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ABSTRACT

Background :

Previous studies have implied that weight-bearing, intense and prolonged

physical activities optimize bone accretion during the grow^ing years. The

majority of past inquiries have used dual-energy X-ray absorptiometry (DXA) to

examine bone strength and hand-wrist radiography to determine skeletal

maturity in children. Recently, quantitative ultrasound (QUS) technologies have

been developed to examine bone properties and skeletal maturity in a safe, non-

invasive and cost-effective manner.

Objective :

The purpose of this study was to compare bone properties and skeletal

maturity in competitive male child and adolescent athletes with minimally-

active, age-matched controls, using QUS technology. >.

Methods :

In total, 224 males were included in the study. The 115 pre-pubertal boys

aged 10-12 years consisted of control, minimally-active children (n=34), soccer

players (n=26), gymnasts (n=25) and hockey players (n=30). In addition, the 109

late-pubertal boys aged 14-16 years consisted of control, minimally-active

adolescents (n=31), soccer players (n=30), gymnasts (n=17) and hockey players

(n=31). The athletic groups were elite level players that predominantly trained

year-round. Physical activity, nutrition and sports participation were assessed
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with various questionnaires. Anthropometrics, such as height, weight and

relative body fat percentage (BF%) were assessed using standard measures.

Skeletal strength and age were evaluated using bone QUS. Lastly, salivary

testosterone (sT) concentration was measured using Radioimmunoassay (RIA).

Results :

Within each age group, there were no significant differences between the

activity groups in age and pubertal stage. An age effect was apparent in all

variables, as expected. A sport effect was noted in all physical characteristics:

the child and adolescent gynmasts were shorter and lighter than other sports

groups. Adiposity was greater in the controls and in the hockey players. All

child subjects were pubertal stage (Tanner) I or II, while adolescent subjects were

pubertal stage IV or V. There were no differences in daily energy and mineral

intakes between sports groups. In both age groups, gymnasts had a higher

training volume than other athletic groups. Bone speed of sound (SOS) was

higher in adolescents compared with the children. Gymnasts had significantly

higher radial SOS than controls, hockey and soccer players in both age cohorts.

Hockey athletes also had higher radial SOS than controls and soccer players in

the child and adolescent groups, respectively. Child gymnasts and soccer

players had greater tibial SOS compared with the hockey players and control

groups. Likewise, adolescent gymnasts and soccer players had higher tibial SOS
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compared with the control group. No interaction was apparent between age and

type of activity in any of the bone measures. »

Lastly, maturity as assessed by sT and secondary sex characteristics (Tanner

stage) was not different between sports group within each age group. Despite

the similarity in chronological age, androgen levels and sexual maturity,

differences between activity groups were noted in skeletal maturity. In the

younger group, hockey players had the highest bone age while the soccer players

had the lowest bone age. In the adolescent group, gymnasts and hockey players

were characterized by higher skeletal maturity compared with controls. An

interaction between the age and sport type effects was apparent in skeletal

maturity, reflecting the fact that among the children, the soccer players were

significantly less mature than the rest of the groups, while in the adolescents, the

controls were the least skeletally mature.

Summary and Conclusions:

In summary, radial and tibial SOS are enhanced by the unique loading

pattern in each sport (i.e, upper and lower extremities in gymnastics, lower

extremities in soccer), with no cumulative effect between childhood and

adolescence. That is, the effect of sport participation on bone SOS was apparent

already among the young athletes. Enhanced bone properties among athletes of

specific sports suggest that participation in these sports can improve bone

strength and potential bone health.
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Athletes participating in sports in which a large body size (i.e., hockey) or

high muscle strength (i.e., hockey, gymnastics) are advantageous when

characterized by higher skeletal maturity. In hockey, this was apparent already

among the children while in gymnastics, this was apparent only in adolescents.
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CHAPTER 1: INTRODUCTION

1.1: Rationale

The human skeleton contains 206 individual bones that function as a

framework for the body providing support, protection and a lever system. The

skeletal system plays a vital role in essential physiological processes such as

calcium and phosphate homeostasis (Bailey et al., 1996). During childhood and

adolescence, much more bone is deposited than resorbed, so the skeleton grows

in both size and density. Up to 90 percent of peak bone mass is acquired during

the pubertal years, which makes youth the best time period to invest in bone

health. A high bone mass attained during puberty is believed to reduce

osteoporosis risk later in life (MacKelvie et al., 2002).

Osteoporosis is characterized by low bone mass and deterioration of bone

tissue that leads to fragility and fracture. This degenerative bone disease

currently affects 1.4 million Canadians and it is estimated that by 2018 Canada

will spend $32.5 billion to treat osteoporotic fractures if prevention strategies are

not put in place. Osteoporosis is often characterized as a disease that affects post-

menopausal women. However, male osteoporotic fractures have become much

more prominent as their prevalence and impact have become apparent.

Osteoporosis affects at least one in eight men over age 50 in Canada

(Osteoporosis Society of Canada, 2005; National Institutes of Health Osteoporosis

and Related Bone Diseases National Resource Center, 2000).
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There is a bimodal distribution of fracture incidence with age, with peaks in

youth and in older adulthood. From adolescence to middle age, the incidence of

fractures is higher in men than in women. Among adults, up to 20% of

symptomatic vertebral fractures and 30% of hip fractures occur in men (Pande &

Francis, 2001). Bone fracture history may also contribute to osteoporosis-related

fracture risk, as men who sustain traumatic tibial or radial fractures are at a

greater risk for osteoporotic fractures later in life (Pande & Francis, 2001). In fact,

adult men who have low bone mass in the distal forearm and had sustained a

radial fracture were found to be up to 2.7 times more likely to sustain an

osteoporotic hip fracture and at a 10.7 fold higher risk for vertebral fracture risk,

compared with men without radial fracture (Cuddihy et al., 1999). Most of the

work on the socio-economic cost of osteoporotic fracture has concentrated on

females. The annual cost of osteoporosis-related fracture in the UK has been

calculated to be £942 million, of which almost 25% is due to fracture in men

(Eastell et al., 1998). At present, no comparative figures are available in Canada,

although it is likely that the proportion of cost attributed to osteoporosis in

Canadian men is similar to that in the UK.

Relatively little is known about the effects of exercise on bone accrual in

young males. In contract to females, male osteoporosis is rarely attributed to

hormonal factors (Legroux-Gerot et al., 1999). Researchers in the late 1980's and

early 1990's, who traditionally considered osteoporosis a geriatric condition.
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began to examine the possibility of antecedents in childhood (Bailey &

McCuUoch, 1992). They, and others, realized that the growing years provided a

window of opporturuty to attain peak bone nnass, and subsequently, delay the

onset of bone disease in the future (Chestnut, 1989). A cross-sectional report,

which used 3020 DXA scans, observed that BMC accrued at an accelerated rate

during the two years before and after the age of peak height velocity (Bailey,

1997). On average, 26% of adult total body bone mineral was accrued during the

two years around the age of peak bone mineral accrual (Figure 1.1). This

responsive period for skeletal adaptation to mechanical loading has been well

investigated in females. Since boys are habitually more active than girls, even

from a very young age (Armstrong et al., 1990), it is possible that the effect of

exercise and sports participation on bone in child and adolescent males may

differ from females.

% 0* Peak Adult Calclun Ganed During 2 \tar Period

Durrs2yBars
around peak tone
rTvn»f«il accrual

OunnQ ail otner years

contrtxittng to peak
adtiK caloum
42O-30ywr«)

Male PemalB

Figure 1.1; Khan et al., 2001

There is a substantial gain in total body calcium during the two-year period of

fastest bone mineral accrual. This is depicted (a) as an absolute value of calcium

gained (g) and (b) as a percentage of the peak adult value.
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It is critical to achieve a high peak bone mass in order to delay the onset of

osteoporosis in later years. Accumulation of bone mass is most optimally

achieved during late childhood and adolescence (Bailey et al., 1996). An early

estimation of bone strength in children and adolescents can indicate if an

intervention may be necessary to enhance peak bone mass. There are several

factors that impact the development of bone during growth. These include

heredity, hormonal influences (such as testosterone and estrogen), nutrition and

exercise (Bailey et al., 1996). In order to enhance peak bone mass, it makes sense,

therefore to focus attention on the factors that affect bone mass that are within

extrinsic control. That is, to focus on exercise and health-conscious nutritional

choices. The goal of researchers and clinicians alike must be to increase bone

mass at an early age in order to decrease the likelihood of fracture and

osteoporosis later in life. Physical activity and nutrition provide a means to

increase bone accretion. However, the growing trend towards inactivity and

lowered calcium consumption in children and adolescents could compromise the

aim of increasing bone mass. Ultimately, the structure of the skeletal system can

be optimized most effectively with knowledge and intervention during the

pubertal years (MacKelvie et al., 2002).

Elite young athletes undertake training programs of progressive intensity at

an early age. Short stature and delayed maturity in some young female athletes

may reflect sports-specific selection practices, but some evidence suggests that

19





prolonged, intensive physical training combined with insufficient energy intake,

such as in female gymnastics, may reduce growth and delay maturity (Daly et

al., 2002). In other sports not requiring strict dietary restrictions, no deterioration

of growth has been documented. Specifically in males, little evidence supports

growth impediments due to intense training (Georgopoulos et al., 2004). In fact,

there is evidence of early maturation as a contributor for success in some male

competitive sports (e.g. Gurd & Klentrou, 2003; Malina et al., 2000). The question

remains, does intense training regiment affect the maturity process? If so, does it

inhibit or enhance maturation? Moreover, is there a difference in the relationship

between sport and maturation between male and female athletes? Overall,

growth and physical maturity are dynamic processes influenced by a variety of

genetic and environmental factors (Bar-Or & Rowland, 2004). Although there are

many studies that have considered the differences in stature, changes in body

composition and proportions, skeletal maturity and pubertal development in

females, there is a dearth of similar comparative research in adolescent male

athletes.
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1.2: Purpose & Objectives of Study

The overall purpose of this study was to compare bone properties and

maturation status in competitive male child and adolescent athletes and their

minimally-active, age-matched counterparts, using QUS technology.

The objective of the study was twofold. First, it was the intention of this

research to demonstrate how various sports, with different loading patterns,

influence skeletal properties in child and adolescent males. Moreover, the

objective of the study was to determine whether the effect of sports participation

is already apparent at early childhood or whether elite level sports participation

has a cumulative affect, which is apparent only in adolescent athletes.

The second objective of this study was to determine whether there is a

difference in skeletal maturity between participants in various sports and skeletal

maturity. These measures were also attained with ultrasound technology.
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1.3: Study Hypotheses

It was hypothesized that:

1. Gymnasts and hockey players would have enhanced bone properties of

the upper extremities (radial SOS) compared with the control, soccer, and

of both age groups. There would be no difference in radial SOS between

the control and soccer.

2. The soccer players and gymnasts would have enhanced bone properties of

the lower extremities (tibial SOS) compared with the control and hockey

players of both age groups.

3. Skeletal maturity was hypothesized to be higher for the soccer and hockey

players compared with the gymnasts and control groups.

4. All of the above differences were hypothesized to be greater in the

adolescent years compared with childhood (i.e., a cumulative effect).

22
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1.4: Significance of Results

It is critical to achieve a high peak bone mass in order to delay the onset of

osteoporosis in older adulthood. The pubertal period has been shown to provide

an important window of opportunity for enhancing the accumulation of bone

mass. It is unclear whether the effect of exercise in bone is different between the

early- and late-pubertal periods.

The greatest influence on bone development is observed in limbs that

undergo the greater aniount of loading and impact. Competitive level, year-

round weight-bearing sports participation has been shov\m to be highly

associated with enhanced bone properties, reflecting higher bone strength in the

extremities that are involved in weight-bearing activity within the sport. The

demonstration of enhanced bone properties among athletes of specific sports can

enable health practitioners to make better recommendations regarding the

development of bone strength and potential bone health. Moreover, a training-

related effect on bone in the early stages of puberty will encourage sports

participation or exercise interventions at an earlier age.

Secondly, a positive association between skeletal maturity and sports

participation (in some or all sports) has put forward one of the two possibilities:

a) Sports participation promotes early maturation, or b) early maturers are more

successful and therefore, are recruited and retained by coaches. Although the

results of this study cannot determine which of the two possibilities is the case,
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they set the stage for examining these possibiHties in numerous sports. Further

research may have implications for the structure of organized sports.

Finally, ultrasound technology has been shown to provide an innovative

way to assess bone characteristics in children and adolescents. The results of this

study can support the use of QUS technology, a safe, non-invasive and cost

effective technique, in the assessment of bone properties and skeletal maturity in

children and adolescents.
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CHAPTER 2: REVIEW OF LITERATURE

2.1: Bone Cells, Growth and Development

The growth and development of bone is a vast and complex area of study.

Skeletal science is conducted by a broad, interdisciplinary group from such fields

as anatomy, biomechanics, material and structural engineering, cell biology, and

orthopaedics, to name a few (Frost, 1996). Skeletal tissue undergoes a series of

steps in its development and formation begins during the first few weeks after

conception. By the end of the eighth week after conception, the skeletal pattern

is formed in cartilage and connective tissue membranes and ossification begins.

Bone tissue is formed prenatally by intramembranous and endochondral

processes. Skeletal tissue grows in length at the epiphyseal plate or growth

region. This epiphyseal plate area will decrease as the bone grows into the early-

twenties. When the growth region has completely ossified, only a thin

epiphyseal line remains and the bone can no longer grow in length. Figure 2.1

illustrate the growth plate region. This region can be used to identify skeletal

maturity and will be later discussed in section 2.7 (Gordon, 2003).
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Growth Plate and Metaphysis
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Figure 2.1; Malina et al., 2004

Schematric illustration of the epiphyseal line (growth plate) and metaphysis.

Bone metabolism involves three major cells: osteoblasts, osteocytes and

osteoclasts. Osteoblasts are bone-forming cells that are responsible for the

production of the matrix constituents. These cells are derived from local

mesenchymal stem cells and under specific stimulation proliferate and

differentiate into preosteoblasts, v^hich later mature into osteoblasts. The

osteoblasts secrete collagen and bone-matrix proteins as osteoid towards the

tissue surface. The tissue matures which creates a matrix that undergoes mineral

deposition. The matrix is calcified and these bone cells are trapped in the bone

matrix within the lacunae of mineralized bone (Njeh et al., 1999). The osteoblasts

begin to lose their secretory organelles and develop numerous cellular processes

rich in microfilaments as they transform into osteocytes. The osteocytes are

metabolically coupled with the surface of osteoblasts and other osteocytes

through the cellular processes and gap junctions between them. The structural
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organization of the osteocytes within the lacunae and canalicuU allows for

physiological signals and communication between bone cells. The system also

allows for efficient access from the Haversian canals for mineral to be deposited

in bone, which also allows for homeostatic control of plasma nuneral levels and

other metabolic functions of bone. The osteocytes later are subject to

phagocytosis and digested in osteoclastic bone resporption (Baron, 1999).

