomarker of protein intake (41) was positively 

associated with forearm periosteal circumference, cortical area, BMC, SSI, and urinary 

PRAL was negatively associated with forearm BMC and cortical area (42). Similarly, a 

secondary study from the Generation R Study demonstrated that dietary PRAL measured 

at 1-2 years was not consistently associated with childhood bone at age 6 (43). In children 
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with high protein intake (> 42 g/d), a 1-unit increase in dietary PRAL was inversely 

associated with total body BMC differences (-0.32 grams). No associations were 

observed in the group of children with low protein intakes (43).  

Dietary protein intervention on bone health outcomes  

In the one RCT, there was no effect of protein supplementation (2 supplements 

per day with 42 grams of protein each) in conjunction with a 6 month strength and 

conditioning training program (5 sessions per week) on trabecular or cortical bone at the 

4% and 20% sites of the distal tibia in young adolescents males and females ages 18-25 

years (44). Interestingly, there were no differences in energy or macronutrient intake 

between supplemented and non-supplemented groups a baseline.  

Discussion 

In a recent systematic review of dietary protein and bone in adults the authors 

concluded that although there were positive trends for protein intake improving DXA 

derived aBMD at most bone sites, only the lumbar spine showed moderate evidence to 

support the benefits of higher protein intakes (22). The authors also concluded that there 

are no adverse effects of higher protein intakes on aBMD at various bone sites (22). In 

children and adolescents, there are fewer published reports addressing the role of protein 

on bone. Therefore, the aim of this systematic review was to systematically review the 

evidence on dietary protein intake and bone health outcomes in healthy children and 

adolescents. To the best of our knowledge, this is the first systematic review examining 

the relationships between dietary protein and pediatric bone health outcomes as measured 

by both DXA and pQCT. Overall, the level of evidence was limited (grade C) for the 

benefit of protein on bone.  
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The search yielded 17 articles for inclusion, 7 cross-sectional studies, 9 

prospective cohorts, and 1 randomized-controlled trial, studying 5,620 children and 

adolescents. For many of the cross-sectional and prospective studies, protein intake 

positively influenced pediatric bone health outcomes for nearly all bone sites; however, 

the findings were inconsistent across studies. Intervention studies examining the 

independent role protein intake alone on bone outcomes in children do not exist. The one 

published RCT in adolescents (44) used an intervention combining protein 

supplementation with an exercise intervention. There were no beneficial effects on 

trabecular or cortical bone outcomes by adding protein to a strength and conditioning 

program. Based on the bone remodeling cycles in growing children, it is possible that the 

study duration of 6 months was not long enough to detect improvements in bone 

outcomes. Additionally, due to the absence of a non-exercise group, it is not clear if 

protein intake or exercise intake alone would have improved bone outcomes. In college-

aged individuals, protein supplementation during 6 months of exercise did not result in 

any additional benefit on bone outcomes compared to a carbohydrate supplement of equal 

caloric value (45). It remains unknown whether protein independently improves bone 

health outcomes in healthy adolescent children.  

A majority of the prospective studies demonstrated positive effects of dietary 

protein on pediatric bone health outcomes. For example, protein intake over a period of 8 

years was associated with total body BMC net gains in healthy boys and girls (34). 

Similarly, Alexy et al. demonstrated that protein intakes over 4 years were positively 

associated with forearm pQCT derived outcomes, periosteal circumference, cortical area, 

BMC, and SSI (40). Like the one RCT, two prospective studies examined the 
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combination of protein intake and weight-bearing PA on bone (38, 39). In contract to the 

RCT, these studies support the synergistic role of protein intake and PA on bone size, 

longitudinal growth, and cross-sectional dimensions of the bone. Participants in the RCT 

were males and females aged 18-25 years while participants in the prospective studies 

were only males and aged 7.4 years at baseline testing. Participants in the RCT had 

already attained their peak bone mass which may be why they were not responsive to the 

dietary and exercise intervention. It is unclear if there are sex differences related to the 

response of dietary protein interventions and exercise on bone mass. Future studies 

should consider targeting children during the period of peak bone mass accrual and 

should assess whether there are sex differences related to the response of dietary protein 

on bone.   

It is possible that the effects of protein intakes on bone depend on dietary calcium 

intakes or protein status. One prospective study demonstrated a negative relationship 

between dietary protein intake and bone outcomes (35). The children in this study had 

low calcium intakes (432.7 mg/day), which may have attenuated the impact of protein 

intake on bone health outcomes. In children and adolescents ages 9-13 the recommended 

dietary allowance (RDA) for calcium is 1,300 mg/day; thus, children in this study were 

consuming calcium at approximately 67% below the RDA (35). Independently, calcium 

is known to influence pediatric bone in children. For example, several intervention 

studies have demonstrated that calcium supplementation positively effects aBMD and/or 

BMC accrual as measured by DXA (46-49). Additionally, protein and calcium intake 

from dairy foods is known to positively influence pediatric bone. For example, 1000 mg 

of supplemented dairy foods resulted in 1.5% greater gain in spine BMD compared to no 
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supplementation (50). Whether protein and calcium intakes from non-dairy sources work 

synergistically to influence pediatric bone health outcomes remains to be elucidated. In 

adults, Shani et al. demonstrated that a greater risk of hip fractures was associated with 

higher protein intakes, but only when calcium intakes were low (<800 mg/day). 

Conversely, there was a lower risk of hip fracture with high protein and high calcium 

intakes (³800 mg/day) (51). It is possible that higher protein intakes accompanied by low 

calcium intakes may lead to increased urinary calcium excretion and therefore, lower 

bone mass. However, critics of this hypothesis indicate that higher protein diets lead to 

increased intestinal calcium absorption and therefore there is little concern that high-

protein diets would adversely influence skeletal health (15). RCTs are needed to further 

investigate the association between a lower calcium/protein ratio and bone mass 

outcomes in children (52).  

