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Foreword 

This thesis has been written in a format suitable for 

publication. The review of literature section entitled 

"Factors Affecting Bone Development in Adolescent Females" was 

written in thE! format of the journal "Sports Medicine". The 

second paper "Determinants and Correlates of Whole Body and 

Lumbar Spine Bone Mineral Content and Density in Healthy 

Adolescent Gi:rls" was written in the format for the "Journal 

of Applied Physiology". The third paper entitled "Effect of 26 

Weeks of ResiBtance Training on Whole Body and Lumbar Spine 

BMC and BMD :l.n Healthy Adolescent Girls" was written for 

publication in the journal "Medicine and Science in Sports and 

Exercise". Th1~ reader will notice the different reference 

styles utiliz~~d in the different sections, reflecting the 

formats of the: three publications. 
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Introduction 

Osteoporosis is a major cause of morbidity and mortality in 

our aging population. It is estimated that by the year 2000 

the cost of hip fractures alone in the United states may well 

exceed $10 biL_ion (Gleeson et al. 1990) • The primary goal in 

the management of this problem is the prevention of bone loss 

and subsequent fractures. Current research (Matkovic et al. 

1990) suggests that about 90% of adult peak bone mineral is 

accumulated in the years preceding, and during the adolescent 

growth spurt. Therefore it is important to identify those 

factors which contribute to the attainment of peak bone mass, 

and to determine their relative importance during the 

developmental years. once these factors have been identified, 

intervention strategies may be employed during childhood and 

adolescence fc1r the purpose of maximizing adult peak bone 

mass. 

This chapter reviews the mechanisms underlying and examines 

the significance of a number of factors that currently are 

considered to affect childhood bone· development; namely: 

ethnic and genetic influences, nutrition, physical activity, 

growth and maturation, and hormonal influences. It should be 

emphasized that although these factors will be considered 

separately, they probably act in an intergrated manner in the 

regulation of bone development during childhood. 



Regulation of llone 

Bone structure and mineralization is governed largely by 

the mechanical demands imposed upon the bone tissue. The 

biological goal is the maintenance of a minimum adequate 

structure, in which the margin of safety between normal 

mechanical demands and fracture is balanced by the cost of 

excessive bone mass on mobility (Turner 1991). The 

"Mechanostat" theory proposed by Frost (1987) provides a 

paradigm for tbe study of bone regulation. He postulates that 

three separate biological mechanisms are responsible for the 

regulation of bone development: growth, modelling and 

remodelling. Ec:.ch of these mechanisms responds in it's own way 

to mechanical, non-mechanical, local and circulating bone 

regulating influences. 

Bone growth occurs at the growth plate to increase the 

length of bone. Growth adds new spongiosa to pre-existing 

spongiosa, and new length to the cortex (Parfitt 1984). Growth 

can only add 1:rabecular and cortical bone to the bone bank, 

it cannot takn away from bone which is already deposited 

(Frost 1991). The growth mechanism, therefore, functions to 

increase bone :;ize by increasing the number of cells and the 

amount of inta~cellular material. 

The bone mcdelling process involve~ drifts in both bone 

formation (new bone added) and resorption (bone removal) over 

broad regions of the skeleton (Raisz 1988) . These drifts occur 



~ 

primarily durir~ longitudinal bone growth, begin to subside 

near skeletal maturity, and become almost non-existent by 25

30 years of age (Frost 1987). This mechanism increases the 

thickness of the outer shell and marrow cavity diameter as 

well as adding cortical bone along the. entire length of bone 

(Raisz 1988). The effect of modelling is to provide a 

functionally ar~ mechanically purposeful architecture. 

Two types of modelling have been observed: micro-modelling 

and macro-mcdelling (Frost 1987). Micro-modelling 

differentiates the development of bone and collagen tissues 

into compact and trabecular bone. Macro-modelling determines 

whether, when and where new tissue is to be formed or old 

tissue is to h: removed, and thus acts to promote or retard 

growth at various skeletal sites. Macro-modelling stops when 

skeletal growth ceases, while micro-modelling continues to 

form new tissuE~ throughout life (Frost 1991). 

Bone remodelling takes place through a cyclic process of 

erosion and repair of microscopic cavities on bone surfaces 

(Parfitt 1984). This process controls bone turnover, and 

functions in the maintenance, and replacement of bone and in 

bone micro-damage repair (Frost 1991). 

Both modelling and remodelling are carried out by 

osteoblasts and osteoclasts; fully differentiated cells of 

finite life-span that require continuous renewal from separate 

stem cell populations (Lakkakorpi et al. 1991) . The total rate 
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of bone remcdelling is governed by the number of 

resorptionjfornation cycles that take place in a given time 

period, which i:1 turn depends upon the rates of precursor cell 

proliferation cmd differentiation (Parfitt 1984) . The total 

cycle of remodelling in adult humans is estimated to take 

approximately 120 days (Turner 1991). Remodelling consists of 

five successivE! stages: quiescence, activation, resorption, 

reversal, and formation (Parfitt 1984). 

The first stage of the remodelling cycle is the state of 

inactivation or quiescence. In the young growing animal almost 

all bone surfaces free of articulation are either in the state 

of formation or resorption (Montoye 1987). By contrast in 

older animals, including adult men and women, about 80% of the 

trabecular bonH surface and 95% of the intra-cortical bone 

surface is inactive with respect to bone remodelling (Parfitt 

1984). During this period of quiescence, the outer bone 

surface is cov:red by a layer of extremely thin (0 .1-1 urn) 

flattened lini:1g cells about 50um in diameter. The lining 

cells arise frcm terminal transformations of osteoblasts that 

have lost their ability to synthesize collagen, but which 

probably retain some form of hormonal receptors (Montoye 

1987) • 

The second step in the process of remodelling is activation. 

Initiation of this cycle requires (1) recruitment of 

osteoclasts, (~.) a means for osteoclasts to gain access to the 
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bone and (3) a mechanism for osteoclast attraction and 

attachment to 1:.he bone surface (Parfitt 1984). In a normal 

skeleton of avnrage size, activation occurs somewhere about 

once every 10 seconds. The lining cells respond to bone

resorbing hormones by releasing proteolytic enzymes such as 

collagenase and plasminogen activator (Hamilton et al. 1985). 

These enzymes uncover bone surface and allow osteoclasts 

access to bone: (Raisz 1988). Osteoclasts arise by fusion of 

precursor cells of the mononuclear phagocyte system 

(Lakkakorpi et al. 1991). These precursor cells are thought to 

originate in a:1d travel through the bones' blood supply to 

reach mineralized bone surfaces, where their fusion into 

osteoclasts occurs (Melton et al. 1982). Osteoclast precursors 

display phagocytic recognition for bone 'mineral particles, but 

not for demineralized bone matrix. Thus, osteoclasts may 

initiate the resorption process by exposing the underlying 

bone to osteoclast precursors, by retracting bone cell linings 

(Raisz 1988). 

The next phase, bone resorption, occurs when the newly 

formed osteoclasts begin to erode a cavity of characteristic 

shape and dimension on the bone surface. In trabecular bone 

this is known as a Howship's lacuna while in cortical bone it 

is referred to as a cutting zone (Lakkakorpi et al. 1991). The 

osteoclast has a ruffled border area with numerous cytoplasmic 

folds, surrounded by a clear zone where the cell is closely 
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attached to thel bone surface {Bonucci 1981). The osteoclast 

requires firm 3.ttachment to the cell membrane of the bone 

surface to effectively isolate the resorption lacuna from the 

extracelluar fluid and to permit the maintenance of a cell 

generated pH gradient {Lakkakorpi et al. 1991). 

Hydrogen ions secreted into the enclosed area dissolve the 

bone matrix, ar.d lysosomal enzymes that are released degrade 

the collagen matrix at a low pH {Parfitt 1984). Osteoclasts 

are actively migrating cells that move from site to site. The 

ruffled sealing zone appears only during the resorption phases 

and disappears during the course of migration {Kanehisa et al. 

1988) . The oste:oclast resorption front penetrates about 5-10 

umfday perpend:Lcular to the eroded surface and about 20-40 

umfday parallel to and along the eroded surface {Parfitt 

1984). The mean life-span of an osteoclast is 12.5 days, with 

a corresponding turnover of about 8% per day {Jaworski 1984). 

When the resorption cavity reaches a mean depth of 60 urn from 

the surface of trabecular bone and 100 urn in cortical bone, 

resorption at that particular site ceases {Carter 1984). 

Once the osteoclasts have resorbed bone mineral and matrix 

the reversal phase begins. The reversal phase encompasses the 

interval between completion of resorption and commencement of 

bone formation at a particular location {Montoye 1987). In 

this process lining cells smooth over the ragged edges left by 

the resorptive process and deposit a thin layer of highly 
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mineralized, c'::>llagen poor bone matrix (known as cement 

substance) in p~eparation for bone formation (Tran van et al. 

1982) • 

The final phase, formation, is characterized by the 

replacement of resorbed bone. The actual process of how 

osteoblasts dep::>sit mineral in the collagen matrix is unknown. 

The osteoblastB are separated from a recently mineralized 

section of the :resorption canal by a layer of non-mineralized 

matrix or osteoid (Raisz 1988). In both cortical and 

trabecular bone, the rate of matrix apposition is rapid (2-3 

umjday) at the beginning when the osteoblasts are columnar and 

densely packed (Parfitt 1984). Following termination of the 

matrix synthesj.s, mineralization continues slowly until the 

osteoid seam disappears, and the cells remaining on the bone 

surface complete their morphologic and functional 

transformation to lining cells (Raisz 1988). 

The bone surface has now returned to its original state of 

quiescence in adult bone. The process of remodelling is 

similar in you:1g growing animals and occurs simultaneously 

with both the growth and modelling phases. 

From infancy to adolescence the surface of bone is in a 

continual cyclic state of bone for~ationjresorption. In 

contrast 80-95% of adult bone rests in a state of quiescence. 

Bone mineral and architectural structure are influenced 

through the mHchanical demands placed upon bone. A site 
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specific resorption/formation of bone occurs in response to 

altered mechanical demands in an attempt to enable bone to 

withstand the newly imposed force with a minimum adequate 

structure. If this newly imposed force produces stresses 

greater than those already present, bone formation exceeds 

resorption and bone mineralization increases. When the 

mechanical strain imposed on bone decreases, bone resorption 

exceeds format:.on in an attempt to provide adequate strength 

with the minimum required structure. 

Ethnic and Genotic Determinants of Bone Mineralization: 

Ethnic Determination of Bone Mineral 

Trotter et al. (1960} was the first to examine the racial 

differences bE~tween bone density (BD) (BD; whole bone 

mineralized collagen in gjcm"3 ) in blacks and whites. The 

results of this study showed that the bones of blacks were 

denser than 1:hose of whites, and this was especially 

significant whem comparing black to white females. This ethnic 

difference in bone mineral density (BMD; local bone mineral in 

gjcm"2) between whites and blacks is evident even before birth 

(Choi and Trot·:::er 1970). An examination of the radial BMD in 

children betweEm the ages 1-6 years showed that black children 

had higher bOnE! mineral across all ages compared to whites (Li 

et al. 1989) • Differences in spinal BMD between black and 

white children are detectable from the age of 5 years 

http:format:.on
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(McCormick et al. 1991). This racial difference in BMC is 

evident in both weight bearing and non-weight bearing bones in 

children 7-12 years of age (Bell et al. 1988). 

Regardless o1: ethnicity, spinal BMD shows a high degree of 

correlation wi1:h age, body weight, and height from childhood 

to adolescence (McCormick et al. 1991). Indirect evidence from 

BMD and total body water estimations indicate that black 

adults have approximately 10% more total bone mineral than do 

young white adults even after adjusting for stature (Schulte 

et al. 1984). In ossification centres of the hand and wrist, 

American blacl~ children are advanced compared to white 

children even though their socio-economic status is lower 

(Garn et al. 1972). Although black babies are generally 

smaller at birth, they quickly gain and then exceed white 

children in :height and weight after the first 2 years 

(Pollitzer and Anderson 1989) . Both black boys and girls grow 

more rapidly than whites through adolescence -and are on 

average 2 em taller at given ages (Garn and Clark 1975). 

However, even ~vhen matched for age, height, and weight, black 

children retain 5-6% more bone mineral than whites. Thus 

normal values of bone mineralization for whites are 

substantially lower than for blacks (Pollitzer and Anderson 

1989). 

Both past arrl present populations have been studied world 

wide to determ:Lne broader estimates of the ethnic variation in 
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bone mineral. The Chinese and Japanese have significantly less 

cortical bone ·than whites (Garn 1963). Even with lower bone 

mass the incidemce of hip fractures in Japan is lower by 12.5 

to 50% compare~d to western countries. Type I osteoporosis 

(naturally occ~ring osteoporosis) is so rare in Japan that 

many clinicianB doubt that it even exists (Fujita 1992). 

Whites of both sexes have about 5% larger metacarpal 

cortical bone area than Mexican-Americans from 1 to 17 years 

of age (Pollit~er and Anderson 1989). The Eskimo of the St

Lawrence Island have lower BMC than whites, and tend to lose 

bone at an earlier age, and faster rate than most populations. 

The female Eskimo apparently has a faster rate of bone loss 

than the Eskimo male (Harper et al. '!984) . Alaskan Eskimo 

children have !5-10% lower BMC than white children and adults 

have a greater rate of loss of BMC with age. After age 40, 

Eskimo of both sexes have 10-15% lower BMC that whites (Mazes 

and Matthew 19'74). 

Generally, fractures of the proximal femur are common in 

temperate zones and uncommon in the tropics; this suggests 

that apparent ethnic differences may be confounded by other 

factors such as climate, and differences in diet, exercise, 

and socio-economic conditions (Pollitzer and Anderson 1989). 

Genetic Determination of Bone Mineral 

Proof of genHtic causation cannot be inferred from the fact 
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that a particular condition runs in families. Rather it must 

be shown that established principles of Mendelian inheritance 

are followed or, that a characteristic is far more frequent in 

monozygotic (MZ) twins who have 100% of their genes in common 

than in dizygotic (DZ) twins who have 50% of common genes 

(Pollitzer and Anderson 1989). 

In an examination of total and cortical width of three 

metacarpal bonHs, Moller et al. (1978) showed four to five 

times greater intra-pair variance among DZ than MZ twins. The 

authors concluied that there was a fairly high genetic 

contribution of about 80% to the determination of bone 

mineral. Smith et al. {1973) examined 71 juvenile twin pairs 

of both sexes and 80 adult male twin pairs. The within-pair 

variance for BMC among the young twins for both sexes was four 

times as great. for DZ twins as for MZ twins. The larger 

variation amoro~ DZ twins was thought to indicate a strong 

genetic deten!ination, but the increasing intra-pair 

difference wi~1 increasing age was considered to be due to 

genetic and environmental interactions. Slemenda et al. (1991) 

examined 171 pre- and post-menopausal female twins aged 25-80 

years. At all skeletal sites MZ intra-class correlations 

exceeded DZ correlations for both pre- and post-menopausal 

women. However there was increasing within MZ pair variability 

in older women, which indicated that the genetic influence on 

bone mineral d:.minished with age. 
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A family history of osteoporosis has been cited as an 

important risk factor in the development of the disease, 

despite the existence of little evidence to substantiate this 

view {Seeman et al. 1989). Of 34 adult mother-daughter pairs 

and 29 adult fe~ale sibling pairs, Sowers et al. (1986) found 

no consistent evidence of a significant between pair 

resemblance for BMC of the distal radius. In contrast Seeman 

et al. (1989) found lower bone mass in the daughters of 

osteoporotic mothers than in the daughters of non-osteoporotic 

mothers. 

Tylavsky et ~1. (1989) evaluated radial BMC and BMD in pre

menopausal mothers and their biological daughters. By the age 

of 18 the daug~ters accumulated 90-95% of the BMC of their 

mothers. Lutz and Tesar (1990) found significant positive 

correlations bHtween mothers and daughters for BMD of the 

lumbar spine and femur, however the correlation weakened with 

increasing age of the mothers. 

The nature of inheritance of bone mass in women may have at 

least two major components. one influences peak bone mass 

attained during growth. The second regulates post menopausal 

hormonal chang1:!S associated with bone loss (Seeman et al. 

1989). These components may be regulated by different genetic 

factors which may not be equally transmittable from mothers to 

daughters. 

The accumulat~ion of peak bone mass is determined to a large 
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extent by ethnic/genetic variation. Studies comparing blacks 

to whites com;istently find greater total bone mineral 

deposited in the:~ skeleton of blacks. The intra-class variation 

in bone mineral is less for monozygotic than for dizygotic 

twin pairs. The most important finding 1 relevant to the 

optimization of adult peak bone mineral, is that by the age of 

18, females have reached upwards of 90% of the bone mineral 

found in their pre-menopausal mothers. This suggests that 

intervention programmes designed at optimizing adult bone 

mineral should be initiated at an early age. 

Nutrition and Bone Mineralization: 

Calcium 

Most of the body's calcium reserve resides as calcium 

phosphate salts within the skeleton. This reserve serves two 

important functions. First, with its incorporation into the 

skeleton, it :~;:rovides protection to vital organs, and a 

framework for locomotion. Second, it acts as a reservoir for 

the body's calcium requirements. Because of the body's need to 

maintain plasma (ionic} calcium concentration for the 

preservation of ionic balance, calcium is resorbed from the 

skeleton whenever dietary calcium intake falls short of 

obligatory lossns (Nordin and Morris 1988} . These losses occur 

every day throuqh urine, skin and the gastrointestinal tract 

(Charles et al. 1991a}. Long term skeletal calcium homeostasis 
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is mainly basHd on the balance between the absorption of 

calcium from the intestine and the difference between bone 

mineralization and resorption rates. 

Given the vc:.rying activity of the growth, modelling and 

remodelling processes at varying stages of development it has 

been considered appropriate to characterize or define the need 

for calcium in relation to the specific phases of bone 

development. This is reflected in the-different Recommended 

Dietary Allowances {RDA' S) of calcium for children, 

adolescents ancl adults {Dawson-Hughes 1991a). 

