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ABSTRACT 

It has been shown that impact loading is associated with improved bone 

health. It has recently been suggested that impact loading during adolescence 

may be the most beneficial for a lifetime of improved bone strength. However, it 

is not known whether impact loading during adolescence will track into improved 

adult bone status. The purpose of the following study was to determine if impact 

loading during adolescence is associated with improved adult aBMD and bone 

geometry in 58 males and 31 females. Impact loading scores were estimated from 

a sports inventory questionnaire that was administered from 1971-1973 (males-

14-16 years of age; females -11-16 years of age). The loading score was 

obtained each year and an average of the three years was used for analyses. From 

1997-1998 (subjects were 38-40 years of age), the subjects were recalled and areal 

BMD of the femoral neck (FN) was measured using DXA (Hologic 2000, array 

mode). Bone geometry was measured using the Hip Structural Analysis Program 

(HSA) and femoral neck cross-sectional area (CSA) and section modulus (Z) were 

used as the bone geometry indices. Data were analyzed using multiple linear 

regression then later the subjects were split into tertiles and the data was analyzed 

using AN OVA procedure, to test the extreme groups, and post-hoc comparisons 

done with Sheffe test. At follow-up there were no differences among groups in 

adult height, weight on physical activity scores (p>0.05). In males the high 

impact group had significantly greater aBMD than the moderate and low impact 

groups (p<0.05); there were no significant differences in CSA or section modulus 

(p>0.05). In females there was no association between impact loading during 
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adolescence and adult aBMD, CSA or section modulus (p>0.05). The results 

support the theory that impact-loading activities at adolescence are associated 

with adult bone health in males. In females the results do not support this theory; 

however the effect of maturation and small sample size may have limited this 

study. 
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CHAPTER! 

1.1 Introduction 

Everyday, engineers are asked to design and produc~ buildings and 

structures that are both versatile and resilient. In order to do this, engineers must 

understand the materials which they are working with and the structural geometry 

of the building. A structure must be strong enough to accommodate external 

forces, while optimizing the useable area within. 

Likewise, the human skeleton must be strong enough to handle the loads 

of everyday life while being light enough to make locomotion energy efficient. 

The mechanical competence of bones is a culmination of the material makeup 

(bone mass and density) and the structural design (bone geometry and 

architecture). Together bone geometry, architecture (which can only be 

determined through intrusive means) and bone mineral density (BMD), combine 

to give an overall bone strength. However, much of the past bone research has 

focused on the determination and prevention of osteoporosis. Osteoporosis, by 

definition, is simply the state of bone mineral density, and therefore much of the 

existing research has focused on only one of the parameters of bones' mechanical 

1 



competence. In this study, both the density and the geometry of bone are 

examined to determine the overall bone competence. These issues will be 

discussed independently, and then combined to provide an overall picture ofbone 

strength. 

It has been shown that the incidence and prevalence of osteoporosis and 

hip fractures are increasing and will become a worldwide public health problem 

over the next 20 years (Delvaux et al., 2001). Osteoporosis is now the most 

common metabolic bone disease in adults, and fractures/fracture prevention cost 

$1.3 billion per year for Canadian men and women (The Osteoporosis Society of 

Canada, 2001 ). This bone disease is often seen in middle-aged white women; 

however the condition is not limited to this cohort. More than half of women 

aged 45 years have signs of osteoporosis, and the condition affects approximately 

1.4 million Canadians (The Osteoporosis Society of Canada, 2001). Osteoporosis 

is characterized by a state of low areal bone mineral density (aBMD) (Welten et 

al., 1994), where aBMD is the amount ofbone mineral content (BMC) within a 

cross-sectional area of bone. 

Most research has focused on the attainment or state of aBMD as a 

measure of fracture risk, however, the density of a bone is only one determinant 

of fracture risk. Recently the concept ofbone geometry and bone expansion has 

been explored to give a more precise indication of bone strength. Bone strength is 

a culmination of bone mass, bone geometry and bone architecture: how much 

mass is present and the structure of that mass. It is not feasible or ethical to 

measure all components ofbone strength, so researchers use surrogates ofbone 
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strength, such as aBMD or bone geometry as estimates (Alonso, Curiel, Carranza, 

Cano, Perez & The Multicenter Project for Research in Osteoporosis, 2000; 

Faulkner, Cummings, Black, Palermo, Gluer & Genant, 1993; Nelson, Barondess, 

Hendrix & Beck, 2000). 

It has been shown that bone mass deteriorates with age. Although the loss 

of bone mass itself does not normally cause symptoms, associated fractures or 

collapse of vertebrae can cause serious health issues. The exact cause ofbone 

loss is unknown but it appears to be multifactorial. Lack of estrogen, inadequate 

physical activity and diminished peak bone mass (PBM) are factors associated 

with bone loss (Osei-Hyiaman, Satoshi, Ueji, Hideto & Kano, 1998; Payne & 

Hahn, 1998; Uusi-Rasi, Sievanen, Vuori, Pasanen, Heinonen & Oja, 1998). Other 

factors affecting bone accrual include: smoking, nutrition and heredity (Cheng, 

Suominen & Heikkinen, 1993; Kemper, Twisk, Van Mechelen, Post, Roos & 

Lips, 2000; Krall & Dawson-Hughes, 1993; Rubin, Hawker, Peltekova, Feilding 

Ridout & Cole, 1999; Tudor-Locke & McColl, 2000). 

It has been hypothesized that acquisition of one's genetic potential peak 

bone mass (PBM) is essential for bone health. Optimizing PBM is vital because if 

sufficient bone mass is not achieved then less bone is available to lose later on in 

life to reach a fracture threshold. PBM is the maximum amount of whole-body 

bone mineral content (BMC) attained during the life cycle (Leonard & Zemel, 

2002). The age when PBM is attained is unknown but it has been suggested that 

PBM may occur as late as the end of the third, to beginning of the forth decade 

(Madsen, Adams & Van Loan, 1998). It is estimated that at least 90o/o ofPBM is 
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acquired by 18 years of age and 25% is acquired during the 2-year period 

surrounding peak height velocity (Bailey, McKay, Mirwald, Crocker, & Faulkner, 

1999; Bonjour, Theintz et al., 1997). 

Physical activity during adolescence is associated with increased bone 

mass over and above that of the expected normal pattern of growth, (Bailey et al., 

1999) but little is know about the relationship of adolescent physical activity and 

subsequent adult bone mass. Treatment of osteoporosis and reduction of fracture 

risk have focused on maintaining or building bone mass in older individuals at 

risk of fractures (Leonard & Zemel, 2002), while little attention has been paid to 

establishing greater bone mass and improving bone strength during adolescence. 

Bone mass increases throughout growth to accommodate the increasing 

strength demands of a heavier, taller stature (Bailey & Martin, 1994; Ralston, 

1997). Bone ma8s can also be increased throughout adolescence and after 

cessation of linear growth by increasing body mass or by increasing the physical 

demands of bones (Kemper et al., 2000; Recker, Davies, Hinders, Heaney, 

Stegman & Kimmel, 1992). Fracture risk reduction may be best accomplished 

during childhood and adolescence, when bones are growing rapidly and are most 

sensitive to environmental influences, such as diet and physical activity (Leonard 

& Zemel, 2002). Furthermore, even a small increase in bone mass during 

adolescence may result in a substantial difference if the increased bone mass is 

maintained by exercise (Delvaux et al., 2001 ). Therefore physical activity during 

adolescence may be the most beneficial environmental pathway to improve adult 

bone strength and decrease fracture risk. 
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Vigorous physical activity has been shown through several cross-sectional 

and intervention studies and a few longitudinal studies to have positive effects on 

bone strength (Cooper et al.; 1995; Duncan, Blimkie, Cowell, Burke, Briody & 

Howman-Giles, 2002; Groothausen, Siemer, Kemper, Twisk & Welten, 1997; 

Kemper et al., 2000; Magnusson, Linden, Karlsson, Obrant & Karlsson, 2001; 

Madsen et al., 1998; Puntila, Kroger, Lakka, Honkanen & Tuppurainen & 1997). 

Activities that ar~ dynamic, high-impact and constantly changing have the 

greatest effect. Bone mass and bone geometry are in a constant state of flux 

depending on external stimuli (Frost, 1987; Beck, Looker, Ruff, Sievanen & 

W ahner, 2000). Physical activity puts mechanical stress on bones, which results 

in increased bone strength to accommodate the strain (Carter, VanDerMeulen & 

Beaupre, 1996; Skerry, 1997). If a sufficient bone strain is induced, bone mass 

and bone geometry will change to accommodate the strain. 

Bone geometry includes the bone length, bone width, cross-sectional area 

(CSA), and the architectural makeup within the bone (Alonso et al., 2000; Becket 

al., 2001; Faulkner, Cummings et al., 1993; Goulding, Gold, Cannon, Williams & 

Lewis-Barned, 1996). Bones that are shorter and have a greater CSA, cross

sectional area moment of inertia (CSMI) and sectional modulus (Z) are stronger 

and can withstand higher loads than less geometrical sound counterparts (Alonso 

et al., 2000; Faulkner, Cummings et al., 1993). Becket al. (2001) have shown 

that bone geometry changes to accommodate increased bone strain and therefore 

mechanical loading ofbone through physical activity is associated with 

geometrically stronger bones. 
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Weaker geometric properties and lower bone mass predispose to increased 

fracture risk and incidence of osteoporosis (Alonso et al., 2000; Faulkner, 

Cummings et al., 1993 ). Moreover, small differences in bone mass and bone 

geometry are reflected in substantial differences in bone strength and fracture risk 

(Alonso et al., 2000; Delvaux et al., 2001; Faulkner, Cummings et al., 1993). 

Thus, two bones may have the same bone mass but, if one has better bone 

geometry, then that bone will be stronger. 

In order to determine if physical activity during adolescence improves 

adult bone status, more longitudinal or follow-up research is needed. Very few 

studies have examined physical activity during adolescence and how it affects 

adult bone strength. To date, there are few studies examining bone geometry and 

no studies that have determined if impact loading during adolescence is related to 

improved adult bone geometry of the hip. For clinical applications, research 

should focus on the hip since most fractures in the elderly occur here. 

The unique aspect of this study is that comparisons between impact 

loading during adolescence and adult bone strength (aBMD and bone geometry) 

of the hip are made. This study is the first to examine the relationship between 

estimated impact loading during adolescence and adult bone geometry. Since an 

architectural make-up of bones cannot be assessed without invasive procedures, 

the use of bone mineral status and bone geometry together provides the best 

picture of bone strength, and ultimately fracture risk. 

Therefore there are two purposes to this study. The first purpose of the 

study is to examine the relationship between self-assessed participation in impact 
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loading physical activity during adolescence and subsequent adult hip bone 

density. The second purpose is to determine if self-assessed participation in 

impact loading physical activity during adolescence is associated with a beneficial 

skeletal geometry of the adult hip. 

1.2 Review of Literature 

The following review of literature will be separated into 7 sections: Bone 

Biology, Physiology of Exercise Induced Bone Remodeling, Development of 

Peak Bone Mass, Growth and Development of Bone, Physical Activity 

Assessments, Physical Activity and Bone Mass, and finally Bone Geometry. A 

comprehensive review of the present research in these areas shows that there is a 

definite gap in the literature: there are very few long-term studies concerning 

physical activity during adolescence and adult aBMD and even fewer long-term 

bone geometry studies. 

1.2.1 Bone Biology 

Bone is a complex structure of inorganic and organic components working 

cohesively to produce the mechanical support for locomotion, protect internal 

organs and provide the body with calcium and phosphate. Bone is in a constant 

state of flux, modeling and remodeling to accommodate stresses and ensure 

homeostasis of body minerals. Bone is made up of three types of living cells 

( osteocytes, osteoblasts and osteoclasts) imbedded in an inorganic collagen 

matrix. The organic cells are responsible for bone metabolism and are activated 

by chemical, electric, mechanical and hormonal stimuli. Osteoblasts can be 
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considered the builders of bone. Their role is to remodel deteriorating bone and 

form bone in areas of need. Conversely, osteoclasts are the demolishers of bone. 

Their role is to break down and remove bone so the osteoblasts can build new 

bone surfaces. Osteocytes are the most abundant bone cells, but their function is 

not fully known. They play a role in homeostasis by secreting enzymes into the 

bone matrix and providing bone content (Parfitt, Villanueva, Foldes, & D. S. Rao, 

1995). Together, the osteocytes and osteoclasts release calcium and l'hosphate 

into the blood stream to provide the body with adequate amounts of both. 

There are two types of bone: cortical and trabecular bone. Cortical bone is 

the most prevalent with a ratio of 60:40 and 75:25 to trabecular bone in the 

lumbar spine and femoral neck respectively (Khan, McKay, Kannus, Bailey, 

W ark & Bennell, 2001 ). Cortical bone is highly calcified and found along the 

vertebrae and the shaft of long bones. Cortical bone has two surfaces; the 

periosteum (the outer surface), and the endosteum (facing inwards toward the 

bone marrow). Cortical bone's main function is to provide strength and rigidity 

for protection and mechanical integrity for movement. Trabecular bone is the site 

for most bone metabolism and is found at the ends of long bones and within the 

epiphyseal lines of growing bones. 

1.2.2 Physiology of Exercise Induced Bone Remodeling 

Structural adaptation occurs with changes in exogenous strain and loading 

(Frost, 1987), and osteogenic physical loading ofbone promotes mechanically 

more stable structures. In 1869, Wolff proposed that bone dynamically adapts 

throughout life to the mechanical demands and stresses placed upon that bone, a 
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concept commonly known as Wolffs Law. Bone is believed to change constantly 

depending on the microscopic loads or strains induced by mechanical loading 

forces (Nelson, Barondess, Hendrix & Beck, 2000, Becket al., 2001). Frost's 

mechanostat theory postulates that bone aspires to reach mechanical homeostasis 

in which the bone's makeup will change to accommodate strains (Frost, 1987). 

There are upper and lower limits in which this mechanostat operates: low 

mechanical strain causes bone loss while increased mechanical strain causes bone 

formation or remodeling, which causes bone to be formed until the strains can be 

adequately attenuated (Becket al., 2001 & Frost, 1987). Bone absorption occurs 

mainly on the endosteal and trabecular surfaces, where bending and torsional 

strains are lowest, while bone apposition occurs mainly on the subperiosteal 

surface where strains are highest (Becket al., 2001). Therefore increased loading 

is associated with subperiosteal thickening and endocortical and trabecular 

suppression to accommodate the strain. This bone expansion creates a 

geometrically more stable structure with a greater cross-sectional area and section 

modulus (defined in Appendix H) 

Physical activity causes bone strain, which can be defined as a relative 

elongation MIL, where L is the initial length of the bone and M is its elongation 

(Zatsiorsky, 2002). To accommodate the increasing stress placed upon the bones, 

bone strength must increase. The bone must adapt by increasing BMD and/or 

changing the bone geometry into a more mechanically competent structure. The 

opposite situation can also occur where decreased physical activity I bone stress is 

associated with decreased bone strength. Such a phenomenon is seen in low 
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gravity situations such as space travel or prolonged bed-rest. Since the osteogenic 

effect of body weight is almost nil in these situations, the skeleton does not have 

to accommodate for body weight and bone strength decreases (Rabin, Gordon, 

Lymn, Todd, Frey & Sulzman, 1993). 

As a bone is strained or deformed, interstitial fluid gradients are produced 

within the bone matrix and interstitial spaces. As this fluid moves from an area of 

high concentration/pressure to an area of low concentration/pressure, the fluid 

produces shearing forces on the cell membranes of osteocytes. The shear stress is 

transmitted to the nuclei of the osteocytes by integrin, structures imbedded in the 

cellular membrane that connect the membrane to the internal organs of the cell. 

The osteocytes then send messages to other osteocytes and bone-lining cells along 

gap junctions. The bone-lining cells and osteocytes then release paracrine factors, 

which stimulate osteoprogenitor cell division. The osteoprogenitor cells become 

preosteoblasts and eventually osteoblasts. Concurrently, osteoclasts and 

mononuclear reabsorption cells absorb calcium, collagen and bone from the sites 

to be remodeled. The preosteoblasts bind to the remodeling site, evolve into 

osteoblasts and remodel the bone. Finally the site is covered by bone lining cells 

and the remodel is completed. This process is illustrated in Appendix I. 

There appears to be a pressure threshold that needs to be reached in order 

to produce enough shear forces to cause this reaction (Khan et al., 2001). 

Physical activity generates tensile and compressional forces that create interstitial 

fluid gradients and remodeling. If enough impact loading I mechanical loading is 

induced, bones will remodel to become stronger, more stable structures. 
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1.2.3 Growth and Development of Bone 

From conception to death, the body is constantly growing and changing to 

accommodate the external stresses of life. In the prenatal stage, cartilage forms 

the skeletal envelope, which is subsequently and gradually replaced by bone 

tissue (Malina & Bouchard, 1991). As height and weight increase throughout 

childhood, bones become longer and wider and start to develop the characteristics 

of the adult skeleton. In the two years surrounding peak height velocity (PHV), 

25o/o of the total bone mass is acquired (Bailey et al., 1997), and therefore this is a 

critical time period for bone growth. It has been shown that the body grows in 

sequences, starting with PHV, followed by peak lean velocity and ending with 

peak bone mineral content velocity (Iuliano-Bums, Mirwald & Bailey, 2001). 

This has been found in the Saskatchewan Pediatric Bone Mineral Accrual Study, 

as shown in Table 1.1. 

Table 1.1 

Peak Tissue Velocities for Girls and Boys in Saskatchewan 

Peak Height Peak Lean Tissue PeakBMC 
Velocity Velocity Velocity 

Girls 11.8 12.1 12.6 
Boys 13.4 13.7 14.0 

(Iuliano-Burns, Mirwald & Bailey, 2001) 

However, people grow at different rates and mature at different ages. There is a 

wide diversity in the maturity of individuals throughout the pubertal time frame. 