Four of the studies used dietary PRAL as a surrogate measure of protein intake 

(33, 40, 42, 43). The dietary PRAL measures the dietary component of net endogenous 

acid production and is highly correlated with analyzed urinary net acid excretion. The 

effect of dietary PRAL on bone outcomes in children was mixed with some studies 

finding a detrimental effect of high dietary PRAL (40, 42) on bone while others found no 

effect (33, 43). Differences in sample size, smaller variations in PRAL scores, and 

different dietary techniques to determine PRAL (i.e., 3-day diet records vs. FFQ) may 

have accounted for the conflicting findings. 

In all of the cross-sectional studies, protein intake was positively associated with 

bone outcomes; however, the magnitude of the effects varied based on the covariates 

used in the model and the skeletal sites measured. For example, all studies investigating 
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the role of protein intake on total body bone outcomes showed positive associations but 

controlled for different covariates making it difficult to compare studies. Only one cross-

sectional study investigated the role of protein on pQCT derived bone outcomes and 

found a positive trend with mid-radius cortical BMC and bone area. Collectively, these 

cross-sectional studies lend support for a positive effect of protein on bone in children, 

but RCTs are needed to prove this assumption.  

For children ages 1-8, the dietary reference intakes (DRIs) for protein range from 

13-19 g/day (53). In adolescents and young adults ages 9-18 the DRI for protein ranges 

from 34-52 g/day (53). In only one of the studies was there a deficient intakes of protein 

(29) and these children were malnourished. Despite malnutrition status, intakes of protein 

were positively associated with total body BMC and BA after adjusting for energy 

intakes (29), further supporting the importance of dietary protein intakes for optimal bone 

outcomes in children.  

A strength of this systematic review is the fact that we included studies from 

randomized controlled trials, prospective, and cross-sectional studies. Additionally, this 

study included both DXA and pQCT bone measures.  There was only one RCT and that 

study combined protein and resistance training into the intervention. Additionally, the 

study duration of six months may not have been long enough to see an effect on bone. 

The lack of protein RCTs highlights a priority research area. Despite seeing positive 

effects of protein intake on bone outcomes, several of the cross-sectional and prospective 

studies controlled for different covariates making it difficult to compare the findings of 

these studies. Finally, estimates of dietary protein intake from the cross-sectional and 

prospective studies relied on 24-hour dietary recalls and/or food-frequency 
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questionnaires, which are subjective measures of dietary intake and not a true estimate of 

intake. Future research needs to include larger-scale intervention studies to better 

understand the role of dietary protein intake on pediatric bone.  

 Overall, this systematic review demonstrated limited (grade C) evidence that 

dietary protein intake during childhood is beneficial for bone growth and development. 

Prospective studies demonstrate that calcium intakes and physical activity, in addition to 

protein status may be important factors that influence pediatric bone health. Childhood 

and adolescence is a period of rapid bone growth, areal bone expansion and bone mineral 

accrual and serves as blueprint for bone health later in life; thus, future long-term 

intervention trials are needed to further elucidate the role of dietary protein on pediatric 

bone growth and development.  
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Table 5.1. Included bone outcomes of interest 

Measurement 

Technique Sites Outcome Measure 

DXA Total Body 

aBMD 

BA 

 Hip  

 

Lumbar Spine 

(L1-L4 or L2-L4)  

 

Radius 

Pelvis 

Leg and arm BMC  

pQCT Radius BA 

 Tibia Trabecular Density 

  Trabecular area 

  BSI 

  SSI 

  vBMD 

  vBMC 

  TtA 

  CtCSA 

  EC 

  PC 

HR-pQCT Radius Trabecular Number 

 Tibia Trabecular Separation 

  Trabecular BMD 

  Connective Density 

  Cortical Porosity 

  Trabecular Thickness 

DXA, dual-energy x-ray absorptiometry; pQCT, peripheral 

quantitative computed tomography; HR-pQCT, high resolution 

peripheral quantitative computed tomography; aBMD, areal 

bone mineral density; BA, bone area; BSI, bone strength index; 

SSI, strength strain index; vBMD, volumetric bone mineral 

density; vBMC, volumetric bone mineral content; TtA, total 

area; CtCSA, cortical cross-sectional area; EC, endosteal 

circumference; PC, periosteal circumference 
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Table 5.2. Evidence grading system 

Level of evidence Description 

A (Strong) Clear evidence from at least one large, well-conducted, generalizable RCT that is               

adequately powered with a large effect size and is free of bias or other concerns  
 

OR 
 

Clear evidence from multiple RCTs or many controlled trials that may have few 

limitations related to bias, measurement imprecision, inconsistent results, or other 

concerns 

B (Moderate) Evidence obtained from multiple, well-designed, conducted, and controlled prospective 

cohort studies that have used adequate and relevant measurements and that gave similar 

results from different populations 
 

OR 
 

Evidence obtained from a well-conducted meta-analysis of prospective cohort studies 

from different populations 

C (Limited) Evidence obtained from multiple prospective cohort studies from diverse populations 

that have limitations related to bias, measurement imprecision, or inconsistent results or 

have other concerns 
 

OR 

  

Evidence from only one well-designed prospective study with few limitations 
 

OR 
 

Evidence from multiple well-designed and conducted cross-sectional or case-controlled 

studies that have very few limitations that could invalidate the results from diverse 

populations 
 

OR 
 

Evidence from a meta-analysis that has designed limitations 

D (Inadequate) Evidence from studies that have one or more major methodological flaws or many 

minor methodological flaws that result in low confidence in the effect estimate 
 

OR 
 

Insufficient data to support a hypothesis 
 

OR 
 

Evidence derived from clinical experience, historical studies (before and after), or 

uncontrolled descriptive studies or case reports 

RCT, randomized controlled trial 
a Refers to the body of evidence 
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Table 5.3. Study characteristics 

Cross-sectional  
Reference Study Description Population Description N Outcome Measures Results 

Hoppe et al., 2000 
(27) 

The objective of this study was 
to identify associations between 
dietary factors and whole body 
bone measures determined by 
DXA in a random sample of 
healthy Danish children. Dietary 
intakes were assessed by 7-day 
food records.  