The osteoclast, derived from cells in the phagocytic lineage, is a large

multinucleated cell that contains numerous mitochondria and iysosomes. These

cells are responsible for bone resorption (Njeh et al., 1999). The osteoclast

induces an infolding of its cell membrane and secretes coUagenase and other

enzymes to begin the resorption process. High levels of calcium, magnesium,

phosphate and products of collagen are then released into the extracellular fluid

as the osteoclasts tunnel into the mineralized bone. At the conclusion of the

resporption phase, osteoclasts undergo apoptosis (Baron, 1999).

Skeletal tissue is dynamic in nature, constantly modelling and remodelling,

and is increasingly active during the growing years. The bone responds to local,

hormonal and mechanical influences. The modeling process combines

multicellular mechanisms of formation and resorption. Osteoblasts, working in

formation drifts, add new bone beneath the periosteal surface through

appositional bone growth, which is responsible for the expansion of the bone

diameter during growth (Baron, 1999). Osteoclasts are involved in resporption
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drifts and remove bone from the endosteal surface (Njeh et al., 1999).

Collectively, these drifts are able to move cortical bone surfaces and maintain

bone shape, while increasing in length and width. During growth there is more

formation and less resorption. Bone modelling is most active in childhood and

decreases after maturity. In late adulthood, the balance is reversed and more

bone is being resorbed than formed. Bone development continues for repair of

fractures and adapt to increased loads.

The skeleton continues in a turn-over process called remodelling as the

bone is continuously broken down and rebuilt by the coordination of osteoclasts

and osteoblasts (Baron, 1999). Remodelling is a systematic process in which

discrete segments called Basic Multicellular Units (BMUs) are replaced by new

bone segments or Basic Structural Units (BSUs) (Frost, 1996). This process allows

for the repair of microdamage, storage of mineral and promoting a stronger

architectural structure. Turnover is accomplished through an Activation-

Resorption-Formation (ARF) sequence that couples the osteoclastic and

osteoblastic activities within a BMU so that bone formation occurs where recent

resorption has taken place (Baron, 1999). The activity of osteoclasts and

osteoblasts is crucial for establishing appropriate calcium and phosphate levels

and maintaining the structural integrity of the bone (Einhom, 1996). The

mechanisms influencing this process are still unclear, although it appears that

mechanical stress or strain plays an important role (Njeh et al., 1999). Stimuli,
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such as insulin-like growth factor (IGF)-I, IGF-II, transforming growth factor-B

(TGF-B), parathyroid hormone (PTH), estrogen, calcitriol and calcitonin (a

derivative from vitamin D), and thyroxine have been shown to affect the

remodelling process. Moreover, hormonal influences during meno- and andro-

pause negatively impact the bone unit and resorption levels are significantly

higher (Njehetal., 1999).

Both cortical and trabecular bone are remodelled, although the rate of

tvumover is higher in the latter. Cortical bone is dense with well-defined

periosteal and endosteal surfaces and constitutes 80% of an adult's skeletal mass.

The remodeling process in cortical bone allows for the removal of existing

intracortical bone followed by the placement of new osteons (Li & Jee, 2005).

Osteoclasts dig within the Haversian canals, creating a cutting cone which is

followed by new bone formation by osteoblasts in the closing cone leading to the

creation of new bone structural urut (Baron, 1999). Trabecular bone makes up

20% of the adult's skeletal mass and has a lattice-like structure (Einhom, 1996).

The trabecular turnover consists of osteoclasts dissolving bone matrix on

exposed surfaces, resulting in the formation of resorption pits. Osteoblasts then

secrete osteoid into the pits which is later mineralized to form new bone (Baron,

1999). The rate of bone remodelling is largely dependent on the activation

frequency of osteoclasts. As a result of the high surface-to-volume ratio and

exposure to the highly metabolically active marrow cavity, there is a potential for
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the activation of more BMUs in trabecular bone compared with cortical bone.

Therefore, there is a high turnover rate in trabecular bone (Li & Jee, 2005).

It has been suggested that an individual's peak bone mass, which is the

strongest predictor of future risk of osteoporosis, is reached by early adulthood.

In fact, approximately half of all adult mineralized calcium is accumulated

during the adolescent years, with the most rapid bone accretion occurring during

late childhood and the pubertal growth spurt period (MacKelvie et al., 2002).

Growth curves for BMC and bone area are shown in Figure 2.2. Therefore, these

are the years that bone accretion can be most affected by external factors such as

exercise (Gordon, 2003).

TotaJ-Body Bone Mineral Content

3Q0O-|

2500-

g zocw-

e
O 1500-

tOO(h

TotaJ-Body Bon© Area

250O-

20D0-

I tsoo-

1000-

SOO-'i I I 'I III 'I

%y.% 10 1Z t4 16 19 iO

Age, years

SO<H I '

"^—I—I—I—I—

»

e 10 12 14 16 16 20

Ago. years

Figure 2.2; Malina et al., 2004

Changes in total-body bone mineral (a) and in total-body bone area (b) from

childhood through adolescence.

There are both intrinsic and extrinsic factors that are determinants of

normal bone mass. Intrinsic factors such as genetics, which are beyond an

individual's control, account for up to 60-80% of the variance seen in BMD; a
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surrogate for bone strength. Gender, hormonal milieu and ethnicity are

important factors in die consideration of BMD. Males generally have a higher

bone mass, including peak bone mass, at all ages. Men also exhibit a slower

decline of sex steroids with aging, resulting in less dramatic declines in BMD.

Peak bone mass is higher, and osteoporosis and fractures are lower, among both

male and female African Americans compared with other races and ethnicities.

Extrinsic factors in bone development include nutrition, exercise, and specific

illnesses. Hormonal milieu can, in some cases, also be considered an extrinsic

factor (e.g., replacement therapies). Of these extrinsic factors, nutrition and

exercise are relatively easily modified. An optimal intake of calcium is necessary

to maximize bone growth and maintain bone mass. Likewise, weight-bearing

exercise has been shown to positively affect bone health (Gordon, 2003; Malina et

al., 2004; National Institutes of Health Osteoporosis and Related Bone Diseases

National Resource Center, 2000). Figure 2.3 schematically illustrates the

potential effect that high calcium intake and exercise during the growing years

can have on BMD.
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Schematic of bone accretion through the Ufespan with and without healthy

lifestyle interventions (weight-bearing activity and adequate nutrition).

2.2: Biomechanics of Bone

The mechanical competence of bone is a function of both its intrinsic

material properties (i.e., mass, density, stiffness and strength) and its gross

geometric characteristics (i.e., size, shape, cortical thickness, cross-sectional area

and trabecular architecture). The tubular shape of long bones responds ideally to

the torsional and bending loading imposed on the diaphyses. The metaphyseal

ends of long and short bones dissipate compression forces (Carter & Hayes,

1976).
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A distinction is usually made between the mechanical behaviour of bone

tissue as a material and the mechanical behaviour of a whole bone as a structure.

During loading activities, the bone structure will experience forces that result in

bone deformation. When the force applied is greater than the structure can

withstand (i.e., a traumatic loading condition), structural failure or fracture will

occur (Njeh et al., 1999). The organic and inorganic components of bone

determine its material properties. The organic component (primarily type I

collagen) provides tensile strength and an abnormal matrix will subsequently

leave bone brittle. The inorganic mineral reacts and resists compressive forces

and deficiencies can lead to increased bone bending and fracture (Khan et al.,

2001).

The concepts of stress, strain and stiffness are fundamental to the

understanding of the material properties of bone. The resistance within the bone

that develops in response to an applied force is stress, which represents local

force intensity within dimensions of force per unit area. The deformations that

result from applied forces are strains, which are defined as relative deformations

and therefore, are often expressed as a percentage. The applied force results in a

complex distribution of strain patterns throughout the structure, which can then

be further classified as normal or shear strains (Figure 2.4). For a given plane

within the bone structure, normal stresses act perpendicular to that plane (i.e..
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tension and compression), whereas shear stresses act parallel to the plane (Njeh

et al., 1999).
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Figure 2.4; Njeh et al., 1999

Schematic representation of tension, compression and shear loading.

Stress, the force applied per unit area, can be classified as tensile,

compressive or shear and is measured in units of Newtons per square metre

(N/m2) or Pascals (Pa). Strain describes the deformation of the material and the

relative change in bone dimension in length, width or angulation. Strain is

calculated by dividing change in bone dimension by the original dimension and

is expressed as a fraction or percentage. The structural behaviour of a bone is

determined from a load versus deformation curve (Figure 2.5).
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Load-deformation curve for a specimen of whole bone. Extrinsic stiffness of

whole bone depends on both its material properties and its structural geometry.

The load and deformation are linearly related until the yield region is

reached and the slope of the curve is reduced. The material is considered to be in

the elastic region before the yield region is reached. Here, the material would

return to its original shape if not loaded. Beyond the yield region (referred to as

the plastic region) the structure undergoes permanent deformation. If the load

continues, the material will fracture at a given failure load. The stiffness of the

structure indicates how much force is required to deform the structure by a given

amount. The energy required to cause the structure to fail is defined as the area

under the load-deformation curve and represents the amount of energy

dissipated when the structure fails (Einhom, 1992). The inherent stiffness of the

material is described as the elastic modulus or Young's modulus, defined as the
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slope of the stress-strain curve in the elastic region. As the load is increased, the

specimen undergoes permanent deformation and begins to yield. If the load is

increased further, the specimen will fail, at which point the strength or ultimate

stress or failure strain can be determined (Njeh et al., 1999).

2.3: Wolff's Law and the Mechanostat Theory

German anatomist, Julius Wolff, proposed that the bone architecture is

related to the n\echanical stresses placed upon it by a mathematic law (Turner,

1992). Strongly influenced by the works of Wilhelm Roux (1885), Wolff

developed a theory relating physical forces to bone structure. The general

premise that the form of bone reflects its function has gained acceptance and the

effect of a changing load upon bone mass is now referred to as Wolff's Law

(Duncan & Turner, 1995). Wolff's Law states that bone will optinuze its structure

so as to withstand functional loading and ensure the metabolic efficiency of

locomotion. More specifically, the functions of the cells responsible for

mechaiucally adaptive modeling and remodeling is to ensure that bone mass,

geometry and material properties are appropriate for the applied load (Wolff,

1892).

Variations in the longitudinal curvature and cross-sectional nature of

different bones, the strains encountered during functional loading vary in

magnitude and distribution. Frost (1987) suggests that this response is controlled
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by a 'mechanostat' in which bone strain keeps within an optimal level and

adjusts to the structure of bone. The Mechanostat Theory (Figure 2.6) describes a

control system in which a minimum effective strain (MES) is necessary for bone

maintenance (Frost, 1987).

(-) •4- - - • Change in bone mass—

Figure 2.6; Frost, 2000

The Mechanostat Theory relating strain to bone mass.

The bone is believed to adapt in the mechanical properties and in the

architecture of bone materials in direct response to loads placed on the bone.

The theory identifies a specific zone of mechanical usage where normal typical

peak strains would fall within specific boundaries (Frost, 2000). Strains in the
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physiological loading zone (200-2000^£) maintain bone remodeling at a constant

rate and therefore, maintains bone strength. If loading-induced local strain

exceeds the MES (>2000^e), bone enters overload. Overload zone modeling

(2000-4000 ^£) is stimulated and formation of new bone occurs in response to the

mechanical demand. Here, the loading placed on the bone from physical

activity and sport can facilitate an osteogenic response. Pathological overload

zone (>4000 ^le) causes microdamage to the bone and unorganized bone is added

in the repair process (Frost, 1995; Turner, 1991). In addition to mechanical

loading, nutrition, hormones, genetics, and disease can also affect the MES

response by causes a shift in the curve (Frost, 1987).

Skeletal adaptive response is determined by the strain rate, or the rate at

which strain develops and releases (Khan et al., 2001). In animal models,

Mosley & Lanyon (1998) studied v^^hether the osteogenic potential of the adaptive

modeling response is positively related to the rate of change in strain and found

54% greater periosteal bone formation in the high strain rate group compared

with the moderate strain rate group. The authors concluded that high strain

rates produced a higher bone accrual or anti-resorptive response than low strain

rates. Researchers suggest that high magnitude strain together with high strain

rate is most effective for a maximal adaptive bone response. Thus in rats,

jumping was found to be associated with a higher strain rate and magnitude and

was more effective that running for bone accrual (Umermura et al., 1995).

38





Strain distribution also plays a crucial role in skeletal adaptively.

Distribution refers to the way strain is distributed across a section of bone. The

bone cells maintain the skeleton's structural competence by making architectural

adjustments to eliminate or reduce deviations from normal dynamic strain

distributions (Rubin & Lanyon, 1985). That is, the more unusual the distribution

at a particular bone site, the greater the potential to increase bone accrual at that

site. In addition, the number of load cycles has been linked to the change in bone

mass and architecture. Strain cycles denote the number of load repetition that

change bone diniensions at a given magnitude (Khan et al., 2001). It is believed

that a threshold number of load cycles is needed to stimulate a positive

osteogenic effect; although, the threshold is not known. It can be concluded that

loading parameters such as magnitude and distribution of strain, rate of strain

loading, and number of load cycles are all associated with an increased

simulation of osteogenesis, which can be related to increase in bone strength.

Therefore, in order to be osteogenic, a load must be above the cushioning

magnitude and be dynamic. Mechanical load through different types of exercise,

can provide such an osteogenic load.

Mechanical loads placed on the bone during exercise are ultimately

responsible for osteogenic adaptations (Figure 2.7). The skeleton is subjected to

forces produced by weight-bearing and impact, muscular force, and other

external factors. The mechanical loading brought about by physical activity
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causes deformation of the elastic intermolecular bonds that resist the loading

forces, which stimulates bone adaptation or accrual (Frost, 1990). Stair\s high in

rate and magnitude, and that of abnormal distribution, are most effective in

facilitating bone formation and geometric changes associated with higher bone

strength (Chilibeck et al., 1995). Exercise and sport are characterized by

different rates and magnitude of strains. Physical activity prescription doses to

increase bone accrual have not yet been established. To determine optimal

amount and type of exercise to maximize bone strength, researchers need to

focus on the load niagnitude, rate, distributions and repetition in various sports

(Uoyd et al., 2004).

Bone loading
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The above characteristics of bone (e.g., stress, stiffness, etc.) are difficult to

impossible to measure in vivo. Therefore, there are surrogates measures to

evaluate bone strength such as bone mass, BMD, areal BMD (aBMD), volumetric

BMD (vBMD) and bone SOS.