For instance, two individuals may be of the same chronological age, but one may 
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be an early maturer, while the other is a late maturer, making their body growth 

significantly different. For this reason, research with adolescents is difficult 

because between subject differences are so great. On average girls reach peak 

bone velocity at age 12.6, while boys mature later and reach peak bone velocity at 

age 14.0 (Iuliano-Bums et al., 2001). Therefore it is important to consider the 

influence of growth and development when performing research on adolescents. 

1.2.4 Development of Peak Bone Mass 

PBM is the maximum level of bone mass attained during growth (Madsen 

et al., 1998). There is increasing recognition that development ofPBM is an 

important determinant of adult bone mineral density, and thus, a less than 

optimum PBM increases the risk of osteoporotic fracture (McKay, 2000). Adult 

bone mass is the culmination of bone mass accrual throughout life and the amount 

lost with aging (Bailey & Martin, 1994; Ralston, 1997). 

The exact timing of PBM is controversial, but a study by Recker et al. 

(1992) showed that bone mass in women continues to increase after attainment of 

linear height. In this study, Recker et al. (1992) measured nutrition, 

anthropometry, oral contraceptive use, physical activity, forearm aBMD, lumbar 

spine aBMD, and total body bone mineral content and density in 156 healthy 

college-aged women. Nutrition intakes were recorded for 7 days biannually to 

determine calcium and protein ingestion. Physical activity was evaluated over 4 

days with a CALTRAC electronic accelerometer and the forearm aBMD, LS 

aBMD, LS BMC, and total body bone mass as evaluated using dual-photon 
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absorptiometry. Oral contraceptive use and lifestyle habits were determined by 

questionnaires and interviews. The results of the study showed that the median 

forearm aBMD, spinal aBMD, spinal BMC and total body bone mass increased 

significantly with age. Nutrition, oral contraceptive use and higher levels of 

physical activity had positive influences on bone mass. Bone mass was found to 

increase beyond linear growth to the ages of28.3 to 29.5 years (multiple r = .31; p 

= 0.004). Therefore, it was concluded that in women, bone mass continues to 

increase after the cessation of linear growth. 

Madsen et al. (1998) found that peak bone mass can be attained as late as 

the end of the third and into the beginning of the forth decade. Regardless of the 

exact timing, PBM is recognized as a determinant of subsequent risk of 

osteoporotic fracture. The few studies on bone accrual in children have shown 

that increases in weight and height correlate to increases in bone mass (Theintz et 

al., 1992; Slemenda, Reister, Hui, Miller, Christian & Johnston, 1994). Genetics 

play the most pronounced role in determination of PBM but lifestyle factors such 

as physical activity and nutrition allow for attainment of genetic potential (Pocock 

et al., 1987). 

In a study by Pocock et al. (1987), DXA-derived aBMD of the lumbar 

spine and proximal femur were measured in 65 pairs of monozygotic twins. 

Genetics were found to be the principle determinant of PBM, but physical 

activity, body composition, hormonal status and nutrition were also significant. 

These factors were significant in the attainment of PBM but also modified the rate 

of loss of bone with increasing age. 
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In a family study by Krall & Dawson-Hughes (1993), approximately half 

the variance in bone density was attributable to lifestyle factors (Krall & Dawson

Hughes, 1993). One hundred and sixty subjects from 40 families underwent total 

body, femoral neck, and lumbar spine aBMD measurements using DXA as well 

as radial and os calcis aBMD from single-photon absorptiometry. Heritability 

estimates were between 0.46 and 0.62 for all five sites with the adjustment of 

bone density for age, height, weight, and significant lifestyle, such as physical 

activity and diet. Their results revealed that 46% to 62% of the variance in aBMD 

was due to lifestyle factors and though genetics was the most significant predictor, 

lifestyle had a profound effect. 

Rubin et al. (1999) found similar results when examining the role of 

dietary intake, physical activity, hormonal status, and lifestyle habits, such as 

smoking, alcohol consumption and family history of bone disease on acquisition 

of lumbar spine and femoral neck BMD and peak bone mass in 677 women aged 

18-35 years. Dietary intake, physical activity and lifestyle habits were evaluated 

using questionnaires reporting on present status and adolescent behaviours. 

Physical activity during adolescence was categorized as either being physically 

active or not physically active. Adult physical activity was assessed using a 

comprehensive, holistic overview of work, walking and recreational activities and 

the determination of whether or not the participants regularly ''worked up a 

sweat" during activities. The adult peak bone density values were then totalled 

and placed into tertiles. Weight, age, physical activity and family history were all 

independent predictors of peak bone density (Rubin et al., 1999). 
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Based on the existing literature, it is evident that lifestyle practices affect 

bone mass and aBMD particularly during adolescence when growth and 

maturation are most evident. Also, establishing bone health-promoting eating and 

exercise behaviours in childhood may be important since behaviours established 

in childhood may track into adulthood (French, 2000). Attainment of an optimal 

PBM is essential for decreasing the incidence of osteoporosis since bone mass is 

lost with age. Achieving greater PBM allows for greater bone mass to be lost, 

without a detrimental effect, later on in life due to decrease physical activity and 

the natural decrease of bone mass due to aging. 

1.2.5 Physical Activity Assessments 

Physical activity is a holistic term that can be defined as any movement 

produced by the muscles of the body that causes energy expenditures greater than 

basal level (Khan et al., 2001). Physical activity is made up by the culmination of 

four terms; Frequency (how often a movement is performed), Intensity (the 

amount of energy expenditure in a certain time frame), Time (how long the 

movement lasts) and finally Type (what physical activity is being performed). 

These 4 subgroups can be summed in the acronym FITT. Maximizing FITT can 

lead to greater physical activity and health benefits, however, not all physical 

activity influences the body in the same way. For instance, an individual who 

wants to increase aerobic capacity should participate in activities like running or 

cycling that cause heart rate and aerobic exchange to increase; while an individual 

who wants to improve strength should choose activities like resistance training. 
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In terms of bone expansion, certain activities have been found to be more 

beneficial than others. As discussed earlier, bone strain must reach a threshold in 

order to induce remodeling. Sports, such as swimming or cycling, do not create 

substantial bone loading and have been found to produce little osteogenic change 

(Duncan et al., 2002). Therefore most physical activity is beneficial for overall 

health, but not all improve bone strength. 

Since physical activity encompasses such a broad array of events, 

assessment of physical activity is difficult. Also, different types of physical 

activity load bones in differing fashions and depending on the outcome measure, 

may not load specific bones at all. For instance, activities that load the lower 

body (i.e. running), may not produce any load in the upper body. Therefore 

measuring and evaluating physical activity for bone specific outcomes is difficult, 

and to date there is no gold standard measurement tool (Khan et al., 2001). 

There are several types of measurement techniques to quantify physical 

activity. Among the most common are recall questionnaires and self-reports. 

Inherently, questionnaires and self reports have obvious flaws. Often subjects 

will over or under estimate, or the questionnaire may not accurately capture the 

nature of the physical activity (Thomas et al., 2001). Since there are a vast 

number of types of physical activity, reporting and classifying each activity is also 

difficult. Many questionnaires do not distinguish between bone loading activities 

and non-loading activities and therefore may not be valid for use in bone strength 

studies. 
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In assessing the effects of activity on bone, the measurement of physical 

activity should be reflective of impact or mechanical loading to accurately depict 

the association between physical activity and bone growth. In order to determine 

impact loading, a force plate (a device used to measure the forces in the vertical 

and horizontal planes) is required to evaluate the force produced from activities. 

Many studies have not incorporated impact loading into the measurement of 

physical activity and may not have analyzed activities appropriately to determine 

influences on bone strength. 

In the present study, impact loading was determined by a Sports Inventory 

Questionnaire where participation in sports, depending on the predetermined 

impact loading, was scored. This study is the first to attempt to determine sports

induced impact loading of the femoral neck during adolescence using a 

questionnaire; therefore there are no other questionnaires to validate the Sports 

Inventory Questionnaire against. However, the principles and the scoring for the 

questionnaire are based on previous literature by Kemper et al., (2000) and 

Groothausen, et al. (1997). In these studies, the subjects' mechanical loading and 

metabolic score were determined through questionnaire in an attempt to associate 

physical activity and bone accrual. Each study used previously reported ground 

reaction forces as the principles of the rating scale of their questionnaires. 

Kemper et al. (2000) divided the self-reported physical activities into categories 

based on the metabolic output induced and mechanical loading endured. The 

mechanical loading score was based on ground reaction forces with categories 

being: activities with ground reaction forces greater than four times body weight 
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were given a score of 3, activities two to four times body weight were given a 

score of 2; activities with ground reaction forces one to two times body weight 

were given a score of 1; and all other activities were given no score. 

Groothausen et al. ( 1997) used a similar protocol, except the 

classifications were as follows: all activities that involved jumping actives were 

given a score of 3; activities with explosive actions like turning and sprinting were 

given a score of 2; weight-bearing activities were given a score of 1 and all other 

activities were given a score of 0. The idea of quantifying bone growth from a 

questionnaire formed the basis for the Sports Inventory Questionnaire. The 

principles for the Sports Inventory Questionnaire were similar to that of 

Groothausen et al. ( 1997) and Kemper et al. (2000), except only sports 

participation was scored and competitive status were given greater scores. 

Also the impact loading for individual sports were determined earlier 

(Table 1.2; Daly et al., 1999; Duncan et al., 2002 & Karlsson et al., 1996), and 

were used to form the protocol for scoring individual sports. For instance, 

volleyball and basketball have been shown to induce an impact load of more than 

4 times body weight, while swimming has been shown to induce very little 

loading. Therefore in the Sports Inventory Questionnaire, volleyball and 

basketball were scored the highest, due to their osteogenic influences, while no 

score was given for swimming. 

18 



Table 1.2 - Ground Reaction Forces of Activities in Multiples of Body Weight 

Activity Ground Reaction Forces References 
(multiples ofbody 

weight) 
Aerobics 2.8 Michaud et al. (1993) 

Basketball 4.1-6.0 Valiant & Cavanagh 
(1985) 

Gymnastics 11.0 Bruggeman ( 1983) 
Judo 1.2-1.6 Tezuka et al. (1983) 

Soccer 2.4 Asami & Nolte (1983) 
2.1 Roberts et al. (1974) 

Softball 1.6 Messier & Owen (1985) 
Sprinting 5.0 Winter & Bishop (1992) 

2.0-5.0 Mechelen (1995) 
2.1 Bates et al. (1983) 

Volleyball 4.8 Adrian & Laughlin et al. 
(1983) 

Walking 1.6 Cochran et al. (1982) 

Reproduction of Table 1 as cited in Groothausen et al., (p. 162, 1997) 

1.2.6 Physical Activity and Bone Mass 

The following review of literature on physical activity and bone mass will 

be divided into cross-sectional and longitudinal studies. The reason for this 

division is that, while cross-sectional studies give evidence of associations, they 

are only snap-shots of the differences occurring at different ages. Separate 

cohorts are compared to determine if physical activity is associated with bone 

mass, which does not allow for cause and effect conclusions. Conversely, 

longitudinal research follows the same individuals over a long period of time to 

determine exactly what is happening within each individual. For that reason, 

longitudinal studies provide more accurate determinations of bone growth and 

information about how physical activity affects it. However, there have been few 
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longitudinal studies performed on physical activity and bone, so the inclusion of 

cross-sectional studies in this literature review is required. 

1.2. 6.1 Cross-sectional Studies 

It is widely accepted that physical activity and mechanical strain have 

beneficial effects on the development and maintenance of bone mass and aBMD 

(Bailey et al., 1999; Duncan et al., 2002; Magnusson et al., 2001; Madsen et al., 

1998). Many studies have compared athletes involved in high impact loading 

sports to athletes in low impact loading sports. In a Swedish study by Magnusson 

et al. (2001), 67 active male soccer players aged 22.7 yrs, 128 former elite soccer 

players aged 54.0 years, and 138 controls aged 50.6 years were analyzed to 

determine if physical activity affected the BMC and aBMD in the body segments 

involved in soccer and were classified as either non used, slightly used and used 

body segments. Results showed that femoral neck aBMD was greater in the 

active group compared to controls. There were no differences among activity 

groups in individuals over the age of 70 years. This data supported experimental 

studies indicating that a high intensity, dynamic, short-term load was sufficient to 

achieve the maximal anabolic bone response (Magnusson et al., 2001 ). 

To determine whether frequent impact loading benefited skeletal mass, 31 

pre and peripubertal elite gymnasts were compared to 50 normative controls of 

similar maturation and stature over 18 months (Daly, Rich, Klein & Bass, 1999). 

Broadband ultrasonic attenuation of the calcaneous; ultrasound velocity at the 

calcaneous, distal radius and phalanx and biochemical indices were measured. 

Over the 18-month period, the calcaneal ultrasonic attenuation increased in the 

20 



gymnasts while the controls had no significant change. The results of the study 

suggest that frequent high impact loading enhances the skeleton but a lasting 

effect is not known. 

Nickols-Richardson, Modlesky, O'Connor & Lewis, (2000) also studied 

gymnasts and found that approximately half the elevation in aBMD in adult 

gymnasts was already present in gymnasts at age 10. In this study, 17 

premenarcheal gymnasts ages 8 -13 yrs were compared to 16 age, height and 

weight matched premenarcheal controls. Anthropometric and demographic data 

were obtained through testing and interviews; while body composition was 

measured using DXA and physical activity was measured using a Seven-day 

Physical Activity Recall. Dietary intake was measured using a 24-hour recall and 

a 3-day diet record. Results showed that gymnasts had significantly greater 

lumbar spine and femoral neck aBMD, but there were no significant difference in 

whole body aBMD compared to controls. Gymnasts were also found to have less 

fat mass and greater energy expenditure than controls. Due to the small sample 

size, it was undetermined whether the aBMD differences were due to increased 

mechanical strain or greater energy expenditure/physical activity. However this 

study does suggest that increased weight-bearing physical activity early in life 

may cause greater lumbar spine and femoral neck aBMD. 

Pettersson, Nordstrom, Alfredson, Henriksson-Larsen and Lorentzon 

(2000) examined the role of impact loading and physical activity on aBMD of the 

total body, left and right humerus, left and right radius, LS, FN, greater trochanter, 

distal femur, total femur, femur diaphysis and tibial diaphysis in late adolescent 
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women. Ten competitive rope-skippers and fifteen soccer players were compared 

to twenty-five age, height and weight matched controls. Rope-skippers were 

found to have significantly greater total body, humeral, LS, greater trochanter, 

femur diaphysis, tibial diaphysis and ultra distal radius aBMD than controls. 

Soccer players were found to have significantly greater FN, total femur, femur 

diaphysis and tibial diaphysis aBMD than controls. The results of this study show 

that impact loading is associated with a significantly greater aBMD of most 

loading sites (Pettersson et al., 2000). 

Several studies have also examined differences between dominant and 

non-dominant arm aBMD. Kannus, Parkkari and Niemi (1995) found that the 

dominant arm aBMD in racket sport players' was significantly higher than the 

non-dominant arm aBMD. One hundred and five female tennis and squash 

players and 50 controls were divided into 3 groups according to biological age, as 

assessed by age of menarche. Dominant and nondominant aBMD of the proximal 

humerus, humeral shaft, radial shaft and distal radius were measured using DXA. 

Results showed racket sport players had significantly greater arm differences at all 

sites than controls. The study also found that age at which sports participation 

began had a significant effect on arm differences. Players who started before or 

during the onset of menarche experienced a two to four times greater difference in 

arm aBMD than players who started 15 years later. This leads to the assumption 

that mechanical loading during adolescence may be the most beneficial time 

period to increase aBMD. 
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In a similar longitudinal study by Faulkner, Houston, Bailey, Drinkwater, 

McKay and Wilkinson (1993), dominant and nondominant arm BMC and aBMD 

were assessed in 110 boys and 124 girls (age range 8-16 years). Bone mineral 

was assessed annually using DXA. Results showed BMC was significantly 

different in arm-to-arm comparisons in both boys and girls across all age groups, 

except 8/9 year olds. Areal BMD and lean tissue were significantly higher across 

all ages except in the dominant arm but no gender interaction was present so boys 

and girls data were pooled. The data provides evidence that loading during the 

growing years promotes bone accrual over and above normal growth. The 

findings also suggest that since the arm-to-arm differences were seen throughout 

the entire age range, physical activity enhances bone mineralization early in 

growth. 

Multi-sport studies have been conducted to determine which sports have 

the most osteogenic effect. Duncan et al. (2002) examined the difference in 

DXA-derived total body (TB), femoral neck (FN), lumbar spine (LS), arm and leg 

aBMD in 60 elite female cyclists, runners, swimmers, triathletes and controls. 

Dynamometer right knee flexion and extension strength was measured. After 

controlling for lean tissue mass, runners had higher total body, FN, LS and leg 

aBMD than controls and higher TB, FN and leg aBMD than swimmers (Duncan 

et al., 2002). 

In another multi-sport study, gymnasts were found to have higher LS and 

FN aBMD compared to runners and controls (Lehtonen-Veromaa, Mottonen, 

Nuotio, Heinonen & Viikari, 2000). One hundred and eighty-four peripubertal 
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girls ( 65 gymnasts, 63 runners, and 56 controls) had calcaneal broadband 

ultrasound attenuation and sound of speeds, and FN and LS aBMD DXA scans 

performed. Gymnasts were found to have higher LS and FN aBMD than the other 

subjects. This study provides further evidence of the association between high 

impact loading and increased mechanical competence of the skeleton. 

The effect of exercise on bone density has also been studied through 

several age categories. In a cross-sectional study by J anz et al. (200 I), analysis of 

physical activity and bone mass in 368 preschool (ages 4-6) children was 

performed. Physical activity was measured using a 4-day accelerometry reading, 

parental report of child's usual physical activity and child's television viewing. 

BMC and aBMD were measured using DXA. Physical activity had significant 

associations with bone measurements and bone mass and had an inverse 

relationship with television viewing/physical inactivity (Janz et al., 2001). 