Sex: male and female 
Age: 6-8 y 
Race: Caucasian 
Location: Dortmund, 
Germany 
Year(s): 1997-1998; 
sub-cohort of the 
DONALD study 

105 Data are shown for the 
overall group (N=105) 

Protein (g/day) 

 Pearson’s r P 
Total Body   
 Bone area (cm3) 0.31 <0.01 
 BMC (g) 0.33 <0.01 

• These data are unadjusted 
• In the multiple linear regression models with height, weight, sex and 

intakes of energy, fat, carbohydrate, protein, and other bone-related 
nutrients, there were no significant relationships between protein and 
bone outcomes 

• After backward elimination where height, weight, and sex were forced to 
stay in the model, intake of protein was positively associated with bone 
area (P=.003) 

• Including stage of sexual maturation in the analyses did not alter the 
outcomes 
 

Budek et al., 2007 
(28)  

The aim of this study was to test 
the hypotheses that total protein 
intake is positively associated 
with bone mass as measured by 
DXA, and that milk and meat 
protein intake is differently 
associated with bone mass in 
adolescents. The dietary intakes of 
total, milk, dairy, and meat 
protein, and the dietary intake of 
selected micronutrients, were 
calculated for each subject from 7-
day food records.  

Sex: male and female 
Age: 17 y 
Race: Caucasian 
Location: Danish, 
otherwise unspecified 
Year(s): 2004-2005; 
sub-cohort of the 
Copenhagen Cohort 
Study 

109 Data are 
shown for 
the overall 
group 
(N=109) 

  Protein (g/d)  

Total protein Milk protein Dairy protein Meat 
protein 

Mode
a 

ß P ß P ß P ß P  
T-BMC    0.04  0.047    0.02 0.003 0.02 0.11 0.01 0.55 1 
LS-BMC 0.02 0.68 0.03   0.01 0.001 0.97 -0.02 0.48 1 
T-BMC -0.02 0.78 0.04 0.007 -0.01 0.72 0.01 0.62 2 
LS-BMC -0.08 0.46 0.06  0.01 -0.06 0.42 -0.01 0.78   2 
• aAfter adjustment for bone area, weight, height and sex (model 1), and 

additional adjustment for calcium and energy intake, and physical activity 
(model 2) 
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Ekbote et al., 2011 
(29)  

The aim of this study was to 
examine lifestyle factors as 
determinants of total body BMC 
and bone area as measured by 
DXA in Indian preschool children. 
Dietary intakes were assessed via 
3-day food diaries. 

Sex: male and 
female 
Age: 2–3 y 
Race: Indian 
Location: Pune, 
India 
Year(s): 2009 

71 Data are shown for 
the overall group 

(N=71) 

Protein (g/d) 

Normal Children Malnourished Children All 
r P r P r P 

Total body       
Bone area 0.65 <0.01 0.57 <0.01 0.58 <0.05 

BMC     0.62   <0.01 0.44 <0.05 0.55 <0.01 

• Data presented above are from Pearson’s correlation coefficients correlating 
protein intake and bone among normal children, malnourished children, and 
all (normal and malnourished children combined) 
 

Iuliano-Burns et   
al., 2005 (30) 

This study was conducted to test 
the following hypotheses: 1) 
Associations between bone mass 
and dimensions and exercise are 
greater than between bone mass 
and dimensions and protein and 
calcium intakes; 2) Exercise or 
nutrient intake are associated with 
appendicular bone mass before 
puberty and axial bone mass 
during/after puberty. Dietary 
intakes were assessed using 3-day 
weighed food diaries. Total body 
and posteroanterior lumbar spine 
BMC and mid-femoral shaft 
dimensions were measured by 
DXA.  

Sex: male 
Age: 7–20 y 
Race: not specified 
Location: 
Melbourne, Australia 
Year(s): 1997–2001 

112  
(56 twin 

pairs) 

 
Data are shown for the 
overall group (N=112) 

Differences in protein 
Univariate Size adjusted All lifestyle/ 

size adjusted 
ß P ß P ß P 

Differences in BMC (g)       
 Total body 3.5 NS 1.3 NS 1.3 NS 
 Arms 0.8 <0.05 0.7 <0.05 0.8 <0.05 
 Legs 1.6 NS 0.3 NS 0.3 NS 
 Lumbar spine 0.0 NS 0.0 NS 0.0 NS 
Differences in BMC (%)       
 Total body 0.3 <0.05 0.2 <0.05 0.1 NS 
 Arms 0.4 <0.05 0.4 <0.01 0.4 <0.05 
 Legs 0.3 NS 0.1 NS 0.1 NS 
 Lumbar spine 0.1 NS 0.1 NS 0.2 NS 
Differences in bone 
dimensions (mm) 

      

 Cortical thickness 0.0 NS 0.0 NS 0.0 NS 
 Periosteal diameter 0.0 NS 0.0 NS 0.0 NS 
 Endosteal diameter 0.0 NS 0.0 NS -0.0 NS 
Differences in bone 
dimensions (%) 

      

 Cortical thickness 0.2 NS 0.1 NS 0.4 NS 
 Periosteal diameter 0.1 NS 0.0 NS 0.0 NS 
 Endosteal diameter -0.0 NS -0.1 NS -0.3 NS 
• ß coefficients for within-pair differences in protein versus awithin-pair differences 

in BMC and bone dimensions; bwithin-pair differences in size-adjusted BMC and 
bone dimensions; call within-pair differences in protein, calcium, exercise 
duration, and size are included in the regression equation  