From birth to puberty, the skeletal mass increases by seven 

fold and by a further three fold during adolescence {Garn et 

al. 1972). Because 60% of the weight of mature bone is 

mineral, in the form of calcium phosphate, a continuous supply 

of dietary calcium is an essential requirement for healthy 

bone development during childhood and adolescence {Peacock 

1991). Calcium is absorbed by the small intestine with little 

or no absorption by the colon. There are two components to 

calcium absorption, an active transport mechanism and a 

diffusion component. The major determinants of calcium 

absorption are ·the amount of bio-available calcium in the diet 

and the vitamin D status of the individual {Peacock 1991). 

The skeleton of a newborn infant contains approximately 25 

grams of calcium, comprising about 1% of the infant's weight 

{Chan 1991). During the first two years of life the calcium 

.. 




content increaf::es faster in relation to body size than during 

any other time of life (Tanner 1962}. The degree of positive 

calcium balance in infancy necessary to achieve peak bone mass 

and density is unknown. Peak height velocity during infancy 

(birth - 1yr} reaches approximately 18 cmjyr • With adequate 

vitamin D status, infants retain about 44% of their calcium 

intake with very low calcium excretion in the urine (average 

38 mgjday} (Mat~kovic 1991}. 

Growth rate begins to slow between 2-8 years of age 

(childhood}. Peak height velocity declines from 9 cmjyr 

following infar.cy to 5.5 cmjyr for both boys and girls during 

this period. The body's retention of dietary calcium declines 

to approximately 25 (Matkovic 1991} . Required calcium 

retention during this period is estimated to be 100 mgjday 

(Chan 1991}, and the recommended dietary intake is 1000 

mgjday. The change in RDI between infancy and childhood 

reflects both the lower retention and greater urinary output 

in the older ct.ildren. 

Calcium needs are greater during pre-adolescence and 

puberty (ages 9-17 years} than in either childhood or 

adulthood (Char.. et al. 1987}. This is a period characterized 

by accelerated skeletal development. During the adolescent 

growth spurt approximately 45% of the adult skeletal volume is 

formed, with HMC increasing at a rate of 8. 5% per year 

(Matkovic et al. 1990}. Girls reach their peak height velocity 

http:infar.cy
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of 8.5 cmjyear by the age of twelve. Peak height velocity for 

boys is 9.5 cmjyear and is achieved by age 14 (Tanner 1962). 

In general, adolescents retain more calcium than either 

children or young adults. Despite this higher calcium 

retention, required calcium intake i_s higher during this 

period than dur.ing childhood or adulthood due to their greater 

excretion of calcium in urine (Peacock 1991). 

Adolescent females may be at risk for skeletal inadequacies 

because their r<:ttio between calcium intake and optimal calcium· 

retention is low (Chan 1991). An examination of peri

menarcheal females by Forbes (1992) demonstrated that urinary 

hydroxyproline excretion (a marker for collagen turnover) rose 

significantly cLpproximately one year in advance of menarche 

then fell to levels below those of the late childhood years. 

This finding suggests that bone turnover andjor remodelling 

proceeds at a relatively rapid rate in the immediate pre

menarchal yearf: in females. 

There are few studies examining the current level of 

dietary calcium intake and bone mineralization in children and 

adolescents. Ctan (1991) and Chan et al. (1987) demonstrated 

a positive coJ:-relation (r=0.45, p<=0.01) between dietary 

calcium intake and BMC of the radius in adolescent females. No 

correlation be·:ween current calcium intake and BMC of the 

proximal femur was found in women aged 23-75 yrs (Angus et al. 

1988). These r~asults were also confirmed by Kanders et al. 

I 
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(1988). Dietary modification in the form of dairy products was 

shown to retard vertebral bone loss in women aged 30-42 yrs 

(Baran et al. 1989). 

The effective~ness of calcium supplementation on bone growth 

has not been extensively studied. Most studies have 

concentrated on middle-aged women. A two year examination of 

the effectiveness of calcium supplementation in peri

menopausal wome~n aged 46-55 yrs revealed a 3. 5% loss of lumbar 

spine in the control group, while those supplemented with 1000 

mgjday lost 1.~% and those supplemented with 2000 mgfday lost 

0. 7%. However, the effectiveness of calcium supplementation on 

bone loss was Bignificant only during the first year (Elders 

et al. 1991) . A controlled trial of the effect of calcium 

supplementation on bone density in post-menopausal women was 

performed by Dawson-Hughes et al.(1990). Calcium 

supplementation was ineffective in retarding lumbar spine bone 

loss in women within five years of menopause. Calcium 

supplementation was effective however, in retarding bone loss 

in those women six years and more, post-menopause. Sandler et 

al. (1985) repcrted that milk consumption during childhood and 

adolescence had a positive effect on post-menopausal bone 

density. Calcium supplementation (2000 mgjday) slowed the loss 

of cortical bone but not trabecular bone in a two year 

examination of post-menopausal women ( Riis et al. 1987). 

The effectiveness of calcium supplementation in regards to 
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optimizing bone~ formation appears to be inconclusive. There is 

little to no information concerning tqe efficacy of calcium 

supplementation on bone formation during the developmental 

years of infancy to adolescence. Calcium supplementation does 

appear to hav~~ a positive effect on bone loss in post

menopausal womEm, but only after the initial period of rapid 

bone loss associated with the cessation of menses. 

In summary t~hese studies indicate that percent net calcium 

absorption is relatively high during infancy (40%) and 

adolescence (30%) while lower in children (25%) and young 

adults (20%) (Matkovic 1991). Greater rates of calcium 

retention are reflective of the greater rate of bone formation 

associated wi~1 infancy and adolescence. 

Adult calcit:.m requirement is defined as the amount of 

calcium requin~d to preserve calcium balance (Cumming 1990). 

If input is ec;::ual to output the calcium balance will equal 

zero. Young individuals need to be in positive calcium balance 

to meet the net~ds of skeletal growth and consolidation. This 

point is further emphasized by Matkovic et al. (1990) who 

estimated that 16 year old daughters have accumulated 90-97% 

of the bone ma~;s of their pre-menopausal mothers. In light of 

this evidence the draft statement for the u.s. health goals 

f~r the year 2000 includes a calcium intake that amounts to an 

approximate doubling of the current RDA (Avioli 1991) . If 

young females were to maximize their calcium absorption 
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potential it is estimated that their adult peak bone mass may 

be increased by as much as 10% (Peacock 1991) • 

Protein 

Dietary proteins provide the necessary sources of amino 

acids and nitrogen for the synthesis. of body proteins and 

nitrogen conta.lning compounds. The predominant component of 

bone matrix is protein, which exists primarily in the form of 

collagen. Bone protein is responsible for bones intrinsic 

plastic stiffnHss properties (Boskey 1981). 

Dietary protedn exhibits both direct and indirect effects on 

calcium metabolism including: a dose-dependant inhibition of 

calcium absorp1:ion from the gut; a dose-dependant increase in 

urinary calcium excretion; and the resultant alteration in the 

body's calcium requirements (Widhe 1982). 

Faridi et al.. ( 1984) examined 100 children aged 6 months to 

yrs suffering from protein calorie malnutrition. 

Radiographic examination revealed 75% of children to suffer 

from osteopen~_a, while 54% demonstrated retarded growth. 

Decreased osteoblastic activity was the cited cause. 

A diet high in protein has been associated with increased 

urinary calcium excretion. In young adult females, a normal 

dietary protein intake had no effect on calcium absorption, 

but on a high intake (142 gmjday) increased urinary calcium 

excretion resulted in negative calcium balance (Simmons et al. 



1990) 0 

Low dietary protein results in decreased osteoblastic 

activity, osteopenia and growth retardation. Hypercalciuria on 

the other hand, and decreased calcium retention are caused by 

a high protein diet. 

Lipids 

Dietary lipids provide a major source of energy, containing 

more than twic1~ the calories per gram than carbohydrates or 

protein. Recent research suggests that lipids may play an 

important role in the calcification process of bone, and are 

generally thought to concentrate at the boundary between 

calcified and non-calcified tissue (Simmons et al. 1990). 

The extracelluar matrix of epiphyseal cartilage contains 

lipid rich ve:;icles that are believed to be the site of 

initial mineral deposition (Anderson and Toverud 1986). The 

important role of dietary lipids is to supply the body with 

adequate amoun1:s of essential fatty acids in order to maintain 

normal membran1~ phospholipid composition. 

Fiber 

Because insoluble fibers increase the speed at which the 

gastrointestin.:tl tract empties, a very high fiber intake may 

decrease absorption of dietary calcium. Natural fibers are 

also believed to bind to calcium in the intestinal tract. 
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Aloia (1989) st.ggests that high fiber diets decrease calcium 

absorption from the diet and should be avoided in osteoporotic 

women. 

It is throuqh our diet that we acquire the nutrients 

essential for proper bodily functions. The most important 

nutrient absorbed through the diet in regards to bone growth 

and formation :Ls calcium. The amount of calcium retained in 

the body is a n~sult of the amount of calcium available in the 

diet and the percentage absorbed through the intestine. Diets 

high in fiber and protein composition have been shown to 

decrease calci11m absorption. Current research suggests that 

the RDA for calcium be increased predominantly during the 

growing years and continued up to menopause. Calcium 

supplementation in the years post-menopause does not appear to 

be effective in reducing bone mineral loss. The current RDI 

guidelines for fiber 1 protein and lipids are designed to 

promote global well-being of the human body. There is however 1 

a lack of RDI guidelines for these secondary nutrients in 

regards to opt:.mal bone growth and mineral development. 

Physical Activ:.ty and Bone Mineral: 

Mechanical s1:rain 

Although the mechanism (s) remains obscure 1 there is abundant 

evidence that bone mineralization is influenced by the 

mechanical stn~sses inherent to physical activity. 

http:Activ:.ty
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All forces imposed on bone produce strain of some magnitude. 

The biological control of bone's structure is accomplished 

largely through direct or secondary effects of mechanical 

strains on the osteoblasts or osteoblast precursors (Riggs et 

al. 1986}. It h.:ts been proposed that changes in bone structure 

are brought about by a feedback system in which changes in 

peak mechanical strain drive bone cells to change bone 

structure (Turner 1991a} . Lanyon (1984} hypothesizes that 

adaptive remodelling takes place to reduce strain when a 

bone's functional strain level has been exceeded. carter 

( 1984) states that remodelling is stimulated when strain 

histories causE! fatigue micro-damage. Frost (1987) describes 

a "mechanostat" theory in which mechanical strains work 

through a feedback control system to maintain the desired bone 

mineralization. Using the postulates of Frost (1987}, Turner 

(1991a} describes a feedback theory for the homeostatic 

control of bone~ structure. This hypothesis contains two basic 

premises: (1) a threshold level exists for mechanical strains, 

above or below which bone adaptation is initiated, and (2} the 

set point for normal bone structure can be modulated by 

hormones. 

Bone structUJ::-e is maintained such that ordinary mechanical 

strains do not exceed a minimum effective strain (MES}. Frost 

(1987) specula':es the MES to equal 1500-2500 micro-strain 

( 1 micro-strain equals a bone deformation of 0. 0001%) . If 
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local strains surpass the MES, bone modelling will change 

bone structure to reduce the local strains to below the MES. 

Martin and Burr (1989) and Frost (1987) have suggested another 

effective stra:_n level of 50-200 micro-strain. Strains below 

this level wil:_ cause bone resorption leading to a weakening 

in bone structure until local strains are increased. Therefore 

a physiological window exists (Figure 1) for bone between the 

MES and the lc,wer effective strain. If the mechanical load 

imposed upon bone falls outside this physiological window an 

adaptation response occurs in which bone structure is altered 

through either modelling or resorption to maintain functional 

homeostasis. The control system for bone structure is outlined 

in Figure (2). The effector change in bone rigidity is the 

modelling/remodelling system of osteoblasts and osteoclasts. 

The variabiliti of daily loading is reflected in the error 

signal. Through increasing or decreasing the strain on bone 

one alters the error signal. When the error signal is altered 

beyond the bounds of the physiological window in either a 

positive or negative direction modelling/remodelling is 

activated. Thi:; will increase or decrease bone rigidity in an 

attempt to return the error signal to within the confines of 

the physiologi~al window. 

Examining the relationship between ·stress variation and 

subsequent bone remodelling, Hert (1971) showed that static 

loads, regardless of magnitude, have no affect on bone 
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adaptation. Lar1yon and Rubin (1984) demonstrated an increase 

in bone mineralization following dynamic loading, with the 

greatest increase activities associated with high loading and 

low repetitionf:, (Martin and McCulloch 1987). 

General Physica.l Activity: 

cross-sectior~l studies 

Cross-sectional studies generally indicate a greater bone 

density in athletes and people with higher levels of physical 

activity than in the average population (Bailey and McCulloch 

1990) An inherent problem in cross-sectional research is 

subject bias, ~;ince the underlying genotype for bone density 

preceding participation in physical activity is not known 

(Snow-Harter and Marcus 1991). 

Viridakis e~t al. (1990) compared the non-dominant forearm 

of male junicr competitive weight lifters with matched 

controls aged 15-20 yrs. Distal radius BMC in the exercise 

group was significantly above that for the control group. The 

effect of physical activity on monozygotic twins aged 5-14 yrs 

was examined by Slemenda et al. (1991). The results suggest a 

positive association between total time spent in weight

bearing activit:y and skeletal BMD. Physical activity resulted 

in 0.03-0.04 gjcm2 per year increase in BMD, implying that 

children with activity levels one standard deviation (SD) 

above the mear. of 2. 7 hfday would have approximately o. 06 

http:0.03-0.04
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gmfcm2 higher Bt1D than children with average activity levels. 

The implication is that active children may emerge from 

adolescence with 5-10% greater bone mass than sedentary 

children. In cc,ntrast, however, some investigators have found 

no correlation between physical activity and adolescent bone 

mineralization (Bachrach et al. 1990,1991). 

The os calcis BMD of basketball and volleyball players, 

swimmers and controls, was recently studied by Risser et al. 

(1990). The swimmers demonstrated significantly lower BMD of 

the lumbar spine. Both the basketball and volleyball athletes 

had a greater mean os calcis BMD than the swimmers and 

controls. The BMD of the lumbar spine for the swimmers was 

observed to be lower than that of published data for 

amenorrheic runners. The lumbar spine BMD of female college 

swimmers was also demonstrated by Jacobson et al. ( 1984) to be 

similar to non-athletic age matched controls. Buchanan et al 

(1988) found no correlation between bone mineralization and 

physical activity levels in females aged 18-22 yrs. However in 

peri-menopausal women, level of physical activity has been 

shown to be significantly correlated (r=0.41) to BMD of the 

spine and (r=0.51) to total body calcium levels (Aloia et al. 

1988) . In gene::-al these studies suggest that weight-supported 

exercise such as swimming have little effect on optimizing 

spinal bone mineralization 

Comparing ad,llt male tennis players to age matched controls, 
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Huddelston et al. (1980) found the dominant radius of the 

athletes to ha,re significantly higher bone mineral than the 

non-dominant rcLdius, and to be higher than controls. Similar 

results were observed by Pirnay et al (1987); adult 

professional tennis players demonstrated 34% and 15% greater 

BMD of the doninant and non-dominant forearms compared to 

sedentary university students. This unilateral increase in BMD 

of the dominant. arm may suggest a site specific adaptation of 

bone to locally imposed strain. 

The physical activity level of peri-menopausal women has 

also been shown to be significantly correlated (r=0.41) to BMD 

of the spine and (r=0.51) to total body calcium levels (Aloia 

et al. 1988). Physical activity has also been suggested to 

slow the rate of bone loss associated with ageing. Jacobson et 

al. (1984) demonstrated a 0.7% per year loss of spinal BMD in 

sedentary women beyond the age of 50 yrs, which was not 

observed in a group of active age matched controls. These 

results are supported by Talmage et al. (1986) who also found 

an accelerated loss of lumbar spine BMD in sedentary women 

between the agHs of 45-55 yrs, while an age matched group of 

athletic women demonstrated no accelerated loss of bone 

mineral. Likewise in a retrospective study of 108 women aged 

50-60 yrs, Cher,g et al. (1991) found women who participated in 

vigorous exerc.ise four hours a week demonstrated greater BMD 

of the calcaneus than those who exercised less. 
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Generally, most studies indicate a positive association 

between level of habitual physical activity and bone 

mineralization during childhood, adolescence and even during 

adulthood. Therefore physical activity should be encouraged 

during the developmental years to promote optimal bone 

mineralization. 

Endurance Training 

Runners have also demonstrated increased bone mass. Brewer et 

al. ( 1983) compared BMD of the distal radius, hand and 

calcaneus in :; 0-40 yr old female marathon runners to age 

matched contrc,ls. The runners demonstrated significantly 

greater BMD of the mid-shaft radius and hand. Lane et al 

(1986) examined 41 male and female long distance runners 50-72 

yrs. Bone mineralization of the first· lumbar vertebrae was 

examined by con.puted tomography. Both male and female runners 

demonstrated en average, 40% greater BMC than sedentary 

controls. Similar results were also reported by Marcus et al. 

( 1985) for l·Jmbar spine BMD, however, no significant 

difference in distal radial BMD was demonstrated between 

exercise and control groups. 

There are no studies examining the relationship between 

endurance training and bone mineralization in childhood and 

adolescence. Studies examining adults generally suggest a 

positive relationship between endurance training and bone 



mineralization. 

Endurance + Resistance Training 

Menstruatinsr resistance and endurance trained athletes aged 

17-38 yrs were examined by Heinrich et al. {1990). Resistance 

trained athletes demonstrated greater BMC of the radius, 

lumbar spine, and hip compared to swimmers, collegiate 

runners, recn~ational runners and . controls, while no 

significant difference in BMD was observed between these 

latter groups. Davee et al. {1990) found that college age 

women who supplemented their aerobic exercise training with 

resistance training, demonstrated higher lumbar spine bone 

densities than sedentary controls and those participating in 

aerobic exercine alone. 

The effects of resistance training have not been examined in 

females durin~r childhood and adolescence. In the adult 

population resistance training appears to be the preferential 

stimulus to opi:.imize bone mineral over endurance training. 