Therefore the children that were the most active were found to have the highest 

bone mass, while the children who extensively watched television had lower bone 

mass. 

Madsen et al. (1998) analyzed the effects of physical activity, body 

weight, muscular strength and physical activity on bone density in 60 women 

aged 18-26. The aBMD and BMC of the total body, aBMD of the lumbar spine 

and femoral neck were analyzed using DXA on 20 low body weight athletes 

(52.3kg +/- 5.2kg), 20 weight-matched sedentary (52.2kg +/- 5.5kg) and 20 

average weight sedentary (62.0kg +/- 5.6kg) subjects. The low body weight 

athletes were found to have significantly higher {P<0.05) total body aBMD, LS 
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aBMD, FN aBMD and total body BMC compared to their sedentary counterparts, 

and significantly greater femoral aBMD than the average weight sedentary group. 

The results of this study indicate that body weight and physical activity were 

positively correlated to BMC and aBMD. 

In a study by Davee, Rosen and Alder (1990), 27 nonsmoking, 

eumenorrheic women aged 20-30 years, were divided into 3 groups: sedentary; 

women who performed aerobic activities; and women who performed both 

resistance training and aerobic activities. Anthropometries, dietary intake, resting 

energy expenditure, physical activity and lumbar spine aBMD were assessed. The 

resistance I aerobic trained group had significantly higher lumbar spine aBMD 

than the other two groups, which were not significantly different from one 

another. This study suggested that in women, mechanical loading ofbones 

through repetitive muscle-building exercises might result in improved bone 

density. 

McCulloch, Bailey, Houston and Dodd ( 1990) assessed 101 females on 

childhood dietary intake, present dietary intake, lifestyle habits, avocational 

physical activity using a questionnaire, and trabecular os cal cis bone density 

measured by Quantitative Computed Tomography (QCT). Subjects rated 

themselves on a scale ranging from "sometimes active" to ''very active." Results 

indicated that women who participated in childhood fitness programs or organized 

sports had significantly higher aBMD than the less active counterparts. Subjects 

who were ''very active" children had significantly higher aBMD as well. All 

other factors had no significant effect on trabecular os calcis bone density. The 
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McCulloch et al. ( 1990) study provides additional evidence supporting the theory 

that childhood may be the most important time period to increase bone density. 

Similar results were found by Teegarden et al. (1996) who studied the role 

of energy expenditure of occupation and leisure activities over the previous 5 

years, as well as high school and college sports participation on BMC and total 

body, lumbar spine and femoral neck aBMD in 204 women. Occupational and 5 

year leisure activity energy expenditures were summed and were found to be 

significantly related to all bone measures while energy expenditure during high 

school years was positively associated with total body and LS BMC and aBMD, 

FN aBMD and radial BMC. Therefore physical activity during growth had 

positive influences on bone BMC and aBMD. 

Uusi-Rasi et al. (1998) also examined the role of physical activity on 

aBMD status but in a population that had already completed linear growth. The 

study assessed three age groups (25-30, 40-45 and 60-65), where both high 

physical activity and high calcium intake were associated with increased total 

body aBMD (Uusi-Rasi et al., 1998). Four hundred and twenty-two women 

participated in the study and were divided into four groups based on level of 

physical activity (high and low), and calcium intake (high and low). Total body 

BMC, femoral neck and distal radius aBMD, and geometric strength indices were 

determined by DXA. Participants with high physical activity and calcium intake 

had significantly higher total body BMC compared to low activity, low calcium 

intake participants. High physical activity was associated with a significantly 

higher femoral aBMD versus low activity while calcium intake had no significant 
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effect. The study provides evidence supporting the association of physical 

activity and calcium intake with a beneficial skeleton. 

Most studies have found a positive effect of physical activity on aBMD; 

however there are some studies that show contradictory results. Young et al. 

( 1995) found that increased physical activity was not associated with an increased 

aBMD in twins aged 10 to 25 years of age. Lean mass, fat mass and total body, 

lumbar spine, femoral neck, Ward's triangle and total hip aBMD were measured 

by DXA in 215 pairs of female twins. Anthropometry was measured, while 

physical activity and dietary intake were assessed by questionnaire. Neither 

physical activity nor calcium intake was associated with skeletal status. Height, 

lean mass and menarcheal status were the only independent predictors. 

Molgaard, Thomsen and Michaelsen (200 1) examined the influence of 

calcium intake and physical activity upon bone size and BMC in 201 girls aged 

4.9 to 19.3 years and 142 boys aged 5.6 to 19.1 years. Puberty (assessed using 

Tanner staging), height, weight, BMC (assessed by DXA), calcium intake 

(assessed by food frequency questionnaire) and physical activity (assessed by 24 

hr recall questionnaire) were measured. Results showed bone mass in girls was 

significantly associated with calcium intake but not with physical activity. Bone 

mass in boys was not significantly associated with either physical activity or 

calcium intake. 

Physical activity was positively correlated with bone mineral density in 

most cross-sectional studies. Whether the activities involve arm movements like 

squash or leg sports like running the results are similar; the more mechanical 
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loading a bone incurs, the more aBMD that bone will accrual. But, cross

sectional studies have some important limitations. Since a cross-sectional study is 

a method of research in which samples of subjects from different age groups are 

selected in order to assess the effects of maturation, individual growth patterns 

cannot be interpreted (Thomas & Nelson, 2001 ). Cause and effect relationships 

cannot be determined using cross-sectional research since the study design does 

not accurately diminish the effect of individual maturation and growth. Also, 

many other confounding variables can affect the results of a cross-sectional study, 

such as selection bias, and unequivocal groups. Therefore, even though the cross

sectional studies have merit and give evidence that physical activity causes higher 

bone mass /density, a cause and effect relationship cannot be concluded. 

1.2.6.2 Longitudinal I Prospective Studies 

Longitudinal studies that examined adolescent physical activity and adult 

aBMD have shown similar results to the cross-sectional studies. Cooper et al. 

(1995), Groothausen, et al. (1997), Kemper et al. (2000), and Puntila, et al. (1997) 

have found that regular physical activity throughout adolescence has a positive 

effect on adult bone mass. Groothausen, et al. (1997) found that peak strain 

physical activities performed by boys and girls were significant positive 

predictors of lumbar aBMD at age 27. Eighty-three males and 99 females were 

followed from 13 to 27 years to determine if peak strain physical activity was 

associated with lumbar aBMD. Body weight and physical activity were measured 

on 6 occasions: annually at ages 13-17, age 21 and age 27. On each occasion 

physical activity was assessed over a prior 3-month period using interviews 
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performed at the end of the 3 months. Four levels of peak strain physical activity 

were developed based on ground reaction forces: activities involving jumping 

were given a score of 3; activities that involved sprinting and explosive turning 

were given a score of 2; weight bearing activities were given a score of 1; and all 

other activities were given a score ofO (Groothausen et al., 1997). Duration and 

intensity were not included in the analysis. At age 27, lumbar aBMD was 

measured by DXA. The scores were analyzed in two ways: peak scores were 

totalled over one year and represented a total peak score for that year of age. The 

highest peak score per year represented the total peak score for that year of age. 

Peak strain was found to be a significant predictor of lumbar aBMD at age 27 

using both peak strain score methods. 

Similarly, Kemper, et al. (2000) found that mechanical loading physical 

activity during adolescence and in the young adult period was significantly related 

to lumbar and femoral aBMD at age 28. In this fifteen-year longitudinal study, 84 

males and 98 females were measured to determine if adolescent physical activity 

and segments of physical fitness were associated with adult bone status (Kemper 

et al., 2000). The subjects had six repeated measures of body composition, 

physical fitness and physical activity from age 13 to 27 and aBMD at a mean age 

of 28 years. Physical activity was analyzed using two methods: the metabolic 

component of physical activity and the mechanical component of physical 

activity. The metabolic component was computed by weighting the intensity or 

MET value (multiples of basil metabolic rate) and duration of the self-reported 

physical activities. The mechanical component was computed by obtaining 
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average ground reaction forces experience during the self-reported physical 

activities. Results showed adolescent weight, physical activity (both metabolic 

and mechanical), and physical fitness were significantly associated with lumber 

and femoral aBMD in subjects at a mean age of 28 (Kemper et al., 2000). This 

study provides evidence that physical activity in adolescence is associated with 

increased adult bone mass, which may prevent risk of osteoporosis in the future. 

However, the two previous studies have limitations. As mentioned previously by 

Recker et al. (1992), women may continue to accrue bone mass until the ages of 

28.3 to 29.5. Madsen et al. (1997) has also shown that peak bone mass can be 

attained as late as the end of the third to beginning of the fourth decade. 

Therefore, the subjects involved may have been tested too early in life, before 

they had fully achieved peak bone mass. A study that ex~ines bone mass after 

the ages of28.3 to 29.5, when bone mass is no longer increasing, may be more 

beneficial in determining if adolescent physical activity promotes higher bone 

mass and helps prevent the incidence of osteoporosis. 

Research from the Leuven Longitudinal Study on Lifestyle, Physical 

Fitness and Health has shown that lifetime physical activity, physical fitness and 

BMI contribute to adult bone mass (Delvaux et al., 2001). This study involved a 

27-year follow-up design on 126 males aged 13 at the onset and 40 at closure. 

The subjects were measured on three occasions; mean ages 13, 18 and 40. 

Physical activity, physical fitness, anthropometry, dietary behaviour, smoking 

habits and bone mass were analyzed. Bone mass was measured by DXA (at age 

40 only) and physical fitness was evaluated using a barrage of exercise tests (on 
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all occasions), while dietary behaviour and smoking habits were analyzed by 

questionnaire. Physical activity was measured using a sport participation 

inventory at all ages (13, 18 and 40) and a questionnaire describing activities 

completed in the past year was used at age 40. The responses on the 

questionnaires were totalled and an average score of hours of sport activities per 

week was calculated for each subject. Four indices were calculated: physical 

activity at work, sports activities during leisure time, physical activity during 

leisure time excluding sports, and the total activity index as the sum of the three 

previous indices (Delvaux et al., 2001). BMI was found to be the best predictor 

of bone mass. This result is consistent with related literature that shows a 

significant correlation between body mass and bone mass (Madsen et al., 1998). 

Since body mass is used within the equation for BMI, the results of the Leuven 

Study (Madsen et al., 1998) are expected. Physical activity and motor fitness in 

adolescence were not significantly correlated with adult bone mass. The 

researchers concluded that this finding is probably attributable to a loading

induced stimulus that is insufficient to increase bone (Delvaux et al., 2001). 

Activities that are irregular, involve high intensities and are non-habitual cause 

bone accrual. The activities performed by the subjects may not have induces 

optimal strain characteristics for increasing bone mass, or any bone increases that 

did occur, may not have tracked. Also the manner in which the activities were 

categorized did not consider mechanical loading. Bone modeling and remodelling 

is strongly regulated by local tissue mechanical loading (Carteret al., 1996). An 

inventory that distinguishes activities that are osteogenic/mechanical loading 
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would be beneficial and possibly could show significant results between 

adolescent physical activity and adult bone mass. 

In a similar longitudinal study, teenage sports histories were significantly 

related to peak hip aBMD in 81 females ages 12 -18 years (Lloyd, Chinchilli, 

Johnson-Rollings, K.ieselhorst, Eggli & Marcus, 2000). Biannually, total body 

and FN aBMD and body composition were measured using DXA. Prospective 

food records were used to measure dietary intake, and a self-reported 

sports/exercise questionnaire assessed physical activity. Results showed that FN 

aBMD was associated with sports/exercise scores, but no associations were found 

between dietary intake and FN aBMD. Total body aBMD was not associated 

with either the sports/exercise scores or dietary intake. This study provides 

evidence that physical activity during adolescence produc~s osteogenic effects at 

the femoral neck. 

In another study of adolescents, Sundberg et al. (2002) found that active 

girls and boys had significantly greater FN BMC, FN aBMD and FN volumetric 

BMD (P < 0.05) than those who were less active. DXA-derived bone mass and 

bone size of 42 girls and 44 boys were evaluated longitudinally from ages 13 to 

16; while a retrospective determination of the physical activity from ag~s 9 to 13 

was performed using a questionnaire. From aged 13 to 16, an annual lifestyle 

questionnaire was completed with emphasis on physical activity. Highly active 9 

to 13 year old subjects had significantly greater FN BMC, FN aBMD and FN 

volumetric BMD than less active subjects. There was no significant difference 

between subjects from ages 13 to 16. Therefore activity performed before the age 
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of 13 was associated with beneficial bone measures of the hip (Sundberg et al., 

2002). 

Physical activity during childhood growth was the major lifestyle 

determinant of aBMD, after allowing for body build, in women in a study by 

Cooper et al. (1995). This longitudinal study identified the relationships between 

childhood growth, lifestyle, and peak bone mass in 153 women (Cooper et al., 

1995). Weight at birth, 3 months, I, 5, and 10 years, and height at ages 5 and 10 

years were collected from past birth and school records. At a mean age of 21 

years, LS and FN BMC and aBMD were measured by DXA, and possible 

determinants of bone mass, including physical activity, were collected using 

interviewer-administered questionnaires. Physical activity was categorized into 

duration of outdoor walking (none, 1-30, 31-60, 61-120 and> 120 min/day), 

participation in sports, and occupation. Statistically significant associations were 

found between weight at one year, childhood height, and BMC at both the lumbar 

spine and femoral neck at age 21, even after adjustment for present weight. 

Calcium intake, alcohol consumption and physical activity were significantly 

correlated to aBMD. Women who spent more than 2 hours per day walking 

outdoors had significantly higher aBMD than the less active participants, and 

regular walkers were shown to have greater aBMD than the inactive subjects. 

Physical activity had no significant correlation to BMC (after controlling for size) 

at either site. This finding provides evidence that physical activity modulates 

bone mineral density following the end of linear growth (Cooper et al., 1995). 

This study provides insight that regular physical activity is related to increased 
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bone density. Physical activity appeared to modulate the mineral density within 

the skeletal envelope and may contribute to the potential consolidation of bone 

following the end of linear growth (Cooper et al., 1995). 

Puntila et al. (1997) found that sports participation during adolescence was 

associated with increased lumbar and femoral aBMD of peri- and postmenopausal 

women. Two thousand twenty-five women aged 48-58 completed a retrospective, 

self-reported questionnaire concerning recreational and competitive sports 

participation during adolescence. Adult LS and FN aBMD and BMC were 

determined using DXA. Individuals who participated in sports during 

adolescence had significantly higher lumbar aBMD than their less active 

counterparts, but there were no significant differences in the femoral neck. Thus, 

participation in sport during adolescence may have a role .in delaying bone loss in 

the lumbar spine (Puntila et al., 1997). 

In summary, most studies have shown a positive correlation between 

mechanical loading and aBMD. In arm-to-arm difference studies, dominant arms 

have shown to have greater aBMD than non-dominant arms and more physically 

active subjects seem to have greater aBMD than their less active counterparts. 

Although many studies have shown beneficial effects of physical activity on 

aBMD, the association between physical activity during adolescence and 

improved adult bone strength is controversial. Further research is needed using a 

longitudinal or follow-up, repeated measured design of subjects older than the 

mean age of29.5 (Recker et al., 1992) and analyzing the physical activity 

component with a mechanical loading emphasis. 
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Physical activity I mechanical loading during adolescence would have to 

be assessed and compared to adult bone mass values in order to confidently 

conclude that adolescent physical activity produces higher adult bone mass. 

1.2.7 Bone Geometry 

Bone mass and geometry change throughout adolescence to accommodate 

a growing body. Before the onset puberty, growth of bone width and cortical 

thickness is largely due to modeling at the periosteal surface, while during puberty 

cortical thickness increases by periosteal apposition and endocortical remodeling 

(Bass et al., 2002). It has been postulated that physical activity may promote and 

enhance bone formation at the surfaces being modeled (Basset al., 2002). The 

mature skeleton is histomorphologically and structurally well designed primarily 

because of the prior mechanical loading history (Carteret al., 1996). Mechanical 

loading of bone causes profound structural and architectural changes, and 

mechanical strength ofbone depends on the structure and use of that particular 

bone (Becket al., 2000). For instance, in the tibia, locational strength is largely 

determined by the shape and dimensions of the cross-section (Beck et al., 2000), 

whereas in more complex bone structures like the femoral neck, trochanter or 

Ward's triangle, cross-sections are not the main determinant of strength. Bone 

length, width, angle, section moduli (Z), cross sectional moment of inertia (CSMI) 

and bone mineral combine to form an overall strength of such bone structures 

(Beck et al., 2000). 

Faulkner, Cummings et al. (1993) found that hip fracture risk increased 

2.7 and 1.8 fold with each decrease in standard deviation in FN aBMD and 

35 



increase of hip axis length. DXA scans of 8074 white women from The Study of 

Osteoporotic Fractures were obtained and used as baseline (Faulkner, Cummings 

et al., 1993). After 1.6 years, 64 participants suffered hip fractures and 134 

randomly chosen controls were taken from the original8074 for comparisons. 

Hip axis length, femoral neck width and neck/shaft angle were measured from the 

DXA scans, as well as femoral aBMD. Hip axis length, femoral neck width and 

neck/shaft angle are shown in Figure 1.1. Hip axis length and femoral aBMD 

were associated with increased fracture risk. Fracture participants had 

significantly longer hip axis length and lower femoral aBMD than controls. 

Having a lower femoral aBMD causes decreased bone mass and femoral neck 

strength (Faulkner, Cummings et al., 1993). Therefore the femoral neck will be 

weaker and not capable of accommodating stresses. An i!lcreased hip axis length 

causes a longer moment arm, which means less force is required to cause a 

fracture. Therefore stresses that could be accommodated by a normal hip may be 

too great for a hip with a long axis length, especially if accompanied by a 

decreased aBMD. 