2.4: Assessing Bone Properties

There are several means of evaluating bone properties (e.g., mass, structure,

material, geometry), all of which are related to bone strength. These methods

include quantitative computed tomography (QCT), magnetic resonance imaging

(MRI), DXA and QUS. The evaluation of bone properties in children and

adolescents, whose bones are progressively growing, is more challenging than in

adults.

At present, DXA is the preferred technique for measuring bone mass and

density due to its speed, precision, relatively low radiation exposure and

available reference data. Standard DXA software provides measurement of bone

area (cm^), bone mineral content (BMC, g), and aBMD (g/cm^). DXA can be used

to measure either total body or regional bone mass. However, there are

limitations to this method that must be taken into consideration, especially when

working with children. Bone density is a function of bone mass and volume and

this technique is not fully able to measure skeletal volume. The major limitation

of DXA is that it uses a two-dimensional measurement to quantify three-

dimensional properties of bone. Therefore, in two bones of similar densities, the
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smaller bone would be evaluated as having a lower BMD when using DXA. This

explains some of the differences seen between men and women and is

problematic when comparing children of different sizes. Moreover, movement

during DXA scans may alter results, which poses a particular issue in child

assessment. Measurement accuracy in children, therefore, may be affected

(Fulkerson et al, 2004; Gordon, 2003). Figure 2.8 illustrates a DXA scan at the

lumbar and femoral neck regions.

F«>notalnack
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Mgion

Figure 2.8; Khan et al., 2001

Dual-energy X-ray Absorptiometry (DXA) Hologic 4500 Scan, (a) DXA Scan of

the posteroanterior lumbar spine (L1-L4). (b) Gross anatomy of the proximal

femur, (c) DXA scan of the proximal femur showing the location of subregions.

MRI and QCT have recently been used to assess bone geometry and

mechaiucal strength. However, these studies are rare at present (Fulkerson et al,

2004). QCT is advantageous in that it assesses bone in three-dimensioris, thus

providing volumetric density. This is a good technique to investigate bone

geometry as well as distinguish between trabecular and cortical bone. With
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OCT, bone strength can be estimated by taking into account the geometry and

mineral content. However, this method involves a large amount of radiation

exposure to the participant. Example of a peripheral QCT scanner is available in

Figure 2.9.

Figure 2.9; Khan et al., 2001

Peripheral Quantitative Computed Tomography (pQCT) Scanner.

Few studies have employed the use of MRI to assess bone strength in both

children and adults. Krug et al., (2005) summarized that technique

improvements and resolution enhancements were warranted with this

technology due to lack of standardization. MRI and QCT have primarily been

utilized for research purposes and not for clinical use. (Schoenau et al., 2004).

QUS (tranaxial QUS, Figure 2.10) is one of the latest methods developed for

bone assessment. This technique was developed in 1984 as a tool for the

assessment of cancellous bone quality and provided an alternative to radiation-
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based densitometry techniques. Researchers sought a method that was safe,

practical and more cost-effective to evaluate the properties of bone. (Schoenau et

al., 2004). QUS provided a non-invasive and safe method of bone measurement.

It was originally designed to give an indication of bone strength by using a cross-

sectional scan of the calcaneus, a bone which is mostly cancellous and is easily

accessed.

Figure 2.10; Sunlight Medical, 2007

Schematic of the Sunlight Omnisense^" 7000P Quantitative Ultrasound (QUS).

QUS measurement reflects several material properties, including BMD,

elasticity, thickness, and microarchitecture, which are not reflected with DXA.

Several studies have found that QUS measures reflect bone strength and the risk

of osteoporotic fractures, independent of BMD, as assessed by DXA (Gliier et al.,

1994; Seenwn, 1999). Generally, this technique transmits ultrasound waves

through the bone (typically calcaneus) and the latter is characterized by

ultrasound velocity and attenuation. QUS technique originally focused on
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broadband ultrasound attenuation (BUA) and more recently, velocity

measurements or SOS (Gluer et al., 1994).

Calcaneal QUS provided researchers and clinicians a cost-effect, accurate

and safe method of bone assessment. However, like DXA, bone size affects the

measurement. That is, the wider the bone, the higher that attained results,

regardless of the actual bone strength or properties. Sunlight Omnisense'''*' has

recently developed an ultrasound tool that can assess bone properties without

being influenced by bone size. Sound waves are propagated along the cortical

bone transaxially at the radius and tibia (Figure 2.11).

Figure 2.11; Njeh et al., 1999

Simple illustration of how an ultrasound wave travels along the surface of the

bone. Theory based on the critical angle propogation.

The ultrasound device utilizes critical angle propagation chronometry to

provide precise SOS measurements. The ultrasound waves propogate through
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the layer of soft tissue, enter the bone, are refracted and scattered within the

bone, and a small fraction of the emitted waves will find the way back to the

receiver. The speed of propagation through soft tissue (i.e., skin, fat, muscle,

blood) is approximately 1540 m/s; whereas the SOS in cortical bones is in the

range of 3300-4200 m/s and trabecular bone 1650-2300 m/s. Based on wave

propagation physics, SOS is calculated from the shortest travel time between

transmitter and receiver or the shortest propagation time (SPT). The bone

velocity is then calculated from these SPTs which will only reflect the cortical

bone SOS, or possibly trabecular bone depending on cortex thickness at the

skeletal site (Njeh et al., 1999). This transaxial QUS measures reflect bone

density, elasticity, internal architecture and, to a minimal extent, cortical

thickness. The effect of exercise and loading on various bones has been

examined to a limited extent using this technology.

2.5: The Effect of Physical Activity & Exercise on Bone

The impact of exercise and physical activity on skeletal integrity is an area

of considerable interest and extensive study. It is well established that physical

activity is an important contributor to bone accretion and that immobilization

results in bone mineral loss (MacKelvie et al., 2002). The sigruficance of exercise

during the growing years is demonstrated in the Saskatchewan Pediatric Bone

Mineral Accrual Study (Bailey et al., 1999). This study revealed that the amount

of bone accumulated in the two years surrounding the peak bone accrual velocity
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approximates total bone mass lost throughout 30 years of older adulthood

(MacKelvie et al., 2002; Matthews et al., 2006). Slemenda et al., (1991) were one

of the earliest studies that showed that the total hours of weight-bearing activity

per week was positively correlated to BMD in the hip in children and

adolescents. This was later supported by other studies (e.g.. Boot et al., 1997).

MacKelvie et al., (2002) suggested that there is a window of opportunity when

bone is most responsive to exercise. Bass, (2000) also discussed this stage when

the skeleton is most receptive to building bone mass. The author concluded that

the pubertal years are the most favorable time to build bone mass that will lead

to the greatest osteotrophic response. Thus, it is the consensus that active

children accrue more bone mineral during this time compared with less active

children and more importantly, that late childhood and adolescence provides a

window of opportunity for the effect of exercise on bone accrual. Nevertheless, it

is still unclear at which point during puberty the growing skeleton is most

responsive to exercise and sport (Bailey et al., 1999).

Researchers have demonstrated that it is weight-bearing, high-impact

physical activity that has the greatest effect on bone development and bone

strength during childhood and adolescence. Physically active young children

have been shown to have greater site-specific BMC, site-specific BMD, total BMC

and total BA than their non-active peers (Bailey et al., 1999; MacKelvie et al.,

2002). The Iowa Bone Development Study showed that minutes spent in

47



, !^'"-'V=
'i\ I

'.:. ^: 'H-"

*'
\

. >*-#- b--

-;* .^is^'t



vigorous physical activity explained the greatest amount of variance in bone

measures compared with moderate activity and nutritional factors. That is,

vigorous activity explained 1.5% to 9% of the variance in individual bone

measures after adjusting for age and body-size (Janz et al., 2001). It was

assumed that this vigorous physical activity was weight-bearing and high-

impact. Other studies have also indicated that a high level of strain on the

musculoskeletal system is required for the enhancenient of bone accrual. The

Northern Ireland Young Hearts Project examined the effects of various activity

levels on growing bone. The findings indicated that recreational strain provided

insufficient mechanical strain to affect bone density and that sports-related

activity may be the only realistic means of improving peak BMD in children and

adolescents (Neville et al., 2002).

Several intervention studies show that physical activity in general, and

weight-bearing, high-impact activities in particular, have a positive effect on

growing bone. First, Morris et al., (1997) investigated the effects of a high-

impact, strength-building intervention program on bone in pre-pubertal girls.

This study concluded that although a large proportion of bone mineral accrual

was related to growth, there was an osteogenic effect associated with exercise.

MacKelvie et al., (2001) developed a seven-month school-based intervention

program that enlisted various jumping activities to increase bone mass. The

early pubertal intervention group, which involved both boys and girls, gained
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1.5% - 3.1% more bone at the femoral neck and lumbar spine than those in the

control group. Similar findings were reported by Fuchs et al., (2001) and McKay

et al., (2005) following a high-intensity and progressive jumping program,

respectively. The results of these study indicated that jumpers had significantly

greater changes in femoral neck and lumbar spine BMC. Thus, among school-

aged children, jumping programs appear to be an effective means to increase

lower-extremity bone mass.

2.6: The Effect of Sports Training on Bone

Cross-sectional studies have contributed valuable insight into the effects of

the types of loading required to have an influence on growing bone. Both

weight-bearing and non weight-bearing activities have been investigated for

their influence on bone development. The present study focuses on gymnastics,

soccer and hockey trairung and their effect on bone development in children and

adolescents. Several studies have examined the influence of gymnastics on

growing bone, as this is typically a sport in which there is a great deal of loading

and impact on the bones in both the upper and lower extremities. However,

most research and findings are in female athletes, as females tend to be more

represented than males in the sport. One of the first to examine young gymnasts

was Cassell et al., (1996). This study compared bone properties in elite young

female gymnasts using DXA. The study found that gymnasts 7-9 years of age

had a higher BMD than age-matched controls and swimmers. Wu et al., (1998)
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also used DXA to examine the difference in bone properties between female

gymnasts and non-athletes. The authors concluded that the high impact training

associated with con\petitive gymnastics created an opportunity for increased

bone accrual during the growing years. Zanker et al., (2004) compiled

retrospective, cross-sectional data from former female gymnasts now in their late

teens and into their early twenties. The researchers found a significantly higher

BMD in the retired feniale gymnasts when compared with sedentary controls.

This research concluded that the gymnastics training had provided a much

higher loading magnitude than that of recreational activity. More recently,

Jiirimae & Jiirimae, (2005) evaluated the effects of gymnastics and cross-country

skiing on bone in adolescent girls. The research showed the highest bone mass in

the gymnast group, again, supporting the effect of high-impact sports

participation on BMD.

There are few studies that have utilized QUS as a method for bone property

assessment in gymnasts. Daly et al., (1997) used the calcaneal ultrasonic measure

to assess bone strength in young, elite male gymnasts. The researchers found

enhanced bone properties in gymnasts compared with control boys. The authors

suggested that heavy musculoskeletal loading inherent in gymnastics trairung

produced positive adaptive responses in the growing skeleton. Falk et al., (2003)

evaluated pre-pubertal and early-pubertal female athletes with transaxial QUS.

Comparisons were made between female gymnasts, swimmers and control
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subjects and demonstrated that sports participation had favourable effects on

growing skeletal tissue. Specifically, higher bone SOS was found in the tibiae

and radii of gymnasts, as expected based on previous literature. Surprisingly,

higher SOS values were also found in the tibiae of swimmers, a sport which is

typically characterized as no or low-inipact in which there is also not weight-

bearing. The authors suggested that swimming may have a beneficial impact on

bone strength, not apparent with DXA technology.

Soccer participation has also been assessed in cross-sectional studies as it is

an activity that is characterized by high-impact, weight-bearing activity. Soccer

participation is associated with a loading effect primarily in the lower extremity.

Vicente-Rodriguez et al., (2003) utilized DXA to assess the impact of soccer

participation on young, pre-pubertal boys. The researchers proposed that

children that start soccer participation at a young age wall attain a higher BMD

and BMC than their sedentary counterparts. Bellew (2006) used DXA to

examined BMD in adolescent female soccer athletes, swimmers and weight-

lifters. The study found that soccer participants and weight-lifters had a BMD in

the lower extremity greater than that of adult norms and concluded that the

significant skeletal loading patterns in soccer and weight-lifting allowed for the

accretion of higher bone mass during the adolescent years.

Few studies have used ultrasound technologies to examine the effects of

soccer participation on bone strength. Yung et al., (2005) used calcaneal QUS to
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compare Chinese soccer players, dancers and swimmers with a sedentary control

group ages 18-22. The study found increased bone SOS and BUA in dancers and

soccer players and lower values in swimmers and controls. Once again, it was

concluded that weight-bearing activity optimizes bone structure during the

growing years. Falk et al., (2006) assessed 266 male soccer players, swimmers

and control subjects aged 8-23 years with transaxial QUS. The adult soccer

players were found to have the greatest tibial SOS; however, this difference was

not observed in the children or adolescent groups.

Hockey is characterized as a weight-bearing sport which is non-impact.

Although, there is often impact occurring between players, there is low impact

between the athlete and the ice surface compared with other sports such as

gymnastics, soccer and other ruruiing activities. Research has been sparse with

hockey players and results are varied. Nordstrom et al., (2005) used DXA to

evaluate bone properties in late-pubertal male hockey players. The results

showed a higher BMD at both the weight-bearing and non-weight bearing sites.

Higher total body BMD in hockey athletes was also found in a previous study

that compared hockey athletes with badminton players (Nordstrom et al., 1998).

The authors suggest that ice hockey training includes stick handling, shooting

and tackling that is likely to result in high strain in both the dominant- and non-

dominant limbs. The authors proposed that other means can affect bone accrual

such as, fast changes of direction, sudden starts and stops during power skating.
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Although there was a higher total body BMD in hockey players, the distal femur

BMD was found to be lower in the hockey athletes when compared with the

badminton group and similar to the control group. Thus, the high total body

BMD may reflect greater body size in the hockey players, rather than the effect of

training. Using transaxial QUS can help to eliminate body size as an intervening

factor. However, previous literature examiiung the influence of hockey

participation on bone properties has not utilized QUS technology.

In summary, exercise is one of the extrinsic factors that can be easily

modified to increase bone mass. It is well established that bone properties are

affected by high-impact, weight-bearing activities. The optimal period to

increase bone mass is the pubertal years. Studies have looked at the impact of

sport in adults, and to a lesser extent, in children and adolescents. Gynmastics

studies in both adults and children, male and female, have found enhanced BMD

strength, reflected by BMD and SOS, in the upper and lower extremities. Soccer

is also categorized as a high-impact and weight-bearing sport, has also been

shown to have higher bone mass in the lower extremities. There have been some

studies on the effect of no- or low-impact sports, such as swimming, cycling, etc.,

demonstrating lower bone mass compared with high-impact sports. On the

other hand, bone strength, as reflected by QUS, was found to be higher in aquatic

athletes compared with non-athletes (Falk et al., 2003, 2004, 2006). Lastly,

researchers have looked at high-impact, non weight-bearing sports, such as
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hockey to a limited extent, and have found inconsistent results. Most of the

studies to date have used DXA technology to assess aBMD, reflecting bone

strength. However, DXA is size-dependent, which is problematic when

comparing subjects of different body sizes. QUS has recently been introduced as

a safe and non-invasive method of bone assessment. Transaxial QUS is not

affected by bone size and is therefore a better means of evaluation in children

and adolescents.