• A 1-g difference in protein intake was associated with a 0.8-g (0.4%) difference in 
arm BMC (P < 0.05). These relationships were only present in peripubertal and 
postpubertal pairs  
 

Chevalley et al., 
2008 (31)  

The aim of this study was to 
assess the interaction between 
physical activity and protein 
(assessed via FFQ) compared to 

Sex: male 
Age: 6.5–8.5 y       
(M=7.44 ± 0.30) 
Race: white 

232 Data are shown for the 
overall group (N = 232) 

Correlation with protein intake (g/d) 

r P ß Adjusted P 
BMC (g)     



 

 

130 

calcium (assessed via FFQ) 
intakes on bone mineral mass at 
several skeletal sites measured by 
DXA in healthy prepubertal boys 

Location: Geneva, 
Switzerland 
Year(s): 1999-2000 

Radial metaphysis 0.26 <0.01 0.20 0.01 

Radial diaphysis 0.21 <0.01 0.12 NS 

Total radius 0.27 <0.01 0.20 0.01 

Femoral neck 0.20 <0.01 0.19 0.03 
Total hip 0.18 <0.01 0.12 NS 

Femoral diaphysis 0.23 <0.01 0.19 0.03 
Lumbar spine 0.24 <0.01 0.22 <0.01 

Data presented above are from univariate (r) and multivariate (ß Adjusted) analyses; 
the latter takes into account the respective contribution of physical activity, protein, 
and calcium intakes 
 

 
Libuda et al., 2011 
(33)  

The aim of this study was to 
identify the strongest long-term 
dietary predictors of prepubertal 
diaphyseal bone status in healthy 
children who participated in the 
DONALD study. 3-day weighed 
dietary records were used to assess 
dietary intakes. pQCT was used to 
measure bone outcomes at the non-
dominant forearm at the 65% site. 

Sex: male and 
female 
Median age: 8.1 y 
Race: white 
Location: Dortmund, 
Germany 
Year(s): 1998–1999 
subcohort of the 
DONALD study  

      107 Data are shown for the overall 
group (N = 107) 

Protein (g/MJ) 

ß ßstand R2 P 
Forearm     

 Polar SSI (mm3)  — — — NS 

 Periosteal circumference 
(mm) 

— — — NS 

 BMC (mg/mm) 1.49 0.11 0.01 NS 

 Cortical area (mm2) 1.37 0.11 0.01 NS 

• Data presented above are from stepwise linear regression analyses, considering 
muscle area, BMI standard deviation scores, body fat %, age, sex, and 
androestenediol, as well as intakes of protein, calcium, vitamin D, and PRAL 

• Of all nutrients considered, only protein showed a trend for an association with 
BMC (P = 0.073) and cortical area (P  = 0.056) in stepwise linear regression 
models 

• None of the other dietary variables were associated with bone parameters 
• The protein effect did not differ between sexes 

 
Esterle et al. 2009 
(32)  

The aim of this study was to 
identify dietary foods and nutrients 
associated with lumbar bone 
mineral content and bone mineral 
density in adolescent girls with a 
special emphasis on milk, dairy 
products, and nutrients likely to 
have an impact on bone mass. 
Dietary intake was assessed via 7-
day food recalls. DXA was used to 
assess lumbar spine outcomes. 

Sex: female 
Age: 12–22 y 
Race: Caucasian 
Location: France, 
otherwise unspecified 
Year(s): not specified 

192 Data are shown for 
the postmenarchal 
group only (n = 142) 

Protein from milk Protein from other foods 

Adj R2 ßstand P Adj R2 ßstand P 

Lumbar spine 
 BMC (g) 

      

 Absolute  0.61 0.14 <0.01 0.61 <0.01 NS 

 Adjusted 0.60 0.13 0.02 0.60 <0.01 NS 

  BMD (g/cm2)       

     Absolute 0.21 0.20 <0.01 0.21 0.01 NS 

     Adjusted 0.21 0.18 0.02 0.21 0.01 NS 



 

 

131 

• Data presented above are from multivariate linear analyses 
• Absolute protein intake is expressed in g/d 
• Adjusted protein intake for weight, years after menarche, and vertebral area is 

expressed in g/kg/d 
• Girls with milk intakes <55 mL/d had significantly lower BMC compared to 

girls consuming >260 mL/d 
 

Prospective 
Reference     Study 

Description 
                    Population 
Description 

          N Outcome Measures           Results 

Alexy et al., 2005 
(40)  

The aim of this study was to 
examine the association of long-
term protein intake and dietary 
potential renal acid load with 
diaphyseal radius bone. In a 
prospective study design, long-
term dietary intakes were 
calculated from 3-day weighted 
diet records that were collected 
yearly over a 4-year period before 
a one-time pQCT bone scan.  

Sex: male and female 
Age: 6–18 y 
Race: white 
Location: Dortmund, 
Germany 
Year(s): 1998–1999 
sub-cohort of the 
DONALD study 

229 Data are shown for the overall 
group (N = 229) 

Protein (g/d) 

ß ßstand r2 P 
Forearm     
 Periosteal circumference 
(mm2) 

  0.07  0.17  0.03 <0.01 

 Cortical area (mm2) 0.42     0.27  0.04 <0.01 
 BMC (mg/mm) 0.46  0.26  0.03 <0.01 
 Polar SSI (mm3) 1.83     0.29   0.06              <0.01 
• Data presented above are results from stepwise multiple regression and after 

adjustment for age, sex, and energy intake and controlling for forearm 
muscularity, BMI, growth velocity, and pubertal development 

• ßstand is the standardized parameter estimate 
• Children with a higher dietary PRAL had significantly less cortical area (P < 

0.05) and BMC (P < 0.01) 
• Long-term calcium intake had no significant effect on any bone variable 

 
Bounds et al., 2005 
(34)  
 

The aim of this study was to 
identify factors related to 
children’s bone mineral indexes 
at age 8 years, and to assess 
bone mineral indexes in the 
same children at ages 6 and 8 
years. Children’s dietary intake 
were assessed via RD interview 
from the ages 2-8 years.  BMC 
was assessed at 6 y and 8 y 
using DXA. 
 