Anthropomet:::-ic Variables 

Cross-sectional studies have also been used to determine 

somatic correlates and predictors of bone mineralization, in 

children and adults 

An examinathm of anorexic adolescent girls by Bachrach et 

al. ( 1991) demonstrated a significant correlation between 
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lumbar spine and whole body BMC with body mass index (BMI). 

Kroger et al. (1992) in an examination of 84 Finish children 

aged 6-19 yrs found BMC and BMD of the femur to be correlated 

with age, heigtt, and weight (0.74 ~ r ~ 0.92). Miller et al. 

(1991) found hE~ight to be the best predictor of bone mass in 

children aged 5.3-14.4 yrs. These results were confirmed by 

Troverbach et al. (1991) who found BMC of the 1st metacarpal 

to be significantly correlated with height, weight, and age in 

children aged «i.8-10.7 yrs. 

Examining young adult women, White et al. (1992) found BMD 

of the lumbar spine to be significantly correlated with body 

weight and fa·t-free mass in eumenorrheic and amenorrheic 

females age 15-21 yrs. Heinrich et al.(1990) demonstrated a 

significant co::-relation (r=O. 38) between body weight and BMC 

of the distal radius in 17-38 yr old female athletes. Linnell 

et al. (1984) in an examination of amenorrheic vs eumenorrheic 

female runners found no difference in bone mineralization at 

the distal r,:idius, however body fat was significantly 

correlated wit1 BMC in the amenorrheic group only. 

Body weight consistently appears to be one of the single 

most important predictors of bone mineral during childhood and 

adolescence. }l[aintenance of an adequate body weight seems 

essential for the optimal development of bone mineral during 

the formative growth years. 



Physical Fi1:ness 

Snow-Harter ~~t al. (1990) examining 59 females aged 18-31 

yrs found BMD at the proximal femur to be correlated with 

muscle strengt:h. Biceps strength proved to be the best 

predictor of proximal femur BMD and grip strength best 

predicted BMD of the lumbar spine and radius. Schoutens et al. 

(1989) found femoral bone mass of 19 yr old females to be 

significantly correlated (r=0.82) with quadriceps strength. 

Buchanan et a l. ( 1988) found no correlation between bone 

mineralization and physical activity levels in females aged 

18-22 yrs. 

Pocock et al. (1986) observed physical fitness determined 

by the Astrand-Rhyming test as well as age and weight to be 

determinants cf lumbar spine and femoral neck BMD in women 

aged 20-75 yrs. Pocock et al (1989) examining 78 women aged 

23-75 yrs found biceps and quadriceps strength to be 

predictors of :?roximal femur and lumbar spine BMD. A positive 

correlation between trunk flexor/extensor strength and lumbar 

spine and proximal femur BMD in women aged 38-78 yrs was also 

observed by Halle et al. (1990) 

An examination of post-menopausal women by Sinaki et al. 

(1989) found a weak, but nonetheless significant correlation 

(r=O. 23) betWE!en BMD of the lumbar spine and back extensor 

strength. Bevier et al. (1989) demonstrated a positive 

correlation between grip strength and forearm BMC (r=0.37) and 



spine (r=0.28) in women aged 61-84 yrs. 

The correlc:Ltion between muscular strength and bone mineral 

has not been examined thoroughly during the years of childhood 

and adolescence. The relationship between muscular strength 

and physical fitness to BMD/BMC is inconclusive in the adult 

population. 

Generally th•~ results from cross-sectional analysis suggest 

a positive as:;ociation between level of habitual physical 

activity and peak bone mineralization. Body weight 

~.,~....consistently appears as the best predictor of bone mineral in 

the younger a9e groups, while physical activity appears to 

slow the age a:;sociated loss of bone mineral post menopause. 

Longitudinal studies: 

Longitudinal studies investigate the effect of an imposed 

exercise program on BMD over a given period of time. Problems 

associated w:Lth many of these trials include non

randomization, lack of adequate controls, poor subject 

compliance, ar.d choice of measurement sites not stressed by 

the exercise protocol (Snow-Harter and Marcus 1991). 

There is a pc:LUcity of intervention studies investigating the 

effect of exerc:::ise on bone mineralization during the formative 

growing years. 

General Exe~rcise Intervention 
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Bachrach et al. {1991) examined 15 anorexic females over a 

period of 12-15 months. An intervention program designed to 

increase body 'lf.·eight was demonstrated t·o improve lumbar spine 

BMD by as much as 30.3%. Leichter et al. (1989) reported an 

increase in titial BMD (7.5%) in male army recruits aged 18-21 

yrs following 14 weeks of strenuous physical training. 

Resistanc•! + Endurance Training 

The effect of running verses weight-training on lumbar spine 

BMD of adolescent females with a mean age of 19 yrs was 

investigated b~ Snow-Harter and Marcus {1991). The exercise 

groups trained for eight months. During the final two months 

the runners av~~raged 10 miles per week; while the resistance 

group performed three sets of eight repetitions at 85% of one 

repetition maxJmum three times a week. The lumbar spine BMD of 

both the runners and the resistance trained groups increased 

significantly by 1.32% and 1.21% , respectively, compared to 

controls. The effect of weight-training (high intensity 

activity) and : ogging (high repetition-low intensity) on whole 

body and lumbar spine BMD of 62 females, mean age 19.5 yrs, 

was examined t~ Lane et al. {1988). Bone density increased 

over a five n.onth period in both exercise groups but was 

slightly higher in the weight-trained group. Peterson et al. 

{1991) subdivj.ded women aged 36-67 yrs into aerobic dance, 
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aerobic dance + weight-training and control groups. An 

increase in muscle strength was observed with no parallel 

increase in BMD in the exercise groups. Chow et al. (1987} 

also randomized post-menopausal women age 50-62 yrs into 

aerobic and aerobic + resistance exercise groups. Bone 

mineralization determined by neutron activation increased 

significantly in both groups over controls, however no 

significant clifference was observed between the two 

intervention groups. Rikli and McManis (1987} examined the 

effect of a 10 month exercise program on the distal radial BMC 

of post-menopausal women aged 57-83 yrs. The women were 

divided into three groups: general aerobics; aerobics + 

weight-training and control. There was a significant increase 

in BMC for both exercise groups of 1. 3% while the control 

group demonst1:·ated a decline of 2. 5%. Similar results were 

observed for c. 9 month weight-training program by Pruitt et 

al. (1992} and Chow et al. (1987}. 

There are no studies investigating the comparative effect of 

resistance training or resistance training supplemented with 

endurance training in females during childhood or adolescence. 

Resistance Training 

Pruitt et a1. (1992) found that nine months of resistance 

training three times a week resulted in an increase of 1.6% of 

lumbar spine BMD of middle aged women while a decrease of 3.6% 
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was observed :m the control group. No effect however was 

observed in reqards to femoral neck or distal radius BMD. 

A one year exercise program consisting of trunk resistive 

exercises did not increase lumbar spine or proximal femur BMD 

in 49 post-menopausal women (Smidt et al. 1992) . Similar 

results were also found by Sinaki et al. (1989) who found no 

increase in spinal BMD following two years of an exercise 

program designE!d to increase back extensor strength. Simkin et 

al. (1987) exa1nined the effects of dynamic loading exercises 

of the distal radius in 14 post-menopausal women diagnosed as 

osteoporotic. Pollowing five months of-exercise intervention 

BMD decreased by 1.9% in the control group and increased 3.8% 

in the exercisE! group. Dynamic loading of the distal radius in 

14 women age !)3-74 yrs for five months resulted in a 3. 8% 

increase in distal radial BMD for the exercise group, while 

the control group decreased by 1. 9% (Ayalon et al. 1987). The 

effect of squeezing a tennis ball 30 seconds a day for six 

weeks on the distal radius BMD of 99 elderly women was 

examined by Beverly et al. (1989). Grip strength increased by 

14.5 %while BHC increased 3.4%. six months post exercise BMC 

had reversed to baseline levels. The effectiveness of 

resistance training has not been examined in females during 

childhood or adolescence. Studies in adults generally support 

a positive effect of resistance exercise on bone 

mineralization. 



Endurance ~7aininq 

Dalsky et al. {1988} examined the effect of 22 months of 

walking and stair climbing on lumbar spine BMD of women aged 

55-70 yrs. Lumbar spine BMD increased 5.2% in the exercise 

group while a decrease of 1.4% was observed in the control 

group. Sandler et al. {1985} examined the effect of a three 

year walking in·:ervention trial on post-menopausal radial bone 

loss in 255 womHn. Walking alone did not increase bone mineral 

but when combined with adequate grip strength a positive 

effect on bone mineralization was observed. 

The efficacy of 4 yrs of exercise intervention in deterring 

bone loss in middle age women was examined by Smith et al. 

{1989}. Women with a mean age of 50 yrs exercised 3 times a 

week for 45 minutes a session. BMC of the radius, ulna and 

humerus were examined by single photon absorptiometry. 

Regardless of menopausal status, exercise subjects 

demonstrated lo~er bone loss rates than control subjects. 

Generally endurance training tends to suppress the age 

related loss of bone in peri-menopausal women, however, the 

effectiveness of this type of training for optimizing bone 

mineral during ·:he developmental years of bone growth is yet 

to be determined. 

Exercise with calcium or Estrogen Intervention 
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Exercise sup:;:>lemented with calcium intervention has also 

been investiga·ted in peri-menopausal women. Gleeson et al. 

(1990) examined the effect of a 12 month resistance training 

program on the: lumbar spine and os calcis BMD of 68 pre

menopausal women. Both groups consumed 500 mgjday of 

supplemental c.:tlcium. Following the intervention period the 

exercise group demonstrated a non-significant increase of 0.8% 

in lumbar spine: BMD while the control group decreased by 0.5%. 

Rockwell et al. (1990) examined the effect of weight-training 

on the lumbar ~.pine of women with a mean age of 32. 6 yrs. Bone 

density was measured by quantitative digital radiography. The 

intervention p1~riod lasted nine months during which time each 

subject ingest.ed 500 mgjday of supplemental calcium. Even 

though strengt:1. increased by 57% in the exercise group lumbar 

spine BMD decrHased by 3. 96%. No change in BMD was observed in 

the control group. 

Estrogen theLapy alone and estrogen therapy plus resistance 

training was examined by Notelovitz (1991) in surgically 

induced menopausal women, with a mean a·ge of 44 yrs. Variable 

resistance training increased BMD of the spine 8. 3% as opposed 

to the increase of 1.5% observed in those women treated with 

estrogen alone. 

Neither calcium nor estrogen intervention has been combined 

with exercise intervention in females during childhood or 

adolescence. In adult females the effectiveness of calcium 

http:ingest.ed
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intervention when combined with exercise is inconclusive. 

Estrogen therapy, however, tends to enhance the effectiveness 

of resistance 1:raining in post-menopausal women. 

The results of intervention trials tend to favour resistance 

training as the mode of exercise to optimize bone 

mineralization in the adult population. There are no long term 

intervention t:rials concerning the paediatric or adolescent 

female population. Longitudinal studies should be performed 

for at least one year to allow the bone to adapt to the newly 

imposed strain. The increase in BMD is transient and is lost 

if the imposed strain is removed. 

The goals for exercise prevention and treatment of 

osteoporosis a:re different. The most important goal for non

osteoporotic women is to achieve optimal peak bone mass and to 

prevent rapid :oone loss following menopause. If osteoporosis 

is present exercise should be initiated for reasons other than 

its affect on l:one mass: to restore confidence, maintain joint 

mobility, improve posture, decrease pain and attain 

cardiorespirat~ry fitness (Aloia 1989). 

The specific intensity, duration and frequency of exercise 

necessary to emhance bone mineralization have not yet been 

determined. The frequency by which a given area of bone 

surface undergoes remodelling is termed the activation 

frequency (Charles et al. 1991). This variable appears to be 

the primary de1:erminant of bone turnover rate. If the level of 
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physical activity is too light, it cannot reach the threshold 

level required for changing bone metabolism. When the MES is 

exceeded, bone remodelling occurs in an attempt to increase 

bone strength and return the level of strain to within normal 

limits. Those t·orms of activity requir~d to produce adequate 

strain appear ·to be weight bearing activities in which the 

muscular syste~ has been overloaded for an extended period of 

time. 

Hormones and Eone Mineral: 


Estrogen 


Estrogen has been described as an anti-resorptive agent that 

slows bone turnover by depressing resorption (Turner 1991a) . 

Amenorrhea in yl)ung females has been associated with bone loss 

(Drinkwater et al. 1984), while the onset of female puberty 

with its associ~ted increase in estrogen production increases 

adolescent bone mineral (Gilsanz et al~ 1988). The effect of 

estrogen may be mediated through decreased responsiveness of 

bone to parathyroid hormone (PTH) . 

Estrogen may affect bone mass through changes in the set 

point for mechanical feedback as outlined by Turner (1991a). 

Osteoblasts have been shown to have estradiol binding sites 

suggesting that estrogen can act directly on bone to modulate 

remodelling (B1~nz et al. 1991) • Based on evidence that 

decreased estrJgen levels have been shown to: increase 

activation of r.:~modelling, increase bone resorption and cause 
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a negative bon'~ balance, Turner (1991b) hypothesized that a 

decrease in the mechanical set point of bone through e~t!ogen 

deprivation would lead to greater bone resorption and thus a 

greater loss of bone mineral. 

Georgiou et al. (1989) examined the effect of prior 

menstrual histcry on BMC of the forearm in 173 post-menopausal 

women. Results indicated that those women with the greatest 

number of regular menstrual cycles in the pre-menopausal years 

had the highest BMC. Genant et al. (1982) found that estrogen 

therapy following oophorectomy preserved bone mass. Studd et 

al. (1990) demonstrated that high dose estrogen replacement 

does increase lumbar spine BMD in post-menopausal women by 

8.3%, but only after one year of therapy. A decreased rate of 

bone loss in adults with Turner's syndrome was observed 

following treatment with estrogen replacement. Nilas and 

Christiansen (1987) found that women of the same age but 

different menopausal status had significantly different bone 

masses, with pre-menopausal women having greater BMD, whereas 

a five year difference in age had no effect on bone mass in 

women with the same menopausal status. High dose estrogen 

therapy did not increase lumbar spine BMD of normal rat 

skeletons (Tobias et al. 1990), supporting the postulate of 

Frost that estrogen affects the set point for bone adaptation. 

Estrogen deficiency leads to a significant bone loss in the 

remodelling skeleton, while estrogen replacement therapy 



reverses this 1:rend by reducing skeletal turnover. The anti

catabolic effec:t of estrogen appears to be through decreasing 

the responsiveness of bone mineral to parathyroid hormone. 

Anabolic effects occur through stimulation of matrix synthesis 

and cell proliferation. Lindsay (1987} suggests that estrogen 

treatment for post-menopausal women may reduce the incidence 

of hip fracturE~s by 50% to equal the incidence of that found 

in men. 

The onset of menses during early female adolescence appears 

to stimulate rapid bone formation. Amenorrhea during 

adolescence, whether primary or secondary, is associated with 

decreased bone formation. Therefore an adequate concentration 

of circulating estrogen is essential to the pubertal growth 

spurt and for the maintenance and optimization of bone mass 

during adolesc~~nce. 

Progesteron~ is classified as a secondary female sex 

hormone. Current research of the effect of progesterone on 

bone mineralization is sparce; however, data suggests that 

progesterone has both direct and indirect effects on 

osteobalst cells (Prior 1990}. Estrogen is proposed to act on 

the resorption side of the bone remodelling equation, while 

progesterone promotes bone formation. Total serum alkaline 

phosphatase and urine hydroxyproline excretion (markers of 

' I
\1 
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bone resorption) have decreased during progesterone therapy 

(Abdalla et al. 1985). Progesterone production is high in the 

luteal phase of the ovulatory cycle and is low in the 

follicular phc:tse (Prior 1990) • Examining the effect of 

exercise on bone formation Prior (1992) demonstrated that 

iJ1adequate production of progesterone .(in cycles with short 

luteal phases and anovulatory cycles) is associated with 

accelerated bone loss, despite normal production of estradiol 

and the preservation of normal cycle intervals. These results 

suggest that the maintenance of peak bone density throughout 

adulthood requires normal ovarian production of both estrogen 

and progesterone. 

Calcitonin 

The primary role of calcitonin (CT) is to lower plasma 

calcium by inhibiting osteoclast mediated bone resorption 

(Chambers and Moore 1983). The administration of CT to animals 

caused osteoclc:tsts to rapidly detach from bone surfaces and to 

lose their ruffled borders (Austin and Heath 1991). Besides 

its global inhibitory role, CT also diminishes osteoclast 

recruitment, where it is thought to work through the C-AMP 

second messeng~r system (Macintyre 1992). This hypocalcemic 

hormone is secreted by the c-cells of the thyroid gland where 

its effect in ::.lowing bone demineralization could protect the 

bone under extreme conditions of hypercalcemia (Manson and 
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Hirsh 1992). This was confirmed by Care (1992) who found a 

linear relationship between the circulating calcium 

concentration and the secretion of CT. A reduction in tubular 

resorption of calcium, and the direct stimulation of 

osteoblast and cartilage growth also appear to be secondary 

functions of C'J' (Wisneski 1992) • In acute vertebral fractures 

CT has been fc1und to prevent bone loss and possibly reduce 

healing time (Macintyre 1992). Potts (1992) found eel or 

salmon CT to be more potent in man than CT from human's or 

other mammals. 

As an agent inhibiting bone resorption, CT could possess 

therapeutic efficacy in those metabolic bone diseases 

associated wi1:h an increase in bone resorption. Without 

adequate level:; of CT during childhood/adolescence normal bone 

formation would be hindered, as CT protects the skeleton 

during times of increased calcium need. 

Parathyroid Hormone 

Parathyroid hormone (PTH) is essential for the physiological 

maintenance of calcium homeostasis. The secretion of PTH is 

through the parathyroid gland; the principle stimulus for 

secretion is c, decrease in plasma calcium ion concentration 

(Lui et al. 1991) • In regulating calcium homeostasis, the 

hormone exert:; important effects on bone and kidney, and 

indirectly affects the gastrointestinal tract. PTH increases 
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the release of the active form of vitamin D, calcitroil, by 

the kidney. The result is increased calcium absorption from 

the intestine and suppressed calcium excretion in the urine 

(Aloia 1989) • 'rhe best documented effect of PTH is a catabolic 

effect on bone. The end result is the breakdown of bone 

mineral, manifested in an increased serum calcium 

concentration (Fatemi et al. 1991). 