36 



Figure 1.1- Reproduction of Figure 1 as sited in Faulkner, Cummings eta/., 
1993 -DXA Scan ofRight Hip 

Where: A-A'- hip axis length 
ABC-femoral neck angle 
D-D'-femoral neck width 

Alonso et al. (2000) found similar results in a study of 116 men and 295 

women aged 60-90 years with hip fractures. Hip axis length, neck/shaft angle, 

mean femoral width and femoral aBMD (refer to Figure 1.1) were measured using 

DXA on subjects and 545 aged matched controls. Neck/shaft angle and femoral 

neck width were greater and femoral neck aBMD was lower in fracture patients 

than controls. A decrease of femoral aBMD by 1 standard deviation was 

associated with an increased fracture risk of 4.52 fold in men and 4.45 in women. 

As described earlier, decreased femoral aBMD should be associated with 

increased fracture risk (Faulkner, Cummings et al., 1993). An increase of 1 

standard deviation in neck/angle was associated with a 2.45 and 3.48 fold increase 
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in fracture risk in men and women respectively. The larger the neck/shaft angle, 

the greater the risk of fracture because during an impact, the moment placed upon 

the bone is increased with a greater angle. It is also relevant to point out that 

women genetically have a greater neck/shaft angle for biological reason like 

mothering, which may partially explain why women are more prone to hip 

fractures than men (Osteoporosis Society of Canada, 2001). Femoral neck width 

was associated with a 2.15 and 2.40 fold increase in fracture risk in men and 

women respectively (Alonso et al., 2000). It is surprising that an increase in 

femoral neck width was associated with increase fracture risk. Using engineering 

principles, a wider structure should be stronger and be able to withstand greater 

strains (Nigg & Herzog, 1994). The increased femoral width was negatively 

associated with femoral aBMD, suggesting that the struc~re would have to 

increase in width to accommodate for loss of bone mass (Alonso et al., 2000). 

Therefore it may not be the increased femoral width but the association with 

decreased femoral aBMD that resulted in these findings. Together, Faulkner, 

Cummings et al. (1993) and Alonso et al. (2000) show that hip axis length, 

femoral aBMD, neck/shaft angle and femoral neck width are associated with 

increased fracture risk. 

It has been found that physical activity is associated with a beneficial 

skeletal strength response. Much of the research has been performed on racquet 

sport players in arm to arm difference studies. Although the present study 

examines the bone geometry of the hip, these previous studies provide significant 
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background research and support the theory that physical activity is positively 

associated with bone strength. 

Kontulainen, Sievanen, Kannus, Pasanen & Vuori (2002) examined the 

effect of long-term impact loading on side-to-side humeral and distal radial mass, 

size and estimated bone strength in 64 female tennis and squash players and 

weight-matched controls. The racquet sport players were placed into two groups 

according to their training starting age, mean age 10.5 years (S.D. 2.2 years) and 

mean age 26.4 years (S.D. 8.0 years). Profiles of lifelong physical activity, 

dietary intake, menstrual cycle, diseases and past injuries were established using 

interviews. Bone indices were measured using peripheral quantitative computed 

tomography (pQCT) and DXA. Measurements included: BMC, total cross

sectional area, cross-sectional area of the marrow cavity and cortical bone, 

cortical wall thickness, volumetric density of cortical bone and trabecular bone, 

and torsional bone strength index for the shaft and compressional bone strength 

index for the bone end. The humeral shafts of the loaded arms had greater BMC 

(19% in the young starters and 9% in the old starters), which was due to a larger 

cortex. The enlarged cortex seemed to be a result of enhanced periosteal 

apposition, which caused a significant difference in side-to-side compressional 

bone strength (26% difference in young starters and 11% in old starters) with no 

difference in cross-sectional area of the marrow cavity. Subjects who began 

playing at a younger age also had significantly higher aBMD, BMC, cross

sectional area of cortical bone, total area, cortical wall thickness and 

compressional bone strength index than the older starters and controls. The 

39 



results from this study suggest that the mechanical loading experienced in racquet 

sports is associated with increased bone mass, size and strength, especially when 

training starts at an early age. 

In another study comparing geometric properties, Bass et al. (2002) 

assessed 4 7 competitive female tennis players aged 8-17 for 1.1 years in an 

attempt to determine if age I maturation influenced the relationship between 

physical activity and bone strength. Maturation was determined by Tanner 

staging, while DXA, and MRI were used to measure periosteal CSA, medullary 

area, cortical area (periosteal area- medullary area), polar second moments 

(structure's resistance to bending) of area at the mid and distal humerus. BMC 

and polar second moment of the humerus were 11-14% greater in the loaded arm 

in all maturity groups. The increase in BMC was found to. be due to endocortical 

contraction (medullary depression) in peri/post pubertal subjects, while periosteal 

expansion was seen in the prepubertal subjects. Therefore participation in tennis 

was positively associated with bone strength indices between arms, with age and 

maturity affecting the outcomes. 

Nara-Ashizawa et al. (2002) found differing results in 92 middle-aged 

female tennis players, who started playing tennis after the age of 30. Both arms 

were scanned by pQCT at the proximal and distal radius to determined arm 

aBMD, trabecular bone, cortical bone and other geometric indices. Endocortical 

area, periosteal area, arm BMC, moment of inertia, section modulus, and strength 

strain index were significantly smaller in the dominant arm in side-to-side 

comparisons. Trabecular and whole bone aBMD and BMC of the distal radius 
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were significantly greater in the dominant arm. There were no side-to-side 

differences seen in cortical thickness and cortical aBMD. The results of the study 

suggest unilateral arm use after development of peak bone mass does not 

positively affect bone strength. Therefore, perhaps physical activity must be 

performed earlier in life in order to induce a beneficial lasting effect. 

The effect of physical activity on the arms has also been examined in the 

elderly. Adami et al. (1999) put 118 untrained postmenopausal women aged 52-

72 through a 6-month exercise program to maximize the stress at the wrist. The 

exercise program consisted of pushups, arm flexion and volleyball. One hundred 

and sixteen controls were recruited for comparisons. At the onset and end of the 

study FN, LS, ultradistal and proximal aBMD were assessed by DXA and forearm 

BMC, area and volumetric density were assessed by QCT. At the post-test, the 

exercise group had significantly increased ultradistal radius cortical CSA (2.8 +/-

15.0% SD) in both periosteal apposition and corticalization of trabecular. Also 

the volumetric density of the forearm cortical bone rose 2.2 +/- 15.8% SD and 

trabecular bone decreased by 2.6 +I- 10.7% SD, therefore making the cortical 

bone BMC increase 3.1 +/- 10.7% SD and the trabecular bone BMC decrease 3.4 

+/- 14.2% SD. The control group experienced no changes in bone geometry or 

density. Therefore the results showed that moderate physical activity had little 

effect on aBMD but marked changes in bone geometry. 

It has been shown that bone geometry and fracture risk differ among 

genders and races. In a study by Looker, Beck and Orwoll (2001), 2719 males 

and 2904 females aged 20 to 69 years were examined to determine if body size 
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was related to gender differences ofbone density and geometry. DXA was used 

to measure aBMD and Hip Structural Analysis (HSA) was used to detennine 

subperiosteal width, section modulus, and cortical thickness (as shown in 2.5 

Bone Geometry). The HSA program measures bone geometry of narrow cross

sectional regions of bone viewed on edge. Cross-sectional area (CSA), cross

sectional moments of inertia (CSMI), section modulus (Z) and aBMD of the 

narrowest region of the lesser trochanter and femoral neck are analyzed to 

develop a measure of bone geometric strength. The study indicated that males 

had higher aBMD and greater bone mass, even after controlling for body size. 

This sex -discrepancy was most evident with increasing age. This indicates that 

males have greater bone strength than size-matched women. Greater bone 

strength is associated with increased allowance for exogenous strain and 

decreased fracture risk (Alonso et al., 2000, Becket al., 2000, Faulkner, 

Cummings et al., 1993). 

Race may also have a significant effect on bone density and geometry. 

Nelson et al. (2000) found significant differences between 371 post-menopausal 

black and white women. Proximal femur aBMD was measured using DXA and 

hip geometry was assessed using the HSA program. The black and white women 

had similar mean age and mean height, but black women were heavier and had 

greater bone strength indices. Results indicated that after adjusting for greater 

aBMD, blacks had greater cross-sectional geometric properties and smaller 

endocortical diameter of the femoral neck. Black women were also more 

physically active, which may have accounted for some of the bone differences. 
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This study suggests that there may be racial differences in bone make-up and 

greater involvement in mechanical loading activities may be beneficial in bone 

aBMD and geometry. 

Other studies have also examined the implications of physical activity at 

the femoral neck. Goulding, Gold, Cannan, Williams & Lewis-Barned (1996) 

examined the change in femoral geometry in female adolescents. Two hundred 

girls aged 3-16 years participated in this cross-sectional study. A medical history 

questionnaire was used to assess hours of vigorous physical activity and calcium 

intake. Total body BMC, femoral aBMD, lean tissue mass and fat mass were 

determined using DXA. From the DXA scans, femur axis length and femur width 

were determined. Age, height, weight, lean tissue mass, fat mass, total body 

BMC, and femoral aBMD were associated with femur axis length. After 

controlling for age and height, femoral aBMD was no longer associated with 

femur axis length, which suggests that femoral aBMD may be independent of hip 

geometry. The study also suggested that weight bearing physical activity may be 

associated with greater femur width. From the study it was concluded that any 

environmental effects of physical activity or nutrition on hip geometry should 

occur during the early teen-age years (Goulding et al., 1996). 

Beck and colleagues (200 1) found that cross-sectional geometry and 

aBMD were altered due to changes in mechanical strain in 4187 elderly women. 

ABMD and bone geometry of the femoral neck were assessed using DXA and the 

HSA program. Using retrospective assessment, subjects with unchanged skeletal 

loads over the past 3 5 years maintained femoral bending strength (section 
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modulus). Subjects with decreased skeletal loads experienced reduced bending 

strength, and those with increased skeletal loads experienced increased bending 

strength. Unexpectedly, aBMD and CSA did not change positively with section 

moduli; aBMD and CSA declined in both the femoral neck and proximal shaft, 

while subperiosteal width increased. Therefore, the geometric properties of the 

femur became wider (creating a greater section modulus) in order to 

accommodate for the decrease in bone density and to maintain the homeostatic 

stability of the hip. 

Faulkner et al. (2003) examined the bone strength indices differences 

between elite premenarcheal gymnasts (N = 30) and age-matched controls (N = 

30). Between groups there were no differences in age, daily physical activity or 

nutritional status. After adjusting for height and weight, gymnasts had greater 

narrow neck aBMD, CSA, and sectional moduli than controls. No significant 

differences in the sub-periosteal width or CSMI of the narrow neck were found 

between groups, and controls had greater endosteal diameter. At the femoral 

shaft, all indices were greater in the gymnasts except for endosteal diameter. The 

results of this study suggest that impact loading through gymnastics was related to 

structural changes at the femur to accommodate the strain. 

In a cross-sectional study of 422 women in three age groups (25-30, 40-

45, and 60-65 years) being categorized by physical activity, bone width, CSMI 

and sectional moduli of the femoral neck and radius were found to be greater in 

the more active group, although age was a factor (Uusi-Rasi et al. 1998). Physical 

activity was associated with the FN aBMD but not the radial aBMD. 
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Anthropometry, calcium intake, physical activity and present and past lifestyle 

data were collected. Physical activity was estimated from daily walking distance 

(measured for 3 days with a pedometer) and subjects also kept a physical activity 

dairy. In the diary, subjects evaluated their activity every half-hour on a scale 

from 1 (resting) to 10 (extreme, exhaustive exercise). From the diary and 

pedometer assessments, a current physical activity score was formulated. 

Childhood physical activity was determined through a recall questionnaire and 

subjects were classified into four categories: high, moderate, low and no activity. 

Lifetime occupational physical activity was assessed using a separate 

questionnaire. Bone mass and areal densities were assessed using DXA, and the 

bone geometry indices were taken from the DXA scans. The results of the study 

showed that physical activity was associated with the total body aBMD, FN 

aBMD and radial aBMD, as well as the bone width, CSMI and sectional moduli 

of the femur, with age being a factor of bone status. This study supports the 

theory that physical activity during adolescence may positively influence adult 

bone density and geometry of the hip. 

The role of physical activity in determining bone status is still 

controversial with some studies showing limited results. Kardinaal et al. (2000) 

found calcium intake and level of physical activity contributed little to the 

variation in bone parameters. Lifestyle factors, bone mass and geometry were 

compared in a cross-sectional study of 1116 girls aged 11-15 and 526 women 

aged 20-23. Subjects were placed into groups depending on age and Tanner 

staging. Physical activity was assessed using a questionnaire and calcium intake 
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was estimated using a 3-day food record. Middistal and ultradistal BMC and 

bone area of the nondominant arm were measured using DXA. Cortical wall 

thickness and diameter were taken from the DXA scans and a cortical index was 

calculated. Radial bone strength was determined using a mechanical expression 

that included the moment of inertia. Statistical analysis showed calcium intake 

and physical activity were not significantly associated with the bone parameters. 

The clinical and laboratorial applications of bone measurements have 

increased vastly in the last 15 years. Depending upon the bone site and 

instrument availability, some measures are more appropriate than others. There is 

no gold standard measurement but there are several instruments used to measure 

bone geometry; Quantitative Computed Tomography (QCT), Magnetic 

Resonance Imaging (MRI) and the Hip Structural Analysis (HSA) program are 

the most common and precise. QCT, commonly referred to as a CAT scan, 

determines the cross sectional area and volumetric density (mglcm3
) of trabecular 

and cortical bone. QCT is primarily used to measure the vertebrae because of its 

high precision at identifying and distinguish trabecular and cortical bone (Lang et 

al., 1991). However, QCT is not appropriate for femoral neck assessment due to 

the complex architecture (Genant et al., 1996). 

An alternative for assessing bone status is MRI. Magnetic Resonance 

Imaging is a technique in which subjects are placed within a cocoon of spherical 

magnets, coils and sensors which detect the flow of hydrogen protons throughout 

the body. MRI is a useful tool in determining bone status because it examines 

bone in a 3 dimensional fashion (DXA is only two dimensional). However, the 
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availability and cost benefit ofMRI was not within the scope of this study, so the 

HSA program by Beck and colleagues was used. 

1.2.8 Literature Review Summary 

It has been shown that bone strength, which includes bone mass, 

architecture and geometry, changes throughout the lifespan to accommodate the 

strains of a growing body ~d external stimuli. It has also been shown that bone 

strength is a determinant of fracture risk in the elderly (Alonso et al., 2000 & 

Faulkner, Cummings et al., 1993); therefore improving bone strength should 

decrease the risk of fracture. The timing and mode by which to improve bone 

strength is controversial, but evidence suggests that mechanical loading during the 

adolescent growing years may be the most opportune for affecting bone status. 

Mechanical loading has been found to be significantly related to 

improvements in bone strength. Physical activity causes bone to bend and strain, 

and to accommodate these stresses, bone strength must increase. Bones must 

increase in bone mass and/or change bone geometry and/or architecture in order 

to become more mechanically competent. 

Longitudinal studies by Groothausen et al. (1997), Kemper et al. (2000) 

and Puntila, et al. (1997) have shown that physical activity during adolescence 

was positively associated with adult bone mass. However, in these studies the 

adult bone measurements may have been taken before PBM occurred, which 

means that the subjects may not have reached their final adult bone status. As 
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reported by Madsen et al. (1998) and Recker et al. (1992), PBM may occur as late 

as the end of the third to the beginning of the fourth decade. 

According to the majority of studies, body size and/or mechanical loading 

are associated with geometrically stronger bones (Becket al., 2001; Looker et al. 

2001 & Nelson et al., 2000). Several studies of ann to ann differences in racquet 

sport players have found that mechanical loading is positively associated with 

bone geometry indices (Basset al., 2002; Kontulainen et al., 2002), which 

provides evidence that bone geometry changes due to mechanical loading. 

Therefore this phenomenon should be found in other bone sites like the hip (the 

most common fracture site in the elderly); that is, the femoral geometry should 

change to accommodate increased loads. Faulkner et al. (2003) found that 

gymnasts had greater narrow neck aBMD and geometrically stronger hips than 

matched controls; however, there are no studies that have determined whether 

impact loading during adolescence is associated with improved adult bone 

geometry. 

The majority of studies have shown that physical activity plays a 

significant role in the acquisition and maintenance ofbone strength. Physical 

activity appears to be instrumental in modeling of stronger, more geometrical 

sound bone structures; however, there are few long-term studies examining the 

impact of physical activity during adolescence and adult bone status and no long

term studies of bone geometry. This study will be the first to examine adolescent 

physical activity in relation to adult bone geometry and aBMD. 
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1.2.9 Hypotheses 

HI. Impact loading during adolescence will be significantly associated with 

femoral neck strength indices in both adult men and women. 

HI. Sub-hypotheses 

HI.l. Impact loading during adolescence will be positively associated with 

greater femoral neck aBMD in both adult men and women. 

HI.2. Impact loading during adolescence will be positively associated with 

greater CSA of the femoral neck in both adult men and women. 

H 1.3. Impact loading during adolescence will be positively associated with 

greater section modulus (Z) of the femoral neck in both adult men and 

women. 

If the Null Hypothesis is rejected in Hl.3, then CSMI, one of the 

parameters that make up section modulus (Z), will be analyzed. 

Hl.3.1 Impact loading during adolescence will be positively associated 

with greater CSMI of the femoral neck in both adult men and women. 
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2.1 Methods 

2.1.1 Subjects 

CHAPTER2 

All the subjects analyzed in this thesis participated in the Saskatchewan 

Growth and Development Study (SGDSI, 1964- 1973) and the follow-up study 

(SGDSII 1997 -1998). 

2.1.1.1 SGDSI 

In 1964, 207 boys from Saskatoon (pop. 150 000, 1973 ), Saskatchewan 

were selected for the study based on fathers' occupation. Boys with fathers, who 

had occupations that were considered stable and unlikely to move to other cities, 

participated in the longitudinal study (Orban, Bailey, Duwors, Merriam, 1963). 