Sex: male and female 
Age: 6 y (baseline) 
and 8 y (follow-up) 
Race: white 
Location: Knoxville, 
TN 
Year(s): not specified 

52 Data are shown for the 
overall group (N = 52) 

Protein intake (g) over ages 2–8 y 

(M±SD) r P  
Protein intake (g) 55 ± 12   

Total body  

 BMC at age 8 y  0.37 ≤0.05 
    BMD at age 8 y  0.33 ≤0.05 
  ß Partial R2 P  
 BMC model 1 (+) 2.40 0.08 <0.01 
    BMD model 1 (+) .001 0.07 0.04 
• Data presented above show the Pearson’s correlation coefficient (r) relating 

longitudinal protein intake over ages 2– 8 y, representing 27 d of dietary data  
• BMC Model 1: significant predictors of BMC included longitudinal protein 

intake, height, weight and age  
• BMD Model 2: the only significant positive predictor of total BMD was 

longitudinal protein intake 
• The only significant negative predictor for BMC and BMD was female sex 

 
Sex: male 176 Correlation with protein intake (g/d)  
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Chevalley et al., 
2014 (38) 

The aim of this study was to 
examine whether consuming 
protein during childhood led to 
increased bone outcomes as 
measured by DXA in healthy 
prepubertal to mid-late adolescent 
boys. Protein and calcium intakes 
were assessed by a frequency 
questionnaire. Physical activity 
was assessed by a questionnaire 
and expressed as physical activity 
energy expenditure. 

Age: 7-15 y 
Race: white 
Location: Geneva, 
Switzerland 
Year(s): recruitment 
period September 
1999– September 
2000, otherwise 
unspecified 

Data are 
shown for the 
overall group  
(N = 179) 

PA<Med; 
PRO<Med 

(n=52) 

PA>Med; 
PRO<Med 

(n=38) 

PA<Med; 
PRO>Med 

(n=36) 

PA>Med; 
PRO>Med 

(n=49) 

P 

aBMC (g)      
FN 4411±795   4405±858 4645±788 5075±894 <0.001 

Total hip 34381±786
3 

35303±786
3 

36389±799
5 

40913±845
1 

<0.001 

vBMD      

DT      
          Total  259±44 263±53 276±39 274±41 0.234 

           Cort 723±52 733±59 736±53 739±53 0.486 
           Trab 196±26 733±59 736±53 739±53 0.070 

• Values are means ± SD 
• When comparing based on level of PA, participants in the high 

PA and high PRO group had significantly greater femoral neck 
and hip BMC than those in the low PA and low PRO group 

• When PA level was high but PRO intake was low, there was 
significantly less femoral neck and hip BMC gains than when PA 
intake was low but protein intake was high 

• FN, femoral neck; DT, distal tibia; Cort, cortical; trab, trabecular 
 

 

Chevalley et al., 
2017 (39) 

The aim of this study was to 
further report the tracking over 15 
years of the positive impact of 
protein intake on physical activity 
from prepuberty to young 
adulthood on both bone strength 
and structure in healthy males 
(DXA and HR-pQCT measures). 
Protein intakes were assessed by 
food frequency questionnaires 
and physical activity was assessed 
via PA questionnaire.  

Sex: male 
Age: 7-22.5 
Location: Geneva, 
Switzerland 
Year(s): recruitment 
period September 
1999-September 
2000, overwise 
unspecified 

124 Data are 
shown for the 
overall group 

Correlation with protein intake (g/d)  

PA < Med; 
PRO < Med 

(n=40) 

PA > Med; 
PRO < Med 

(n=26) 

PA < Med; 
PRO > Med 

(n=24) 

PA > Med; 
PRO> Med 

(n=34) 

P 

 15.2 years      
     Tb.N, mm-

1 
2.04 ± 0.23 2.00 ± 0.23 2.10 ± 

0.25 
2.21 ± 0.35 0.015 

     Tb.Sp, um 415 ± 0.50 424 ± 57 402 ± 61 385 ± 65 0.044 
     CSA, mm2 833 ± 126 854 ± 120 847 ± 111 966 ± 172 0.001 
 22.6 years      
     Tb.N, mm-

1 
2.06 ± 0.26 2.06 ± 0.21 2.18 ± 

0.27 
2.19 ± 0.40 0.128 

     Tb.Sp, um 403 ± 56 403 ± 51 379 ± 64 383 ± 79 0.304 
     CSA, mm2 834 ± 131 845 ± 110 821 ± 104 907 ± 166 0.055 
 • P < 0.05 

• Values are means ± SD 
• When comparing based on level of PA, participants in the high PA and high 

PRO group had significantly greater femoral neck BMC, femoral neck area, 
and femoral neck width at age 7.4 years compared to those in the high PA, 
low protein group 

• When comparing based on level of PA, participants in the high PA and high 
PRO group participants had significantly greater femoral neck BMC and 
femoral neck aBMD at age 15.2 years compared to those in the high PA, 
low protein group. 
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• When comparing based on level of PA, participants in the high PA and high 
PRO group participants had significantly greater femoral neck BMC than 
those in the high PA, low protein group.  