Osteoclasts bind PTH in a manner that displays the 

properties of l~eceptor-dependant hormone binding (Agarwala and 

Gay 1992) . T~ro phases of calcium mobilization have been 

described. An early phase occurs from 10 minutes to 3 hours 

after hormone 1:xposure to bring about an increased activity of 

pre-existing osteoclasts (Lui et al. 1991) • The second more 

sustained phase occurs over 2 4 hours and involves: an increase 

of osteoclast synthesis; an increase in ruffled border size 

and increased secretion of the lysosomal enzyme acid 

phosphatase. (Agarwala and Gay 1992). 

Primary hyperparathyroidism is associated with a decrease in 

bone mass to about 10% below that of age matched controls 

(Fatemi et al. 1991). Marked excess or deficiency of PTH can 

cause severe or- potentially fatal illness. Increased levels of 

PTH during the~ developmental growth spurt could lead to long 

term inadequacies in bone mineralization. 

Glucocorticoicts 



46 

The use of cortisol (glucocorticoid drugs) is associated 

with the rapid development of osteoporosis, as well as the 

inhibition of bone growth and fracture healing (Aloia 1989). 

Glucocorticoid::; have complex direct and indirect effects on 

skeletal tissu,~. The major indirect effect is the inhibition 

of calcium abs,Jrption from the intestine. This is thought to 

prompt secondary hyperparathyroidism (Gemnari 1991). The major 

direct effect is a dose-related decrease in bone formation 

caused by a decrease in replication or differentiation of 

osteoblast precursors (Hahn et al. 1984). Cortisol can also 

have a positive~ effect on bone in physiological concentrations 

by increasing collagen synthesis and alkaline phosphatase 

levels (Gennari 1991). High levels of glucocorticoids have 

been found to magnify the cyclic-AMP response of bone cells to 

PTH, and may be one mechanism for the development of 

glucocorticoid-mediated osteopenia (Riggs and Melton 1986). 

The main effect of glucocorticoids is the inhibition of 

calcium absorption from the intestine. Childhood and 

adolescence are times when optimal absorption of calcium from 

the diet is required to ensure normal bone growth. Therefore 

use of glucoco~ticoids in children should be avoided in order 

to prevent possible negative effects on bone growth. 

Vitamin D 

Technically, vitamin D is not a true vitamin because it can 
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be produced by i:he body. The most familiar property of vitamin 

D is its ability to cure rickets. The physiologically active 

form of vitamin Dis 1,25(0H) 2 (Prince et al. 1988). VitaminD3 

D is absorbed from the diet or synthesized from precursors in 

the skin in response to ultra-violet light (Tsai et al. 1987). 

Vitamin D must undergo two hydroxylation reactions, first in 

the liver, ther:. in the kidney, before it can assume the role 

as a major calcitropic hormone (Tsai et al. 1984). The 

intestine and bone are the main target organs for vitamin D. 

Vitamin D stimulates the intestinal absorption of both calcium 

and phosphate (:?rince et al. 1988). Under normal physiological 

concentrations vitamin D may promote bone mineralization 

directly, however under high concentrations it's actions may 

be to stimulate: bone resorption (Maierhoffer et al. 1983) . 

Plasma levels of vitamin D decrease with age by more than 

50%. The major contributors being decreased exposure to the 

sun and decreas,ad renal production (Drezner and Nesbitt 1990). 

Increased intestinal calcium absorption can be detected within 

two hours after vitamin D administration . Parathyroid hormone 

appears to be t.he main hormonal stimulus for the increase in 

vitamin D prodt:ction (Tsai et al. 1987). Calcitriol (vitamin 

D metabolite) has been suggested as a drug that may decrease 

bone resorption sufficiently to preserve trabecular bone 

structure in pre-menopausal women. Drezner and Nesbitt (1990) 

found that calcitriol abolished the loss of bone mineral 



observed in oophorectomized beagles. 

It is not clear whether the defect in age-related calcium 

absorption is ::;econdary to the decrease in renal 1, 25 {OH) 2D3 

production or v;hether it arises from an intrinsic age-related 

defect of inteBtinal calcium transport (Prince et al. 1988). 

In view of th•~ fact that serum calcium levels rise post

menopausaly, P'l'H levels would be expected to fall. However PTH 

levels remain constant in this age group {Tsai et al. 1989). 

Therefore it is possible that in the absence of female sex 

steroids, the Bet point for calcium inhibition of PTH rises, 

resulting in higher calcium levels for the same PTH levels 

(Drezner and Ne~sbitt 1990) . 

In summary c. decrease in vitamin D production causes a 

reduction in :Lntestinal calcium absorption which in turn 

results in decreased serum calcium levels. The net result is 

onset of secl)ndary hyperparathyroidism which leads to 

increased bone resorption. 

Vitamin D is required to mobilize calcium and phosphorous 

from the intes·:ine, therefore adequate levels are essential 

during childhood/adolescence when maximal calcium absorption 

is required viet the intestine. 

Pro~taqlandin l~ 

Prostaglandin E2 {PGE2) has been shown to aid in both bone 

resorption and bone formation through alteration of the set 
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point of the bone structure control system (Turner 1991b). 

PGE2 appears to be an "activating" agent - it activates bone 

remodelling, w:1ich begins with bone resorption, or bone 

modelling, which begins with either bone formation or 

resorption (Shin and Nordin 1986}. Physical or mechanical 

stimuli to bone elicit an increase in the synthesis of PGE2 

which in turn :Lncreases cyclic AMP production and finally 

increased DNA synthesis (Binderman and Somjen 1984) . Therefore 

PGE2 acts as a first messenger in the transduction of 

mechanical usage to bone cells, and may have the ability to 

override or augment the effects of mechanical feedback 

signals, altering the set point of the bone structure control 

system. 

The effect of PGE2 on bone is biphasic, with its action 

depending on the concentration. Therefore inadequate levels 

during the chilahoodjadolescent growth spurt may effect the 

set point for bone formation leading to an inadequate bone 

structure. 

Growth Hormone 

Growth HormonE! (GH} has been demonstrated to have anabolic 

effects on bone similar to PGE2 by increasing bone formation 

(DiMartino-Nardi et al. 1991) . GH also acts to increase the 

efficiency of calcium absorption and to decrease calcium 

excretion. GH in combination with calcitonin has been shown to 
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increase total body calcium (Aloia 1989.) . Anabolic effects of 

growth hormone on the skeleton are thought to be mediated by 

Insulin Like C~owth Factor 1 (IGF-1). IGF-1 is present in 

skeletal tissue where its action is thought to stimulate 

proliferation of bone cells (Sklar et al. 1989). 

Proper bone formation during the developmental growth spurt 

depends on the presence of GH where it is required to 

stimulate the :;>roliferation of osteoblast-like cells. 

The primary l~ole of circulating hormones is the maintenance 

of plasma ionic calcium. Calcium is resorbed from bone when 

plasma calcium levels fall, or is deposited in bone when 

adequate plasrra calcium is present. Estrogen is the single 

most important determinant of bone mineral in menarcheal and 

post-menopausal females. Bone mineral is rapidly accumulated 

during the yea:rs following the onset of menarche, and rapidly 

decreased in the years following menopause. Estrogen 

replacement tterapy may be the most valuable weapon in the 

fight against osteoporosis. 



Conclusion 

Human growth and skeletal maturation are dynamic processes 

that start in utero and end somewhere during the third decade 

of life. This is the period when genetic and endogenous 

factors, int1~ract with various environmental factors to 

determine skeletal peak bone mass. 

Assuming that bone mass and its determinants could be 

measured with an error close to zero one could theoretically 

calculate the :~elative importance of the possible determining 

factors to the variability in bone mineral (Table 1) 

The single most important variable in the determination of 

peak bone mass appears to be ones' genetic constitution. ~ody 

weight, height; and parent's bone mineral status constantly 

appear as the most important other determinants of bone mass 

during the growing years. 

When dietary calcium is low, plasma calcium level is 

regulated via bone resorption in response to hormonal 

stimulation. 'rhe amount of intestinal calcium absorption 

varies during the growing years, with highest values in 

infancy and adolescence. During these stages of development 

inadequate calcium intake may translate into inadequate 

calcium retention and consequently to a reduction of peak bone 

mass (Matkovic et al. 1990). 

The fact that children are able to retain more calcium with 

an increase ir. calcium intake is possibly important. This 



Attributable porUoD of 
populatioD variaJlce 

Heredi1y 0.25 
Weipt 0.10 
Cak:iUDI de6c:ieftcy 

Low intake 0.05}
Exce:•los 0.05 0.15 
Low.absolpcioo o.os 

Exercisl~ 0.15 
Alcoboi/smokina 0.10 
Medications o.os 
Other 0.20 

Total 1.00 

Table 1: Propo::-tion of variables determining adult bone 

Taken from Heaney (1991) 
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could mean that~ a higher bone mass and density is possible but 

is not being achieved on current intake levels. Therefore a 

higher RDA for these age groups should be and is being 

considered (Avioli 1991). 

The remodell:.ng response of bone to mechanical strain during 

physical exercise may be site specific, requiring a dynamic 

rather than a static load. Bone tends to respond greater to 

mechanical str3.in associated with weight-bearing activity as 

opposed to non-weight-bearing activities. In most cases 

endurance training appears to have little affect on increasing 

bone formatior., the greatest response of bone to exercise 

appears to bH associated with resistance training. The 

adaptation of bone to the physical strain placed upon it 

appears to work through a tightly controlled physiological 

window. Strain is controlled by adjusting the mass and 

geometry of the bone while keeping the matrix composition 

constant. OncH a functional level of bone mass has been 

achieved it iH only maintained if the mechanically related 

stimulus continues. 

The role of tormones is to regulate the extraction\formation 

of bone mineral . The feedback mechanism for this control is 

the level of circulating calcium. Estrogen, calcitonin, and 

growth hormonE~ tend to promote bone formation leading to 

increased bone mineral, whereas parathyroid hormone and 

glucocorticoids tend to increase bone resorption leading to a 

http:remodell:.ng


decrease in bone mineralization. 

Because the developmental years are formative in the 

attainment of adult bone mineralization (which determines, in 

part, future fracture risk) it is important to identify and 

then to modify those factors which are determinants of bone 

mineral during this period. Although much is known about the 

physiological basis for the development and modification of 

bone, little is known about the factors which influence bone 

mass, their absolute or relative importance, or their 

responsiveness to intervention during childhood and 

adolescence. 

This thesis is comprised of two related, yet separate 

studies. The first study is a cross-sectional investigation of 

the correlate!:; and determinants of bone mass and density in 

healthy adolescent females. The second study is a prospective 

investigation of the effectiveness of a highly specialized 

type of physical activity, namely resistance training, in 

increasing bene mass and density in young girls during 

adolescence. 



REFERENCES 


Abdalla, H., Hart, D., Lindsay, R., Leggate, I., and Hooke, 

A., Prevention of bone mineral loss in postmenopausal 

women by norethisterone. Obstet. Gynecol. 66: 789-792, 

1985. 

Agarwala, N. , and Gay, C. , Specific binding of PTH to livin;J 

cells. J. Bone Min. Res. 7: 531-539, 1992. 

Aloia, J., ostEtoporosis: a guide to prevention and treatment. 

Leisure PJ:-ess, Champange Ill, 1989. 

Aloia, J., Vaswani, A.,Yeh, J., and Cohn, S., 

Premenopausal bone mass is related to physical 

activity. Arch. Int. Med. 148:121-123, 1988. 

Anderson, T., Toverud, J., Purification and characteriation of 

acid phosphatase from developing rat bone. Arch. Biochem. 

Biophys. :~47: 131-139, 1986. 

Angus, R. , Sambrook, P., Pocock, N. , and Eisman, J., Dietary 

intake and bone mineral density. Bone and Mineral. 4: 

265-277, 1988. 



56 

Austin, K., Heath, H., Calcitonin: physiologhy and 

pathophysiology. N. Eng. J. Med. 304: 267-278, 1991. 

Avioli, L.V. Calcium intake and bone health. Calcif. Tissue 

Int. 48: ~:21-223, 1991. 

Ayalon, J., S:i.mkin, A., Leichter, I., and Shalmoit, R., 

Dynamic hone loading exercises for postmenopausal 

women: effect on the density of the distal radius. 

Arch. Phyf:,. Med. Rehabil. 68:280-283, 1987. 

Bachrach, L.K., Katzman, G.D., Litt, I.F., Marcus, R. 

Decreased bone density in adolescent girls with 

anorexia nervosa. Pediatrics. 86:440-447, 1990. 

Bachrach, L.K., Katzman D. K, Litt. I,F., Guido, D., Marcus, 

R. ,Recovery from osteopenia in adolescent girls with 

anorexia nervosa. J. Clin. Endocrinol. Metab. 72: 602

606, 1991. 

Bailey, D., and McCulloch, R., Bone tissue and physical 

activity. Can. J. Spt. Sci. 15: 229-239, 1990. 



57 

Baran, D., Soranson, A., Grimes, J., Lew, R., Karellas, A., 

Johnson, B. , and Roche, J. , Dietary modification with 

dairy products for preventing vertebral bone loss in 

premenopausal women: a three year prospective study. d 

Clin. Endocrinol. Metab. 70: 264-270, 1989. 

Bell, N., God~;en, R., Henry, D., Sharp, J., ans Epstein, 

S. , The effects of muscle building exercise on vitan:in 

D and mineral metabolism. J Bone Min. Res. 3:369-373, 

1988. 

Benz, D., Haussler, M., Komm, B., Estrogen binding and 

estrogenic: responses in normal human osteobalst-like 

cells. J Hone Min. Res. 6 (6): 531-541, 1991. 

Bergstralh, E., Sinaki, M., Offord, K., Wahner, H., and 

Melton, J·., Effect of season on physical activity 

score, back extensor muscle strength, and lumbar bone 

mineral demsity. J. Bone Min. Res~ 5: 371-377, 1990. 

Beverly, M., F.ider, T., Evans, M., Smith, R., Local bone 

mineral r,asopose to brief exercise that stresses the 

skeleton. B. M. J. 229: 233-235, 1989. 



58 

Bevier, W., Wiswell, R., Pyka, G., Kozak, K., Newhall, K., 

and Marcus, R., Relationship of body composition, 

muscle strength, and aerobic capacity to bone mineral 

density in older men and women. J. Bone Min. Res. 4: 

421-432, 1989. 

Binderman, I., and Somjen, D., Biochemical pathways involved 

in the translation of physical stimulus into biochemical 

message. !:alcif. Tissue Int. 36: 882-85, 1984. 

Block, J., FriEmdlander, A., Brooks, G., Stieger, P., Sb..i±s, 

H., and Genant, H., Determinants of bone density among 

athletes Emgaged in weight-bearing and n o n -we i g h t -

bearing activity. J. Appl. Physiol. 67: 1100-1105, 

1989. 

Bonucci, E., Nei.V knowlwdge on the origin, function and fate of 

osteoclast.s. Clin. Orthop. 158: 252-269, 1981. 

Boskey, A.' current concepts in the physiology and 

biochemistry of calcification. Clin. Orthop. 157: 225

257, 1981. 



59 

Brewer, V., Meyer, B., and Keele, M., Role of exercise in 

prevention of involutional bone loss. Med. Sci. Sport 

Exerc. 15: 445-449, 1983. 

Buchanan, J., Myers, c., LLoyd, T., Leuenberger, P., and 

Demers,L., Determinants of peak trabecular bone density 

in women: The role of androgens, estrogen, and 

exercise. J. Bone Min. Res. 3: 673-680, 1988. 

Buchanan, J., Myers, c., LLoyd, T., and Greer, R., Early 

vertebral bone loss in normal premenopausal women. ;;[ 

Bone Min Res. 3:583-587, 1988. 

Cann, C. , Mart:Ln, C. , Genant, H. , and Jaffe, R. , Decreased 

spinal bone mineral content in amenorrheic women. 

J.A.M.A. 251: 626-629, 1984. 

Care, A. The regulation of the secretion of calcatonin. Bone 

Mineral. 16: 182-185, 1992. 

Carter, D., Mec~anical loading histories and cortical bone 

remodellin9. Calcif. Tissue Int. 36: S19-S24, 1984. 



60 

Chambers, T., Moore, A., The sensitivity of isolated 

osteoclasi:s to morphological transformation by 

calcitonin. J. Clin. Endocrinol. Metab. 57: 819-824, 

1983. 

Chan, G. Die·t.ary calcium and bone mineral status of 

children and adolescents. A.J.D.C. 145: 631-634, 1991. 

Chan, G., McMurray, M., Westover, K., and Thomas, R., Effe::ts 

of increaE.ed dietary calcium intake upon the calcium and 

bone min~~al status of lactating adolescent and adult 

women. Am. J. Clin. Nutr. 46:319-23, 1987. 

Charles, P., ELikson, E., Hasling, c., Sondergard, K., and 

Moseklide, L., Dermal, intestinal, and renal 

obligatory losses of calcium: relation to skeletal 

calcium loss. Am. J. Clin. Nutr. 2668-735, 1991. 

Cheng, S. , Su·::>min, H. , Rantanen, T. , Parkatti, t. , and 

Heikkinen,E., Bone mineral density and physical in 50-06 

year old women. Bone and Mineral. 12: 123-32. 1991. 

http:increaE.ed


61 

Choi, S., and Trotter, M., A statistical study of the 

multivari.:1te structure and race-sex differences of 

american white and negro fetal skeletons. Am. J. Phys. 

Anthropol. 33: 307-312, 1970. 

Chow, R., Harrison, J., and Notarius, C., Effect of two 

randomized exercise programmes on bone mass of healthy 

postmenopausal women. B. M. J. 295: 1441-1444, 1987. 

Chow, R., Harrison, J., Brown, c., and Vlasta, h., Physical 

fitness effect on bone mass in postmenopausal women. 

Arch. PhyB. Med. Rehabil. 67: 231-234, 1986. 