2.7: Assessment of Bone Age

Skeletal maturity is one of the best methods for assessing biological

maturation status in children and adolescents. The skeletal system undergoes a

series of changes from its cartilage beginning prenatally to a fully developed

skeleton by adulthood. Bone age is characterized by bone shape and structure

as well as fusion of the epiphyses with their diaphysis. The rate of change of

bone shape and structure is different among individuals and reflects early or late

maturation status. The changes in bone allow for assessment of bone maturity

category or bone age (Malina et al., 2004).

Bone age has most often been assessed using a hand-wrist radiograph

(Figure 4.7). This is the gold-standard of skeletal maturity assessment and is

considered the most valid measurement. In radiographic skeletal assessment,

there are three scoring methods used to indicate skeletal maturity: the Greulich-

Pyle method, the Tanner-Whitehouse method and the Pels method. The
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Greulich-Pyle and Tanner-Whitehouse method are widely used in pediatric

clinics and growth studies. The Pels method is less commonly used as it is a

newer assessment technique.
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Figure 2.12; Malina et al., 2004

A hand-wrist radiograph of 8.0 year old male. Specific bones (excluding pisiform

and adductor sesamoid) are indicated in the schematic diagram.

Using the Gruelich-Pyle Atlas, a hand-wrist radiograph is compared with a

series of standard X-ray plates, which correspond to successive levels of skeletal

maturity at specific chronological ages. A child's skeletal maturity is determined

by visually matching the gender-specific standard plate (Malina et al., 2004). The

Gruelich-Pyle Atlas is based on Caucasian children from a high socio-economic

status. Vignolo et al., (1990) reported that the measurements were valid in an

Italian population. However, racial, socioeconomic and environmental factors

may change the accuracy of the results. Wenzel et al., (1984) and Koc et al.,

(2001) showed major deviations at and after puberty in Austrian and Turkish
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children. This method is only based on visual matching; no scores are assigned

or calculated. Thus, modifications for racial and socioeconomic differences

would create a more accurate guide.

The Tanner-Whitehouse formula is often referred to as the bone-specific

approach. It was developed with a cross-sectional sample of healthy British

children. The method entails matching the features of 20 individual bones in the

wrist and hand to standardized radiographs. Bones are then scored and a

summed score is converted to a skeletal age. The method has been revised since

its introduction and now includes reference data for several ethnicities (Malina et

al., 2004). The three different versions are considered an accurate assessment of

bone age (Ashizawa, 2005).

Roche et al., (1988) developed the Pels X-ray skeletal maturation assessment

method. Maturity indicators for each bone in the hand and wrist were defined

and then verified on separate sets of radiographs. Redundant indicators were

eliminated to reduce the number of assessments required. This method uses the

same 20 bones as Tanner-Whitehouse, plus the pisiform and adductor sesamoid.

Unlike other radiograph methods, an estimate of error associated with the

assessment in provided (Malina et al., 2004). Published literature that uses the

Pels method for assessing skeletal maturity is limited to date, probably because it

is a relatively new method and has not yet been established and gained

recognition.
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Each of the radiographic methods has advantages and limitations. The

Tanner-Whitehouse method is presently more widely used. The Pels method is

relatively nev^ and is slov/ly gaining acceptance. The Greulich-Pyle method is

the quickest and is especially useful for identifying subjects w^ho are advanced or

late in skeletal maturation (Malina et al., 2004). The main limitation of all three

methods is that they are subjective in nature. Thus, differences in skeletal age

between methods have been reported (Kujawa, 1997; VanLenthe et al., 1998). The

hand-wrist radiographic methods are also limited due to possible errors in

interpretation associated with positioning of the hand, leading to

misclassifications of stages. Lastly, there is also the concern of unnecessary

radiation to young children (Malina et al., 2004).

Several ultrasound techiuques have been developed to assess skeletal

maturation without unnecessary radiation. Castriota-Scanderberg et al., (1995)

looked at the accuracy of an ultrasonic method of skeletal assessment that

assessed femoral head articular cartilage which has been found to be highly

correlated with skeletal age. The researchers compared the results v^dth the

Greulich-Pyle and Tanner-Whitehouse radiographic measure and concluded that

the ultrasound method did not agree with the other methods. Wagner et al.,

(1995) also used an ultrasonic method to assess skeletal maturity. Skeletal age

was assessed by an ultrasonic image of the ossification of the iliac crest

apophysis and was found to be accurate in 89.2% of cases, compared with

57



:.frufA:



radiographic measures. The researchers concluded that ultrasound could be

accurately used as a method for skeletal maturation assessment. The site

(posterior, inferior aspect of the iliac crest) of this measure, however, is not easily

accessible and may evoke some feelings of uneasiness. Bilgilis et al., (2003)

compared ultrasonic images and radiographs of the hand and wrist. Ultrasound

was targeted at ossification centres. High correlations were found with the

Greulich-Pyle method. However, in both methods, subjective classification is

required. The majority of ultrasonic measures have utilized qualitative imaging

technology to assess skeletal maturity, which must be subjectively assessed by

clinicians or researchers.

More recently, Mentzel et al., (2005) compared the Gruelich-Pyle

radiographic method with quantitative sonographic method in which no

subjective classification is required. Unlike some of the other ultrasonic

methods, this technology looks only at the ossification of the epiphyses in the

wrist. It uses the velocity of sound passing through the distal radius and ulna

and physical properties of the wrist. Gender- and ethnicity-based algorithms are

used to calculate skeletal age. Mentzel et al. (2005) evaluated the accuracy of

QUS compared with the Greulich-Pyle method in 65 boys and girls aged six to 17

years, and found a high correlation between the methods (r =0.82). The absolute

difference between the two methods (0.8-1.0 year) was similar to that expected

between two different observers of the same radiograph. Thus, the authors
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concluded that the QUS method produced an accurate assessment of skeletal

maturity.

2.8: The Relationship between Maturity & Physical Activity

Puberty in humans is characterized by large hormonal changes resulting in

physical (i.e., skeletal development and growth) and sexual (i.e., secondary

sexual characteristics) maturation. Intense training has been found to be

associated with a delay in the onset of puberty in female athletes, altering normal

hormonal development (Theintz, 1994). Few studies have examined the

relationship between sports training and the onset of puberty. Most of which

have focused on the relatior\ship between maturity and female gymnastics

training. However, it is still unclear if male gymnasts are also characterized by

delayed maturation. If a relationship does exist between specific sports training

and maturity, it is uncertain whether there is a selection bias for more or less

mature athletes or whether the training itself affects the maturation process.

Female gymnasts have consistently been found to be characterized by

delayed growth. For example, Georgopoulos et al., (2002) found delay in

maturity in artistic female gymnasts, based on growth patterns. During

childhood, female gymnasts have been classified as on time for chronological

age. As puberty progresses however, most female gymnasts have been found to

be late-maturing (i.e. lower skeletal age). Baxter-Jones et al., (2002) suggest that

early-maturing girls are systematically represented less among gymnasts as they
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progress through puberty. Constantini et al., (1997) assessed monozygotic

female twins at age 13 years; one a gymnastics competitor and the second twin a

basketball player. Age of menarche and pubertal stage were delayed in the

gymnast. Reduced skeletal growth during puberty was also reported in 13 of 22

elite Swedish female gymnasts aged 11 to 14 years who were studied for five

years (Lindholm et al., 1994). Pigeon et al., (1997) found similar growth delays in

female ballet dancers. The researchers found an average height delay of 1.07 SD

in their five year follow-up study. Georgopoulos et al., (2004) argue the niain

controversy in growth effect by sport involves gymnastics training and that other

sports have not shown delayed in growth. Overall, there have been several

short-term longitudinal studies that have examined intense training regiments

(mostly gymnastics) which have shown reduced growth in girls (see Daly et al.,

2002 for review).

Little evidence supports the notion that intense training impedes growth in

young male athletes. Cases reported of boys involved in tennis and track-and-

field training between ages 11 and 13 provide evidence for catch-up growth

following a reduction in training time (Laron et al., 1989). Gurd & Klentrou

(2003) examined the effect of long-term gymnastics participation on adolescent

males aged ~13 years. Testosterone concentration and self-assessed secondary

sexual characteristics were used as indicators of maturity. The researchers found

no difference between the training group and controls and suggest that intensive
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training does not affect n\aturity status in gynmasts. Daly et al., (2000) studied

high-level pre- and early-pubertal male gymnasts for 18-months and found

lower gains in stature compared with controls. Malina and others, (2000)

assessed stature and skeletal age in Portuguese male soccer players aged 10 to 16

years, using hand-wrist radiography and the Pels assessment method. The

authors found higher skeletal age and stature in the athletes and concluded that

advanced biological maturity lead to a higher rate of success in soccer

participation. Assessment of running speed, explosive power and aerobic

resistance of the same soccer group proved functional capacity to be positively

related to maturity status (Malina et al., 2004).

The prevailing opinion is that intense training has no effect on growth and

maturation in males, perhaps because most studies report only moderate

differences. However, there is some evidence of reduced or enhanced growth in

some athletes when individual growth and maturation patterns are investigated.

Some data indicates that young athletes may experience attenuated growth

during training, followed by catch-up growth during periods of reduced training

or retirement from sport (Daly et al., 2000; Laron et al., 1989). It is possible that

growth is delayed in some sports by inadequate nutrition for a given level of

energy expenditure and not because of the training regimen in itself. Some

speculate that in competitive team sport, athletes are selected and successful due

to early maturation. For example, Dvorak et al., (2007) suggested that
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discrepancies between chronological age to biological age lead in sonie cases to

unequal chance and 'unfair play' in sports categorized by chronological age.

Nevertheless, a cause-and-effect relationship between training and maturity has

not been demonstrated to date. ^

2.9: Nutrition, Sports Training & Bone Growth

Nutritional intake is another extrinsic factor that can be easily adapted to

increase bone mass. Adequate nutrition is required to provide the building

blocks for bone. Whiting et al., (2004) examined the nutritional influence on

bone growth in children and adolescents and found that skeletal development

may be optimized with adequate nutritional intake. Calcium requirements are

greater during growth, and with insufficient consumption, the strength of the

skeleton may be compromised both during youth. More than 99 percent of the

body's calcium is contained in the bones and teeth (with the remaining one

percent found in the blood and muscle). Most children do not achieve the

recommended intake of calcium (Greer & Krebs, 2006). An inadequate

nutritional intake of energy and calcium can contribute to lowered bone mass,

rapid bone loss and high rates of fracture (Welch et al., 2005; National Institutes

of Health Osteoporosis and Related Bone Diseases National Resource Center

2000).

Nutrition plays an iniportant role in the health and performance of young

athletes. Notable differences in nutrition can be expected between athletes and
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non-athletes. Energy needs are high during the growing years and include three

major components: the energetic cost of basal metabolic rate, the cost of daily

growth and the cost of physical activity (Cavadini et al., 2000). Thus, physically

active children require amplified energy consumption as there is increased

caloric expenditure with sports participation (Petrie et al., 2004). Few studies

have examined nutritional habits in adolescent athletes. Although not

statistically significant, Cavadini et al., (2000) found that energy intake was

higher is adolescent athletes and that the athletes perceived their food habits as

healthier. Middleman et al., (1998) also reported that youth that participated in

more physical activity had a greater consumption of high-energy foods. Thus, in

view of the higher energy intake in athletes, it is expected that their calcium

intake will also be higher than average.

Optimal calcium intake during adolescence helps to attain peak bone mass,

which is necessary to prevent degenerative bone diseases later in life (O'Dea,

2003; Hertzler & Frary, 1994). Optimizing calcium intake is of particular

importance during the adolescent growth spurt. Peak calcium-accretion rate is

attained, on average, at 12.5 years of age in girls and 14.0 years in boys (Greer &

Krebs, 2006). A calcium intake of at least 1300 mg per day is recommended

during the pubertal years to optimize calcium retention and bone mass (Welch et

al., 2005). Wyshak & Frisch, (1994) first reported that high calcium intake were

associated with a protective effect against fractures in adolescents. Goulding et
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al, (1998) investigated the relationship between low bone mass, calcium intake

and rate of fracture and found that girls between the ages of three and 19 years

who had sustained a distal forearm fracture, also reported lower calcium

consumption and had lower bone mass.

Some studies have investigated the effect of calcium supplementation on

BMD in both athletes and non-athletes. Overall, studies suggest positive short-

term effects on bone measures from childhood to early adulthood, particularly

when habitual calcium intake is low. In longitudinal studies and follow-ups,

there have been no differences between supplementation groups and control

groups (Vatanparast & Whiting, 2006). In addition to calcium, other dietary

factors are important to maximize the retention of calcium within the bones.

Vitamin D plays a vital role in calcium absorption and bone health. Dietary

substances that may decrease retention of calciuni include alcohol, caffeine,

sodium, oxalates, phytates and protein. Given the various aspects of the diet

that influence bone health, good dietary practices that begin in childhood and

are followed throughout the lifespan are important (Greer & Kreb, 2006).

Some authors have investigated nutritional patterns in athletes of specific

sports. These studies are sparse in child and adolescent athletes. Surprisingly,

elite adolescent soccer players were found to have ir\sufficient nutritional intake

(Leblanc et al., 2002). This study demonstrated that total energy intake was

inadequate, nutrition was unbalanced and calcium intake was half of the daily
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recommended amounts. Furthermore, late-pubertal athletes were found to often

skip meals or use meal supplements and fast food choices (Ruiz et al., 2004;

Leblanc et al., 2002). Studies have also examined nutritional intake in gymnasts,

specifically in females. Young gymnasts have been identified as a potential risk

group for malnutrition. Kerr et al., (2006) found that female gymnasts were often

preoccupied with weight and body image which was reflected by disordered

eating and unhealthy weight control methods. The athletes wanted to maintain a

petite body frame and gain a competitive edge. Lindholm et al., (1995) found

that young female gymnasts were lacking an adequate energy intake, iron and

dietary fibre. Gymnastics participation has also been linked to suboptimal

calcium, and zinc intake (Cupisti et al., 2000; Jonnalagadda et al., 1998). To date,

there has been no research on nutritional habits in young male gymnasts and

very little research on youth hockey players. Rankinen et al., (1995)

demor\strated higher energy and micronutrient intakes in 12-13 year old male

hockey players compared with non-athletes but did not examine the association

with bone properties.