Garcia et al., 2015     
(43) 

The aim of this study was to examine 
the associations between dietary acid 
load at the age of 1 and 2 years and 
bone health outcomes, as measured 
by DXA at age 6 years. Protein 
intakes were assessed by a food 
frequency questionnaire 

Sex: males and 
females 
Age: 1-6  
Location: 
Rotterdam, 
Netherlands 
Year(s): April 
2002-January 
2006, otherwise 
unspecified 

285
0 

Data are 
shown for 
the overall 
group 

BMD BMC aBMC Bone Area 

 Protein 
intake 
below the 
mean <. 42 
g/d 
(n=1505) 

    

     dPRAL 0.08  
(-0.22, 0.38) 

0.10  
(-0.29, 0.49) 

0.11  
(-0.18, 0.40) 

-0.01  
(-0.46, 0.43) 

     Tertile 1  Reference Reference Reference Reference 
     Tertile 2 1.11  

(-3.02, 5.23) 
-0.62  

(-5.93, 4.70) 
1.69  

(-2.29, 5.67) 
-2.98  

(-9.05, 3.09) 
     Tertile 3 3.75  

(-1.33, 8.84) 
5.37  

(-1.19, 11.92) 
3.02  

(-1.89, 7.92) 
3.04  

(-4.44, 10.51) 
     P-trend 0.16 0.19 0.20 0.68 

 Protein 
intake 
above the 
mean > 42 
g/d  
(n=1345) 

 

     dPRAL -0.04  
(-0.33, 0.24) 

-0.07  
(-0.47, 0.33) 

-0.04  
(-0.28, 0.27) 

-0.09  
(-0.52, 0.35) 

     Tertile 1 Reference Reference Reference Reference 
     Tertile 2 -3.79  

(-9.31, 1.75) 
-5.47  

(-13.20, 2.26) 
-2.06  

(-7.42, 3.30) 
-4.40  

(-6.67, 2.14) 
     Tertile 3 -2.86  

(-7.93, 2.21) 
-6.58  

(-13.66, 0.50) 
-0.89  

(-5.80, 4.03) 
-7.36  

(-15.01, 0.30) 
     P-trend 0.38 0.09 0.86 0.06 

 • Significant at P < 0.05 
• Confidence intervals are in parentheses 
• Adjusted for child sex, age at DXA< height at DXA, and ethnicity 

Moore et al., 2008 
(37)  

The aim of this study was to evaluate 
the effects of average dairy intake 
throughout childhood on adolescent 
bone mineral content, area, and 
density. Dietary intake was assessed 
by means of multiple sets of three-
day food diaries. Bone outcomes 
were measured via DXA.  

Sex: male and 
female 
Age: 3-5 y at 
baseline; 15-17 y 
at bone 
measurement 
Race: Caucasian 
Location: 
Framingham, 
Massachusetts 

106 Data are 
shown for 
the overall 
group 
 (N = 106) 

  

  Arms Legs Trunk Ribs Pelvis Spine 
  n mean ± SD 
  Bone Mineral Content (gm) 

Dairy ≥ 2 
servings 

49 334.5 
±6.8 

1089.9 
±13.6 

1069.3 
±16.7 

403.1 
±8.4 

399.1 
±6.8 

267.1 
±5.1 
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Year(s): 1987-
1999 

Dairy < 2 
servings 

35 309.7     
±8.4 

1042.0 
±16.9 

982.4 
± 20.7 

361.5 
±10.4 

368.3 
±8.4  

252.6 
±6.3 

p-value  P=.05 P=0.05 P<.01 P<.01 P=.01 P=.11 

  Bone Area (cm2) 

Dairy ≥ 2 
servings 

49 365.2    
±4.8 

842.4 
±5.5 

1037.7 
± 9.9 

501.8 
±6.6 

315.3 
±3.8 

220.4 
±3.3 

Dairy < 2 
servings 

35 354.9    
±5.9 

836.1 
±6.9 

990.8 
±12.3 

469.2 
±8.2 

304.7 
±4.7 

216.9 
±4.0 

p-value  P=.22 P=.52 P<.01 P<.01 P=.11 P=.55 

• All models are adjusted for gender, physical activity, age, height, BMI and percent 
body fat at the time of the bone scan (15-17 y) 

• Higher intakes of meats/other proteins (≥ 4 servings per/day) were also associated 
with higher mean BMC and BA values.  

• Children with higher intakes of both dairy and meats/other proteins had the highest 
adjusted BMC, and children consuming less of each had the lowest BMC. 
 

Remer et al., 2011  
(42)  

The aim of this study was to examine 
the association of long-term protein 
intake and dietary potential renal acid 
load with diaphyseal radial bone in a 
sample of healthy children and 
adolescents. Data were collected in 
197 healthy children during the 4 y 
preceding proximal forearm bone 
analyses by pQCT 

Sex: male and 
female 
Age: 6–18 y 
Race: white 
Location: 
Dortmund, 
Germany 
Year(s): 1998–
1999 subcohort of 
the DONALD 
study 

  197 Data are shown for the overall group 
 (N = 197) 

Urinary uN Urinary PRAL 

ß P ß P 

Diaphyseal Bone Variables     

 BMC (mg/mm) [log 10] 0.03 <0.01 -0.02 0.03 

 Cortical area (mm2) [log 10] 0.02 <0.01 -0.02 0.03 

 Polar SSI (mm3) [log 10] 0.02 <0.01 -0.01 NS 
 Periosteal circumference (mm) 0.50   0.03   0.02 NS 

  BMD (mg/cm3) 5.40 NS -8.70 NS 
• Data presented above are from multivariate regression models showing independent 

associations of both long-term protein intake (as uN) and PRAL as explanatory 
variables with forearm bone variables. Urinary uN and PRAL were adjusted for 
age, sex, pubertal stage, forearm muscle area, forearm length, and urinary calcium 

 
Vatanparast et al., 
2007 (36)  

The aim of this mixed-longitudinal 
study was to investigate the 
influence of protein intake on bone 
mass measures in young adults, 
considering the influence of calcium 
intake through adolescence. Dietary 
intake was assessed via 24-h recalls 
carried out at least once yearly. 
DXA was used to assess total body 
BMC and BMD. 