Cooper, c., B:1rker, D., Wickham, c., Physical activity, 

muscle strength, and calcium intake in fracture of the 

proximal femur in britain. B. M. J. 297: 1443-1446, 

1988. 

Cumming, R. G., Calcium intake and bone mass: a quantitative 

review of the evidence. Calcif. Tissue. Int. 47: 194

201, 1990. 

Currey, J. , and Butler, G. , The mechanical properties of 

bone tissue in children. J. Bone and Joint Surg. 57A: 

810-817, 1975. 



62 

Dalsky, G., St.ocke, K., Ehsani, A., Slatopolsky, E., Lee. 

W. , and Birge, S., Weight-bearing exercise training 

and lumbaJ~ spine bone mineral content in premenopausal 

women. Ann. Int. Med. 108: 824-828, 1988. 

Davee, A., Rosen, c., and Adler, R., ·Exercise patterns and 

trabecular bone density in college women. J. Bone Min. 

Res. 5: 24~i-250, 1990. 

Dawson-Hughes, B., Calcium supplementation and bone loss: a 

review of controlled clinical trials. Am. J. Clin. 

Nutr. 54: 274S-280S, 1991. 

Dawson-Hughes, B., Dallan, G., Krall, E., Sadowski, L., 

Sahyoun,N., and Tannenbaum, s., A controlled trial of 

the effect of calcium supplementation on bone density in 

postmenopausal women. N. Eng. J. Med. 332: 878-883, 

1990. 

DiMartino-Nardi, J., Wu. R., Fishman, K., Saenger, P., The 

effect of long-acting analog of luteinizing hormone

releasing hormone on growth hormone secretory dynamics 

in child:ren with precocious puberty. J. Clin. 

Endocrinol. Metab. 73: 902-906, 1991. 



63 

Drezner, M., and Nesbitt, T., Role of calcitroil in 

preventiort of osteoporosis. Metabolism. 39: 18-23, 

1990. 

Drinkwater, B., Nilson, K., Chestnut, c., Bremmer, W., 

Sahinholt•:, s. , and Southworth, M. , Bone mineral content 

of amenorrheic and eumenorrehic athletes. New Eng. J. 

Med. 311: 277-281, 1984. 

Eastell, R., Yergey, A., Vieira, N., Cedel, s., Kumar, R., 

and RiggG, L., Inter-relationship among vitamin D 

metabolism, true alcium absorption, parathyroid 

function, and age in women: evidence of an age-related 

intestinal resistance to 1, 25 dihydroxyvitamin D action. 

J. Bone. Hin. Res. 2: 125-132, 1991. 

Elders, P. , Neltelenbos, J., Lips, P., van Gilken, F., and 

van der Stelt, P., Calcium supplementation reduces 

vertebral bone loss in perimenopausal women: A 

controlled trial in 248 women between 46-55 years. ;L_ 

Clin. End~crinol. Metab. 73: 533-540, 1991. 

Ernst, M. , Heath, J. , Schmid, C. , Froesch, R. , and Rodan, 

G., Evidence for the direct effect of estrogen on bone 

cells in vitro. J Steriod Biochem. 34: 279-284, 1989. 



64 

Everett, S., Reddan, w., Smith, P., Physical activity and 

calcium m<:>dalities for bone mineral increase in aged 

women. Med. Sci. Sports Exerc. 13: 60-64, 1981. 

Faridi, M., AnEari, z., and Bhagava, s., Imprints of protein 

energy malnutrition on the skeleton of children. J. Trop. 

Pediatr. 3: 150-153, 1984. 

Fatemi, S., Ryzen, E., Flores, J., Enders, D., and Rude, 

R., Effect of experimental human magnesiun depletion on 

parathyriod hormone secretion and 1,25 dihydroxyvitamin 

D metabolism. J. Clin. Endocrinol. Metab. 71: 1067-1072, 

1991. 

Forbes, G., Body size and composition of perimenarchal 

girls. A. ,J.D. C. 146: 63-66, 1992. 

Frost H. M., Bone mass and the "mechanostat": a proposal. 

The Anatomlcal Record. 219: 1-9, 1987. 

Frost, H. M., SCtme ABC'S of skeletal pathophysiology. Calcif. 

Tissue. Ini:. 49:229-231, 1991. 

Frost, H., Pathomechanics of osteoporosis. Clin. Orthop. and 

Related Ren. 200: 1024-1027, 1989. 



65 

Fujita, T. Osteoporosis east and west. Calcif. Tissue 

Int. 48:151-152, 1992. 

Garn, s., Human biology and research in body composition. Ann 

NY Acad. :>ci. 110: 429-426, 1963. 

Garn, S., San::lusky, T., and Nagy, J., Advanced skeletal 

development in low income negro children. J. Pediatr. 80: 

965-969, 1972. 

Garn, S., and Clark, D., Nutrition, growth, development and 

maturation: findings from the ten-state survey 1968-1970. 

PediatricE~. 56: 306-319, 1975. 

Genant, H. , Cann, c. , Ettinger, B. , and Gordan, G. , 

Quantitative computed tomography of vertebral spongiosa: 

a sensitive method for detecting bone loss after 

oophorectomy. Ann. Intern. Med. 97: 699-705, 1982. 

Gennari, C., Glucocorticoids and bone. Bone Min. Res. 3: 

213-231. 1991. 

Georgiou, E., ~:'alles, K. 1 Pappeorgiou 1 A., Korkotsidis A. 11 

Proukakis 1 C 1 Bone mineral loss related to menstrual 

history. ~eta. Orthop. Scand. 2: 192-194 1 1989. 



66 

Gilsanz, V. , Gibbens, D., Carlson, M., Cann, c., and 

Schultz, E., Peak trabecular vertebral density: A 

comparison of adolescent and adult females. Calcif. 

Tissue In·;.. 43: 260-262, 1988. 

Glees	on, P. , Protas, E. , LeBlanc, A. , Schnieder, V. , and 

Evans, H., Effects of weight lifting on bone mineral 

density in premenopausal women. J. Bone. Min. Res. 5: 

264-269, 1990. 

Granhed, H. , Ragnar, J. , and Hanson, .T. , The loads on the 

lumbar spine during extreme weight lifting. Spine. 2: 

146-149, 1987. 

Halle, J., Smidt, G., and O'Dwyer, K., Relationship between 

trunk mus ::le torque and bone mineral content of the 

lumbar sp:.ne and hip in healthy post menopausal women. 

Phys. Ther~ 70: 690-699, 1990. 

Hamil	ton, J. , Lingelbach, s. , Partridge, N. , and Martin, T. , 

Regulatior of plasminogen activator production by bone

resorbing hormones in normal and malignant osteobalsts. 

Endocrinol.. 116: 2186-2191, 1985. 



67 

Harper, A., Laughlin, w., and Mazess, R., Bone mineral content 

in st. Lawrence island eskimos. Hum. Biol. 56: 63-78, 

1984. 

Hann, T., Westt~ook, s., Halstead, R., Cortisol modulation fo 

osteoblast. metabolic activity in cultured neonatal 

rat bone. Endocrinology. 114: 1864-1870, 1984. 

Heanet, R., Calcium in the osteoporotic fracture context. 

Am. J. Clin. Nutr. 54: 2428-243, 1991. 

Heaney, R., Calcium intake in the osteoporotic fracture 

context. Am. J. Clin. Nutr. 54: 242S-244S, 1991. 

Heaney, R., Red{er, R., and Savill, P., Menopausal changes in 

bone remodelling. J. Lab. and Clinical Med. 92: 964

970, 1978. 

Heikkinen, J., Mattero, E., Kyllonen, E., Vuori, J., Takala, 

T. , Moderate exercise does not enhance the positive 

effect of estrogen on bone mineral content in 

postmenopausal women. Calcif. Tissue Int. 49: 883-84, 

1991. 



68 

Heinrich, c., Going, s., Pamenter, R., Perry, c., Boyden, 

T., and Lohman, T., Bone mineral content of cyclically 

menstrating female resistance and endurance trained 

athletes. Med. Sci. Sport Exerc. 22: 558-563, 1990. 

Hert, J. , Liskova, M. , and Landgret, B. , Reaction of bone to 

mechanical stimuli: continuous and intermittent loading 

of tibia in rabbit. Folia. Morph. 19: 290, 1971. 

Huddelston, A.,. Rockwell, D., Kulund, D., and Harrison, B., 

Bone mass in lifetime tennis athletes. J.A.M.A. 244: 67

74, 1980. 

Hurt, J. , Liski)Va, M. m and Landrgot, B. , Inf1uence of long 

term continuous bending on bone. Fiola Morphilogica. 

17: 389-399, 1969. 

Jacobson, P. , E:eaver, w. , Grubb, A. , Taft, T. , and Talmage, 

R., Bone density in women: college athletes and older 

athletic women. J. Orthop. Res. 2: 328-332, 1984. 

Jaworski, z., Lamellar bone turnover system and its 

effector organ. Calcif. Tissue Int. 36: S46-55, 1984. 



69 

Kanders, B. , D1:mpsters, D. , and Lindsay, R. , Interaction of 

calcium nutrition and physical activity on bone mass in 

young womem. J. Bone. Min. Res. 3: 145-149, 1988. 

Kaneshisa, J. , and Heersche, J. , Osteoclastic bone resorption: 

invitro analysis of the rate of resorption and migration 

of individual osteoclasts. Bone. 9: 73-79, 1988. 

Kelly, P., Pocock, N., Sambrook, P., and Eisman, J., Age 

and menopause-related changes in indicies of bone 

turnover. J. Clin. Endocrinol. Metab. 69: 11601165, 

1989. 

Kiiskinen, A., and Suominen, H., Blood circulation of long 

bone in trained growing rats and mice: biochemistry of 

long bones. J. Appl. Physiol. 44: 50-54, 1975. 

Kroger, H., Kotaniemi, A., Vainio, P., and Alhaua, E., Bone 

densitometry of the lumbar spine and femur in children 

by dual-energy x-ray absorptiometry. Bone Min. Res. 

17: 75-85, 1992. 



70 

Krolner, B., Toft, B., Nielsen, s., and Tonevold, E., 

Physical ~~xercise as prophylaxis against involutional 

vertebral loss: a controlled trial. Clinical Science 

64: 541-546, 1983. 

Komn, B., Terpending, c., Benz, D., Graeme, K., Gallegos, 

A. , Korc, M. , and Haussler, M. , Estrogen binding, 

receptor mRNA, and biologic response in osteoblast

like osteosarcoma cells. Science. 24: 81-84, 1988. 

Laitinen, K., Valimaki, M., and Keto, P., Bone mineral 

density measured by dual-energy x-ray absorptiometry in 

healthy finish women. Calcif. Tissue Int. 48: 224-231, 

1991. 

Lakkakorpi, P., Vaananen, H. K., Kinematics of the 

osteoclast cytoskeleton during the resorption cycle in 

vitro. J. Bone Min.Res. 8: 817-826, 1991. 

Lane, N., Bevier, W., Bouxsein, M., Carter, D., Marcus. R., 

Effect of exercise intensity on bone mineral. Med. 

Sci. Sport Exercise. 20: 198-207, 1988. 



71 

Lane, N., Bloch, D., Jones, H., Marshall, W., Fries, J., 

Long d:.stance running, bone density and 

osteoarthritis. J.A.M.A. 255: 103-108, 1986. 

Lanyon, L. E., Functional strain as a determinant for bone 

remodellir~. calcif. Tissue Int. 36: S56-61, 1984. 

Lanyon, L., Rubin, c., Static vs dynamic loads as an 

influence on bone remodelling. Biomechanics 17: 897

905, 1984. 

Leblanc, A. , schneider, V. , Evans, H. , Engelbretson, D. , 

and Krebs, J., Bone mineral loss and recovery after 17 

weeks of bed rest. J. Bone Min. Research. 5: 8 4 3

850' 1990. 

Leichter, I., Simkin, A., Marguilles, J., Biuas, A., Giladi, 

M., Milgrom, c., Gain in mass density of bone 

following streneous physical activity. J. Orthop. 

Research. 7: 86-90, 1989. 

Leuenberger, P. , Buchanan, J. , Myers, C. , Lloyd, T. , and 

Demers, L. , Determination of peak trabecular bone 

density: interplay of dietary fiber, carbohydrate, and 

androgens. Am. J. Clin. Nutr. 50: 955-61, 1984. 



72 

Li, J. , Spence~r, B. , Ho, M. , and Tsang, R. , Bone mineral 

content in black and white children 1 to 6 years of age, 

early appe:arance of race and sex differences. Am. J. Dis. 

Child. 14:1: 1346-1349, 1989. 

Lindsay, R., Estrogen and osteoporosis. Phys. and Sport 

Med. 11: 105-108, 1987. 

Lindsay, R., Tohme, J., and Kanders, B., The effect of oral 

contracept.ive use on vertebral bone mass in pre and 

post menopausal women. Contraception. 34: 333-340, 

1986. 

Linnell, S., Stager, J., Blue, P., oyster, N., and Shaw, 

R., Bone mineral content and menstrual regularity in 

female runners. Med. Sci. Sport Exerc. 16: 343-348, 

1984. 

Liu, c., and Kalu, D., Human parathyroid hormone {1-34) 

prevents bone loss and augments bone formation in 

sexually mature ovarianectomized rats. J. Bone Min. Res. 

5: 973-9821 1990 o 



73 

Lohman, T. , Going, s. , Pamenter, R. , Boyden, T. , Houtkooper, 

L., Ritenhaugh, c., and Aickin, M., Effects of weight 

training on lumbar spine and femur bone mineral density 

in pre-menopausal females. Med. Sci. Sports Exerc. 24: 

S188' 199~ . 

Lui, c., Kalu, D., Salerno, E., Echon, R., Hollis, B., and 

Ray, M., Preexisting bone loss associated with 

ovarienect:omy in rats is reversed by parathyroid hormone. 

J. bone Mj_n. Res. 6: 1071-1080, 1991. 

Lutz, J., Bone mineral, serum calcium, and dietary intakes fo 

mother/daughter pairs. Am. J. Clin. Nutr. 44: 99- 106, 

1986. 

Lutz, J., and Tesar, R., Mother-daughter pairs: spinal and 

femoral bone densities and dietary intakes. Am. J. Clin. 

Nutr. 52: 872-877, 1990. 

Macintyre, I., rhe calcitonin peptide family: relationship and 

mode of ac:tion. Bone Mineral. 16: 160-161, 1992. 



74 

Maierhoffer, w., Gray, R., Cheng, H., and Lemann, J., Bone 

resorptio:1 stimulated by elevated serum 1, 2 5 (OH2) 

vitamin D concentrations in healthy women. Kideny Int. 

24: 555-5,501 1983 • 

Manson, T., ar.d Hirsch, J., Physiology of calcatonin. Bone 

Min. 16: l62-165, 1992. 

Marcus, R., Cann, P., and Madgiv, P., Menstrual function and 

bone mass in elite women distance runners. Ann. Int. Med. 

102: 158-l63, 1985. 

Marcus, R., K1Jsek, J., Pfefferbaum, A., and Horning, s., 

Age related loss of trabecular bone in premenopausal 

women: A biopsy study. Calcif. Tissue Int. 35: 406

409, 1983. 

Martin, M., anc Burr, A., structure function and adaptation of 

compact b1)ne. New York. Raven Press, 1989. 

Martin, A. D., McCulloch, R. G., Bone dynamics: stress, 

strain and fracture. J. Sports. Sci. 5:155-163. 1987 . 

• 




75 

Matkovic, v., Heanet, R., Calcium balalce during human 

growth: E'lidence for threshold behaviour. Am. J. Cl in. 

Nutr. 55: 992-996, 1992. 

Matkovic, v. Calcium metablism and calcium requirements 

during skeletal modelling and consolidation of bone 

mass. Am. J. Clin. Nutr. 54: 254S-605, 1991. 

Matkovic, V., Fontana, D., Tominac, c., Goel, P., Chestnut, 

c.,.Factors that influence peak bone mass formation: a 

study of calcium balance and the inheritance of bone 

mass in adolescent females. Am. J. Clin. Nutr. 52:878

88, 1990. 

Mazes, R., and Matthew, W., Bone mineral content of North 

American alaskan eskimos. Am J Clin Nutr. 27: 916-925, 

1974. 

Mazes, R., arui Cameron, J., Skeletal growth in school 

children: maturation and bone mass. Am. J. Phys. 

Anthropol. 35: 399-343, 1971. 



76 

McCormick, D. , Ponder, s. , Fawcett, H. , and Palmer, J., 

Spinal bone mineral density in 335 normal and obese 

children ;:,.nd adolescents: evidence for ethnic and sex 

differencHs. J. Bone Min. Res. 6: 224-229, 1991. 

McCulloch, R., Bailey, D., Houston, c., and Dobb, B., Effects 

of physiccLl activity, dietary calcium intake and selected 

lifestyle factors on bone density in young women. 

C.M.A.J. 142: 221-227, 1990. 

Melton, L., Ih;trup, D., Riggs, B., and Beckenbauch, R., five 

year trend in hip fracture incidence. Clin. Orthop. 162: 

144-149, 1982. 

Meuleman, J., Osteoporosis and the elderly. Geriatric Med. 

73: 91-96, 1989. 

Miller, J. , SJ.emenda, C. , Meaney, J. , Reister, T. , Hiu, S. , 

and Johnston, C., The relationship of bone mineral 

density 3.nd anthropometric variables in healthy male 

and female children. Bone Min. Res. 14: 137-152, 1991. 



77 

Moller, M., Hursman, A., Harvald, B., Hauge, M., Henningsen, 

K., and Ncrdin, B., Metacarpal morphology in monozygotic 

and dizygc~ic elderly twins. Calcif. Tissue Res. 25: 197

201, 1978' 

Montoye, H. J . Better bone and biodynamics. Research. Q. 

58: 334-348, 1987. 

Nilas, c., Christiansen, c., Bone mass and its relationship 

to age and the menopause. J Clin. Endocrinol. Metab. 

65: 679-71)2, 1987. 

Nordin, C., M·:>rris, H., The calcium deficiency model for 

osteoporo5is. Nutrition Review. 47: 65-72, 1988. 