2.10: Concluding Points

I
Bone is a dynamic structure that is influenced by both intrinsic and extrinsic

factors. As the pubertal years have been defined as the optimal time for bone

accrual, the goal of researchers and clinicians alike should be to increase bone

mass during this period with interventions that are within our control, such as
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exercise and nutrition (Bailey et al., 1996). Weight-bearing exercise and sufficient

dietary calcium are accepted factors in the formation of a strong skeleton. Both

present realistic opporturuties for skeletal improvement because they are

relatively easy to modify (Welch «& Weaver, 2005).

There is evidence of a window of opportunity for bone response in early

puberty and adolescence. Exercise and sports participation during the critical

years of adolescence have been shown to have positive effects on bone mass.

Several studies show that those who train for sports involving high impact or

torsion develop bones with geometrical and mineral mass advantages that are

strongly related to bone strength. MacKelvie et al., (2002) suggest that elite

sports participation has been shown to have more favourable effects than

recreational physical activity. The effect of various loading types on bone

properties has been examined orUy to a limited extent, particularly in children.

Most studies to date have used DXA to measure bone properties. However, QUS

may be a more advantageous method of bone assessment in children as it is not

influenced by bone size and is free of radiation (Falk et al., 2003).

Furthermore, nutrition plays a key role in bone formation and is an extrinsic

factor that is within our control. Calcium is a primary constituent of bone and

research has shown that calcium deficiencies resulted in reduced amounts of

trabecular thickness and number in children (Welch & Weaver, 2005). Several

studies have also looked at nutritional deficiencies in young athletes.
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Nevertheless, the role and extent to which calcium plays in bone development in

juvenile athletes is still unclear. Athletes have been shown to have higher bone

strength in limbs that have been subject to inter\se loading even with inadequate

calcium intakes (Wyshak & Frisch, 1994).

Lastly, although sports participation may enhance some bone properties

during youth, the relationship between sports participation and skeletal maturity

is unclear. Skeletal maturity can be assessed with both radiography and

ultrasound. Radiographic methods expose the subject to radiation and

classification is subjective. There are X-ray methods that involve scoring of 20 or

more bones. However, the most common radiographic method, the Greulich-

Pyle method, is based on matching radiographs with that of individual subjects.

Ultrasonic methods have been developed, and although originally thought to be

inaccurate and uncomfortable, newer technology has provided a more accurate

means of assessment (Mentzel et al., 2005).
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CHAPTERS: METHODOLOGY

3.1: Study Design

This research project was a cross-sectional study that examined the effect of

different loading patterns on bone and the relationship between sport training

and skeletal maturity in child and adolescent males. This cross-sectional design

allowed for the examination of several loading patterns (i.e., weight-bearing,

high-impact vs. weight-bearing, low-impact, etc.). The study determined bone

properties in four activity groups: soccer players, hockey players, gymnasts and

minimally-active controls. For each activity group, two age groups were tested,

resulting in a total of eight groups.

3.2: Subject Description

All testing was reviewed and received clearance from the Brock University

Research Ethics Board (04-284; Appendix A). The participants and parents (or

legal guardians) were given a thorough explanation of the purpose of the study,

all measurement procedures, benefits and potential risks and/ or discomforts.

Informed consent was provided and witnessed prior to any testing (Appendix

B).

Soccer players, hockey players, and gymnasts were recruited from

competitive teams in Southern Ontario. All athlete subjects participated at a

competitive level for a minimum of one and a half years. The athletes were
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year-round competitors. The control subjects were recruited from local camps,

social clubs and local Pediatricians' practices, using recruitment posters

(Appendix C) and information letters (Appendix D). Control subjects were

involved in light house-league or seasonal sport, but for no more than twice per

week. In each sport group, two cohorts were recruited: children, aged 10-12

years, pubertal stage 1 and II, and adolescents, aged 14-16 years, pubertal stage

IV and V.

A total of 325 child and adolescent males aged 10-12 and 14-16 years

volunteered to participate in the study. Candidates that have had recent

fractures, chronic diseases, or who had been taking medication known to affect

bone metabolism (e.g., corticosteroids) within six months of the testing date,

were not included in the study. Subsequently, several study participants were

excluded from analysis due to multiple competitive sports participation,

corticosteroid use, previous fractures or pubertal stage III. Thus, in total, 224

males were included in the study. The 115 male children aged 10-12 years

consisted of control, minimally-active boys (n=34), soccer players (n=26),

gymnasts (n=25) and hockey players (n=30). In addition, the 109 adolescent

males aged 14-16 years consisted of control, minimally-active boys (n=31), soccer

players (n=30), gymnasts (n=17) and hockey players (n=31).
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3.3: Sample Size Calculation

To estimate the sample size needed for this study, preliminary data from

our laboratory, examining bone properties in 48 children were used. The results

included tibial bone SOS measures of competitive, year-round soccer players

(n=29) and age-matched, minimally-active boys (n=19), 10-12 years of age. Based

on these data (mean tibial SOS of 3683 and 3622 m/s, respectively, SD of 94 m/s),

and assuming 80% power and 0.05 level of significance, a sample size of 30 was

required (http://calculators.stat.ucla.edu/powercalc/). During the present

study, we continuously attempted to attain the appropriate number of

participants for each group.

3.4: Research Protocol

Each participant was tested on one occasion at his athletic club.

Pediatrician's office or at Brock University in the Applied Physiology Lab (Welch

Hall, Room 17). Subjects were advised not to eat one hour prior to testing. The

testing protocol took one to one and a half hours per subject. During testing,

subjects had their physical characteristics measured, completed physical activity

and nutritional questionnaires, self-assessed of pubertal stages, completed all

bone measures via QUS and provided saliva samples for the determiriation of sT

concentration.
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3.5: Methods & Measurement Procedures

Questionnaires:

Each subject completed questionnaires regarding his medical history,

physical activity, sports participation and nutritional intake. With assistance

from investigators and in some cases parents or guardians, participants

answered three questionnaires regarding physical activity level and sports

participation. The questionnaires used in the study were the Godin-Shephard

leisure time exercise questionnaire, (Godin & Shephard, 1985; Appendix H), the

Pels physical activity questionnaire for children, (Treuth et al., 2005; Appendix I)

and a training history questionnaire (Appendix J) for competitive sport

participation. The subjects completed a nutritional interview and answered two

nutritional questionnaires with prompts. The first was the dietary calcium rapid

assessment method (RAM), (Hertzler & Frary, 1994; Appendix K) and the

second, a 24-hour nutritional recall (Appendix L). Lastly, the participants self-

assessed their pubertal stage according to secondary sexual characteristics, as

described by Tanner, (1962; Appendix M). The latter was asked with discretion

and the subjects were given privacy to reply to the question. All questionnaires

were completed with the same investigator throughout the study. Subjects were

reminded that they could withdraw at anytime from one or all parts of the study

and their data would not be used.

71



'",;; fiilitin "'I'i 'V

;"10 ' If-s ; ;
'>



Anthropometrics:

Weight was measured to the nearest 0.1 kg, using a calibrated Zenith digital

scale. Height was measured to the nearest 0.1 cm, with an EUard Instrumentation

board length statiometer (Monroe, WA USA). Body mass index (BMI) was

calculated as mass (kg) divided by height-squared (m^) or BMI = kg/m^.

Skinfold thickness was determined in triplicate at four sites (biceps, triceps,

suprailiac and subscapula) and the median recorded. The sum of two (triceps

and subscapularis) skinfolds thicknesses was used to calculate the percent body

fat, using the Slaughter et al., (1988) equations for children:

Pre-pubescent white males (i.e. Tanner Stage I):

%BF = 1.21 (triceps + subscapular) - 0.008 (triceps + subscapular)^ - 1.7

Pubescent white males (i.e. Tanner Stage II-IV):

%BF = 1.21 (triceps + subscapular) - 0.008 (triceps + subscapular)2 - 3.4

Post-pubescent white males (i.e. Tanner Stage V):

%BF = 1.21 (triceps + subscapular) - 0.008 (triceps + subscapular)^ - 5.5

If (ticeps + subscapular) > 35 mm:
%BF = 0.783 (triceps + subscapular) + 1.6

Fat free mass (FFM) was calculated from subject weight (kg) minus BF%

multiplied by weight (kg) or FFM = kg - (BF% * kg). The same investigator

completed all anthropometric testing in order to eliniinate inter-observer

variability (Appendix N).
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Bone Properties :

Bone SOS was measured using the Sunlight Omrusense^M 7000P Ultrasound

System (Appendix O). It consists of a main unit and a small hand-held probe

designed to measure the SOS of the mid-shaft tibia and the distal 1/3 of the

radius. Bone SOS was detennined both for the dominant and non-dominant arm

and leg of all subjects. The dominant limb was determined by asking the

participant which hand he writes or throws with and which leg he prefers for

kicking. A system verification procedure was performed each day prior to

testing to ensure calibration. All measurements were always performed by the

same researcher. The in vivo precision of tibial and radial measurements,

performed with repositioning in 10 children, was 0.28% and 0.20%, respectively.

QUS was measured according to specific methodology:

Distal radius:

The investigator measures the length of the forearm from the

olecranon process to the extended third phalanx. The investigator marks

midway between these two sites and extends the mark around the radial

side of the arm (Figure 3.1). A uniform layer of ultrasound gel is then

applied to the hand-held probe and measurement site. The probe is

positioned parallel to the bone axis and is held at the base. The probe is

moved around the arc of the radius. The measurement consists of three

consistent cycles, each of which is comprised of several bone scans.

Results are expressed in metres per second (m/s) and Z-Score values are
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computed according to population norms, as provided by the

manufacturer (Sunlight Omnisense''"^.

Figure 3.1; Abrahams et al., 2003

Site for distal radius QUS scan.

Mid-shaft tibia:

A line is marked midway between the apex of the patella and the

inferior side of the calcaneus with the subject in a seated position and the

knee and ankle at a 90° angle (Figure 3.2). The probe is placed parallel to

the tibial bone surface after ultrasound gel is applied to the area. The scan

is performed on the medial side of the tibia through three consistent

cycles. Results are expressed in metres per second (m/s) and Z-Score

values are computed according to population norms, as provided by the

manufacturer (Sunlight Onmisense''"").

74





IntercoTKjyter

o-nncncc
Articular aurtaco

of medial oonOylc

Ai(f.:ul«r

tHeral sorclyiQ

'-*"

Laiaial

mallecltE -Articiiar aurtocc

of medial mallocluc

Figure 3.2; Abrahams et al., 2003

Site for mid-shaft tibia QUS scan.

Sunlight Omnisense''^"'s axial transmission technology, also known as A-

QUS (axial QUS), provides a reflection of bone strength. The results of this

technology are based on the measurement of the speed of ultrasonic waves

propagating along the bone. The technology enables measurement along the

bone's maximal strength axis, eliminating soft tissue effects. Axially transmitted

SOS indicates overall bone strength by reflecting properties such as mineral

density, elasticity, cortical thickness, and microstructure.

Ultrasonic waves (1.25 MHz) are transmitted and received by transducers

embedded in the hand held ultrasound probe. The exact path of the signal is

detennined by Snell's law: as the signal enters the bone from the soft tissue, it is
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refracted through a critical angle, which is a function of the SOS in bone. After it

propagates along the bone, the sound wave emerges at the same critical angle.

The time taken for the signal to travel between the transmitting and receiving

transducers is used to determine the SOS in bone (Barkmarm, 2000). Therefore,

by measuring the propagation time along the different trajectories (time of

flight), the SOS of the bone is determined. As ultrasound waves pass through

bone, the speed, dispersion, and attenuation of the signals are strongly

influenced by density, elasticity and cohesiveness. The higher the density of the

bone, the greater its modulus of elasticity and the more cohesive its

nucrostructure, the faster the speed of propagation. Therefore, the faster the

speed of propagation, the stronger the bone (Njeh et al., 1999).

Skeletal Maturity :

Skeletal age was deternuned using the Sunlight BonAge^" Ultrasound

System (Figure 4.8). The procedure that was used was as follows: the

investigator locates the measurement site at the head of the ulna and a vertical

line is marked across the ulnar styloid process for measurement. Ultrasound gel

is applied to the medial and lateral aspects of the wrist, and to the two

ultrasound transducers. The subject sits with the elbow flexed at an angle of

approximately 45°. The limb is aligned with the transducers. Several (seven to

11, depending on bone size) cycles of bone acoustic parameters measurements

are completed and bone age is computed based on a proprietary gender- and
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ethnicity-based algorithm, to provide a numeric bone age result in years and

months. '

Figure 3.3; Sunlight Medical

The Sunlight BonAge'^" Ultrasound System.

The skeletal age assessment is based on the process of ossification at the

radial and ulnar epiphyses during growth. As in other long bones, the

development process begins v^ith the appearance of a center of ossification in the

diaphysis, followed by ossification centers in the epiphyses and the formation of

epiphyseal growth plates. The fusion of the epiphyseal growth plates marks the

end of the child's growth. These changes in the cartilage and bone structure of

the wrist have been documented in the widely used Greulich and Pyle Atlas,

(Greulich et al., 1971) which records the appearance of the bone structure at the

left hand and wrist of male and female children and adolescents at three to 12

month intervals, depending on the child's age.
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Results of the scans include the subject's bone age, adult height prediction

based on the Bayley-Pinneau formula (Bayley & Pinneau, 1952) as well as on the

Tanner-Whitehouse formula (Tanner et al., 1983). Similar to the bone SOS

testing, a system verification procedure was performed each day prior to testing.

The skeletal maturity measurements were performed by the same investigator

for all subjects to eliminate inter-observer variability. --.
.v . ,

Testosterone Concentration :

Lastly, two samples of saliva were taken for to analyze testosterone

concentration, an indication of honnonal maturity. Sampling took place at least

30-minutes apart and at each sampling approximately two-millilitres of saliva

was collected into polystyrene culture tubes pre-treated with sodium azide,

using an inert sugarless cherry-flavoured gum as saliva stimulant. Subjects

wore gloves to limit contamination. Subjects restrained fron\ eating, drinking, or

brushing their teeth for at least one hour prior to collection. Saliva contains only

a fraction of testosterone that is not bound to sex-hormone globulin and

therefore, most closely approximates the bioavailable fraction of testosterone that

is available to tissue for metabolic purposes. Once testing was completed, saliva

specimens were maintained at -20°C until laboratory analysis where the samples

were assayed in a single batch (Moffat & Hampson, 1996).
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The saliva samples were analyzed in duplicate by a trained RIA technician

experienced in saliva determinations. sT was quantified using a Coat-A-Count

Testosterone kit (Diagnostic Products, Los Angeles CA) modified for saliva.