Sex: male and female 
Age: 8–21 y during 
phase I of the study; 
17–29 y for phase II 
Race: majority 
Caucasian 
Location: Saskatoon, 
Saskatchewan, 
Canada 
Year(s): 1991–1997 
(phase I); 2003–2006 
(phase II); 
participating in the 
Saskatchewan 
Pediatric Bone 

    133 Data are shown for the 
overall group (N = 133) 
and a subgroup (n = 44) 

Protein intake (g) 

Regression 
coefficient 

Partial R2 P 

Total body (N = 133)    

 BMC NS — NS 

 BMC net gain 0.11           0.21 0.02 

Total body (n = 44)    
 BMC 0.21 0.33 0.04 
 BMC net gain           0.21 0.37    0.02 

The net gain of TB-BMC and the net gains in height and weight from age of 
peak height velocity to early adulthood were entered into the model. Sex, 
current height, weight, physical activity level, protein intake, vegetable and fruit 
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Mineral Accrual 
Study 

intake, periadolescence intakes of vegetables and fruits, protein, and physical 
activity were entered into the multiple regression model (stepwise). 
Protein intake predicted total body BMC net gain in all subjects. In females at 
periadolescence or early adulthood with adequate calcium intake (>1000 mg/d)  
(n = 44), protein intake positively predicted total body BMC and BMC net gain 

Zhang et al., 2008  
(35) 

The aim of this study was to assess 
the association between protein 
intakes and bone mass accrual in 
girls who participated in a 5-y study 
including 2 y of milk 
supplementation (intervention groups 
only) and 3 y of follow-up study. 
Dietary intakes were assessed by 7-
day food records and bone outcomes 
were assessed by DXA. 

Sex: female 
Mean age: 10.1 y 
Race: Chinese 
Location: Beijing 
Year(s): 1999–
2004 

757 Data are shown for the 
overall group (N = 757) 

Average protein intake 
ß P value 

Total body   
 Bone area — NS 
 BMC -1.92 0.02 
Proximal forearm   
 Bone area -9.11 <0.01 
 BMC -10.2 <0.01 
Distal forearm   
 Bone area — NS 
 BMC  -4.82          <0.01 

• Data presented above (ß) represent the percentage change in the 
dependent variable associated with intake of protein after controlling for 
baseline bone mass and pubertal development, age and physical activity, 
survey time, group, and clustering by schools. Protein, among other 
nutrients, was included in an initial model and flowed by backward 
elimination with P < 0.01 as the standard for retention, excluded by the 
regression model 

• When protein intake was considered according to animal or plant food 
sources, protein from animal foods, particularly meat, had significant 
negative effects on BMC accrual at the proximal and distal forearm (P < 
0.05) 

Randomized Controlled Trials 
Reference Study Description    Population Description N Outcome Measures           Results 

Ballard et al., 2006 
(44) 

The aim of this study was to 
determine if 6 months of protein 
supplementation in conjunction with 
a strength and conditioning training 
program improves areal and 
volumetric bone mineral density. 
pQCT was used to assess the 4% and 
20% sites of the distal tibia. 3-day 
food records were used to determine 
typical dietary intakes. 

Sex: male and 
female 
Age: 18–25 y 
Race: not specified 
Location: South 
Dakota, USA 
Year(s): not 
specified 

          68 Data are shown for the protein 
supplemented group (n = 36) 

Mean change,  
protein group (n = 36) 

P  

4% site   
 Total vBMD (mg/cm3) 0.20 NS 
 Trabecular vBMD (mg/cm3) -0.50 NS 
 Total area (cm2) 5.0 NS 
20% site   
 Cortical vBMD (mg/cm3) 2.4 NS 
 Cortical area (cm2) 1.7 NS 
 Cortical thickness (mm) 0.05 NS 
 Periosteal circumference 
(mm) 

-0.20 NS 

 Endosteal circumference 
(mm) 

-0.50 NS 

 Polar SSI (mm3) 57 NS 
Total body   
 BMC (g) -3.5 NS 
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 Bone area (cm2) -3.9 NS 
Leg   
 BMC (g) 1.3 NS 
Arm   
 BMC (g) 5.7 NS 
Data presented above are least-squares means determined by ANCOVA while 
controlling for initial height and weight and baseline bone value 
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Chapter 6 

SUMMARY AND CONCLUSIONS 
 

This work was conducted to determine associations egg intake, dietary and serum 

inflammation, and dietary protein in otherwise healthy boys and girls. The work 

generated from this dissertation provided preliminary data for the funding of the SCENE 

(Skeletal and Cognitive Effects of Nutrition from Eggs) Study that is currently being 

conducted in the Bone and Body Composition Lab at the University of Georgia.  