The subjects were measured annually for 10 years in a longitudinal design. In 

1968, 14 7 female participants (7 -1 Oyrs) were added to the sample and were 

measured using a mixed longitudinal design for 5 years. As cited elsewhere 

(Bailey, 1968), anthropometric, physiological and psychological data were 

obtained at all ages, but of particular interest in this study, a sports inventory 

participation questionnaire was administered in the last 3 years of the SGDSI. 
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2.1.1.2 SCTlJSII 

In 1997, subjects from the SGDSI were contacted. Of the original354 

subjects, 58 males (38-40yrs) and 31 females (34-39yrs) took part in the follow

up investigation. DXA analysis was added to the original testing protocol, to 

quantify aBMD and BMC of the participants. From the DXA scans the HSA 

program was used to quantify the bone geometry of the femur. 

2.2 Ethical Approval 

In 1964, when the study began, the need for ethical approval before 

performing studies was not required and therefore was not performed. However 

in 1997, when the follow-up study began, the ethical concerns of research on 

humans had been realized, and ethical approval was now needed before any 

measurements could be taken. The procedures were approved by the appropriate 

ethics committees and each subject completed a consent form (as shown in 

Appendix A) and the P AR-Q Questionnaire (as shown in Appendix B) prior to 

testing. 

2.3 Adolescent Physical Activity Assessment 

Physical activity data was collected from 1971 to 1973 using an annual 

self-reported sports inventory questionnaire (as shown in Appendix C). The 

subjects reported on their regular sports participation performed within the last 

year. Competitive and recreational classifications were made and scored 

accordingly. As shown in Appendix D, sports participation was scored on an 

51 



ordinal scale between 0 and 4, depending on the previously reported osteogenic 

effects of the specific sports (Table 1.2) and whether or not the subject 

participated at a competitive level. 

The basis for scoring the questionnaire was taken from the criteria of 

Groothausen et al. (1997) and Kemper at al. (2000). The sports inventory scoring 

was based on ground reaction forces of activities, as reported in previous literature 

(Table 1.2; Daly et al., 1999; Duncan et al., 2002; Groothausen et al., 1997; 

Karlsson et al., 1996 & Kemper et al., 2000). Activities involving ground 

reaction forces greater than 4 times body weight were given a score of3, activities 

2-4 times body weight were given a score of2 and activities 1-2 times body 

weight were given a score of 1. An additional 1 - 1.5 was added for competitive 

participation. Non weight-bearing activities such as swimming were given a 

rating of 0 with no addition for competitive status. The scoring protocol and an 

example are shown in Appendix D. The sports scores for each subject were 

totalled for each year and averaged over the three years to give an overall score of 

the impact loading experienced during adolescent growth. 

2.4 Adult Physical Activity Assessment 

At the final testing session, participants completed the Health Habits and 

History Survey, which incorporated questions from the Paffenbarger Physical 

Activity Questionnaire (Paffenbarger et al., 1978) and the Health Habits and 

History Questionnaire (Block et al., 1986). The questions selected identified: 

smoking habits, alcohol consumption, stress frequency, average hours of sleep per 
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night, number of doctor diagnosed conditions, perceived height and weight, health 

behaviours, harmful substance exposure and number of diets. Concurrently, the 

subjects were asked to quantify their physical activity compared to others at ages 

15, 20, 25, 30, 35 and current age. All these measures were entered into the 

regression analyses as potential confounders of the relationship between impact 

loading during adolescence and adult bone strength. 

Along with the Paffenberger Physical Activity Questionnaire (Appendix 

E), a Seven-day Recall Questionnaire (Sallis et al., 1985) (Appendix F) was 

administered to determine the caloric expenditure of the preceding week from 

sleep to vigorous physical activities. The number of hours of sleep and different 

activities performed per week were collected from the questionnaire. Sleep was 

given a score of 1 MET; light activity was given a score of 1.5 METS; moderate 

activity was given a score of 4 METS, hard activity was given a score of 6 METS 

and vigorous activity was given a score of 10 METS. Each day the caloric energy 

expenditure was summed and total energy expenditure for the week was 

calculated. 

For Example: 

Sleep: 53 h X 1 MET = 53 kcal/kg 
Light: 100 h X 1.5 METS = 150 kcal/kg 
Moderate: 5 h X 4 METS = 20 kcal/kg 
Hard: 2 h X 6 METS = 12 kcal/kg 
Vigorous: 1.5 X 10 METS = 15 kcal/kg 

Total week = 250 kcal/kglwk 
If subject 70kg, Total Energy Expenditure = 250 kcallkg/wk X 70kg 

Total Energy Expenditure= 17500 kcal/wk (2500kcallday) 

The caloric expenditures were used to provide a quantification of the 

subjects' adult physical activity and used as a potential confounder in the analyses 

53 



between physical activity performed during adolescence and adult bone values. 

Validation of the Sallis questionnaire is reported elsewhere (Sallis et aL, 1985). 

2.5 Body Composition 

Dual energy X-ray absorptiometry (DXA) was used to assess the body 

composition of the subjects. DXA is a technique used to analyze BMC, aBMD 

and nonmineral, nonfat lean mass (LeanoxA). The instrumentation ofDXA 

involves the use of a beam of X-ray photons that scan an area of interest. The 

beam is composed of two different types of photons: low-energy photons, which 

penetrate only the soft tissue surrounding bones, and high-energy photons, which 

penetrate both the soft tissue and bone (Gilsanz, 1999). As the beam scans over 

an area, a detector plate on the opposing side of the tissue collects and measures 

the exiting photons. A computer subtracts the low-energy values from the high

energy values, and a measurement of the three tissue types is determined. Areal 

BMD of the Femoral Neck was determined and used in the analyses. An actual 

scan from one of the subjects can be seen in Appendix G. 

DXA has been shown in other labs to be reliable and valid measure of 

areal bone density and body composition (Brunton et al., 1993; Ellis et al., 1994; 

Gilsanz, 1999; Johnson & Dawson-Hughes, 1991 & Svendsen et al., 1993). In 

comparison to other body composition techniques such as quantitative ultrasound 

and quantitative computed tomography, DXA is the most precise and reliable 

(Gilsanz, 1999). 

In our lab, the coefficient of variation (CV, %) of our Hologic 2000 QDR 

(Hologic, Inc., Watham MA) in vitro for the lumbar spine was 0.50. In vivo 
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coefficient of variation was 0.61, 0.91 and 0.60 for the lumbar spine, femoral neck 

and total body respectively (Faulkner et al., 2003). 

2.6 Bone Geometry 

The following is a brief summary of the methods of the HSA program as 

described by Beck (1997) and as shown in Appendix H. Geometric analysis was 

conducted using the HSA program. The HSA program entailed converting DXA 

scans into bone mass images in which the pixels represent mass in grams per cm2
• 

From these bone images, three, 5 mm thick cross-sectional regions can be 

analyzed: Narrow Neck (NN) across the narrowest section of the femoral neck; 

Shaft (S) across the femur 2cm below the lesser trochanter; and Intertrochanteric 

(IT) across the bisector of the NN and S (as shown in Figure 2.1 ). In this study 

only the Narrow Neck was examined. Subperiosteal width, cross-sectional area, 

and cross-sectional moment of inertia were measured. The section modulus for 

the NN was determined by dividing the CSMI by half the subperiosteal width. 

Cortical thicknesses were estimated using measured assumptions and dimensions 

where the NN region was considered cylindrical. Within the NN, a 60/40, 

cortical/trabecular concentration was assumed. Separate estimates of the lateral 

and medial cortical thickness were performed by having the measured region of 

the centroid position to medially shift the internal cortical boundary. From these 

measurements an overall picture of the architecture and strength of the femoral 

shaft, neck and intertrochanteric was determined. 
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Figure 2.1 - DXA scan of the right hip showing the Femoral Shaft (S), 

Intertrochanteric (IT) and Narrow Neck (NN) sites 

The HSA program was produced 7 years ago; however it is constantly 

being changed and updated to more accurately estimate bone geometry indices. 

Since the program is constantly being updated and relatively new, there are no 

published documents concerning the reliability and validity of this measure. 

However, Beck and colleagues have completed preliminary validation research 

and have found promising results (Beck, unpublished personal comments). In this 
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research, Peripheral QCT and HSA of 524 female subjects (aged 42-83) were 

performed to determine the correlation between the two measures. The results 

showed a correlation ofR2 = 0.99 between Peripheral QCT and HSA. Table 2.1 

reflects the precision of the HSA program in repeated trials. As shown, the error 

of the HSA program in repeated trials is low. However, since these findings are 

not published, a definite validation statement can not be made, but the preliminary 

findings are promising. 

Table 2.1 -Precision Values for HSA Program 

Narrow Neck Intertrochanter Shaft 
CSA 2.7% 2.5% 2.4% 
Bone Width 2.0o/o 1.5% 0.9% 
Sectional Modulus 3.5% 3.6% 2.6% 

2. 7 Statistical Analyses 

Descriptive and statistical data analyses were conducted using the SPSS 

Statistical Software. Initially, t-tests were used to determine if there were gender 

differences. Pearson R correlations between the independent, dependent and 

potential confounding variables were performed to determine which variables 

would be used for analyses. To test Hypotheses H1.1, H1.2, H1.3 and Sub 

Hypothesis H 1.3 .1, three separate Entrance multivariate regression equations were 

used to test for significance. The dependant variables were adult femoral neck 

aBMD, FN CSA, and section modulus (Z). If the null hypothesis was rejected for 

Hl.3, a subsequent regression analysis was performed to test if impact loading 

was associated with adult NN CSMI. Since three separate regression equations 
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were formulated, a Bonferroni adjustment of0.05/3 (p = 0.017) was used to adjust 

the alpha level. This was needed since multiple tests are being performed on 

samples from the same population (Vincent, 1999). This adjustment minimized 

the chance of committing a Type I error. 

Adolescent impact loading averages, adult height and body mass were 

compared to adult FN and LS aBMD and adult bone geometry. Table 2.2lists the 

independent and dependant variables as well as possible confounding variables. 

Table 2.2 -List of the independent, dependent and confounding variables 

Independent Variables Dependent Variables Confoundin2 Variables 
Adolescent impact load Adult femoral neck Physical activity between 
averages aBMD adolescence and final 

testing period 
Adult hip sectional Adolescent weight 
moduli 
Adult hip CSA Adolescent height 

Adult weight 

Adult height 
Maturation 
Dietary intake 
Fractures 

To determine if there were any significant differences between the 

extremes in impact loading, the subjects were placed into tertiles and MANOVA 

with a Sheffe post-hoc procedure were performed (p = 0.05). 
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CHAPTER3 

3.1 Results: 

The results are presented in 2 sections: Detection of potential co variates to 

determine which variables should be included in the regression equations, and 

Hypotheses Testing. 

At follow-up, males were heavier, taller and more active than females (p< 

0.05). Males also had greater impact load averages (p < 0.05), NN CSA (p < 

0.05) and NN Section Modulus (p < 0.05) than the females but smaller FN aBMD 

(p < 0.05). Since there were mean differences between genders for these 

variables, the statistical analyses were performed separately for men and women. 

At follow-up, none of the subjects were diagnosed with osteopenia or 

osteoporosis (based on aBMD values) and none of the females were using 

estrogen replacement therapy. 

In order to determine which covariates to include in the regression 

analyses, Pearson R correlations were performed. As shown in Table 3.1, there 

were no significant correlations in males between adult physical activity and any 

of the adult bone measures (p > 0.05) and therefore adult physical activity was not 
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used in the regression analyses. There were no significant associations between 

adult height or weight and FN aBMD (p > 0.05), so neither height nor weight was 

used as covariates when testing Hypothesis Hl.l. Adult height and weight were 

significantly correlated to NN CSA and NN Section Modulus (p < 0.05) so adult 

height and weight were used as covariates when testing Hypotheses Hl.2, H1.3. 

Table 3.1 -Pearson correlations among adult age, adult height, adult weight, 

femoral neck aBMD, NN section modulus, NN CSA, adult physical 

activity and adolescent impact load in males (n =58) 

Adult Height (em) Adult Weight (kg) Adult P A (kcal/wk) 
FNaBMD 0.06 0.04 0.16 
(g/cm2) 
NNCSA 0.43* 0.40* 0.03 
NN Section 0.53* 0.41 * 0.01 
Modulus 
* p < 0.05, (two tailed significance) 

As shown in Table 3.2, there were no significant correlations in females 

between adult height, weight or P A and FN aBMD or NN CSA (p > 0.05); 

therefore adult height, weight and P A were not used as covariates. Adult height 

was significantly correlated to NN Section Modulus (p < 0.05) and was used as a 

covariate in testing Hypothesis H1.3. 
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Table 3.2 -Pearson correlations among adult age, adult height, adult weight, 

femoral neck aBMD, NN CSA, NN Section Modulus, adult physical 

activity and adolescent impact load in females (n = 31) 

Adult Height (em) Adult Weight (kg) Adult PA (kcallwk) 
FNaBMD 0.16 0.21 0.17 
(g/cm2) 

NNCSA 0.30 0.17 0.28 
NN Section 0.39* -0.03 0.22 
Modulus 
* p < 0.05, (two tailed significance) 

Appendix J shows scatterplots of the FN aBMD, NN CSA and NN Section 

Modulus versus adolescent impact loading average in males respectively. 

Appendix K shows scatterplots of the FN aBMD, NN CSA and NN Section 

Modulus versus adolescent impact loading average in females respectively. As 

shown, the distributions of the values were widely varied and impact loading 

during adolescence did not account significantly to the variance in FN aBMD, NN 

CSA or NN Section Modulus in males or females (p > 0.05). 

To determine if impact loading during adolescence significantly predicted 

adult bone strength indices, multiple linear regression equations were formulated. 

The regression equations were as follows: 

Hl.l Males = 0.0031 (load)+ 0.810 (R2 = 0.031) 
Females = 0.002 (load) + 0.896 (R2 = 0.008) 

H1.2 Males = 0.006 (load) + 0.02 (ht) + 0.004 (wt)- 2.342 (R2 = 0.240)* 
Females= 0.16 (load)+ 0.015 (ht)- 1.575 (R2 = 0.026) 

H1.3 Males = 0.005 (load) + 0.02 (ht) + 0.008 (wt)- 1.288 (R2 = 0.324)* 
Females= 0.013 (load)+ 2.255 (R2 = 0.276)* 

* p < 0.017 
where: load = impact loading during adolescence 

ht =adult height 
wt = adult weight 
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As shown in the regression equations above, impact loading during 

adolescence and co variates accounted for 3.1% and 8.1% of the variance in FN 

aBMD in males and females respectively. Therefore there was no significant 

association between impact loading and FN aBMD using regression analysis (p > 

0.017- Bonferroni- 0.05/3). To determine ifthere were any significant 

differences between the extremes the subjects were split into tertiles. As shown in 

Figure 3.1 and 3.2, the high impact load group had significantly greater FN 

aBMD than the average and low impact groups in males (p < 0.05), and there 

were no significant differences between groups in females (p > 0.05). 

1 

0.95 

Femoral 
Neck 0·9 

aBMD 
(glcm2) 0.85 

0.8 

0.75 

Low Moderate High 

Impact Load Group 

Figure 3.1 - Impact load group versus FN aBMD (mean +I- SEM) in 58 males 

showing the high impact load group having significantly greater FN aBMD than 

the moderate and low impact groups - * = p < 0. 05 
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Figure 3.2- Impact load group versus FN aBMD (mean +I- SEM) in 31 females 

showing no significant differences among load groups - * = p < 0. 05 

As shown in the regression equations above, impact loading and covariates 

accounted for 24.0% and 2.6% of the variance in NN CSA in males and females 

respectively; however in further examination of the significance values, it was 

determined that adolescent impact loading contributed little to predicting any of 

the male adult bone values once height and was accounted for (p > 0.017-

Bonferroni- 0.05/3). Height was the only significant predictor ofNN CSA (p < 

0.017- Bonferroni- 0.05/3). As shown in Figures 3.3 and 3.4, there were no 

significant differences among load groups in males or females (p > 0.05). 
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Figure 3.3- Impact load group versus NN GSA (mean +I- SEM) in 58 males 

showing no significant differences among load groups - * = p < 0. 05 

64 



2.7 

2.6 

2.5 

NN CSA2.4 

(cm2) 2.3 

2.2 

2.1 

2 
Low Moderate High 

Impact Load Group 

Figure 3.4- Impact load group versus NN CSA (mean +I- SEM) in 31 females 

showing no significant differences among load groups - * = p < 0. 05 

Impact loading and covariates accounted for 32.4% and 27.6 of the 

variance in NN Section Modulus in males and females respectively; however in 

further examination of the significance levels, impact loading did not improve the 

predictability of the regression equation in either gender (p > 0.017- Bonferroni-

0.05/3). As shown in Figures 3.5 and 3.6, there were no significant differences in 

NN Section Modulus among impact load groups (p > 0.05). Therefore impact 

loading during adolescence was not associated with NN Section Modulus in 

adults. 
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Figure 3.5- Impact load group versus NN Section Modulus (mean +I- SEM) in 

58 males showing no significant differences among load groups - * = p < 0. 05 

66 



1.3 

1.2 
NN 

Section 1 1 
Modulus · 

(cm3) 
1 

0.9 
Low Moderate High 

Impact Load Group 

Figure 3.6- Impact load group versus NN Section Modulus (mean +I- SEM) in 

31 females showing no significant differences among load- * = p < 0. 05 

There were no significant associations between impact loading during 

adolescence and the adult bone indices, except for Femoral Neck aBMD in males. 
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CHAPTER4 

4.1 Discussion: 

The aim of this study was to determine if participation in impact loading 

sports during adolescence is associated with improved indices of adult femoral 

neck strength. The strength of the femoral neck has clinical importance since 

most fractures in the elderly occur at this site. It has been postulated that impact 

loading during adolescence may be the most opportune method and time to 

improve bone strength since bones are growing most rapidly during this 

timeframe. Therefore, the hypotheses of this study were that participation in 

impact loading sports during adolescence would be positively associated with FN 

aBMD, Section Modulus and CSA of the FN in both men and women aged 34-40. 