Briefly, the saliva was submitted to a double ether extraction then preceded to

RIA. To accommodate saliva, the calibrators were diluted 1:20 and to further

increase detectability at the low end of the curve, a five pg standard was added

giving a range of 5 - 800 pg. For each assay tube, 200 uL of sample was pipetted

into a polypropylene tube coated with antibody. One mL of 1251-labelled sT was

added and an extended incubation time of 22-hours was used, at room

temperature. Following incubation, the tubes were decanted then counted for 60

seconds in an LKB 1272 garmna counter (Wallac Oy, Turku Finland). The

antibody that was used in the assay is highly specific for testosterone with <5%

cross-reactivity with dihydrotestosterone (DHT). The samples were analyzed in

two separate runs. The mean of the two duplicates were considered the most

reliable estimate of the testosterone concentration for each saliva specimen, and

was used for our statistical analysis throughout (Gurd & Klentrou, 2003; Moffat

& Hampson, 1996).

3.6: Statistical Analysis

All data were inputted into Microsoft Excel for Windows© and SPSS©

analytical software. The data were checked for normal distribution, outliers and

missing data. Descriptive statistics (i.e., mean, standard deviation, maximum
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and minimum) were calculated for all variables. Chi Square analysis determined

there was no difference in time of sample for sT between groups, as well as in

pubertal stage between sports groups. Differences between groups in bone

properties (i.e., radial and tibial SOS), maturity indicators (i.e., skeletal age,

pubertal stage, sT level), and nutritional intake (e.g., calcium intake) were

determined using a two-way analysis of variance (ANOVA), with activity

(control, soccer, hockey and gymnastics) and age (children, adolescents) as the

between-subjects main effects. Confounding factors including: anthropometrical

measures (e.g., body mass, lean body mass), training history (e.g., years,

volume), and nutritional intake (e.g., energy intake, calcium), were checked for

using correlations between the factor and dependent variables (bone SOS and

skeletal age). BF% was included as a covariate in the analysis of covariance

(ANCOVA), for lower body bone strength measures. Post hoc comparisons

(Tukey) were performed when the main effect was found to be statistically

significant. Comparisons between the dominant versus non-dominant limbs

and bone age versus chronological age were performed using ANOVA for

repeated measures. Level of significance was set at <0.05. All results were

reported in mean ± standard deviations. Confidential results were summarized

and mailed out to subjects and parents (Appendix P).
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CHAPTER 4: RESULTS

4.1: Descriptive Characteristics

The descriptive variables of all subjects are presented ir\ Table 4.1. Within

each age group, there were no significant differences between the activity groups

in age and maturity, as indicated by secondary sexual characteristics. An age

effect was found in all variables, as expected. A sport effect was also noted in all

physical measures. No interactions were found between the age groups. All

effects (p values) are listed in Table 4.2.

In the children, the gymnasts were significantly shorter than controls, soccer

and hockey players. The control subjects and hockey players were significantly

heavier and had greater BMl values than both the gymnasts and soccer players.

Adiposity, as reflected by BF% was also significantly higher in controls and

hockey players compared with gymnasts and soccer players. The hockey players

had a greater FFM than the other sports groups. All children were Tanner stage I

and II, with no significant differences between sports groups.

The pattern was similar in the adolescent group. The gymnasts were

smaller than the controls, hockey and soccer players. Hockey players were

heavier than the soccer players and gymnasts. The hockey players had a greater

BMI than both the gymnasts and soccer players. Control subjects and hockey

players had a greater BF% than gymnasts and soccer players. FFM was greater
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in control, soccer and hockey players than in gymnasts; significant differences in

FFM were also found between hockey players and controls. Sexual maturity of

the adolescent group was self-assessed at Tarmer IV and V, with no significant

differences between sports groups.

I
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4.2: Nutritional Intake

Table 4.3 illustrates the nutritional intake of all subjects. No sports group

differences were reported in any of the nutritional variables. Differences

between age groups were found for daily energy and minerals intake. Total

daily energy and mineral intake, with the exception of calcium, were

significantly higher in adolescents compared with children. Nutritional variables

effects (p values) are noted in Table 4.4. Further nutritional analysis for all

groups and all variables available in Appendix Q, with all effects (p values) are

listed in Appendix R.
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4.3: Activity Level, Training Volume and History

A training history questionnaire -was used to quantify the training volume

of the athletes. How^ever, this did not apply to the controls. Therefore, a physical

activity questionnaire was also used. According to the latter, controls w^ere

significantly less physically active compared v^ith the athletes, as expected. The

complete child and adolescent physical activity and training values are found in

Appendix S with effect (p values) noted in Appendix T. The next few

paragraphs relate only to traiiung differences between athletes.

Sports participation in training hours per week, number of training years,

and training intensity values are noted in Table 4.5. This table additionally

displays the effect values. In the children, sports intensity of play was similar

between soccer, gymnasts and hockey players; although hours of training per

week were significantly higher in the gymnasts than other sports groups.

Number of years training in the soccer players was greater than that of the

gymnasts and hockey players. An interaction was observed between sports

group as the child soccer players had been participating the sport for the greatest

number of years; however, the adolescent hockey players had been in the sport

the longest.

As in the children, sports training hours were greater in the gymnasts than

the soccer and hockey players in the adolescent group. Hockey players had

more years of training compared with the other athletic groups. Again, no
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difference in intensity of play was found between sports groups. Control

subjects did not participate in any competitive sports, and therefore, is not

reported in either age cohort.
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4.4: Correlation Data

Bivariate correlations between descriptive variables and non-dominant

bone measures are presented in Tables 4.6 and 4.7 for child and adolescent

groups, respectively. Correlation analysis was split by age group, as these

variables differ significantly by age. Bivariate correlation data for both dominant

and non-dominant limbs can be found in the Appendices U and V.

In the children, weight, BMl, and BF%, all negatively correlated moderately

with tibial SOS values. Maturity indicators and training volume and duration

did not correlate with child upper or lower body SOS. Of the nutritional

variables, vitamin D weakly correlated with radial SOS.

In the adolescent boys, weight mildly correlated with the radial SOS, and

height mildly correlated with tibial SOS. BF% and FFM showed moderate

correlation with tibial SOS. Maturity indicators were also found to moderately

correlate with bone variables. Age and non-dominant bone age correlated

significantly with radial and tibial values. Additionally, percent of adult height

and sT concentration were correlated with lower extremity SOS. Training

volume was not correlated with bone strength measures. Of nutritional

variables, caloric and magnesium intake were mildly correlated with tibia.
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Table 4.8 displays correlation data between bone age and selected maturity

indicators and nutrition. The pattern was similar in the child and adolescent

boys. Additionally, the dominant and non-dominant bone age were highly

correlated. Age moderately correlated with skeletal maturity. Percentage of

adult height was highly correlated with bone age. In the adolescent group only,

sT concentration was correlated with bone age.
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4.5: Bone Characteristics

Dominant and non-dominant limbs were highly correlated (Appendix W,

radial r =0.73; tibial r =0.82). Also, the patterns of the results of the two sites

were similar among the age groups. Therefore, orJy data from the non-dominant

limbs will be presented. All bone characteristics and their respective effect (p

values) can be further found in the appendices (Appendix X-AA). Bone SOS in

both the upper and lower extremity increased significantly with age. Significant

differences were found at the distal radius and mid-shaft tibia for both child and

adolescent groups between sports participation cohorts as BF% was correlated

with tibial SOS in both young and older males (r =-0.5 and -0.3, respectively),

BF% was later used as a covariate in the ANCOVA analysis. The use of this

covariate subsequently eliminated tibial SOS differences between groups in both

child and adolescent boys. Weight, BMI and FFM also correlated with tibial SOS,

but were not used as covariates because a) these physical characteristics were

also correlated with BF%, b) their correlation with SOS was lower than the

correlation of BF% with SOS and lastly, c) weight and FFM are age-dependent

and would therefore, not be appropriate to use as covariates. Additionally, there

were no sigiuficant correlations between SOS and calcium intake, nor SOS and

training volume. Radial results will first be described, followed by tibial

findings.
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Gymnasts had significantly higher radial SOS values compared with

controls, hockey and soccer players in both age cohorts. In both age groups, the

hockey players had significantly higher radial SOS than control subjects.

Additionally, in the adolescent group, the hockey players had significantly

greater radial SOS values compared w^ith soccer athletes. Figure 4.1 illustrates

the differences in radial SOS in children. Figure 4.2 displays the differences in

radial SOS in the adolescent group.
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Figure 4.1: Child Non-Dominant Radial SOS
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Figure 4.2: Adolescent Non-Dominant Radial SOS
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Tibial bone strength was shown to be higher in the adolescents compared to

the children. Additionally, significant differences in tibial SOS between sports

groups were seen in both the child and adolescent cohorts. Young gymnasts and

soccer players had significantly greater tibial SOS values compared with hockey

players and controls. Similarly, in the adolescent group, gymnasts and soccer

players had higher tibial SOS values compared with the controls, but the

difference from the hockey players did not reach significance. Since the BF% was

found to significantly correlated with tibial SOS, it was used as a covariate. With

the ANCOVA analysis, differences were no longer significant. However, when

examining the relationship between BF% and tibial SOS, it was apparent that the

correlation in the group as a whole was due to the fact that these two variables

correlated in the control group but not in the other groups. This is clearly

demonstrated in figures 4.3 and 4.4. These figures illustrate the relationship

between BF% and tibial SOS in child and adolescent groups, respectively. It is

clear that no such correlation exists in the athletic groups. Therefore, using BF%

as a covariate cannot be physiologically justified. It should be noted that the

BF% in the control subjects ranged from 10.1 to 42.5% and 7.4 to 48.6% for the

children and adolescents, respectively, while in the athletic groups most values

were below 22%. Additionally, in these figures, it is clear that there are two cases

in the children and one case in the adolescent control group are bivariate outliers

that violate the assumption of homoskedasticity. When these cases were

removed the correlation in the control group was no longer significant and again,
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xising BF% as a covariate is not appropriate. The negative correlation between

BF% and tibial SOS observed in the present study in the control child and

adolescents (r =-0.571 and -0.384, respectively) agree with previous similar

findings in overweight and obese children and adolescents but not in normal-

weight children (Eliakim et al., 2001; Falk et al., in press). Figures 4.5 and 4.6

demonstrate raw tibial values with sigiuficance in accordance with the ANOVA

results for the child and adolescent boys, respectively.
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Figure 4.3: Child Relative Body Fat & Tibial SOS Relationship
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Figure 4.5: Child Non-Dominant Tibial SOS
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Figure 4.6: Adolescent Non-Dominant Tibial SOS
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4.6: Maturity Indicators

Maturity was assessed with several methods. Maturity iiidicators are

demonstrated in Table 4.9, with effects (p values) listed in Table 4.10. Within

each age group, there were no differences in age, sT concentration or sexual

maturity between sports group. Bone age differences were observed between

sports groups in both, the child and adolescent groups. Relative age (bone age

divided by chronological age) differences were apparent between sports groups,

as well as an age-sport interaction was observed.

In the younger boys, relative age was greater in hockey players and control

compared with the gymnasts and soccer players. The hockey players also had a

greater skeletal maturity than controls. The child hockey players had a greater

percent adult height than other sports groups and controls. Additionally, the

younger soccer players had a lower bone age than controls and gymnasts. Figure

4.7 demonstrates bone age difference in the younger boys.

In the older cohort, relative age in controls was significantly lower than that

of gymnasts and hockey players, with no significant difference between controls

and soccer players. The gymnasts and hockey players also had a significantly

greater bone age compared with the control subjects. Adolescent bone age is

demonstrated in Figure 4.8. No differences in percent adult height were

observed in the older boys. Interaction in relative age was caused by the shift
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from soccer players being relatively the youngest in the children to controls

having the lowest relative age in the adolescent group.
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Figure 4.7: Child Non-Dominant Bone Age
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CHAPTERS: DISCUSSION

5.1: Discussion Preface

This study compared bone properties and skeletal maturity status using

QUS technology in elite male child and adolescent athletes (gymnasts, soccer

players and hockey players), with an age-matched, minimally-active control

group. Gymnastics training involves very high impact on the upper and lower

extremities. Soccer involves high impact on the lower extremities. Hockey,

while regarded as a 'high impact' sport, involves weight-bearing but no impact

(due to jumping) on the lower extremities. At present, there is a scarcity of

research investigating the relationship between the different characteristics of

sport and bone properties in child and adolescent males. Most exercise science

research in relation to bone has focused on young females, justified by the

likelihood of future development of osteoporosis in this population.

Osteoporosis, which is characterized by the reduction in bone density and

associated with skeletal fragility, is often considered a condition affecting post-

menopausal women (Kaufman et al., 2000).

Among young female athletes, short stature and delayed maturity may be

advantageous and reflect sports-specific selection practices, although there is

evidence that suggests that intensive training, combined with insufficient energy

intake, such as in female gymnastics, may irihibit growth and delay maturity

(Daly et al., 2002). In other sports not requiring strict dietary restrictions, no
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delay in growth has been documented. In males, on the other hand, there is

evidence of early maturation as contributor for success in some male competitive

sports (e.g. Gurd & Klentrou, 2003; Malina et al., 2000). The pages below first

discuss the effect of sports participation on bone strength and subsequently

describe the relationship between sport and maturity.

5.2: Sports Participation & Skeletal Strength

The results of the present study indicate that high impact training regimens

provide opportunity for increased bone accrual in upper extremity and lower

extremities. These effects were seen as early as the pre-pubertal years. Skeletal

strength in upper and lower extremity was higher in adolescents compared with

children. Radial differences between sports group were apparent in both age

cohorts. In the children, radial SOS was greater in gymnasts than in soccer,

hockey and control subjects. Radial SOS in the hockey players was also higher

than controls. The adolescent boys showed a similar pattern: gynmasts had

significantly greater radial SOS than all other groups and hockey players had

higher radial SOS than controls as well as soccer players. Tibial bone strength

differences were also apparent in both age cohorts. The young gymnasts and

soccer players had greater tibial SOS than controls and hockey players.

Similarly, in the older group, gymnasts and soccer players were characterized by

higher tibial bone strength than the control group, although the difference from

the hockey players was not significant.
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When BF% was used in the ANCOVA analysis as a covariate, no significant

differences were observed between groups. Although using BF% as a covariate

is statistically justified, it cannot be justified physiologically. Therefore, raw data

and effects more accurately depict the differences between sports groups.