The study presented in Chapter 3 was conducted with the primary objective to 

determine the relationship between whole egg intake and cortical bone parameters, total 

body bone outcomes, and biomarkers of bone turnover in children entering the early 

stages of puberty. The secondary aim was to determine if FFST has a mediating role on 

the relationship between whole egg intake and bone. Egg intake was positively correlated 

with radius and tibia Ct.BMC, total bone area, cortical area, cortical thickness, periosteal 

circumference, and polar strength strain index in the unadjusted models (r=0.14-0.22, all 

P<.05). After adjusting for race, sex, stage of sexual maturation, FFST, and protein 

intakes, tibia relationships were nullified; however, egg intake remained positively 

correlated with radius Ct.BMC (r=.14, P=0.03). After adjusting for the covariates, egg 

intake was a positive predictor of radius FFST (β = 0.11, P<0.05) and FFST was a 

positive predictor of Ct.BMC (β=0.56, P<0.05) in path analyses. There was a direct 

influence of egg on radius Ct.BMC (β=0.10, P=0.04), even after adjusting for the 

mediator, FFST (β=0.14, P=0.02). Egg intake was positively correlated with osteocalcin 
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in both the unadjusted (P=<0.05) and adjusted (P=<0.05) models. With the expectation of 

dairy foods (1-4) limited research exists regarding the relationship between whole food 

consumption and bone outcomes in children. The study presented in Chapter 3 is the first 

study to assess the relationship between whole egg intake and cortical bone outcomes in 

children and provides novel evidence of a positive link between whole egg consumption 

and cortical bone in children. 

The study presented in Chapter 4 aimed to assess the relationships between 

inflammatory dietary patterns, as represented by DII scores, and serum inflammation on 

cortical bone outcomes in healthy boys and girls. DII-scores were negatively associated 

with tibia trabecular area (TtAr; r= −.14, P=0.02), periosteal perimeter (PsPM; r= −.15, 

P=0.02), endosteal perimeter (r= −.15, P=0.02), strength strain index (SSI; r= −.13, 

P=0.03), and radius TtAr (r= −.14, P=0.02), PsPM (r= −.138, P=0.03) and SSI (r= −.13, 

P=0.04) but nullified when adjusting for covariates. Tibia PsPM was higher in the low 

DII group compared to the medium (P=0.05) and high (P<0.05) groups but nullified after 

controlling for covariates. DII-scores were not associated with TNF-α, VEGF, or IL-6, 

but were associated with MCP-1 only in the unadjusted model (r=.13, P=0.04). In the 

adjusted model, MCP-1 was inversely associated with tibia cortical thickness (r= −.15 

P=0.03). These results suggest that based on the food parameters we were able to 

generate with our dietary software it would be premature to use the DII to determine the 

inflammatory potential of the diet in healthy children. Future studies should consider 

using additional dietary data programs to get a more inclusive analysis of the food 

parameters included in the DII calculation. Because the findings that the biomarker of 

inflammation, MCP-1, was negatively associated with tibia CtTh, future prospective 
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studies should be conducted to better understand the role of serum inflammation on bone 

quality in youth and to determine if there are long-term fracture implications in 

adulthood. 

In children and adolescents, there are few published reports addressing the role of 

protein on bone. Chapter 5 was a systematic review examining the relationship between 

dietary protein intake and pediatric bone health. Overall, the systematic review 

demonstrated limited (grade C) evidence that dietary protein intake during childhood is 

beneficial for bone mass and strength. A grade C was given due to there being only one 

randomized controlled trial of protein intake on pediatric bone and this intervention study 

was in conjunction with an exercise intervention (6). To date, there are no published 

intervention studies investigating the role of protein independently on bone in healthy 

children and adolescents. A systematic review investigating the role of dietary protein 

over the past 40 years indicates that future large-scale intervention studies, particularly in 

understudied population subgroups such as children and adolescents is a high research 

priority (7). 

The findings from this dissertation provided preliminary data to support the 

funding of the SCENE study, a 9-month randomized controlled trial in normal weight and 

obese children. The primary aim of the SCENE study is to determine if consumption of a 

formulated whole egg snack replacement over 9 months augments cortical bone strength 

more so than milk powder or placebo during pubertal growth. The secondary aim of the 

SCENE study is to determine if consumption of a formulated whole egg snack 

replacement over 9 months augments memory and executive functioning during pubertal 

growth compared to milk powder or placebo. The final aim of the SCENE study is to test 
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the intermediary role (i.e., mediation) of inflammation on the effect of egg product 

consumption on changes in cortical bone strength, as well as memory and executive 

function. This innovative project will advance our knowledge about egg nutrition, bone 

and cognitive health, and inflammation in a pediatric population, and determine the 

efficacy of a novel nutrition strategy to improve childhood bone health, reduce the risk of 

osteoporosis and enhance cognitive function. If successful, this intervention could be 

readily disseminated to children in the home, via school nutrition breakfast and lunch 

programs, or via other avenues within communities throughout Georgia, the nation and 

worldwide. Additionally, results from this study could also significantly benefit egg 

farms and agriculture in Georgia and the United States. We have completed study 

enrollment (N=182) and are currently conducting 4.5-month and 9-month testing 

sessions. Table 6.1 shows our participant characteristics and our study consort diagram 

can be seen in Figure 6.1.  

In summary, the results of the studies in chapters 3, 4, and 5 provide insight into 

the interrelationships of egg intake, dietary and serum inflammation, and protein 

consumption on pediatric bone strength. These are the first data to investigate the role of 

egg and protein intake and dietary inflammation on bone health outcomes in healthy boys 

and girls. Given the cross-sectional design in chapters 3 and 4, we cannot confirm 

causality when linking egg intake and bone and the dietary inflammatory index and 

biomarkers of inflammation on bone. The systematic review in chapter 5 demonstrated 

limited (grade C) evidence that dietary protein intake during childhood is beneficial for 

bone growth and development. A limited grade was given due to the lack of dietary 

protein interventions in children and adolescents.  
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Table 6.1. Enrollment by sex and race 

Ethnicity Male Female 

White 67 45 

Black 7 14 

White/black 4 4 

Hispanic 21 10 

Asian/other 7 3 

Total 106 76 
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Figure 6.1. SCENE study consort diagram 
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APPENDIX C 

HEALTH HISTORY QUESTIONNAIRE 
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APPENDIX D 

SEXUAL MATURATION QUESTIONNAIRES 
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