Although the exact age ofPBM is unknown, the mid-30s to early 40s are the age 

period in which peak bone mass is thought to be achieved (Madsen et al., 1998 & 

Recker et al., 1992), and the incidence of osteoporosis and other bone problems 

start to occur. Other studies have examined the relationship of adolescent 

physical activity and adult bone mass, but in those studies the adult bone mass 

was measured from ages 21-28 (Cooper et al., 1995; Groothausen et al., 1997 & 
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Kemper et al., 2000), which may not have been late enough for all the subjects to 

reach peak bone mass (Madsen et al., 1998 & Recker et al., 1992). Although the 

exact age of PBM is unknown the subjects in the present study were between the 

ages of34-40 years and had likely attained PBM. 

Most of the previous research on bone health has focused on the 

attainment or status of bone density and bone mass and have not measured bone 

geometry. Therefore much of the existing research has only measured one 

component of bone strength. The studies that have examined the role of physical 

activity and bone geometry have been either retrospective or physical activity 

intervention studies, with no indication of the long-term effects of physical 

activity on bone geometry. To date there are no long-term bone geometry studies. 

This study is the first to examine the relationship between impact loading during 

adolescence and adult bone geometry and aBMD. 

4.1.1 FN aBMD: 

Hypothesis HI stated "Impact loading during adolescence will be 

positively associated with greater femoral neck aBMD in both adult men and 

women." In the males, impact loading during adolescence was not associated 

with adult FN aBMD using linear regression (p > 0.017); however when the 

sample was split into tertiles based on impact loading, the high impact group had 

significantly greater FN aBMD than the moderate and low impact groups (p < 

0.05). The MANOV A Tables for males and females are shown in Appendix L. 

The increase in FN aBMD is consistent with other studies such as Kemper et al 
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(2000), who found mechanical loading during adolescence in 84 boys and 98 girls 

was positively associated with adult FN and LS aBMD. A cross-sectional study 

performed by Magnusson et al. (200 I), found similar results. FN aBMD of elite 

soccer players was greater than less active regular soccer players and controls 

(Magnusson et al., 200I ). Sundberg et al. (2002) found similar results in 42 girls 

and 44 boys from age 9 to I3. Active adolescent boys and girls had significantly 

greater FN BMC, FN aBMD and FN volumetric BMD (P < 0.05) than their less 

active counterparts. 

These results were expected, since impact loading puts significant strain 

on the femoral neck. By increasing the magnitude and frequency of the stress on 

the FN, the bone must remodel to accommodate the load. Sports like volleyball, 

basketball and gymnastics were given the greatest scores because they produce 

forces greater than 4 X body weight and produce high strains on the femoral neck. 

Therefore, a high score on the sports inventory questionnaire should be associated 

with a greater FN aBMD. The results support Hypothesis HI and impact loading 

during adolescence was associated with increased adult bone density of the 

femoral neck in males. 

In the females there were no associations between impact loading during 

adolescence and adult FN (p > 0.05), a result which does not support Hypotheses 

HI. These findings are inconsistent with others (Cooper et al., I995; Davee et al., 

I990; Duncan et al., 200I; Kemper et al, 2000; Lehtonen-Veromaa et al., I999; 

Lloyd et al., 2000; Madsen et al., I998; Nichols-Richardson et al., 2000& Rubin 
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et al., 1999), who found positive associations between physical activity and bone 

density in females. 

Cooper et al. (1995) found that physical activity performed during 

childhood growth was a significant predictor of adult aBMD in 153 women. At 

age 21, LS and FN aBMD were assessed using DXA. Both LS and FN aBMD 

were influenced by participation in physical activity during childhood. 

As previously discussed, Kemper et al. (2000) examined the relationship 

between physical activity during adolescence and adult aBMD. Kemper et al. 

(2000) concluded that mechanically loaded physical activity during adolescence 

was positively associated with male and female adult aBMD. Kemper et al. 

(2000) found a relationship of~ = 0.22 at the LS and ~ = 0.26 at the FN. 

In another longitudinal study, 81 females were examined from age 12 to 

18 for participation in sports and exercise during adolescence and FN aBMD 

(Lloyd et al., 2000). Lloyd et al. (2000) measured sports/exercise participation 

and FN aBMD biannually for 7 years and found girls who had the highest self

reported participation also had the greatest FN aBMD. 

Studies that examined the role of specific training styles or sports 

participation in females found positive correlations between physical activity and 

aBMD. Resistance I aerobic trained female subjects were found to have greater 

LS aBMD than aerobically trained only subjects and controls (Davee et al., 1990) 

Premenarcheal I peripubertal female gymnasts had significantly greater FN and 

LS aBMD than controls (Lehtonen-Veromaa et al., 1999 & Nickols-Richardson et 

al., 2000). 
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The results of the present study are not consistent with the premise that 

physical activity during adolescence is associated with improved aBMD of the 

femoral neck. No association was found between impact loading during 

adolescence and adult FN aBMD in 31 females (p > 0.05). The results may have 

been due to a small sample size, insufficient differences between subjects, an 

impact loading score that was not sensitive enough to elicit increased aBMD 

and/or impact loading during adolescence may not be associated with improved 

adult bone density in females. 

There were only 31 female subjects involved in this study, which may 

have not been large enough to elicit positive results. Since this study was a 

longitudinal study with a follow-up almost 24 years later, the sample size needed 

to be large enough to diminish the effects of confounders and privy accurate 

results. Many confounding variables interfere when such a long study takes 

place, and this study may not have had significant power to show positive results. 

The observed power was between 35.3% and 61.8o/o in males and 8.1% and 

14.7% in females. An appropriate power level should be 80% (Thomas et al., 

2001 ); therefore the lack of statistical power may have influenced the results. 

The sports participation of the subjects may also have been too 

homogenous and masked the results of the impact loading; most of the female 

subjects participated in similar activities. Ninety-five percent of the females had a 

loading score between 10.2 and 13.1, which suggests the subjects' impact loading 

was too homogenous to elicit positive results. 
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An insufficient loading stimulus may be another explanation for the lack 

of statistically significant findings. In a study by Delvaux et al. (2001 }, physical 

activity performed during adolescence had no associations with adult BMD. The 

researchers concluded that this finding is probably attributable to a loading

induced stimulus that was insufficient to increase bone (Delvaux et al., 2001). 

The subjects in the present study may not have had sufficient load stimuli to 

produce noticeable bone changes. Only one subject performed high impact sports 

(score of 4) at a competitive level for all three years that the Sports Inventory 

Questionnaire was implemented. Eleven subjects competed in high impact sports 

(score of 4) for at least one year. Therefore the impact loading of the subjects as a 

whole, may not have been great enough to cause the femoral neck to remodel and 

grow. 

Another possibility is that the Sports Inventory Questionnaire may have 

been administered too late to accurately assess the impact loading of adolescence. 

Many of the subjects were already past peak height velocity and possibly peak 

bone velocity and may not have incurred the benefits of impact loading at the 

right time. 

It is thought that the time frame around peak height velocity and peak 

bone velocity is the most beneficial time for development of a lifetime bone 

health (luliano-Burns, et al., 2001). In the SGSI study, the initial testing took 

place when the girls were 11-16 years of age and males 14-16 years. However the 

starting period may have been too late to accurately determine the impact loading 

experienced around peak height and bone velocity. If the subjects were early 
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maturers, then possibly the initial measurements were taken after the age of peak 

bone mineral velocity. As shown in Table 3.1, the PHV for the boys was 14.00 

years and 11.18 years (incomplete data) for the girls, which means that 20 boys 

and most of the girls had already achieved PHV and had possibly been tested too 

late. Also the girls were tested in a mixed longitudinal fashion from ages 11-16, 

meaning several of the girls were not tested until after attainment of PHV. 

However, the timing of peak bone velocity may be a better determinant of when 

bone strength interventions should occur. Unfortunately, the technology had not 

yet been developed, and there were no bone measurements taken during 

adolescence, so conclusions cannot be made about the timing of peak bone 

velocity in these subjects. 

Another possible explanation for the lack of statistical significance could 

be the Sports Inventory Questionnaire may not have accurately estimated the 

amount of impact loading induced at the femoral neck during adolescence. To 

date, there are no studies that have used a questionnaire to quantify impact 

loading. This study was the first to use a questionnaire I scoring system to 

identify the amount of impact loading at the hip, so establishing validity and 

reliability of this measure without any other measures to compare it to, was 

difficult. Perhaps the sports inventory questionnaire was not appropriate for 

quantifying the impact loading created at the femoral neck, or the scoring of 

individual sports was not weighted correctly, which may have skewed the results. 

When the questionnaire was originally produced, the topic of bone heath was not 

emphasized as an important health aspect; the questionnaire was not originally 
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designed to quantify activities that might impact bone. It wasn't until recently 

that the data from the questionnaire was reanalyzed in an attempt to quantify 

impact loading. Possibly the questions within the questionnaire were not 

appropriate for determining and scoring bone healthy activities. Also the scoring 

of the questionnaire may have been flawed, resulting in inaccurate impact loading 

scores. Perhaps sports like gymnastics, basketball and volleyball were not given a 

great enough score. For instance, if a subject was a competitive volleyball player, 

who had significant impact loading, but did not participate in any other activities, 

that subject's overall impact loading score would be low. However, in post hoc 

changes to the scoring of the questionnaire, where participation in competitive 

gymnastics, volleyball and/or gymnastics was given a score of8 (double the 

original score of 4); there were no significant associations between impact loading 

during adolescence and adult FN aBMD (p > 0.05). 

The large gap between testing periods could also have confounded the 

results. Impact loading during adolescence may have induced significant changes 

in FN aBMD, but those changes may not have tracked into adulthood. Bone 

homeostasis is a dynamic function that is constantly changing; perhaps the 24-

year gap between testing periods masked any improvements created during 

adolescence. Also, the subjects in the follow-up study may have been past PBM 

and possibly losing bone mass when the bone indices were measured. 

Unfortunately there were no bone measurements taken during adolescence or 

throughout the 24 year gap, so it is unknown whether the subjects with the 

greatest impact loading had the greatest FN aBMD. Impact loading during 

75 



adolescence may have elicited positive results, but the lifestyle of the subject in 

the large timeframe between SGDI and SGDII may have changed the subjects' 

FNaBMD. 

A larger sample size with greater impact loads and between subject 

differences may have shown differing results. Although the results of the present 

study do not show a correlation between adolescent physical activity and adult 

bone mineral in females, it does not prove that an association does not exist. 

More research is needed to confirm or refute these findings. 

4.1.2 Bone Geometry: 

The indices for estimating bone geometry in this study were NN CSA, and 

NN Sectional Modulus. The HSA program designed by Beck et al. was used to 

measure these indices and produce a holistic estimate of the femoral narrow neck 

bone geometry. Although the HSA program measures slabs of bone 5 mm thick 

from the NN, IT and femoral shaft, the narrow neck was chosen as the site for 

bone geometry analysis because most hip fractures occur within the narrow neck, 

and it appears to be the weakest point of the femur I hip. By definition, the 

narrow neck is the slimmest site on the femoral neck and therefore most prone to 

strain and fracture. A growing body of knowledge has found that physical 

activity, especially impact loading, has an osteogenic effect and is associated with 

improved bone density and bone geometry (Adami et al., 1999; Basset al. 2002; 

Faulkner et al., 2003 & Kontulainen et al., 2002). 
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Together hypotheses H1.2 and H1.3 stated, "Impact loading during 

adolescence will be positively associated with greater CSA and section modulus 

(z) of the hips in both men and women." No associations were found between 

physical activity performed during adolescence and adult bone geometry in either 

males or females (p > 0.05). Although no other studies have examined the 

relationship between impact loading during adolescence and adult bone geometry, 

the findings of this study were inconsistent with the premise of other studies 

which found a positive association between physical activity and bone geometry 

(Adami et al., 1999; Basset al., 2002; Faulkner et al., 2003; Kontulainen et al., 

2002 & Uusi-Rasi et al., 1998). 

Adami et al. (1999), Basset al (2002) and Kontulainen et al. (2002) 

examined the effect of arm activity on bone status. In all three studies, activity 

performed by the arms was associated with improved bone geometry of the distal 

radius. Adami et al. (1999) found that regular resistance training was associated 

with improved aBMD and CSA, cortical bone density and decreased trabecular 

density, thereby creating a stronger bone. 

Basset al. (2002) and Kontulainen et al. (2002) examined the effect of 

racquet sports on bone strength. In both studies, the dominant arm, which had 

more loading, was found to have greater aBMD and bone geometry in racquet 

sport players. 

Faulkner et al. (2003) found that elite premenarcheal gymnasts (n = 30) 

had significantly greater bone geometry than age-matched controls (n = 30).1n 

this study DXA-derived total body BMC, LS aBMD, and proximal femur (narrow 
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neck and shaft) aBMD, bone-free lean mass and HSA-derived sub-periosteal 

width, CSA, CSMI and sectional modulus of the narrow neck and the shaft were 

measured. After adjusting for height and weight, gymnasts had significantly 

greater aBMD, CSA and section modulus at the NN and CSA, CSMI and 

sectional modulus at the shaft. There were no significant CSMI differences at the 

narrow neck and no association at the endosteal diameter at either site (Faulkner 

et al., 2003). 

Uusi-Rasi et al. (1998) found similar results in 422 women of ages 25-30, 

40-45 and 60-65 years. In this study, physical activity and calcium intake were 

measured to determine if there was an association with total body BMC, FN 

aBMD, distal radius aBMD, bone width, cortical wall thickness, CSMI, and 

sectional modulus of the FN and radius. High participation in physical activity 

was found to be·associated with total body aBMD, FN aBMD, bone width, CSMI 

and sectional modulus, with age having an interaction effect with some measures. 

Therefore the subjects in this study who were most active experienced improved 

bone density and bone geometry. 

There was no association between impact loading during adolescence and 

adult bone geometry in the males or females in the present study (p > 0.05). The 

lack of association may be due to a load stimulus that was insufficient to create 

changes in the bone geometry. Delvaux et al. (2001) found similar results when 

comparing physical activity to LS and FN aBMD. Delvaux et al (2001) reported a 

lack of association between physical activity and bone measures and attributed the 

results to a load stimulus that was insufficient to induce significant results. 
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Although Delvaux et al. (2001) only examined the relationship between physical 

activity and aBMD; the same explanation can be said about bone geometry that 

there must be a sufficient load stimulus present to induce a change. Perhaps the 

load stimulus was not great enough to change the femur geometry because the 

femur I hips of the subjects were strong enough to withstand the impact. The 

research in bone geometry is limited and the impact needed to induce a load 

response is unknown. Therefore impact loading may produce changes in femoral 

geometry, but that stimulus may not have been great enough in this study. 

An alternate hypothesis could be that the load stimulus did affect the CSA 

and sectional modulus of the NN during adolescence, but that change did not 

track into adulthood. This study was limited by the fact that there were no bone 

geometry or bone density measures taken during adolescence. Changes in bone 

status are temporal and short-term. In a 6-month exercise plan, there were 

notable changes in bone geometry due to physical activity (Adami et al., 1999). 

Conversely, astronauts who go into space for short periods of time experience 

significant bone loss. Since bone strength can change rather quickly, 

improvements in bone status may have occurred during adolescence but the 

approximately 24 years between testing sessions may have masked the change. 

The activities and inactivities of the subjects in this study between the SGDSI and 

SGDSII may have altered the bone status present at young adulthood. To date 

there are no published papers that examined impact loading and bone status 

during adolescence and compared them to subsequent adult values. For this 

reason, there is no definite evidence that impact loading during adolescence is 
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associated with improved bone geometry in adults. Perhaps any improvements in 

bone geometry are temporary and the load stimulus must occur regularly 

throughout life to remain improved. This was the first study to examine the 

association between adolescent impact loading and adult bone geometry. 

Therefore we need more research to determine if there is a lasting effect of 

physical activity on bone geometry. 

4.2 Limitations: 

There are several limitations to this study. The first limitation is the large 

time span between testing periods. The original SODS I testing was performed 

from 1964 to 1973 and the recall testing did not occur unti11997 to 1998. 

Therefore, there was a 24-year gap between testing sessions, in which many 

confounding scenarios may have occurred. The lifestyle and incidents that 

occurred within this time frame could dramatically change the results. For 

instance, if people were inactive as children, but performed substantial impact 

loading or mechanical loading throughout the 24 years, it is quite possible that 

they would have beneficial bone status. The lifestyle habits of these people would 

confound the study and possibly mask the benefits of adolescent impact loading. 

In an attempt to quantify the amount and type of physical activity performed 

between the two testing sessions, a lifetime physical activity questionnaire was 

administered during SODS II. However, there are many problems with any recall 

questionnaire, since many subjects will over-estimate or under-estimate their 
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physical activity. It is also difficult to recall and quantify the amount of activity 

one performed over the last quarter-century, so many inaccuracies can occur. 

Since there was such a large gap between testing periods a large sample 

size would be needed to diminish the effects of confounders. The sample size of 

the female group was quite low; after recall losses and incomplete data, only data 

from 31 female subjects could be used. Since this study was a follow-up study 

with approximately 24 years between test periods, many subjects would be 

needed to show associations. However, the sample size was low and could 

possibly explain the lack of association found in all aspects of the female bone 

measures. 

Another limitation in our study was the lack of previous long-term bone 

geometry research. This study was the first to examine how physical activity 

affects bone geometry in a longitudinal design, which made verification and 

comparisons of the results difficult. Although bone geometry has been shown to 

benefit from physical activity, the longevity of that benefit is unknown. Perhaps 

the effects of physical activity on bone geometry are temporary, site-specific 

phenomena and will not track from adolescence into adulthood. Bone geometry 

improvements may occur during adolescence but need to be consistently 

influenced by physical activity to have a lasting effect. Since the body of 

knowledge concerning bone geometry is limited, accurate associations and 

conclusions may also be limited. 