The pediatric bone and physical activity literature boasts a relatively large

number of studies on gymnasts. Gymnastics is characterized by high-impact

loads on the upper and lower extremities through repeated jumps and body

contact with hard surfaces. Therefore, this athletic population is ideal to study,

given the extremely high landing group reaction forces (up to 15 times that of

body weight) associated with the sport (Khan et al., 2001). Indeed, in the present

study, gymnasts were characterized with greater upper and lower body bone

strength. This is in agreement with much of the available literature on female

and male gymnasts. Bass et al., (1998), examined 45 female gymnasts over 12-

months compared with non-athletic controls. BMD values were 0.4 to 2.1

standard deviations higher in gymnasts than controls at baseline. At the

conclusion of the program, researchers found a 30-85% greater increase in BMD

in the gymnasts than in the controls at the total body, spine and legs. A similar

study, examining male pre-pubertal gymnasts, described significantly higher

ultrasound velocity at the calcaneus, distal radius and phalanx at baseline

compared with nomnally-active controls. Over 18-months, BUA and SOS
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increased more than three times in the gymnasts, but did not change significantly

in controls (Daly et al., 1997).

Dyson et al., (1997) examined bone properties in 16 young female gymnasts

aged 7-11 years with both DXA and pQCT. In this cross-sectional study,

gymnasts had greater femoral neck (8%) and trochanteric (16%) aBMD as well as

whole body (7%), femoral neck (20%), and lumbar spine (8%) vBMD compared

with controls. At the radius, total bone, trabecular and cortical BMD were all

significantly higher in gymnasts than in controls. Additionally, these researchers

found a trend towards greater radial cross-sectional area and more trabecular

area in gymnasts. Dowthwaite et al., (2006) examined premenarcheal artistic

gymnasts (n=28) and non-gymnasts (n=28). Gymnasts had higher aBMD at the

forearm, femoral neck and lumbar spine (7.2-20.8%) than non-gymnasts,

independent of age and body size.

Zanker et al., (2003) describe significant mean bone mineral differences at

the lumbar spine and in the upper extremity between female gymnasts and

untrained girls 7-8 years of age. Young male gymnasts examined by the same

researchers showed a trend towards higher BMD within the arms, pelvis, and

total body; however the result was not significantly greater than that of the

untrained boys. The authors explain the lack of difference in the males with the

limited duration and structure of traiiung regimens compared with the female

athletes. Thus, previous studies, using various techniques to assess bone strength
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(DXA, OCT, traditional QUS), have demonstrated increased bone strength in

gymnasts in skeletal regions which are characterized by a high proportion of

trabecular bone. The findings of the present study agree with these reports and

extend them by demonstrating increased bone strength, using transaxial QUS, in

cortical bone regions. . • , .

Soccer is considered one of the most widely practiced sports among

children and adolescents with exercise intensities ranging from walking to

sprinting. An adult male soccer player can cover a mean distance of 11km at an

average intensity similar to that of marathon running (Bangsbo, 1994). Impact in

soccer training is limited to the lower extremity eind as expected, previous

studies have shown greater lower body bone strength in these athletes. In the

present study, both children and adolescent soccer players had higher tibial SOS

compared with control subjects and hockey players. Similar to our results,

Vicente-Rodriguez et al., (2003) found that male, pre-pubertal soccer players (age

9.3 years) who trained as little as 3-hours per week, showed higher femoral neck

(7%) BMD compared with non-athletes. Calbet et al., (2001) also observed that

recreational level soccer participation was sufficient to increase bone mass at the

femoral neck and lumbar spine regions when they evaluated adult males who

began play in pre-puberty. Additionally, Wittich et al., (1998) observed greater

BMD and BMC in adult male soccer players that began training at ~14 years of

age. The effect was found to be region-specific, and primarily involved the
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pelvis and legs. Falk et al., (2006) used QUS to examine the cumulative effects of

sports participation (soccer and aquatics) on bone SOS at the radius and tibia in

male children, adolescents and adults. In the children and adolescents, no

differences were observed between soccer players and controls. However,

among adults, soccer players had higher tibial SOS compared with controls.

Unlike the present study, the authors found no differences between child and

adolescent soccer players compared with controls. This is possibly due to the

lower training volume and intensity of the soccer athletes compared with the

present study. Additionally, contrary to Falk et al., (2006) the present study did

not demonstrate a cumulative effect of soccer training from childhood to

adolescence. It is possible that if an adult group was included, as in the study by

Falk et al., (2006) a cumulative effect would have been observed.

To date, a limited number of studies examined the effects of ice hockey

training on bone strength. Ice hockey is characterized as a competitive sport in

which a large body size is advantageous. Traiiiing includes stick handling,

shooting and tackling drills, which has been suggested to provide high strain in

the upper extremity. Although, weight-bearing is characteristic of this sport,

high-impact is not, as the ice surface allows for the skater to glide with little

ground reactive force. In the present study, hockey players were characterized

by increased radial bone strength, likely due to increased stick-handling and

shooting training. However, bone strength in the lower extremity was not
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different than non-athletes. The latter is expected due to the fact that ground

force impact in hockey is very low. That is, the skaters glide along the ice

surface, rather than jump or run. The similar tibial SOS in hockey players and

non-athletes was apparent despite the larger body size and greater level of sports

participation and training of the hockey players.

This is the first study to examine the effects of hockey training as early as

the pre-pubertal years. The higher radial SOS found in the hockey players in the

present study is along the findings of other studies in late-pubertal hockey

players. Nordstrom et al., (2005) looked at the effects of ice hockey training and

de-training and found increased upper and lower extremities' BMD in late-

pubertal athletes aged ~16 years. The authors found that reduction or cessation

of training was followed by a decreased gain in BMD within three years.

Gustavsson et al., (2003) evaluated the effect of ice hockey training during the

late-pubertal years on BMD. Athletes (aged 16-19 years) showed no significant

differences from non-athletes at baseline. However, at the time of follow-up

(after three years) hockey players had increased significantly in the total body

and femoral neck BMD compared with controls. The studies to date have used

DXA to characterize bone measures and have not controlled for confounding

factors, such as physical activity in off-seasons. The few studies that have looked

at the osteogenic effect of hockey, have examined only late-pubertal and adult

males. Thus, the present study extends previous findings by demonstrating
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increased radial bone strength in pre- and early-pubertal hockey players and not

only in late-pubertal players. Additionally, it is interesting to note that despite

size differences between hockey players and other groups, there was not an

increased bone SOS at the lower extremity. It is possible that the higher BMD

observed in the lower extremities in hockey players in previous studies were due

to the fact that DXA results are influenced by bone size. That is, the hockey

players, who are generally characterized by greater body size, may have

displayed enhanced BMD simply due to their bone size. Since in transaxial QUS

bone size is not an influencing factor, the similar SOS values in the hockey

players and controls are consistent with the fact that lower extremity impact is

minimal in hockey.

5.3: Sport & Maturity Indicators

The results of this study indicate that there is a relationship between sports

participation and maturity, as assessed by skeletal age. In the children, hockey

players were significantly more skeletally mature than all other groups. In the

adolescent group, both hockey players and gymnasts displayed advanced bone

maturity compared with controls. No maturity differences between groups were

observed in other maturity indicators, namely sT concentration, pubertal stage or

percent of estimated adult height.

Traditionally, female gymnasts have been found to be shorter than non-

gymnasts. This has been explained as either due to selection biases, because of
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an advantage of shorter stature in the sport, or as a result of delayed puberty due

to deficient nutrition and altered hormonal factors (Malina, 1984). Several

studies have demonstrated delayed growth and maturity status in female

gymnasts. Klentrou & Plyley (2005) assessed the onset of puberty, menstrual

frequency, and body fat in elite gynmasts (age ~14 years). Menarche was

significantly delayed in gymnasts compared with controls and menstrual

irregularities were reported in 78% of the menarcheal athletes. Caine et al.,

(1992) evaluated maturity by radiographic skeletal age in 39 female and 21 male

child and adolescent gymnasts. The female gymnasts had significantly delayed

bone maturation compared with controls, however, no differences were

observed in males. Courteix et al., (1999) found that pre-pubertal female

gymnasts were shorter and lighter than age-matched controls and there was a

tendency towards lower skeletal age in these athletes. Similar findings were

apparent in Bass et al., (2000) in which the authors examined 83 active female

gymnasts, 43 retired adult gymnasts and 154 healthy controls prospectively. At

baseline, bone age was delayed by 1.3 years in the gymnasts. This difference

increased with years of training. The authors suggest that a lower bone age,

delayed onset of puberty, and skeletal growth in gymnasts could be, in part, the

reason for an interest in gymnastics, rather than being the result of vigorous

exercise. Adult gynmasts who had not trained for approximately 8 years had no

deficit in sitting height, leg length, or menstrual dysfunction. Decelerated

maturity in female gymnasts has been correlated with high training volumes and
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intensities, as well as nutritional deficiencies during training years (Daly et al.,

2002). This period of attenuated growth is often followed by a catch-up growth

period after reduced training or retirement (Caine et al., 2001). This provides

some evidence that it is indeed the sports participation, or factors around

training, that is influencing maturity delay.

Few studies have examined the effects of gymnastics, or other sports

training, on male maturity status. To date, there is little evidence to support that

intense training impedes growth or maturity in males. Gurd & Klentrou (2003)

found that height, weight and sT were similar in 13-year-old gymnasts and age-

matched controls. In the present study, there were also no sT differences

between gymnasts and other athletic groups or controls. The similarity in

hormonal levels between gymnasts and other groups was apparent in spite of the

fact that, as in most female studies previously mentioned, gymnasts were shorter

and lighter than the other groups. Unlike previous studies, the present work

used various methods to assess maturity. The results indicate differences

between activity groups in bone age, but not sexual or hormonal maturity. This

study showed that skeletal age was greater in both male child and adolescent

gymnasts, which is different than previous data presented in female gymnast

studies. The discrepancy could be due to the difference in energy intake

between male and female gymnasts, as some studies suggest poor nutritional

intake in female athletes (Daly et al., 2002). Also, enhanced flexibility is required
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for female athletes, while flexibility in male gymnasts is not as critical for success.

Rather, enhanced muscle strength and maturity could prove to be an asset in

competitive male gymnastics. No nutritional deficits were apparent in the

gymnasts' group compared with other groups in our study, which is along the

line of the finding of no delay in maturity.

Malina et al., (2000) found that elite soccer players aged 11 to 16 years, were

often average or early-maturers. In the younger soccer players (11-12 years),

skeletal age was similar to chronological age. However, in older soccer players

(15-16 years), skeletal age was advanced of chronological age. Vaeyens et al.,

(2005) used birth effect (i.e., bom early vs. later in the year) to examine relative

age in 2138 senior professional and youth soccer players in a European league

and found players born in the early part of the year January to March) were

over-represented compared with the later months. This suggests that more

mature players are more likely to be selected for professional and amateur soccer

teams. The players with a greater relative age were more likely to be identified

as talented because of the likely physical advantages they have over younger

players (Heksen et al., 2005). In another study, a higher maturity status was

found to contribute to better ball control, dribbling speed, ball passing and

shooting in 15 year old soccer players (Malina et al., 2005). In the present

study, skeletal age was significantly lower in child soccer players than other

groups. This difference may be explained by the level of play of the soccer
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players in our study, as they may not be as competitive and intense as the elite

level soccer players in European leagues.

In soccer and hockey training, there is an advantage to increased body size.

Increased maturity status has been linked to increased skill level in soccer

(Malina et al., 2005) and therefore, theoretically, there is an advantage to having

more early maturers on athletic teams. There is a scarcity of studies that examine

maturity status in ice hockey players. Our study showed increased skeletal age

in child and adolescent hockey players. Hormonal and sexual maturity was not

different between activity groups. Recently, Sherar et al., (2007) examined

maturity and birth date in 281 hockey players aged 14-15 years. The ice hockey

players selected for competitive teams were taller, heavier, and more mature (as

assessed by estimated age at peak height velocity) than both the unselected

players and the age-matched controls. Similar to soccer players, the birth dates of

those players selected for the team were positively skewed, with the majority of

those selected being born in the months January to June. The present study, also

demonstrated greater maturity in hockey players than in controls, as indicated

by skeletal and relative age in both child and adolescent groups. This study is

the first to assess maturity status in pre-pubertal male hockey players. It is clear

that differences in bone age are apparent as early as the pre-pubertal years. In

hockey, as in soccer, it appears that late-maturers are less likely to be selected for

competitive teams, which could lead to decreased activity levels and ultimately.
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decreased bone accrual in late-maturers. Creating teams based on biological

maturity, may eliminate or avoid these selection biases currently occurring in

competitive hockey teams.

5.4: Limitations & Recommendations

The results of the present study must be interpreted within the context of

our study design and methodological limitations. Lack of significant differences

between groups in some instances may be attributed to relatively low numbers

of subjects in some groups; specifically, the older gymnasts. It was particularly

difficult to locate older male gymnasts that were within the selection criteria of

the study. Moreover, elite level players proved difficult to recruit due to

schedule constraints, and highly elite soccer and hockey players may be less

practiced than originally anticipated. Although, highly competitive athletes

were utilized in the study, who trained year-round and at a high training

volume, they may not be training at the same intensity level as elite players in

other geographic areas (e.g., Europe) making comparisons problematic.

Activity and nutritional questionnaires were self-reported by children, with

some (limited) assistance from parents or guardians to maintain consistency

between groups. It was often difficult to quantify physical activity in and

outside of school and club hours. Future studies may wish to utilize more

quantitative means of assessing physical activity and training such as pedometry

or accelerometry. In addition, to control for nutritional variables more
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appropriately, weighted journals, etc., although more timely, may attain more

accurate variables. Moreover, BF% was estimated from a formula developed for

all children and is not specific to athletes.

As this study, and the majority of studies that investigate the relationship

between exercise and bone, have used cross-sectional research designs, it is

recommended that prospective, longitudinal studies investigate similar

relatioriships in pediatric populations. The addition of sports participation that

characterizes non-impact, non weight-bearing activities, such as swimming,

would add to our understanding of various loading patterns to bone accrual

during the growing years.

5.5: Final Conclusions

The present study aimed to assess bone properties in child and adolescent

athletes. The results of this investigation indicate that the loading pattern

associated with gymnastics and hockey influence bone strength at the radius.

Despite greater body mass and bone age in the hockey players, and the lower

body mass in the gymnasts and soccer players, bone SOS in the lower extremity

of soccer players and gymnasts was greater than hockey athletes and controls

(although, this difference was no longer significant when BF% was used as a

covariate). Interestingly, there was no apparent cumulative effect between age

groups.
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The younger hockey players were more skeletally mature than other sports

groups. Bone age was also found to be greatest in the older gymnasts and

hockey players. The physiological mechanisms associated with the adaptive

responses demonstrated were not specifically investigated; however, the site-

and sports-specific differences suggest adaptations related to loading and strain

characteristics inherent in the different sports. With increased evidence of

osteogenic effect of physical activity and training as early as the pre-pubertal

years, exercise prescription programs can be developed to increase bone accrual

and delay the onset of osteoporosis in the future.
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Appendix B : Informed Consent

INFORMATION & CONSENT TO PARTICIPATE IN RESEARCH

Bone Age and Bone Strength, as Assessed by Quantitative Ultrasound, in Pre-

pubertal, Pubertal and Young Adult Male Athletes

You are being invited to participate in a research study being conducted by the

investigators listed below. Prior to participating in this study please read this

form to find out about the purpose and the tests of this study. For the tests you

will have to visit the Exercise Physiology Laboratory (WH17, Brock University).