Nordin, B., and Plooey, K., Metabolic consequences of the 

menopause. A cross-sectional, longitudinal and 

intervention study on 557 normal and post-menopausal 

women. Calcif. Tissue Int. 41: 81-59, 1987. 

Notelovitz, M., Martin, D., Tesar, R., Kham, F., Probart, 

c., Fields, c., and McKienzie, L., Estrogen therapy 

and variclble-resistance weight-training increases bone 

mineral in surgically menopausal women. J. Bone. Min. 

Res. 6: 583-590, 1991. 



78 

Parfitt, A. M. The cellular basis of bone remodelling: the 

quantum ccmcept reexamined in light of recent advances 

in the cell biology. Calcif. Tissue. Int. 36: S37-S45, 

1984. 

Peacock, M. Calcium absorption efficience and calcium 

requirements in children and adolescents. Am. J. Clin. 

Nutr. 54: 261S-5, 1991. 

Peterson, S. , Peterson, M., Raymond, G., Gilligan, c., and 

Smith, E., Muscular strength and bone density with 

weight-training in middle aged women. Med. Sci. Sport 

Exerc. 23: 499-504, 1991. 

Picard, D., s1:e Marie, L., Carrier, L., Lepage, R., and 

D'Amour,P .. , Premenopausal bone mineral content relates 

to height, weight and calcium intake during early 

adulthood. Bone and Mineral. 4: 229-309, 1988. 

Pirnay, F., Bodeux, J., and Crielaard, M., Bone mineral 

content and physiacl activity. Int. J. Sport Med. 8: 331

3351 1987, 



79 

Pocock, N. , Eisman, J. , Gwinn, T. , Sambrook, P. , Freund, 

J., and Yeates, M., Muscle strength, physical fitness, 

and weigt.t but not age predicted femoral neck bone 

mass. J. Bone . Min. Research. 4: 441-447, 1989. 

Pocock, N., Eisman, J., Yates, M.m and Eberl, s., Physical 

fitness is a major determinant of femoral neck and 

lumbar spine bone mineral density. J. Clin. Invest. 

78: 618-6:n, 1986. 

Pollitzer, w • I and Anderson, J • I Ethnic and genetic 

differenc1~s in bone mass: a review with a heridetary vs 

environmental perspective. Am. J. Clin. Nutr. 50: 1244

12591 1989 o 

Pollock, M., Garzarella, L., Graves, J., Carpenter, D., 

Tucci, J.,. and Manaquill, R., Effects of isolated 

lumbar e:>itension resistance training on bone mineral 

density cf the elderly. Med. Sci. Sports Exerc. 24: 

S66, 1992. 

Potts, J., Chemistry of the calcitonins. Bone Mineral. 16: 

169-1731 l992 o 



80 

Prince, R., Dick, I., Boyd, K., and Garcia-Webb, P., The 

effects of dietary calcium deprivation on serum 

calcatroil levels in premenopausal and postmenopausal 

women. Metabolism. 37: 727-731, 1988. 

Prior, J. , ProgHsterone as a bone-tropic hormone. Endocr. Rev. 

11: 386-398, 1990. 

Prior, J., Vigna, Y., and Schiechter, M., Spinal bone loss and 

ovulatory disturbances. New Eng. J. Med. 323: 1221-1227, 

1992. 

Pruitt, L., Jackson, R., Bartels, R., Lehnard, H., Weight

training effects on bone mineral density in early 

postmenopausal women. J. Bone. Min. Research. 61: 179

185, 1992. 

Raisz, L., Local and systemic factors in the pathogenesis of 

osteoporosis. New Eng. J. Med. 318: 818-828, 1988. 

Raisz, L., and Kream, B., Regulation of bone formation. New 

Eng. J. Med. 309: 29-35, 1983. 

Riis, B., Thom:;en, K., and Christiansen, c., Does calcium 

supplementation prevent post-menopausal bone loss. R.:_ 

Eng. J. Med. 316: 173-177, 1987. 



81 

Riggs, L., Wahner, H., Melton, M., Richelson, L., and Offa:d, 

K., Rates of bone loss in appendicular and axial 

skeletons ~f women. J. Clin. Invest. 77: 1487-1491, 1986. 

Riggs, B. , Wahner, H. , Seeman, E. , and Dunn, W. , Changes in 

bone mineral density of the proximal femur and spine 

with aging. J. Clin. Invest. 70: 716-723, 1982. 

Riggs, B., and Nelton, L., Involutional osteoporosis. New Eng. 

J. Med. 314: 1676-1686, 1986. 

Rikli, R. , Mc~anis, B., The effects of exercise on bone 

mineral content in postmenopausal women. Reasch.Quart. 

Exerc. and Sport. 61: 243-249, 1987. 

Riuki, s., Cauley, J., Hom, D., Sashin, D., and Kriska, a., 

The effects of walking on the cross-sectional 

dimensions of the radius in post menopausal women. 

Calcif. Tissue Int. 41: 65-69, 1987. 

Risser, w., Lee, E., LeBlanc, A., Poindexter, H., Risser, 

I., and Schneider, V., Bone density in eumenorrehiec 

female athletes. Med. Sci. Sports Exerc. 22: 570-574, 

1990. 



82 

Rockwell, J., Sorensen, A., Baker, s., Leahey, D., Stock, 

I., and Baran, D., weight training decreases vertebral 

bone den~ity in premenopausal women: A prospective 

study. J. Clin. Endcrinol. Metab. 71: 988-993, 1990. 

Redan, G., Med1anical loading, estrogen deficiency, and the 

coupling of bone formation to bone resorption. J. Bone 

Min. Res. 6: 527-530, 1991. 

Rose, S. , Municchi, G. , Barnes, K. , Kamp, G. , Ross, J. , 

Cassorla, F. , and Cutler, G. , Spontaneous growth ln:nue 

secretion increases during puberty in normal girls 

and boys. J. Clin. Endocrinol. Metab. 73: 428-435, 1991. 

Rubin, c., Lanyon, L., Regulation of bone mass by 

mechanical strain magnitude. Calcif. Tissue Int. 37: 

411-417, 1985. 

Sandler, Riuka, Slemenda, c., LaPorte, R., Cauley, J., 

Schramm, M., Barresi, M., and Kriska, A., Post 

menopausal bone density and milk consumption in 

childhood and adolescence. Am. J. Clin. Nutr. 42: 270

274, 1985. 



83 

Schoutens, A., Laurent, E., and Poortmans. I., Effects of 

inactivity and exercise on bone. Sport Med. 7: 71-81, 

1989. 

Schulte, J., Townsend, E., and Hogg, J., Density of lean body 

mass is 9reater in blacks than in whites. J. Appl. 

Physiol. !:6: 1647-1649, 1984. 

Seeman, E., and Terri, A., Risk factors for osteoporosis. Aust 

NZ. J. Me~ .. 19: 69-75, 1989. 

Seeman, E., Hof~er, J., Bach, L., Cooper, M., Parkinson, E., 

McKay, J., and Jerums, G., Reduced bone mass in daughters 

of women "ith osteoporosis. New Eng. J. Med. 320: 554

558, 1989. 

Shaw, A. , Wheeldon, J. , Brockelbank, J. , The tubular 

for calcit~ reabsorption: A normal range for children. 

Clin. Endocrinol. 3 6: 193-195, 1992. 

Shin, M., and Norrdin, R., Effects of prostaglandins on 

regional J:-emodelling changes during tibial healing in 

beagles: a histomorphic study. Calcif Tissue Int. 39: 

191-197, 1986. 



84 

Simkin, A. , Aylon, J. , Leichter, I. , Increased trabecular 

bone density due to bone-loading exercises in post 

menopausa:. osteoporotic womwn. Calcif. Tissue Int. 40: 

59-63, 19B7. 

Simmoms, A., Kinder, L., and Thomas, M., Effect of cortisone 

on cells at the bone-marrow interface. Calcif. Tissue 

Int. 46: :327-332, 1990. 

Sinaki, M., W~1ner, H., Offord, K., Hodgson, s., Efficacy of 

non-loadi:1g exercises in prevention of vertebral bone 

loss in postmenopausal women. Mayo Clin. Proc. 64:762

769, 1989. 

Sinaki, M.' Offord, K.' Physical activity in post-

menopausal women: effect on back muscle strength and 

bone mine~ral density of the spine. Arch. Phys. Med. 

Rehab. 69: 126-130, 1988. 

Sklar, c.,Rothenberg, D., Blumberg, D., Oberfield, s., 

Levine, L. Suppression of the pituitary-gonadal axis in 

children with central precocious puberty: effects on 

growth, qrowth hormone, insulin-like growth factor-1, 

and prolactin secretion. J. Clin. Endocrinol. Metab. 

73: 734-738. 1989. 



85 

Slemenda, W., Miller, J., Hiu, S. , Reister, T. Role of 

physical activity in the development of skeletal mass in 

children. J. Bone Miner. Res. 6: 1227-1233, 1991. 

Slemenda, c., Christian, J., Williams, c., Norton, J., and 

Johnston, C. , Genetic determinants of bone mass in adult 

women: a reevaluation of the twin model and the potential 

importancH of gene interaction on heritability estimates. 

J. Bone M:.n. Res. 6: 561-567, 1991. 

Smidt, G., Lin, s., O'Dwyer, K., and Blanpied, P., The 

effect of high-intensity trunk exercise on bone mineral 

density in postmenopausal women. Spine 3: 265-270, 1992. 

Smith, E., Gilligan, c., McAdam, ·M., and Smith, p • I 

detering bone loss by exercise intervention in 

premenopausal and postmenopausal women. Calcif. Tissue 

Int. 44: :312-321, 1989. 

Smith, E., ard Gilligan, c., Effects of inactivity and 

exercise on bone. Phys. Sports Med. 15: 109-112, 1987. 

Smith, D. , Nance, W. , Wonkang, K. , Christian, J. , and 

Jonhston, c., Genetic factors in determining bone mass. 

J. Clin. Invest. 52: 2800-2808, 1973. 



86 

Snow-Harter, c., and Marcus, R., Exercise, bone mineral 

density and osteoporosis. Exerc. Sport Sci. Rev. 19: 351

3891 1991. 

Snow-Harter, c., Bouxsein, M., Lewis, B., Charette, S., 

Weinstein, P., Marcus, R., Muscle Strength as a 

predictor of bone mineral density in young women. !L_ 

Bone Min. Res. 5: 589-95, 1990. 

Sowers, M., Burns, T., and Wallace, R., Familial resemblance 

of bone ~ass in adult women. Genet Epidemiol. 3: 85-93, 

1986. 

Studd, J., Sauvas, M., Watson, N., Garrett, T., Fogelman, I., 

and Cooper, D. , The relationship between plasma estradiol 

and the increase in bone density in postmenopausal women 

after with subcutaneous hormone implants. Am. J. Obstet. 

Gynecol. 163: 1474-1479, 1990. 

Swissa-sivan, A., Simkin, A., Leichter, I., Nyska, A, Eff~ 

of swimming on bone growth and development in young 

rats. Bone and Mineral. 7: 91-105, 1989. 



87 

Talmage, R., ~;tinnett, J., Landwher, L., Vincent, L., and 

McCartney, W., Age-related loss of bone mineral density 

in non-athletic and athletic women. Bone Mineral. 1: 115

125, 1986. 

Tanner, J. , ~;rowth and adolescence (2nd ed.) . Oxford: 

Blackwell. 1962. 

Tobias, J., Ma:>!well, J., and Chambers, I., Hormone replacement 

for ostea?orosis. Lancet. 335: 1471, 1990. 

Tran van, I., Vingery, A., and Baron, C.', Cellular kinetics of 

the bone remodelling sequence in the rat. Anat. Rec. 2 02: 

445-451, 1982. 

Trevisan, C. , ortolani, S. , Bianchi, M. , Caraceni, M. , 

Vlivier, F., and Polli, E., Age, Time since menopause, 

and body paramaters as determinants of female spinal 

bone mas~:: A mathematical model. Calcif. Tissue Int. 

49: 1-5, 1991. 

Trotter,M., Broman, G., and Peterson, R., Densities of bones 

of white ,;md negro skeletons. J. Bone Joint Surgery. 42

A:58, 1960 



88 

Troverbach, w., de Mann, s., Gommers, D., and Grobbee, D., 

Determinants of bone mineral content in children. Bone 

Min. Res. 13: 55-67, 1991. 

Turner, C. Do e~strogens increase bone formation?. Bone. 12: 

305-306, 1991a. 

Turner, c. Hc~eostatic control of bone structure: an 

application of feedback theory. Bone. 12:203-217, 1991b. 

Tsai, K., Ebeling, P., and Riggs, L., Bone responsiviness to 

parathyroid hormone in normal and osteoporotic women. ~ 

Clin. Endocrinol. Metab. 69: 1024-1027, 1989. 

Tsai, K., Wahner, H., Offord, K., Melton, J., Kumar, R., and 

Riggs, B., The effect of ageing on vitamin D stores and 

bone density in women. Calcif. Tissue Int. 40: 241-243, 

1987. 

Tsai, K. , Heath, H. , Kumar, R., and Riggs, B. , Impaired 

vitamin D :netabolism with ageing in women: Possible role 

in pathogemesis of osteoporosis. J. Clin. Invest. 73: 

1668-1672, 1984. 



Tylavsky, F. I Bortz, R., Hancock, R., Anderson, J • I 

Familial resemblences of radial bone mass between 

premenopat:.sal mothers and their college age daughters. 

Calcif. Tissue Int. 45: 265-272, 1989. 

Virvididakis, :c, Georgiou, E., Korkotsidis, A., Ntalles, 

K., and P:roukakis, c., Bone mineral content of junior 

competitive weightlifters. Int. J. Sports Med. 11: 

244-246, 1990. 

Wall, J., Chatt.erj i, S., and Jeffery, J., Age related d:ag:s 

in the density and tensile strength of human femoral 

cortical bone. Calcif. Tissue Int. 27: 105-108, 1979. 

White, C., Hergenroeder, A., and Klish, W., Bone mineral 

density :Ln 15 to 21 year old eumenorrheic and 

amenorrheic subjects. A. J. D. C. 146: 31-35, 1992. 

Widhe, J. , Calcium metabolism in young undernourished rats fed 

diets dif:cering in protein and calcium content. Clin. 

Orthop. Hi2: 304-309, 1982. 

Wisneski, L., ~~eview of calcatonin: future perspectives and 

new opport.unities in therapy. Bone Mineral. 16: 169-173, 

1992. 




90 

Wolman, R., Clc:trk, P., McNally, E., Harries, M., and Reeve, 

J. , Dieta:ry calcium as a statistical determinant of 

spinal trabecular bone density in amenorrheic and 

estrogen-relpete athletes. Bone and Min. 17: 415-423, 

1992. 



Correlates and Determinants of 


Bl)ne Mineral Content and Density 


In Healthy Adolescent Girls 


by 


S. Rice, C.J.R. Blimkie, C.E. Webber, D. Levy, 

J. l>iartin, D. Parker, and C. L. Gordon 

Departments of Physical Education, 

Nuclear Medicine, and Medicine, 


McMaster University, 


Hamilton, Ontario, 


Canada, LSS 4K1 


Short Title: Determinants Of Bone Density In Adolescent 

Females 

Mailing Addres!:.: 	 Dr. C.J.R. Blimkie, 

Department of Physical Education, 

McMaster University, 

Hamilton, Ontario, 

Canada, LSS 4K1 

Phone: (416) 525-9140 ext. 4461 

Fax: (416) 527-0100 



Abstract 

The relationships between whole body (WB) and lumbar 

spine (LS) bone~ mineral content (BMC) and density (BMD), and 

measures of chronologie age, body composition, physical 

activity, cardiorespiratory and strength fitness, 

gynaecologic, sexual maturity, endocrine, and nutrition status 

were studied in 36 healthy menarcheal girls (14 - 18 y). Body 

mass (0.464 < r < 0.704), growth hormone (-0.34 < r < -0.42), 

and one repetition maximum double leg press strength (0.343 < 

r < 0.467) we:ce significantly (P < 0.05), and moderately 

correlated with each of the 4 bone mineral measures. Average 

daily caloric intake was the most consistent moderately 

correlated diet.ary variable, but was significantly correlated 

with only LSBMC (r = 0.478) and LSBMD (r = 0.382). Multiple 

regression analysis indicated that body mass accounted for the 

largest significant proportion of the explained variance (27.3 

- 55 .1%) in ea,:::h of the 4 bone mineral measures. Age at 1st 

menses accourr:ed for a smaller but still significant 

proportion of the variance in WBBMD (9.3%), LSBMC (16.5%), and 

LSBMD (18.4%), and past yearly level. of physical activity 

explained between 6. 7% and 15% of the variance in WBBMC, 

WBBMD, and LSBHC. Average daily caloric intake accounted for 

a significant ~roportion of the variance in LSBMC (11.3%), and 

although just failing to reach significance, growth hormone 
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entered the regression model as an important predictor of 

LSBMD, account.ing for 7.3% of the explained variance in this 

variable. Neither age, cardiorespiratory fitness, or strength 

contributed siqnificantly to the explained variance in any of 

the bone mine~ral measures. Body mass appears to be an 

important dete:rminant of bone mineral, and level of physical 

activity, although of relatively less importance, also seems 

to have a positive modulating effect on bone mineralization in 

girls during adolescence. Other nutritional, endocrine, and 

gynaecological factors also appear to contribute to the 

variability in bone mineral among females during this 

developmental period. 

Index Terms 

Bone Density; Adolescent Girls; Body Composition; Physical 

Fitness; Gynaecologic, Endocrine, and Nutritional Factors 



Introduction 

OsteoporoBis is a major health problem in North America 

(34, 35). Concerns about personal physical disability and 

socio-economic costs associated with this condition have 

sparked conside~rable research into the topic of bone health in 

humans. Most Clf the research in this area has focused on 

adults, and peri- and post-menopausal women in particular, and 

numerous factors have been identified as important 

determinants of bone mass and predictors of risk for 

osteoporosis in these populations (11, 17, 23, 40). 