The sports inventory questionnaire was also a limitation to this study. 

This was the first study that attempted to quantify impact loading through a 
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questionnaire. Establishing the validity and reliability of such a measure was 

difficult since there are no other sports inventory questionnaires to compare it too. 

Perhaps the questionnaire was not scored correctly or the impact loading of 

individual sports was not weighted correctly to consider the uniqueness of the 

impact loading of each subject. As discussed earlier, a competitive volleyball 

player may have great impact loading and may have high FN aBMD, FN CSA 

and section modulus, but may have been scored low on the questionnaire because 

he/she did not participate in other sports. Therefore the Sports Inventory 

Questionnaire may not have accurately quantified the impact loading at the 

femoral neck during adolescence. 

Also, the subjects may have been too old in the SGDSI, and the Sports 

Inventory Questionnaire may have quantified the impact loading too late in 

adolescence. It has been proposed that the time around peak height velocity and 

peak bone velocity may be the most opportune time to influence bone growth, 

because the bones are growing rapidly (Leonard & Zemel, 2002). The mean peak 

height velocity occurred at 14.00 years in boys and 11.18 years in girls. However, 

the girls were 11-16 years and the males were 14-16 years of age when the Sports 

Inventory Questionnaire was administered. Therefore 20 boys and most of the 

girls had passed peak height velocity when the Sports Inventory Questionnaire 

was administered, making the timeframe too late to assess the appropriate bone 

loading. From the Bone Mineral Accrual Study performed in our lab, it has been 

shown that peak bone velocity occurs approximately 8 months after peak height 

velocity (Iuliano-Burns, et al., 2001 ). Since peak bone velocity is the time when 
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bones are growing most rapidly, this timeframe may be the optimum intervention 

time. However, the Sports Inventory Questionnaire may have been administered 

too late to capture the impact loading of adolescence. The subjects may have 

been too old for the impact loading to have a lasting effect. 

In the present study there was no association found between adolescent 

impact loading and adult bone strength but the potential exists that the lack of 

association may be due to inaccurate instrumentation and the other limitations of 

this study. 

4.3 Conclusions and Recommendations: 

The results of this study showed no significant relationships between 

impact loading during adolescence and adult FN aBMD, CSA, and section 

modulus in males and females (p<0.017- Bonferroni- 0.05/3) using regression 

analyses. However, when the extreme groups were compared the high impact 

load group had significantly greater FN aBMD than the moderate and low impact 

load groups in males. Hypothesis Hl.l stated, "Impact loading during 

adolescence would be positively associated with greater femoral neck aBMD in 

both adult men and women." Since there was a positive association found 

between impact loading during adolescence and adult aBMD in males (p < 0.05), 

we reject the null hypothesis. For females, there were no associations found (p > 

0.05) so we accept the null hypothesis and determine impact loading during 

adolescence was not associated with adult aBMD in females. 
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Hypothesis H1.2 stated, "Impact loading during adolescence will be 

positively associated with greater CSA of the femoral neck in both adult men and 

women." There were no associations found in either males or females (p > 0.05), 

so we accept the null hypotheses. 

Hypothesis H1.3 stated, "Impact loading during adolescence will be 

positively associated with greater section modulus (Z) of the femoral neck in both 

adult men and women." There were no associations found (p > 0.05) so we 

accept the null hypotheses. Since we accepted the null hypotheses for Hypothesis 

H1.3, Hypothesis H1.3.1 was not examined. 

Except for the association found in FN aBMD in males, the results of this 

study are inconsistent with the premise of most other research concerning physical 

activity and bone status. Generally physical activity is associated with beneficial 

bone health. However, the lack of association in this study may be due to the 

many confounding variables and limitations. Physical activity creates bone strain, 

and to accommodate these stresses, bone strength must increase through increased 

aBMD and I or improved bone geometry and architecture. Therefore increased 

physical activity should be associated with improved bone status. However, this 

was the first study to examine bone geometry in a long-term fashion and the first 

study to attempt to quantify impact loading through a questionnaire. Therefore, 

the potential exists that the lack of association was due to the study design and the 

confounding variables. Much more research is needed to confirm or rebut the 

results of this study. 
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Research that examines impact loading and assessed bone geometry 

throughout the lifecycle is needed to determine exactly how much impact loading 

is required to produce positive results and how long an effect will last. Research 

that consistently tracked the aBMD and bone geometry of subjects throughout the 

lifecycle would be beneficial to the growing body of bone knowledge and would 

answer many questions about the lasting effects of impact loading. Future 

research should not only examine physical activity, but the other risk factors that 

affect bone health, such as smoking, diet and lifestyle to determine the most 

appropriate pathway to prevent fracture risk and improve bone health. 
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S~5iG-lTCHE1r\'-~ii) GROVVIH & lJEVELOPlvfENT STUDY 
FOLLOW-UP PTOJECT 

Cal lege of Physical Education, University of Saskatchewan 

CONSENT FORM 

-~cedures: 

our participation in this project ~,vill involve one testing session of approximately 

,.o and a half to three hours. You mav also be selected for a 30-60 minute inten·iev.r 
J 

) be completed at a later date. The testing will take place at the Royal University 

Iospital and College of Physical Education. All tests will be administered by 

ertified technicians. The following procedures will be done: 

1. Completion of medical and lifestyle questionnaires (including information 

>n present and past lifestyle behaviors such as physical activity, smoking patterns, 

dcohol and nutritional intake). 

2. Measurement of height, weight, bone widths (elbow and knee), skinfolds 

:arm, leg, back and abdomen sites), girths (upper arm, lower leg, hip and abdome...rt). 

3. Sub-maximal test .of cardiorespiratory fitness. This test requires the 

participant to walk for three minutes at 3 mph and jog for three minutes at 6 mph. 

During these two exercise phases as well as five minutes before and five minutes 

aiter the exercise. expired air will be collected and heart rate and ventilation will be 

monitored. 

4. Assessment of Bone Mineral Content and Density. This procedure is 

painless and is routinely used in clinical medicine. There is minimal exposure to 

radiation; the total exposure \Vill be less than 10 millirems. For comparative 

purposes, this is in the same range as the background radiation you would receive 

on t\vo return air flights from Saskatoon to Toronto. The average annual 

background radiation in Saskatchevvan due to natural sources is approximately 150 

millirem per year~ and the current permissible level for the general population is 

3CO millirems per year. ..~ typical dental x-ray is over 50 millirems of exposure. All 

bone densitometry "(.vill be conducted in the Dept. of Medical Imaging at the RUH 

and \Vill be administered by qualified hospital technologists. 

5. The participant will be asked to have a blood sample taken at one of the 

·~l:y·s clinics at your earliest possible convenience. This sample will be taken in a 

~astL.'lg state (that is, you \vill be asked to not eat for 12-16 hours prior to the blood 
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6. TJpon :he :o:r.?letion and analysis of Lhe data attained in the procedu::.s 

ned abo...,·e, a su::-.:::ary of the :esults ~Niil be sent to you. .A.n optional ~0-

1t2 :.:ounseling session on nutrition, physical activity and physical fitness ar.d 

;s to the C.1mpu..s Fit Center will also be made available to you. 

~ts and ';Velfare 0f ~he Individual: 

understood that you will be free to withdraw from anv or all of the study at any 
) without oenaltv. Your identitv will remain confidential and onlv those \Vho 
- .1. ~ .. " 

directly involved in the study (namely the investigators, project supervisor) will 

e access to your records and results). All individual results \Vill remain strictly 

fidential. 

ase be assured that you may ask questions at any time. We will be glad to discuss 

1r results \vith you \Vhen they become available and we welcome your comments 

:i suggestions throughout the course of the study. 

~·au have any questions, please contact: 

Dr. Bob Minvald (966-6465) or Dr. Bob Faulkner (966-6469) 

Lrticipant's Statement: 

understand the purpose and procedure of 
(print name) 

tis study as I have read, or have had described to me, and I voluntarily agree to 

articipate. I understand that at any time during the study, I will be free to withdra\v 

rithout jeopardizing any medical management. I understand the contents of the 

onsent form, the proposed procedures and the possible risks. I have had the 

~pportunity to ask questions and ha,·e received satisfactory ans\vers to all inquiries 

egarding this study. 

-------------~---------
(signature of participant) (date) 

-----------------------
(signature of witness) (date) 

--------------~--~----~ 
(sig:'.ature of investigator) (date) 
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D: ·:ou feet oam :n ·.·at;; :~e~: ·.·men ·;au co ctwsica1 ac::·:1tv? 
~ I • J . J ~ 

In :~e cast mom:-:. i1a·.,:e you :-:aa c:-:8st ;:am when you were not c::!ig ;::1ys:cat ac::vity? 

De you iose your :a:a~:a cecau.se of diz::ness or do you ever t:Jse c::-:sc:cusness? 

Do you have a cc~e (:~ JC:nt ~ro:~em that could be made worse r:.y a cr.ange m your ;:nystca.l acm11r1? 

Is ~;our c!octor curren::y presc:-:b:ng drugs (for exampie. water ;:tilsi for your t:1cod pressure or hearr c:nc!t:::-. ., 

Do you know of anv ct~~r "~=io~ why you shouid not de pnystc:ll ac:v1ty? 

T aik with your dcc-.,:,r r;y ~none or in parson BE'"-\JRE i'OU start t:eccmtng rnuc.., mere pnysica.tly aCtive or BEFORE 1ou nave : 

fitness appraisai. Tell your ccc:or at:lout tna PAR-Q and which questions you answered YES. 

• You maybeatJ1eto coanyact-lityyouwant-astongasyoustarts:cw&yanabulidupgraduatly. Or. youmayneeato res::-:: 

your a~.ivities to tr.ose wnic:n are safe tor you. Talk with your do~::: Qllout t.,e kinas of cu:nvities you wish to parr.:.:::ate ! 

anc:t follow his.rher ~ice. 

• Fine out which c:~munny programs ure safe and hateful for you. 

l'werec NO hc~est:y to ail PAR.Q c:.:es-::::ns. you c:m ce reasonably 

. you c:m: 

1 ~ec:::~tng r.n.:c~ more physic:ltly a~:e -oegtn stowiy and build 

:;:-ac:..!:.lly. This 1s tne sat est ana eas:est ·.vay to ~c. 

e car: m a fit~ ess ac;:ra1sat- \his ts an exce!!ent way to determtne 

;:- =~s!>: ::~r:ess so tnat you c:.n ptan ~:-:e cest way for you to live 

:·:e!v. 

CELA Y BECOMING MUCH MORE ACTIVE: 

• if you are r.ot feeling weil bec:luse ot a temporary tilness St.; 

as a cc!d c: a tever- wart unttl you feel better: or 

• 1f you are cr may be pregnant- talk to your c:c::: cerc~e y 

start :::ecc~mg mere acnve. 

Plesse nCU!: !fyourneattn changes sa that you men answer '':"E:S 

any of tna s.oove. ~.:esaons.. tell your fitness or heaith pro!ess:c~ 

Asx wnetr.ar yo•J should cnange your physiCli a.c::'llty p!3n. 

• ~ => ,..... --"' >= ~ ;::: .. - The (:.a..1a01an Sec:::! tv t:: E:crc:a PhySIClCgY. ~eaun C.:mada. .ana tr.etr :1gems Q.S.Su:ne no ~ry tor ~arsons wno unaertaxe c~1c::.: :.c=.-.·:.
.:.::;;r c::~::::cw~; ~~:s cuesnonnane. c:::.:~s:.;;: ·:::u: c~.:::- :nor to cnys1Cll aannry. 

You are ~nc::ur~g~a to copy tna ? AR-Q but cnty if you use the entire form 

:-:~:·;== r::.=. ~:lc:;rstooc c.m: ::~:::et:c ~~:s cuest;onn:lire. Any quest:o:1s l hac were answered to rrry full satistac.::r1. 
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DATE OF INTERVIEH 

....... -- ----

SPORTS !1lVENTORY 

Spring and Summer 
19i1 

1. Considering a11 the things you do~ how 'HouJd you rats yourse1f 
as to the amount of physica1 activity you get compared with 
other boys {giris) of your age? 

1 
~-I am much 1e~s 
ac:ive than 
ctne:s 

5 
~-

I am much more 

2 --I am some~hat 
1 ess ac:1 ve than 
others 

active than others 

3 
~-I am about 
the sante as 
otllers 

2. Ho•'~' inte;e~ted are you in athletics and spor-ts? 

1 z --Not i n-cere.sted --Occasiona1 interest 
at all 

3. S?ORTS AC7!VITY 

( .. ) 
Cl, Organi:ed and Competitive 

4 
~-I am somewhat 
more ac:ive 
than others 

3 --Very 
interested 

So art Team Coach (N~~e & Phone) 

Baseball 

Basketba 11 

Footta 11 i) f1 ag 
ii) touch 

iii) tack1e 

1()() 



(a) Organized and Competitive Spor:s Activity Continued 

So art Team Coach (Name and Phone) 

Fastba 11 

Swimming 

Track 

· Lacrosse 

Gymnastics 

Wrestling 

Are there any other organized competitive type sports in which you 
participate which we have failed to mention? For example, do you 
belong to a badminton or tennis club? Do you take golf lessons, 
etc.? List any additional activities below. 

(b) Recreational - Leisure Time Activities 

It is assumed most of these activities are participated in an a 
seasona1 basis, if however, the subject participates an a year 
round basis consideration should be given in inc1usion of that 
activity in the organized-competitive category. 

Badminton 

Bowling 

Boxing 

Tennis 

Sailing, rowi'ng, canoeing 

Skiing 

Vo11 eyba 11 

Tetherball 
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Goif 

Jogging 

Conditioning 

Bicyc1ing 

Horsebac:-: Ri di r:19 

Hiking, camping 

Frisbee 

Judo 

Are there any othe: rec~eationa1 ac:ivities which you participate 
in and 'r'lhich we :,ave failed to mention? If so, please list them 
be1ow. 
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St1SK~i'TCHE'TrVA1\f GROltVTH & DEVELOP~\~1ENT STUDY 
FOLLO~V-UP PROJECT 

College o~f Physical Educatioll, U11ivcrsity of SaskatclzcTVall 

PHYSICA.L A.CfiVITr' A.SSESSrviENT 

:'\A\1E: SCBiECT ~ 

I. The follo\ving Jcti\·ities refer to physicLll activities that are not related to worh.. 
H~.l\'e you done ,1ny of the follo\\·ing activities in the past 12 months? Please make ,1 

check in each of the months thJt you participated in any of the activities listed 
belO\\. 

a. \\ c.ll k i n g for 

b. Jogging or 
runnrng 

c. Horne 
e\erctses 

d. E\ercise 
class 

e. Icc 
sh.~.1 t i ng 

f. Cross-countrY 
sh.iino· 

0 

g. DcH\·nhill 
sl-.i incr 

0 

h. Ice 
hoch.e\' 

1. S ', i n1 111 i n g 
j. Cc.lrdcning, 

\'c.1rd \\Orh. 

k Coif 
I. Tennis, 

Bc.Hi rnin ton 
n1. \\eight 

trJining 
n. B:1sebc.1il, 

softb~.1ll 

o. P L) ~.., td ~.1 r or 
sociJ I dance 

p. Be)\\ ling 
q. Snu\\ 

~lh1\'Piincr 
~ 0 

Jan. Feb. \1ar. Apr. ~1av June July Aug. Sept. Oct. Nov. Dec. 
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o. C)n a usual \veek dJ\' and \Veekend dav, how much time do vou spend on the 
fn i 1 O\\' i ng Jet i \'i ties: Totl'll for each day-should odd up to 24 hours.) 

J. Vigorous ~cti\·i~~· \e.g. digging in the 
g~rden, strenuous sports, jogging, chopping 
\vood, sustained s\vimming, brisk walking, 
heovy carpentry, bicycling on hills) 

b. Moderate activity (e.g. house\vork, light 
sports, regular \Vtllking, golf, yard \vork, hnvn 
mo\ving, painting, repairing, light carpentry, 
dancing, bicycling on level ground) 

c. Light activity (e.g. office \Vork, driving a 
car, strolling, personal care, standing 
\Vi th little motion) 

d. Sitting activity (e.g. eating, reading, desk 
work, watching TV, listening to the radio) 

e. Sleeping or reel ining· 

Usual \Veekday 
Hours per day 

Usual weekend day 
Hours per day 

7. A.t least once J \Veek, do you engage in regular activity akin to brisk \valking, 
jogging, bicycling, etc. long enough to get your heart thumping, or get you out of 
breath? 

No Yes If Yes, Ho\v many times per \veek? 

0 1 2 3 -t s 6 7 s 9 10 ' 11 12 13 14 15 16 17 18 19 20 21 22 23 2 4 

25 26 27 28 2~ 30 31 32 33 34 35 36 37 38 39 40 41 42 43 Other 

8. \ Vhat is your usua I pace of \Val king? 
__ casual or strolling(< 2 mph (3.08 km/h)) 
__ aYerL1ge or normal (2 to < 3 mph (3.08 to <4.62 km/ h)) 
__ fairly brisk (3 to < 4 mph (4.62 to 6.16 krn/ h)) 
__ bris~ or striding (4 mph or faster (6.16 km/h or faster)) 
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PHYSiC.-\L .-\CfiVITY REC.ALL ITE\15 

\lo\v, \Ve ,vould like to kno\v about your physical activity during the past i days. 
But first, let me Jsk you Jbout your sleep habits. 

1. On the Jverztge. ho\v many hours did you sleep each night during the last 3 \veek 
d:ty nights (Sunday - ThursdCly)? __ hours 

2. On the average, ho\v many hours did you sleep each night last Fridav and 
SaturdCly nights? __ hours 

No\v I am going to ask you about your physical activity during the past 7 days, that is 
the last 5 \Veek days and last \veekend, Saturday and Sunday. We are not going to 
talk about light activities such as slo\v walking, light house\vork, or unstrcnuous 
sports such as bo\vling, archery, or softball. Please look at the list of examples below 
which shows what we consider to be moderate, hard, and very hard activities. 
People engage in many other types of activities, and if you are not sure where one of 
your activities fits, please ask me about it. 