This study is part of the Faculty of Applied Health Sciences of Brock Uruversity.

INVESTIGATOR; DEPARTMENT: CONTACT;

Dr. Bareket Falk APHS, Brock U (905) 688-5550 x4979

Dr. Nota Klentrou APHS, Brock U (905) 688-5550 x4538

Sarah Braid, MSc Candidate APHS, Brock U (905) 688-5550 x4901

PURPOSE;

The objective of this study is to compare bone properties and bone age, as

measured with quantitative ultrasound, between male athletes of various ages in

various sports and sedentary age-matched male subjects.

DESCRIPTION OF TESTING PROCEDURES;

After expressing interest and being recruited in the study you will visit our

laboratory for 1 session of testing. If you agree to volunteer for this study you
will partake in one testing session (approximately 45 min). At the end of the

study, you will be given a summary of the findings, upon request. You will be

reimbursed for your parking expenses.

You will undergo the following measurements or procedures:

1. Completing several questionnaires, outlining your medical history,

physical activities and training history, nutritional habits and pubertal

status. The questionnaire used to measure pubertal status involves

looking at pictures of male genitalia and deciding which stage of puberty

you best match. This will be carried out in a private room to avoid any

uneasiness. In all questionnaires, you may chose not to answer any

question without penalty.
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2. Determination of your body composition (percent body fat), using

measurements of height, weight and skinfold thickness. This procedure is

quick and causes no discomfort.

3. Providing a saliva sample. This will involve holding a cotton swab in your

mouth for approximately one minute. You will be asked not to consume

any food or drink at least for one hour prior to saliva collection. This

procedure causes no discomfort.

4. Determination of bone properties (bone strength) and bone age using the

Sunlight BonAge''''*^ ultrasound system. This procedure involves the

application of gel to the forearms, the lower legs and the wrist and passing

an ultrasound probe over these regions. This procedure is quick and

causes no discomfort.

It is recommended that you come for the measurements in shorts and a short- or

long-sleeved shirt. Parents may be present with their child at all stages of the

study.

CONFroENTIALITY;

All your data collected during this study will remain confidential and will be

stored in offices and on secured computers to which only the principal and co-

investigators have access. You should be aware that the results of this study will

be made available to scientists, through publication in a scientific journal but

your name and any personal data of you will not appear in compiling or

publishing these results. Data will be kept for 5 years after the date of

publication, at which time all information will be destroyed. Additionally, you
will have access to your own data, as well as the group data when it becomes

available and if you are interested.

PARTICIPATION & WITHDRAWAL:

You can choose whether to participate in this study or not. You may remove
your data from the study if you wish. You may also refuse to answer any

questions posed to you during the study and still remain as a subject in the

study. The investigators reserve the right to withdraw you from the study if they

believe that it is necessary.
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RISKS AND BENEFITS;

There are no foreseeable risks in participation in this study. Participation will

allow you to gain personal and general knowledge about the human body.

Additionally, if an unusually low or high result is attained for any of the

measurements, reflecting a possible health-related problem, you and your

parents will be alerted and advised to consult your physician. All results will be

provided to you and your parents upon request.

RIGHTS OF RESEARCH PARTICIPANTS

You will receive a signed copy of this ethics form. You may withdraw your

consent to participate in this study at any time, and you may also discontinue

participation at any time without penalty. In signing this consent form or in

participating in this study you are not waiving any legal claims or remedies. This

study has been reviewed and received clearance from the Brock University

Research Ethics Board (file # 04-284). If you have any pertinent questions about

your rights as a research participant, please contact the Brock Uruversity

Research Ethics Officer (905 688-5550 ext 3035, rebObrocku.ca)

INFORMATION:

Please contact Dr. Bareket Falk at 905-688-5550 (X4979), Dr. Nota Klentrou at 905-

688-5550 (X4538) or Sarah Braid at 905-688-5550 (X4901) if you have any

questions about the study.
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I HAVE READ AND UNDERSTAND THE ABOVE EXPLANATION OF THE
PURPOSE AND PROCEDURES OF THE PROJECT. I HAVE ALSO
RECEIVED A SIGNED COPY OF THE INFORMATION AND CONSENT
FORM. MY QUESTIONS HAVE BEEN ANSWERED TO MY SATISFACTION
AND I AGREE TO PARTICIPATE IN THIS STUDY.

SIGNATURE of PARENT/GUARDIAN DATE

PRINTED NAME OF PARTICIPANT DATE

WITNESS DATE

PRINTED NAME OF WITNESS

INVESTIGATOR

In my judgment the participant is voluntarily and knowingly giving informed

consent and possesses the legal capacity to give informed consent and participate

in this research study.

SIGNATURE OF INVESTIGATOR DATE
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Appendix C : Recruitment Poster

FBUCimniNBONESTBENeTHttSMCI

4) Brock University

We would like to examine the effect of

activity and nutrition on bones

ARE YOU ELIGIBLE?

10-16 Years Old Boys

BENEFITS OF PARTICIPATION:
Learn about bones & get tips to improve bone health

Friends and family are welcome to attend

rr^SEASY:

One hour to complete an ultrasound and questionnaires

Evening and weekend testing available

ALL TESTING IS SAFE, PAINLESS AND INFORMATIVE

FOR MORE INFORMATION CONTACT:
Sarah Braid, MSc Candidate

Phone: (905) 688-5550 ext 4901 or E-mail: sarahbraid@hotmailcom

This study has been reviewed and received clearance from the Brock University Research Ethics Board

(file # 04-284). For further information, please contact reb@brocku.ca, 905-688-5550 ext 3035

n> oi 2. S

S §8 ?
9: " 2. 2.

o og
3 5. a
a ID (/)

8°I
3 "

ss^g"

<>!S|

o oO
3 i'
=: o cr

(D

S IS > W
^ g a. D)

IB oi ° S
°^S" Z
Q- en a -
-, Ol OJ
o o

(B

O
3£
o> (O CO

i2-S> w
OJ Ol 2.

00
CD

OO
(03 *

I "

0)

S gg ?
s o. 3 e.

_ Ol 00

o °g
3 S<D
0) CD O)

i -"

^ 2 a. 0)

a> Ol 2. S

sssw
°- 6i 2. -•

fas'"
3 A®
Q) CO CO

8°-

i5-S>W
iS s- "

CD

0) Ol 2.^m <»
CT 2J »-\ 00 o
9>. <» m
S tn 2.

fgro
l?§
3 *.»
D) (O CO

8°-

i!;-3>C0
to go. S
IB Ol 2. S

S gg ?

fSo)'"

3 5.*
0) CO CO

8°-
3 •"

u Ol 2. S
°^gS f;
s gg 5"

o.°°

m (O CO

« -3 > CO

o> Ol 2. S

s g8 ?
ffil Ol „ °-
"^ Ol 03

O °8
3 2.0.
(u <o CO

|2|
i "

142





Appendix D : Invitation Letter to Parents

Faculty ofApplied Health Sciences

Brock University

Bone Health and Bone Age Study -

Dear Parent(s) & Guardian(s):

The following letter is to inform you of an exciting new research project at Brock

University. The study is investigating bone strength and bone age properties in children

and adolescents. Specifically, we will be looking at the effects of elite level, year round

(sport) participation on males 10-12 and 14-16 years of age.

The study consists of a one-hour visit to the Arena or Brock University - whichever

you'd prefer. Participants will be asked regarding nutrition and physical activity, have

their body composition measured, and will complete a bone ultrasound test. All tests

are safe, painless and non-invasive; the results will prove to be beneficial to your child's

health. Males 10-12 and 14-16 years who are competitive (sport) are excellent candidates

for this study.

We truly believe that participation in this study will benefit both you and yoiu' child.

With this testing, researchers are able to determine if your child's bone is developiag at a

normal rate and if the bone is strong using a safe and painless ultrasoimd technology.

Reconunendations to diet and physical activity level wiU also be made so that you can

optimize your child's bone development and ultimately prevent injuries, degenerative

bone diseases and osteoporosis in the future! It is iniportant to note that bone health

testing is not regularly performed by a physician imless there has been a previous injury

or family history of skeletal problems; ovir study offers a great opportunity for your

child to be tested.

This is a rare and fun chance for you and your child to learn about bone health and

university research. Your child will receive a certificate of thanks after the testing, and a

summary sheet of all results and recommendations will be mailed to you after analysis.

Please review the attached information packages and feel free to call or email one of the

investigators if you are interested, or if you require any more information. Yoxir

assistance is greatiy appreciated!

Sincerely,

Sarah A. Braid, MSc Candidate

Faculty of Applied Health Sciences

Department of Physical Education and Kinesiology

Brock University

(905) 380-9632 or (905) 688-5550 ext 4901

sarahbraid@hotmail.com
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Appendix E : Completion Checklist

COMPLETION CHECKLIST
Bone Age & Bone Strength in Young Male Athletes

Applied Physiology Laboratory

DEPARTMENT OF PHYSICAL EDUCATION AND KINESIOLOGY
FACULTY OF APPLIED HEALTH SCIENCES

BROCK UNIVERSITY

Subject Name : _

Subject ID:

Date:

wt
1. Contact Information Sheet





Appendix F : Contact Information Sheet

SUBTECT CONTACT INFORMATION SHEET
Bone Age & Bone Strength in Young Male Athletes

Applied Physiology Laboratory

DEPARTMENT OF PHYSICAL EDUCATION AND KINESIOLOGY
FACULTY OF APPLIED HEALTH SCIENCES

BROCK UNIVERSITY

Subject Name

:

Subject ID

:

Date :

Parent/Guardian's Name

:



( t
'



Appendix G : Subject Screening & Medical History Questionnaire

SUBTECT SCREENING AND MEDICAL HISTORY QUESTIONNAIRE
Bone Age & Bone Strength in Young Male Athletes

Applied Physiology Laboratory

DEPARTMENT OF PHYSICAL EDUCATION AND KINESIOLOGY
FACULTY OF APPLIED HEALTH SCIENCES, BROCK UNIVERSITY

Subject Name

:





Appendix H : Godin-Shephard Leisure-Time Exercise Questionnaire

GODIN-SHEPHARD LEISURE-TIME EXERCISE QUESTIONNAIRE

1. Considering a 7-day period (a week), how many times on the average do you

do the following kinds of exercise for more than 15 minutes during your

free-time (write on each line the appropriate number)?

Times per Week

a) Strenuous Exercise (Heart Beats Rapidly)

(ie. running, jogging,_hockey, football, soccer, squash,

basketball, cross country skiing, judo, roller skating,

vigorous swimming, vigorous long distance bicycling)

b) Moderate Exercise (Not Exhausting)

(i.e. fast walking, baseball, tennis, easy bicycling,

volleyball, badminton, easy swimming, alpine skiing,

popular and folk dancing)

c) Mild Exercise (Minimal Effort)

(i.e. yoga, archery, fishing from river bank, bowling,

horseshoes, golf, snowmobiling, easy walking)

2. Considering a 7-day period (a week), during your leisure-time, how often do

you engage in any regular activity long enough to work up a sweat (heart

beats rapidly)?

1. OFTEN 2. SOMETIMES 3. NEVER/RARELY
D D D
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Appendix I: The Pels Physical Activity Questionnaire for Children

PELS PHYSICAL ACTIVITY QUESTIONNAIRE FOR CHILDREN

1. In the last year, what sports did you play in school?

1 played





Which chores do you do at home that are physically active eind how often do you

do them?

Chore



^i'^-



Appendix T: Training History Questionnaire

TRAINING HISTORY QUESTIONNAIRE FOR ATHLETES

Please fill in the table below to the best of your knowledge.

If you have any difficulties, discuss the matter with one of the investigators.

Activity/

Sport





Appendix K: Rapid Assessment Method

THE RAM FOOD FREQUENCY QUESTIONNAIRE

Record the number of servings you ate on a typical day in the previous 7 days.

(Use the pictures to estimate serving sizes)

MILK -YOGURT-CHEESE





BREADS-CEREALS-RICE-PASTA





Appendix L: 24-Hour Nutritional Recall

24-HOUR NUTRITIONAL INTAKE

Record all food and fluids from time of waking to midnight 24 hours prior.

If yesterday was not typical for your diet (ie. birthday, restaurant, etc.)

go back by 48 hours.

24 Hour Recall Date:

Was yesterday typical?

Nutritional Intake:

153





Appendix M: Pubertal Stage Questionnaire

TANNER STAGE QUESTIONNAIRE

This survey will be used to assess the maturational levels of the participant. For

each photo choose the appropriate stage and place an X in the corresponding

square.

• Please circle the box that looks





Appendix N: Anthropometric Measurement Data Collection Sheet

ANTHROPOMETRIC MEASUREMENTS

TEST DATE (M/D/Y):

SUBJECT HEIGHT (CM):

SUBJECT WEIGHT (KG):

FATHER'S HEIGHT (CM):

MOTHER'S HEIGHT (CM):

SKINFOLD MEASUREMENT:
SITE





Appendix O: Bone Properties Data Collection Sheet

BONE STRENGTH AND BONE AGE DATA COLLECTION SHEET

Bone Strength Data;

Probe Quality Measurements:

Date





Appendix P: Feedback Letter to Participants & Parents

Date Here

Decir :

We would like to thank you for your participation in our study on Bone Strength and

Bone Age in Adolescents. The following is a summary of your results which may
interest you.

Subject ID:

Date of Test:

Height: .

Weight.
.

Body Mass Index (BMP : kg/m^

The 6MI is used as an index of adiposity and your result is SBHHBIIP^'' boys your age.

Body Fat Percentage: %

This measurement is taken using skinfold thicknesses at two regions of the body - a

common method for boys your age. This result is for boys your age.

Bone Strength was measured using quantitative ultrasound at the wrist and lower leg:

Radius (wrist): m/s
Tibia (lower leg): m/s

These figures reflect a bone strength that is
"'''""''""""'"

for boys your age.

Bone Maturation was measured using quantitative ultrasound at the wrist:

Bone age: ^_ ^years

Using the above measures, your predicted adult height isHHRHi* Please

keep in mind that this prediction is based on experimental data and therefore, its

accuracy is still to be determined!

Once again, thank you for your participation in this research project. If you have any
concerns regarding the study or these results, please feel free to contact us for further

explanation. If you or your parents have concerns about the results, we encourage you
to contact your physician as well as the researchers.

Sarah A. Braid, MSc Candidate

Dr. Bareket Falk and Dr. Nota Klentiou

Faculty of Applied Health Sciences

Physical Education and Kinesiology Department

(905) 688-5550 ext 4901 or 4979
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