In contra:;t, little is known about the determinants of 

bone mass, and ·:he factors which influence bone mineralization 

in adolescent females. This is surprising since the amount of 

bone mass at any point in time during adulthood, and thus the 

risk of osteopJrosis is partly a function of the bone mass 

achieved at maturity (35). Adolescence may be a critical 

period since 45-60 % of peak adult bone mass is deposited 

between puberty and adolescence (5, 40), and although not yet 

unequivocally nstablished, this may also be the period when 

peak bone mass and density, at least for predominantly 

trabecular bone~, achieve maturity (5, 15, 4 0) . 

It has been suggested that osteoporosis might be 

prevented or delayed by maximizing bone mass during the 

formative growth years (11, 23, 35). The effectiveness of this 
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approach depends first on identifying those factors which 

influence bone mass development, and second, on determining 

their relative importance to the bone mineralization process. 

The purposes of this study were to 1} describe the 

correlational :relationships between whole body (WB} and lumbar 

spine (LS} bonE~ mineral content (BMC} and density (BMD}, and 

selected lifestyle, fitness, gynaecologic, endocrine, and body 

composition variables and , 2} to identify the key predictors 

of predominantly cortical (whole body} and trabecular (lumbar 

spine} BMC and BMD from among these different classes of 

independent variables in healthy adolescent females. 

METHODS 

Subjects. Subjects were 36 girls recruited from a local high 

school. All Sllbjects were given a medical and physical 

examination to rule out metabolic bone disorders and any other 

disorder which would preclude participation in physical 

activity or exercise. The study was approved by both internal 

(Chedoke-McMast~er Hospitals} and external (St. Joseph's 

Hospital} human ethics medical review committees, and subjects 

and their pare!nts signed consent forms approved by these 

committees. 

Anthropometric and cardiorespiratory Fitness Testing. Height 
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was measured w:Lth subjects standing in their stockings, and 

body mass was determined on a balance scale with subjects 

wearing only shorts and a T-shirt. Body mass index 

(weightjheight2 ) was calculated from· these measurements. 

Skinfold thick:1ess was measured at two sites (triceps and 

subscapular) using a Harpenden skinfold calliper. Percent body 

fat was predict:ed from the sum of skinfolds using an age and 

sex appropriate equation (36). Fat mass and fat free mass were 

calculated fron measures of percent body fat and body mass. 

Peak oxygen uptake (V02 peak) was obtained using an open 

circuit systen, on a Jaeger electronically braked cycle 

ergometer. ThH test protocol consisted of progressive 

increments (15 Watts) in work load every minute commencing at 

15 Watts, until the subject could no longer maintain a cadence 

of 50-55 rpm. Oxygen uptake and other select cardiorespiratory 

variables were measured at 20 sec intervals throughout the 

test. Peak vo2 was determined as the highest value during the 

last minute of the test. Subjects remained seated during the 

test and were given verbal encouragement to continue until 

exhausted. 

Questionnaires. Questionnaires were completed to determine 

past medical and gynaecological history. The age at onset of 

menses (determined to the nearest month) and the frequency of 

periods withir1 the past year were determined from the 
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gynaecological history. Gynaecologic age was determined as the 

difference bet'ireen age at onset of menses and current age. 

Sexual maturity status based on pubic hair development was 

determined by a. nurse using the criteria of Tanner (43). 

A modified questionnaire was used to determine past 

yearly and mon1:hly energy expenditure in leisure activities 

( 41) • From a 1 iBt of physical activities, subjects chose those 

in which they participated during the previous year or month 

and indicated the average intensity, frequency and duration of 

participation in each activity. With the exception of cycling 

and swimming, tn.e other activities on the list were all weight 

bearing in natt;.re. Subjects were also encouraged to complete 

an open-ended question about participation in activities not 

included in the list. Non-weight bearing activities were those 

in which the body mass was supported, for example, cycling, 

sailing, canoeing, swimming, and by exclusion, all other 

activities were classified as weight bearing. The Met activity 

scores for the past year and month were determined separately 

for total, weight bearing, and non-weight bearing activity as 

the summed prod·lct of the frequency, intensity and duration of 

selected activities during the specified time period. Current 

level of physical activity averaged over 2 weekdays and 1 day 

of the weekend was also assessed using the physical activity 

questionnaire developed by Bouchard et al. (6}. Each 24 h 

period was subdivided into 15 min intervals and subjects 

http:natt;.re
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recorded the a,rerage intensity of physical activity (ranging 

from 1-9 Mets) for each interval. The scores were averaged 

over the 72 h period to provide a mean 15 min Met activity 

score. Subjects were also classified according to level of 

participation in organized sports. Girls involved in 

competitive sports (individual or team) were classified as 

highly active. Girls who participated in organized sports for 

leisure or recreational purposes were classified as active and 

those not involved in any form of organized sport were 

classified as inactive. 

Strength Measurements. One repetition maximum lifts (1 RM) 

were determined on a Global Gym multi-station for double leg 

press and bench press using previously described procedures 

(33}. In brief, subjects were given technical instruction in 

the proper execution of the lifts, and one practice session at 

low resistance to become familiar with the techniques. On a 

separate occasion, and following a specific warm-up of 6-8 

repetitions a1: minimal resistance, subjects were given a 

series of trials of increasing resistance until the maximal 

load that could be lifted only once (the 1 RM} was 

established. The 1 RM load was determined to within 0.5 kg by 

the addition of small weight plates, and the maximum load was 

usually achieved after 6-8 trials. The order of testing for 

these lifts wa~; randomized. Maximal voluntary quasi-isokinetic 
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strength was also determined for double elbow flexion, double 

knee extension, and the squat thrust using the HFMAXX 

hydraulic resistance machine (Hydra-Fitness Ind., Belton, 

Texas). Subjects were given instruction in the proper 

execution of these exercises, and 2 practice sessions at low 

and intermediate resistance to become familiar with the 

techniques. A load cell was mounted to each station and an 

electrical output proportional to the applied force was 

recorded on a Btrip chart recorder. The output from the load 

cell for each station was compared to standard force-velocity 

curves derived during maximal effort at various valve settings 

using a pre-calibrated strain gauge attached to the lever arms 

of the device. Three trials were performed for each exercise 

at valve settings corresponding to low (valve 1), intermediate 

(valve 3), and high (valve 6) resistance. The order of valve 

selection was randomized, and the load cell output from the 

two highest trials was averaged, converted to force in kg, and 

taken as the criterion measure. The order of testing for elbow 

flexion and kne!e extension was also randomized, and the squat 

thrust was always tested last. Maximal voluntary isometric 

strength was also determined for the right elbow flexors and 

right knee extensors using previously described procedures ( 3, 

4). Measurement:s were made at a joint angle of 90 degrees ( 180 

degrees is full extension). Isometric strength testing 

preceded the 1 RM testing, and both were done during a 2 hour 
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visit to the laboratory. Quasi-isokinetic strength testing (on 

the HFMAXX machine) was done on a separate occasion, and all 

strength tests were completed within a 2-3 week period. 

Dietary Analysis. Current dietary intake was assessed using a 

3 day food diary, consisting of two weekdays and one weekend 

day. Subjects were given written and verbal instruction 

regarding the recording procedure and were encouraged to be as 

accurate as poBsible in identifying the type and quantity of 

food consumed. The Nutritionist III food analysis program (N

Squared Computing Company, Silverton, Oregon) was used to 

determine total calorie (absolute and per kg mass), calcium 

and vitamin D :Lntakes. 

Blood Sampling. Subjects reported in a non-fasted state to a 

nurse between 3:15 and 9:30 am, 14 to 18 days following the 

last day of their most recent period {predetermined by 

interview). Venous blood was drawn, allowed to clot and then 

centrifuged. The serum was separated into aliquots and stored 

at -20° C until analyzed in batch for estradiol, 

progesterone, testosterone, cortisol, and growth hormone. 

Bloods were ta}~en within 1-3 weeks of all other measurements. 

Hormone Assa1·s. Estradiol, progesterone, testosterone, 

cortisol, ar.d growth hormone were measured by 
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radioimmunioas~:ay (reagents from Diagnostics Products 

Corporation, Calbiochem, and Intermedico). Assays were 

performed by the Departments of Clinical Chemistry at Chedoke

McMaster Hospi·:als, St. Joseph's Hospital, and The General 

Hospital in Hamilton. 

Bone Mineral ME!asurements. BMC and BMD for the whole body and 

for L2-L4 lumbar vertebrae were determined by dual photon 

absorptiometry (Norland 2600 dichromatic densitometer), using 

a 153Gd radiation source. Separate scans were taken for the 

whole body and lumbar spine with subjects in the supine 

position. The densitometer was calibrated daily using a 

phantom supplied by the manufacturer. The accuracy of this 

technique in our laboratory has been established to be within 

3. 0 % of true 'ralues based on ash weight of a cadaver spine, 

and the precision, calculated as the ratio of standard 

deviation to ·:he mean of repeated measurements of tissue 

equivalent phantom spine, to be 1. 6 % {14, 45). 

Statistical Analysis. Pearson product-moment correlation 

coefficients YJere computed between the 4 measures of bone 

mineral (WBBMC, WBBMD, LSBMC, LSBMD) and measures from the 

following claBses of variables: anthropometric, physical 

activity, cardiorespiratory and strength fitness, sexual 

maturity and gynaecologic, dietary, · and endocrine. Some 
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classes included multiple measures. For example, the 

anthropometric class variables included measures of body mass, 

body mass index, fat mass, fat free mass, percent body fat, 

and height; all measures described under each class variable 

heading in Table 1 were included in this analysis. A series of 

stepwise multiple regression analyses (MINITAB, Minitab Inc., 

Valley Forge, PA) with each of the four measures of bone 

mineral as the dependent variable was then computed. In 

addition to 1:he general variable age, the single most 

consistent (across all bone mineral measures) and best 

correlated mea5ure from each category of class variables was 

selected as a ;>redictor variable in the regression analysis. 

Relationships ·11ere considered significant if P < 0. 05. 

RESULTS 

The means and standard deviations for the bone mineral, 

anthropometric, physical activity, sexual maturity, 

gynaecologic, cardiorespiratory fitness, strength fitness, 

dietary, and endocrine measures are summarized in Table 1. 

A summary of the correlational (univariate) relationships 

between the measures of bone mineral and the most 

theoretically important and highly correlated independent 

variables is given in Table 2. Chronologie age was not 



~able 1. DascriptiYa characteristics of subjects 

aoaa KiDaral Measures 

WB-BMC(g) 2269.8 ± 350.4 LS-BMC(g)
WB-BMD(g·cm"2 ) 0.957 ± 0.070 LS-BMD (g·c11l"2 ) 

Aa~r:glla.te~Ei.SC !1Eillzl.11 

Age (y) 1.61 ± 1.0 
Haight (em) 164.3 ± 7.0 
Body Kaaa (kg) 59.1 ± 10.2 
Body Kaaa Index (kg111·l) 21.7 ± 3.2 

:C2Skf (IIID) 
"Body Fat (\) 
Fat Fr.. Kaaa 
Fat Kaaa (kg) 

Stxu•l. Katu~:i,ty aq4 GyAescol,ogi,sc !a~:i&bl.•• 

Pubic Hair (1-5 Stag••> 4.2 ± 0.7 
Age at 1at Kenaaa (Y) 12.9 ± 1.0 

Frequency of Kenaea 
Paat Year 

~•i,cal ActiYi,ty ag4 cardiOEISPi.EatOET Pi,tptaa VaEiabl,at 

Total Paat Year Act. 
(Katty"1 

) 

Paat Year Weight Baarlng Act. 
(Katsy·1 

) 

Past Year Non-weight ~aaring Act. 
(Kata-y"1 

) 

1 RK Bench Praaa (kg) 
1 RK Double Lag Praaa (kg) 
Isokinatic Elbow Flaxlon (kg) 
Isokinatic Lag Extenalon (kg) 

Daily Caloric Intake (Jtcal·d"1 ) 

110625 
±131279 
90714 
±120990 
23676 
±33876 

Str.pgth VAEiabl.ll 

Put Kth. Act. 
(Katay·1 ) 

Currant Act. 
(Keta·l5min"1

) 

Peak Vo2 
(ml·kg"1111in"1 ) 

26.6 ± 6.3 
127.9 ± 19.2 

18.2 ± 3.8 
59.2 ± 11.2 

(kg) 

Iaokinetic Squat Thruat 

Iaometric Elbow Flexion 

Iaometric Kn.. Bxtenaion (Nm) 166.1 ± 31.2 

Di,ataEY JIEi.abl.lt 

1652 ± 532 Daily Calcium Intake (mg-d"1 
) 889.7 ± 474.7 

Daily Caloric Intake (Jtcal·d"1 .kg"1 )28. 7 ± 8. 6 Daily Vit. D Intake ( IO·d"1
) 168.4 ± 131.5 

Estradiol ( pmol·L"1 ) 

• • Progeatarone ( nmol·t ., ) 
Taatoatarona (nmol·L"1 ) 

lpdoc~:iQI !tEillzl.ll 

228.5 ± 140.8 cortiaol ( nmol·L"1 ) 

7.9 ± 9.7 Growth Hormone (ug·L"1 
) 

1.4 ± 0.7 

4.309 ± 0.573 
1.054 ± 0.112 

33.2 ± 9.5 
27.4 ± 5.6 
42.4 ± 5.1 
16.6 ± 6.3 

3.2 ± 1.3 

9-12/y n•31 
<9/y n•2 
nona paat 6 mtha n•l 
miaaing n•2 

9258 
±13310 
2.1 
±0.2 
38.9 
±5.4 

(kg) 131.1 ± 28.5 
(Nm) 34.5 ± 6.1 

351.9 t 137.4 
3.8 t 6.0 

Valuaa are meant± S.l. 

+Basad on the age and aex apecific equation of Slaughter et al. (36). 

++Progeatarona aasay :'lad a lower aanaitivity of 2. 0 nmol·L"1 • Sample• below this 


level (n•l8) ware a1cribed the minimum value of 2.0 (nmol·L"1
). 

http:tEillzl.ll
http:JIEi.abl.lt
http:VAEiabl.ll
http:1Eillzl.11
http:Aa~r:glla.te~Ei.SC


Table 2 : Pearson product-moment correlation coefficients for selected variables 

CLASS VARIABLE 

CATEGORIES 

WBBMC WBBMD LSBMC LSBMD 

Genera} 

Age 

AnthroRQmetric Variables 

-.064 

.596* 

-.006 

.389* 

-.044 

.451* 

-.034 

.295Height 

Body Mass .704* .464* .588* .511* 

%Body Fat .478* .343* .449* .440* 

Fat Free Mass .668* .429* .523* .420* 

Fat Mass .610* .409* .540* .489* 

Sexual MaturiO: & G:macoloa.ic Variables 

-.048 -.164 -.283 -.215Age at first Menses 

Ph:Isical ActiviO: & Cardioresoiratcn: 

Fitness Variables 

Total Past Year Act. .135 .189 .320 .257 

Past Year Act. (Non-Weight Bearir.g) .109 .028 .077 .107 

Past Year Act. (Weight Bearing) .069 .181 .096 .093 

Peak V02 -.130 -.063 -.008 -.039 

Strength Variables 

IRM Double Leg Press .467* .343* .409* .405* 

Isok. Leg Extension .434* .350* .315 .302 

Isom. Elbow Flexion .396* .233 .315 .171 

Dietary Variables 

Daily Caloric Intake (Kcal.d'1) .368 .251 .478* .382* 

Daily Calcium Intake .165 .049 .305 .293 

Daily Vit. D. Intake .233 .188 .385* .372 

Endocrine Variables 

Estradiol .043 -.056 .052 .084 

Growth Hormone -.418* -.420* -.340* -.389* 

N = 36, except for the dietary variables where n = 27 


*Coefficients are significant at P :S 0.05 for n = 27 and n = 36 when r 0!:: .374 and r 0!:: .325, respectively. 
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significantly correlated with any of the bone mineral 

measures. With the exception of the relationship between 

height and LSBMD, all anthropometric variables were 

significantly (P < 0.05) and moderately correlated with the 

four bone minHral measures. Body mass was the most highly 

correlated anthropometric variable, and also displayed the 

highest of all correlations from the various class variables 

with the bone mineral measures. Correlations were higher 

between body mass and the measures of bone mineral content, 

than between body mass and bone mineral density. 

None of the sexual maturity and gynaecologic variables 

correlated si~rnificantly (P > 0.05) with any of the bone 

mineral measures. Within this class however, age at first 

menses had the strongest and most consistent correlations with 

the four bone mineral measures. 

There were no significant correlations between the 

measures of physical activity and cardiorespiratory fitness, 

and any of th'3 measures of bone mineral. Total past yearly 

level of physical activity had the strongest and most 

consistent correlations with the four bone mineral measures 

within this class of variables, and just failed to reach the 

threshold leVt:!l of significance for its relationship with 

LSBMC. There were no consistent or substantial differences in 

the strength of the correlations between weight bearing and 

non-weight bec:.r ing activity. 
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One RM c.ouble leg press strength was significantly 

positively corLelated with all bone mineral measures. Quasi

isokinetic dm;ble leg extension strength was significantly 

positively correlated with only the whole body bone mineral 

measures, and isometric elbow flexion strength was 

significantly positively correlated with only WBBMC. None of 

the other strength variables correlated significantly with any 

of the bone mineral measures. 

Daily caloric intake had the strongest and most 

consistent corLelations of all dietary variables with the bone 

mineral measures, but was significantly correlated with only 

LSBMC and LSBMD. Daily vitamin D intake was significantly 

correlated wit.h LSBMC, and just failed to reach significance 

for LSBMD. None of the remaining dietary variables correlated 

significantly with any of the bone mineral measures. 

Growth hormone was significantly negatively correlated 

with each of the bone mineral measures. Neither estradiol, nor 

any of the other endocrine variables correlated significantly 

with any of the measures of bone mineral. 