EXA.LvtPLES OF A.CTIVITIES IN EACH CATEGORY 
Moderate Activity 

OccupationLtl tasks: 1) delivering mail or patrolling on foot; 2) house painting; and 3) 
truck driving (making deliveries, lifting and carrying light objects). 

Household activities: 1) raking the lawn; 2) sweeping and mopping; 3) mo\ving the 
la\vn \vith a po\ver rno\ver; and 4) cleaning the windows. 

Sports activities (actual playing time): 1) volleyball; 2) ping-pong; 3) brisk \valking 
for pleasure to work (4.83 km/hour (3 miles/hour) or 20 minutes/km); 4) golf, 
\valking and pulling or carrying clubs; and 5) calisthenic exercises. 

Hard Activity 
Occuptltional tasks: 1) heavy carpentry; and 2) construction \vork, doing physical 
labor. 

Household tasks: 1) scrubbing floors. 

Sports acth'ities (actual playing time): 1) tennis doubles; and 2) disco, square, or folk 
dancing 

Ven; Izard activity 
Occupational tasks: 1) very hard physical labor, digging or chopping \Vith heavy tools 
and 2) carrying heavy loads such as bricks or lumber. 

Sports activities (actual playing time): 1) jogging or s\vimming; 2) singles tennis; 3) 
racquetball; and-+) soccer. 
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3. First, let's consider moderllte activities. What activities did you do and ho\v 
many totnl hours did you spend during the last 5 \Veekdays doing these moderLlte 
activities or others like them? Please tell me to the nearest half hour. __ hours 

4. Last Saturday and Sunday, ho\v many hours did you spend on moderate activities 
and \vhat did you do? (Can you think of any other sports, job, or househoid 
activities \Vhllt \Vould fit into this c~tegory?) __ hours 

5. No\V, let's look at hard activities. What activities did you do and how manv total 
hours did you spend during the last 5 weekdays doing th"ese hard activities or others 
like them? Please tell me to the nearest half hour. hours 

6. Last Saturday and Sunday, ho\v many hours did you spend on hard activities Jnd 
what did you do? (Can you think of any other sports, job, or household activities 
\vhat would fit into this category?) __ hours 

7. Now, let's look at verv hard activities. What activities did you do and ho\v rnanv 
total hours did you spend during the last 5 weekdays doing th .. ese very hard activitie-s 
or others like them? Please tell me to the nearest half hour. _ hours 

8. Last Saturday and Sunday, how many hours did you spend on very hard 
activities and what did you do? (Can you think of any other sports, job, or 
household activities \Vhat \Vould fit into this c~tegory?) __ hours 

9. Compared with your physical activity over the past 3 months, was last week's 
physicJJ activity more, less or about the same? 

1. More 
2. Less 
3. About the same 

PleJse list belo\v anv activities \vhich you don't kno\v ho\v to classify. . " " 

A.ctivi ty (brief description) Hours: \Veekday Hours: vveekend dav 

--------------

--------------
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2. H O\v n1any flights of stairs do you usuallv climb y_g each day? (let 1 flight = 10 
steps; Ple.:1se circle ho\v mllny flights. 

0 1 2 3 -+ 3 6 -; 8 9 1 0 11 12 13 14 15 16 17 18 19 2 0 21 22 23 2 4 

25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 Other 

3. Ho\v many city blocks'do you regulnrly walk each~? 

0 1 2 3 4- 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 2 4 

25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 4-0 41 42 43 Other 

-t.. List any sports or recreational activity that you have participated in during the 
past \\'EEK. Please include only the time you were physically active (i.e. actual 
playing time in jogging, bicycling , s\vimming, brisk \Valking, gardening, carpentry, 
calisthenics, etc.). 

Sport, recreation or other physical activity 

1. 
2. 
3. 
4. 
:0. 

Number of 
TI0.1ES in \VEEK 

Average time 
per EPISODE 
Hours & ~1inutes 

5. List any OTHER sports or recreational activity that you have actively participated 
in during the past YEAR. Please remember seasonal sports or events. 

Sport, recreation or other physical activity 

1. 
.., 
~ 

.:J. 

-t 
5. 

Number of 
\\'EEKS I YE.'-\R 

Ill 

Average time 
per WEEK 
when acti\'e 
Hours & ~vlinutes 
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!I,_;(: 1 P.3,r l?led 1 c 1 ne lJept - kUH - ~~asKa.toon 
A1H189782 Sat Oct 18 89:38 1997 

·Jun 22 12:54 1998 [333 x 1521 
Hologic QDR-2888 CS/H 2124) 

Enhanced Array Whole Body U5.6BA 

ttane: 
Connent: 
I • D • : Sex : t1 
S.S.#: Ethnic: 
ZIPCode: PhysEd Height: 188.18 c~ 
Scan Code: FB Ueight: 91.78 kg 
B irthDate: Age : 39 
Physician: 
Inage not for diagnostic use 

TOTAL BHC and BMD CV is < 1.8/. 
C.F. 1.884 1.845 1.888 

Region 

L ArM 
R Arn 

L Ribs 
R Ribs 

T Spine 
L Spine 
Peluis 
L Leg 
R Leg 

Sub Tot 
Head 

TOTAL 

Area BMC BMD 
(cm2) (gra~s) (g~s/cn2) --------
295.46 295.21 8.999 
287.88 382.68 1.854 
148.93 134.15 8.981 
135.35 133.82 8.989 
286.42 238.85 1.153 
72.67 182.76 1.414 

293.87 475.95 1.624 
476.33 697.83 1.463 
458.78 677.63 1.583 

2366.89 3857.21 1.292 
273.98 714.91 2.618 

2639.99 3772.12 1.429 
§§§§§~·~ 

HOLOGIC 

1'1uc l e.3r-- Medicine Dept RUH - Saskatoon 

Hologic QDR-2BB8 CS/N 2124) 
Enhanced Array Uhole Body U5.68A 

·Jun 22 12:54 1998 

A18189782 Sat Oct 18 89:38 1997 
tfane: 
Connent: 
I • D • : Sex : t1 
S.S.#: Ethnic: 

TBAR254 
F.S. 68.88% 8<18.88)% 

Region BMC Fat 
(grartas) (grart1s) 

-------- -------- --------
L Arn 295.2 1473.5 
R Arn 382.6 1688.8 
Trunk 1884.7 11639.8 
L Leg 697.8 3549.9 
R Leg 677.6 3494.7 

Sub Tot 3857.2 Z17o5.1 
-Head 714.9 1122.4 
TOTAL 3772.1 22887.5 

-assttJ'I'Ies 17.8% brain fat 
LBM 73.2% water 

ZIPCode: PhysEd Height: 188.18 cll'l 
Scan Code: FB Ueight: 91.78 kg 
BirthDate: Age: 39 
Physician: 

Lean Lean+Bt1C Total % Fat 
(grans) (grall'ls) (grart1s) (/.) 

----- ------
3747.6 4842.8 5516.3 26.7 
4ZZ6.2 4528.8 6136.7 26.2 

31587.6 32592.3 44231.4 26.3 
18823.2 18728.2 14278.1 24.9 
9972.9 18658.6 14145.3 24.7 

59477.5 62534.7 84299.8 25.8 
4388.5 5823.4 6145.9 18.3 

63786.8 67558.1 98445.7 25.3 

.~ --HOLOGIC 
., .. " 



k = 1.238 

·Jun 22 1Z:S6 1998 [187 X 1Z1] 
Hologic QDR-2888 CS/ft 2124) 

Array Left Hip Mediun U4.6?A:1 

A18189784 Sat Oct 18 89:43 1997 
Hame: 
Co~~~~~tent: 

I .D.: Sex: M 
S.S.#: 788-14-4389 Ethnic: 
ZIPCode: PhysEd Height: 188.18 em 
Scan Code: FB Weight: 91.78 kg 
BirthDate: Age: 39 
Physician: 
Inage not for diagnostic use 

TOTAL BMD CU 1.8Y-
C.F. 8.991 8.943 1.888 

Region Est.Area Est.BMC BMD 
(cn2) (grams) (gms/cm2) 

Heck 5.83 6.98 1.184 
Troch 12.23 13.21 1.881 
Inter 26.28 41.13 1.565 
TOTAL 44.34 61.24 1.381 

Ward's 1.26 1.63 1.293 
Hid! ine (182,144)-(188, 78) 

Heck -49 X 15 at [ 24, 91 
Troch 12 X 53 AXIS 12.759 en 

Ward's -11 X 11 at [ 5, 51 

-HOLOGIC 

Nuclear Medicine Dept ~ RUH Saskatoon 

1.4 
1.3 
1.2 

B 1.1 
11 1.8 . 
D 8.9 

8.8 
8.7 
8.6 
8.5 
8.4 
8.3~~--~~--~--~~~ 

28 38 48 SB 68 78 88 

BI1DCtfeck£Lll 

Region BI1D 
----
Neck 1.194 

Troch 1.891 

Inter 1.565 

TOTAL 1.381 

Ward's 1.293 

Age 
= 1.184 g/cnZ 

T 

+1. 86 121:1. 
(28.8) 

+2.58 136:1. 
C2ELB) 

+2.15 126~ 
C2B.B) 

+2.38 129:1. 
CZB.Bl 

+3.84 155:~. 
CZB.Bl 

+ Age and sex ~atched 
T = peak bone ~ass 

z 
+2.63 

+2.98 

+2.56 

+2.82 

+4.89 

132:.-: 

142:-1. 

132:/. 

136:1. 

193:1. 

Z = age ~atched TK 18/25/91 

A18189784 Sat Oct 18 89:43 1997 
Hame: 
Co111111ent: 
I • D • : Sex : 11 
S.S.#: Ethnic: 
ZIPCode: PhysEd Height: 188.18 em 
Scan Code: FB Weight: 91.78 kg 
BirthDate: Age: 39 
Physician: 

HCILOGIC. 
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Program Methodology 

The Hip Structural Analysis (HAS) program measures not only the BMD of the 
hip bone but also structural geometry of locations within the hip region. Three narrow 
regions are analyzed corresponding to thin cross-sectional slabs of bone 5 mm thick 
viewed on edge (Figure 1 ). The regions are: Narrow Neck (NN) across the narrowest 
segment of the femoral neck, 2) Intertrochanteric (IT) along the bisector of the neck-shaft 
angle and 3) the Shaft (S), 2 em distal to the midpoint of the lesser trochanter. For each 
region the distribution of the bone mass across the bone is extracted (Figure 1 ), then 
subperiosteal width, cross-sectional area, and cross-sectional moment of inertia are 
measured as well as BMD. Section modulus for the NN and shaft regions is taken as the 
cross-sectional moment of inertia (CSMI} divided by half the subperiosteal width. In the 
intertrochanteric region, the CSMI is divided by the distance from the lateral margin to 
the region centroid. In addition, estimates of cortical thickness are obtained with simple 
models of the cross-sections which employ measured dimensions and assumptions of 
cross-section shape as shown in Figures 2a and 2b. Both NN and shaft regions are 
modeled as circular annuli, while an asymmetric ellipse is assumed for the IT region. The 
IT model assumes 50150 proportion of cortical/trabecular bone while the NN region 
assumes a 60/40 proportion. In current work the models employ the measured region 
centroid position to shift the internal cortical boundary (usually medially) and thus 
provide separate estimates of medial and lateral cortical thickness. This is done only in 
the NN and IT regions, the shaft cross-section is assumed to be concentric. BMD is 
calculated in the conventional manner although these regions of interest do not have 
conventional counterparts in the standard Hologic BMD analysis, thus absolute BMD 
values may differ. 

Bone 
Mass 

(g/cm2
) 

0 1 2 3 
Distance (em) 

4 5 

Figure 1: Hip image 
from a Hologic DXA 
scanner showing 
positions of thin analysis 
regions across the 
femur at the neck (NN 
region), intertrochanteric 
(IT) and shaft. On the 
left are shown typical 
bone mass profiles used 
in measurements of 
geometric properties. 

To improve precision in longitudinal analyses, an image template is saved from baseline 
scans. The template contains coordinates of the femur margin, and relative positions of 
the analysis regions. On subsequent scans of the same subject the template is 
automatically retrieved, and positioned by the user. 
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40o/o Trabecular 50°/o Trabecular Shaft Wid1 

~ ~ 
·········t················· . 

Measured 
Neck Profile 

Measured 
Intertrochanteric 

Profile 

. 

Distance (em) 

1 2 3 4 5 

Distance (em) 

Figure 2a. The NN region is modeled as a circular annulus with 60/40 proportion of 
cortical/trabecular bone. The IT region is modeled as an asymmetric ellipse which 
assumes 50/50 proportion of cortical/trabecular bone. 

Measured 
Shaft Profile 

Distance (em) 

Figure 2b. The shaft region modeled as a circular annulus with 100% cortical bone. 

Hip Structural Analysis (HSA) Program 

The program is automated in that the user chooses actions by using the mouse. The 
analysis of each scan employs a number of steps. Listed below are figures showing the 
analysis of a hip scan for each step of the program. 
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·Jun 22 12:55 1998 [113 x 1481 
Hologic QDR-ZB88 CS/H 2124) 
O"'wn~•• ~~i~o Mo...l inM lid h.7A •1 

RU~ ~a,s t<, a 1., (.j [_j r i 

A16189783 Sat Oct 18 89:38 1997 
Name: 
Col'l'lment: 
I .D.: Sex: M 
S.S.U: Ethnic: 
ZIPCode: PhysEd Height: 186.16 c~ 
Scan Code: FB Weight: 91.76 kg 
BirthDate: Age: 39 
Physician: 
Image not for diagnostic use 

TOTAL BMD CV FOR Ll - L4 1.8:1. 

C.F. 8.991 8.943 1.8AB 

Region Est.Area Est.BMC BMD 
(cn2) (grans) (gl'!'ls/cf!12) 

----- ------ ---- -----
Ll 16.86 21.24 1.323 
L2 17.78 24.85 1.358 
L3 19.36 2&.51 1.376 
L4 18.89 25.25 1.39& 

TOTAL 71.26 97.85 1.363 

·= -HOLOGIC 

Nuclear Medicine Dept RLIH Saskatoon 

B 
M 
D 

2B 

BMD(L1-L4) = 
;Region BMD 
1------
iLl 1.323 
I 
!LZ 1.358 
\ 

jL3 1.376 
I 

:L4 1.39& 
! 

t1-L4 1.363 

36 4B 56 &8 
Age 

1.363 g/cf!12 

TC3B.B> 
----------
+2.86 131/. 

+2.48 124/. 

+2.43 124:1. 

+2.28 122/. 

+2.47 125/. 

+ Age and sex natched 
! = peak bone nas3 

78 a a 

z 
----------
+2.86 131/. 

+2.48 124/. 

+2.43 124/. 

+2.28 122/. 

+2.58 126/. 

i 1 /):~4/~1 

A161897B3 Sat Oct 18 89:38 1997 
Name: 
Comment: 
I • D . : Sex : t1 
S.S.U: Ethnic: 
ZIPCode: Phys.t:;d Height: 188.18 em 
Scan Code: FB Weight: 91.76 kg 
BirthDate: Age: 39 
Physician: 



one tissue identification: Erase 
extraneous red pixels that are not 
on bone with left mouse button. Fill 
in missing bone regions with right 
mouse button. Ensure neck 
margin is smooth and conforms to 
bone margins. 

Figure 3. Bone Tissue Identification with Overlay 

Figure 4. Bone Image Traced with Outline 
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Figure 5. Location of the Femoral Neck 

Figure 6. Neck and shaft Axes drawn for calculation of geometry 
parameters 

121 



Figure 7. Location of the Center of Femoral Head 

Figure 8. Calculation of Geometry Parameters for Neck (NN), 
Shaft (S) and Intertrochanteric (IT) Regions 
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Output variables from the processing of hip scan files using the Hip Structural 

: Birthdate minus Scan Date 

eck Shaft Angle 
between derived axes of neck and shaft 

"P1"'!l0"P Cortical Thickness: The subperiosteal width ofbone minus 
Pnnln£''""'·· "'!l diameter I 2. 

Cent Pos 
* [IT CSMI I ((1 -IT Cent Pos)*IT Width)] 
** Earlier versions of output define Neck region as "Nrw" and Intertrochanteric region 

as "T' 
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APPENDIX I 

Bone Remodeling Cycle 
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Bone Remodeling Cycle as cited in Khan et al., (7, 2001) 
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Figure Appendix J.l - Scatterplot of Femoral Neck aBMD vs Load Impact Average in 

males (n =58) showing Impact Loading accounted for 3.1% of the variance in Adult 

Femoral Neck aBMD (R2 = 0.0311) 
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Figure Appendix J.2- Scatterplot ofNN CSA vs Load Impact Average in males (n =58) 

showing Impact Loading accounted for 0.22% of the variance in Adult NN CSA (R2 = 

0.0022) 
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Figure Appendix J .3 - Scatterplot of NN Section Modulus vs Load Impact Average in 

males (n = 58) showing Impact Loading accounted for 0. 65% of the variance in Adult 

NN Section Modulus (R2 = 0.0065) 
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APPENDIXK 

Scatterplots of Female Bone Strength Indices versus Impact Loading 
During Adolescence 
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Figure Appendix K.l- Scatterplot of Femoral Neck aBMD vs Load Impact Average in 

females (n = 31) showing Impact Loading accounted for 0.81 %of the variance in Adult 

Femora/NeckaBMD (R2 = 0.0081) 
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Figure Appendix K.2- Scatterplot of NN CSA vs Load Impact Average in females (n = 

31) showing Impact Loading accounted for 2. 64% of the variance in Adult NN CSA (R2 

= 0.0264) 
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APPENDIXL 

MANOVA Tables for Males and Females 
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