The results of the regression analyses are summarized in 

Table 3. Body weight accounted for the largest significant 

proportion (2·7.3 to 55.1%) of the explained variance for the 

four measures of bone mineral. Age at 1st menses accounted for 

a substantially smaller, but nonetheless, significant 

proportion of the variance in WBBMD (9.3%), LSBMC (16.5%), and 



Table 3. Regreaaion .adela for the bone aineral yariablea 

Bone Mineral 
Variable 

-

Constant 
t SE 

bX1 
t SE 
Units 
t-Ratio 

Rz 

bXz 
t SE 
Units 
t-Ratio 

Rl 

bXJ 
t SE ' 
Units 
t-Ratio 

Rl 

bX4 

t SE 
Units 
t-Ratio 

Rz 
Cumulative 

Rz 

Lumbar 5Rine ~~~ 

I 

7.241 .0341 Body HaB8 -.321 Age let Menses .0004 Cal. Intake .0000 Past Year Act.Content 
(g) t.206 t.0002 

kg 
4.56 

t.0023 
y 

-4.01 

t.0000052 
JC.cal 
3.01 

t.OOOO 
Hets-y-1 

2.32 
42.2\ 16.5\ 11.3\ 6.7\ 76.7\ 

Density 
(gcm 2) 

1.6823 
t.Ol03 

.006 Body Haas 
t.00005 

kg 
3.24 
33.1\ 

-.060 Age let Menses 
t.00056 

y 
-3.37 
18.4\ 

(-.0049 Growth Horm.) 
t.00007 

ug·L'1 

-1.77 
7.3\ 58.8\ 

Whole Body 

Content 2894 23.719 Body Haas .0012 Past Year Act. 
(g) t30.86 t.l502 

kg 
4.51 

t.OOOO 
Heta-y-1 

1. 77 
55.1\ 6.7 61.8\ 

Density 1.1938 .0040 Body Haas .0000 Past Year Act. -.027 Age lat Menses 
(g cm·1 ) t.0074 t.00023 

kg 
2.73 

t.OOOO 
Hets-y-1 

2.29 

t.0617 
y 

-2.16 
27.3\ 15.0\ 9.3\ 51.6\ I 

The following variables were included in each regression model, and represent the beat univariate correlate 
from the different classes of variables with the bone mineral measures: age, body mass, age at let menses, 
past year activity, 1 RH double leg press strength, average daily caloric intake, and growth hormone level. 

b = regression coefficients for the significant (P<0.05) predictor variables X1 - X. and R1 indicates the 
percent of explained variation with the stepwise inclusion of independent variables. cumulative Rz is the 
total percent of explained variation attributed to the included predictor variables. Predictor variables in 
brackets are those which entered into the regression model, but which just failed to reach significance. 
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LSBMD (18.4%).. Likewise, past yearly level of physical 

activity acc~Inted for a small, but still significant 

proportion of t.he variance in WBBMC (6. 7%) , WBBMD (15. 0%) , and 

LSBMC ( 6. 7%) . A significant proportion of the variance in 

LSBMC was also attributed to average daily calorie intake 

(11. 3%} . Althc,ugh just failing to reach significance (P = 

0.084), serum growth hormone level did enter the regression 

model as an important predictor of LSBMD, accounting for 7.3% 

of the explained variance in this variable. Neither 

chronologie aqe, strength fitness (1 RM double leg press 

strength) nor cardiorespiratory fitness (peak vo2) entered 

into the regression model for any of the dependent variables. 

Together and in various combinations, these variables 

explained between 51.6 and 76.7% of the variance in the four 

bone mineral rreasures. 

DISCUSSION 

There have been a number of recent investigations of the 

development of bone mass and density, and the determinants of 

bone mineralization in children and adolescents (1, 5, 15, 16, 

18, 21, 28, 3:2, 38, 44). Most of these studies have spanned 

developmental periods characterized by tremendous changes in 

somatic growth (5, 15, 16, 21, 32, 38). Fewer studies have 

investigated the correlates and determinants of bone 



109 

mineralization during adolescence, a period during which 

somatic growth, especially for females is nearly complete (1, 

18, 44) . These! studies have provided important information 

mostly about ·the univariate, and to a lesser extent, the 

multivariate ~elationships of a rather limited set of 

independent va~iables with various measures of bone mineral. 

With a multivariate approach, and by including a greater 

variety of theoretically important independent variables than 

has been used previously, we have tried to describe and 

quantify the relationships between these variables and bone 

mineral in a population of healthy adolescent females. 

The primary finding of this study is that body mass was 

most highly c:>rrelated with and accounted for the largest 

proportion of the explained variance in the four bone mineral 

measures. These results are consistent with findings in 

healthy non-athletic children and adolescents (1, 18, 21} and 

adolescent male weightlifters (44). The results from the 

correlational analyses also indicated that there were positive 

associations between the bone mineral measures and virtually 

all other anthropometric variables. No physiological 

significance is attached to these findings however, since body 

mass was the only anthropometric variable to contribute 

significantly to the variance of the bone mineral measures in 

a separate :::-egression analysis incorporating only the 

anthropometric: measures. The positive associations between 
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body mass and bone mineral may reflect an adaptive response to 

the mechanical stress imposed by this mass {11). 

Body mass was more highly correlated with, and accounted 

for a larger proportion of the variance in the bone mineral 

content than :.n the bone mineral density measures. Similar 

findings have been reported for healthy adolescent females 

{18). The hiqher correlations with bone mineral content 

probably reflect the effect of growth related bone expansion 

on mineral status during this period. Recent studies have 

shown that strong positive correlations between measures of 

bone mineral content and density and anthropometric variables 

diminish or disappear when bone mineral measures are corrected 

for bone size~ (18, 21). Various anthropometric correction 

factors based on geometric assumptions about the shapes of 

bones have been utilized to obtain bone size unrelated density 

measures {18, 21). To date, there is no generally accepted 

normalization procedure to account for the effects of bone 

expansion with growth on volumetric bone density, and no 

attempt was made in the present study to account for this 

effect. Since the bone mineral measures in the present study 

were uncorrected for bone size, it is difficult to predict 

with certaint~, either the absolute or relative importance of 

the anthroponetric or other variables to the development of 

true volumetric bone density during adolescence. Elaboration 

of these relc:ttionships await further development of a valid 
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and generally ~ccepted normalizing procedure to account for 

the effects of bone expansion on bone mineral status during 

periods of grm{th. 

Chronologie age was not correlated with, and did not 

contribute siq1ificantly to the variance in any of the bone 

mineral measures in this study. Age has been shown to be 

significantly correlated with (5, 21), and to be a significant 

predictor of bl)ne mineral (38) in studies involving children 

of a wider age range than in the present study. The relative 

unimportance of age in this study probably reflects the narrow 

age range of ::;ubj ects (14-18 y) , and the failure of other 

studies to control for the covariance of age with other 

potentially mJre important predictor variables of bone 

mineral. 

Height haB also been shown to be significantly correlated 

with (5, 21), and to be a significant predictor of bone 

mineral (28) in children and adolescents. Height was 

moderately cor:related with 3 of the 4 bone mineral measures in 

the present study, but failed to enter as a significant 

predictor of bone mineral after controlling for its covariance 

with body mass. The relative unimportance of height as a 

predictor of l~ne mineral in this study is probably due to 

reduced inter-subject variability in height since growth in 

stature is ne!arly complete in females at this stage of 

development. 'rhese findings are consistent with those of 
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Bonjour et al. (5) which indicated a fairly strong association 

between height and lumbar spine bone mineral in girls between 

9 and 13 years of age, but a diminished correlation beyond 

this age range. 

Body fatness, as reflected by both % body fat and fat 

mass was moderately positively correlated with all bone 

mineral measurE~s in this study. These findings are consistent 

with previouslr reported positive correlations between body 

fatness and bone mineral in pre-pubescent children (32) and 

post-menopausal women ( 3 7) , but are in contrast to the 

negative correlations recently reported by Miller et al. (28) 

in mostly pre-pubertal girls. Considerable changes occur in 

the development. and distribution of fat throughout childhood, 

especially in females during the transition from childhood to 

adolescence (24). Developmental differences may account for 

the apparent discrepant results between the findings of Miller 

et al. (28), a:1d our findings and those of others (32, 37). 

Menstrual history has been identified as an important 

correlate of bone mass and density in adolescent girls (1, 5) . 

None of the measures of sexual maturity or gynaecological 

status correlated significantly with any of the measures of 

bone mineral in the present study. Age at first menses, 

however, an index of relative reproductive maturity, did 

account for a Bignificant proportion of the variance in three 

of the four bone mineral measures. Since age at first menses 
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was negatively correlated with the bone mineral measures, this 

suggests that the earlier the age at onset of menses, the 

higher the ~lne mineral content and density in these 

adolescent girls. This relationship may be explained by a 

greater total ·~xposure of osteoblasts to estrogen during the 

longer interval since onset of menses (17, 38). Alternatively, 

some independ•~nt factor, perhaps some form of genetic 

regulation, may cause covariation in both age at onset of 

menses and bone! development during the circumpubertal period. 

Both age at onset of menses and bone growth are believed to be 

highly genetiC<illy regulated ( 24) . A common genetic influence 

appears to be the most likely explanation for this association 

since the interval between age at first menses and current age 

was only weakl~ correlated with the bone mineral measures. 

Pubertal status was not significantly correlated with, 

and failed to account for a significant proportion of the 

variance in bone mineral in the present study. These results 

seem to be in contrast with those from a number of recent 

studies (5, :.6, 18) which have demonstrated a positive 

association b':tween bone mineral and pubertal status in 

samples of chi:Ldren spanning different stages of puberty. Most 

of the subjects in the present study, however, had already 

reached pubertal stage 5, and given their advanced level of 

sexual maturity it is not surprising that pubertal status was 
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not a significant predictor of bone mineral in these girls. 

The various measures of physical activity and sports 

participation '~ere only weakly correlated with the measures of 

bone mineral, ,:~.nd there was no apparent positive differential 

effect of we:_ght bearing compared to non-weight bearing 

activity on bone mineral in this study. Despite these rather 

weak correlational relationships, past yearly level of 

physical activity did contribute modestly, but nevertheless 

significantly, to the explained variance in three of the four 

bone mineral measures in the regression models. The 

significance of physical activity in the multivariate, but not 

in the univar.Late analysis results from differences in the 

properties of 1:he correlation and regression coefficients. The 

correlation coefficient measures the size of the relationship 

between the various measures of bone mineral and physical 

activity, witt.out consideration of the covariance effects of 

other indeper~ent variables. The regression coefficient 

measures the Hffect of a change in physical activity on the 

unexplained portion of the variance · in the bone mineral 

measures after controlling for the effects of other predictor 

variables and covariates (9). Whereas physical activity 

appeared to be an insignificant predictor of the total 

variation in bone mineral, it did significantly reduce the 

residual varicltion after accounting for the effects of other 

independent Vclriables, most notably body mass. 
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Levels of physical activity and exercise during childhood 

have been positively associated with increased bone mass in 

females during adulthood (27, 42). Increased physical activity 

has also been shown to be positively correlated with bone 

density durin9 childhood (38), and to be associated with 

increased bone mass both during childhood (38) and during the 

period spanning childhood and adolescence {21). Our findings 

are consistent~ with the aforementioned studies, and to our 

knowledge this is the first report of a positive association 

between current levels of physical activity and bone density 

in adolescent females. 

Only two other studies (1, 18) have investigated the 

relationship between current levels of physical activity and 

bone mass and density in healthy females during adolescence. 

In both stud.Les, there were no significant correlations 

between exercise habits and measures of bone mineral density. 

These findinqs are consistent with results from our 

correlational analyses, but not with the results of our 

regression analyses. The apparent discrepancy between studies 

may be explained by differences in sample characteristics, 

methods used to assess physical activity and statistical 

procedures used to determine the extent of relationship 

between physical activity and the various bone mineral 

measures. 

CardioreBpiratory fitness was weakly correlated with, and 
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did not contribute significantly to the variance in any of the 

bone mineral neasures in this study. These results suggest 

that cardiorespiratory fitness as measured by peak oxygen 

uptake is, as it also appears to be in adults ( 4 0) , an 

unreliable and unimportant independent predictor of bone 

density in adolescent females. There are no other studies to 

our knowledge of the relationship between cardiorespiratory 

fitness and bone density in healthy adolescent females. 

The relationship between muscle strength and bone mass 

and density has not been studied previously in adolescent 

females. In the present study, significant positive 

correlations vrere observed between 1 RM double leg press 

strength and all measures of bone mineral, and between quasi

isokinetic knee extensor strength and measures of whole body 

bone mineral. 'rhe association between 1 RM leg press strength 

and lumbar spine bone mineral, in the absence of a significant 

relationship ~ith knee extensor strength, probably reflects 

the greater involvement of muscles of the lower trunk and hip 

in the leg press maneuver, and may represent a site-specific 

relationship with lumbar bone mineral. Despite these 

correlational relationships, however, strength fitness itself 

appeared not to be a significant independent predictor of 

variance in any of the bone mineral measures. The 

correlational relationships probably reflect the covariance of 

strength with some other independent variable (perhaps body 
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mass) which is a more important determinant of bone mineral 

than strength :Eitness itself. 

Nutritional factors have been implicated as important 

determinants oE bone health for adolescent females (17, 23). 

Calcium intake has been identified as one of the potentially 

most important nutritional factors in the development of bone 

mass in females during adolescence (25, 35). Dietary calcium 

intake was below the Canadian recommended level (13) for 13 

girls, and the group's average daily calcium intake was below 

recommended levels according to the American allowance. 

Despite its marginal adequacy, calcium intake was not 

significantly correlated with, and did not contribute 

significantly to the variance in any of the measures of bone 

mineral in thH present study. These results are consistent 

with the findings of Bachrach et al. (1) and Katzman et al. 

( 18) for circumpubertal and adolescent females, but are at 

variance with the findings of Sentipal et al. (35) for healthy 

preadolescent and adolescent girls. The discrepancy between 

studies is most likely explained by differences in sample 

characteristics and to a lesser extent, differences in 

approaches use~d to assess dietary intake between studies. 

The positive correlations between daily calorie intake 

and lumbar spLne bone mineral measures, and the significant 

contribution of daily calorie intake to the variance in LSBMC 

were two unexpected findings in this study. These findings 
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suggest that energy intake, perhaps . by influencing trace 

elements such c:.s manganese, phosphorous, copper and zinc which 

are required :Cor normal bone development (17) , may be an 

additional important independent dietary determinant of lumbar 

spine mineralization in adolescent girls. These results are 

consistent with findings in young amenorrheic runners, where 

low bone mass was associated with a reduced energy intake 

(30). In terms of maximizing bone development during 

adolescence, our results emphasize the importance of 

maintaining a diet that satisfies not only the recommended 

daily intake of specific macro-nutrients, but also an adequate 

energy intake. 

Endocrine status has been implicated as an important 

regulator of bJne mineralization in both adolescent and young 

adult females.. Reduced serum estrogen related to athletic 

amenorrhea (1:., 12, 30} and anorexia nervosa (1} has been 

associated with reduced bone mineral. Serum estrogen levels 

were only weakly correlated with, and did not contribute 

significantly to the variance in any of the bone mineral 

measures in the present study. These results are consistent 

with the findjngs of Drinkwater et al. (12) and suggest that 

current estro~·en levels as assessed by a single blood sample 

may not be a good predictor of bone mineral in adolescent 

girls. Estrogen should not, however, be dismissed as an 

important regulator of bone mineral in this age group. The 
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cumulative influence on osteoblast activity and calcium 

metabolism of prolonged exposure to estrogen during the 

interval sinCE! onset of menses might prove to be a more 

important detE!rminant of bone mineralization than current 

circulating estrogen levels (30} . 

The sign.ificant negative correlations between serum 

growth hormone and all measures of bone mineral, and the near 

significant co:1tribution of growth hormone to the variance in 

LSBMD were un<=xpected findings. Mean serum growth hormone 

levels increase dramatically, and are associated with 

increased grow·th rate during puberty (24, 26). After reaching 

peak levels during late puberty, however, growth hormone 

levels decline progressively during adolescence toward adult 

values. Bone mass and density continue to increase toward 

adult peak levels (5, 18, 20) during this period of 

deceleration in both growth rate and growth hormone secretion. 

The negative 3.ssociations between growth hormone and bone 

mineral in the present study probably reflects the divergent 

developmental patterns of these physiological processes. The 

results from t~is study suggest that the older more mature 

girls who have attained full or near full growth, have lower 

growth hormone and higher bone mineral levels than the younger 

girls whose growth is incomplete. 

Despite 1:he significant correlations, growth hormone 

failed to account for a significant proportion of the variance 
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in any of the bone mineral measures. The correlational 

relationships probably reflect the covariance of growth 

hormone with s~me other independent variable which may be a 

more important determinant of bone mineral than growth hormone 

itself. To establish the importance of growth hormone as an 

independent determinant of bone mineral during adolescence 

would require a more controlled longitudinal study, with 

serial fastin9 measures of either growth hormone or its 

related growth factors, and repeated measures of bone mineral 

spanning the period from late puberty to adulthood. 

Although the contribution was not statistically 

significant, growth hormone level did enter the regression 

model as an important predictor of LSBMD in this study. This 

may reflect a lag or delay in the mineralization of the 

vertebral bodi,~s which have a delayed growth spurt compared to 

other skeletal dimensions, and which continue to increase in 

length even into adolescence (10, 24) . Younger less mature 

girls experien::ing the largest increase in vertebral growth in 

response to relatively high levels of growth hormone would be 

expected to have the greatest lag in bone mineralization and 

consequently, lower lumbar bone mineral density. Other 

investigators have postulated a temporary dissociation between 

bone growth and mineralization during the pubertal growth 

spurt {2, 20), but this phenomenon remains to be confirmed and 

correlated witb hormonal changes. 
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Neither serum cortisol, progesterone, nor testosterone 

correlated significantly with, or were significant predictors 

of the measures of bone mineral in this study. These results 

suggest that for these hormones, normal fluctuations within 

the physiological range have little influence on bone 

mineralization in healthy adolescent girls. There are no other 

studies of the: relationship between these hormones and bone 

density in adolescent females. our results are consistent 

however, with 1:he findings of Drinkwater et al. (12) regarding 

the lack of as:;ociation between progesterone and testosterone 

and bone mineral in young athletic women. 

In various combinations, the independent variables 

accounted for :3etween 51.6% and 76.7% of the variance in the 

bone mineral neasures in this study. Much of the remaining 

variance may be attributed to genetic factors. Numerous 

studies have demonstrated a significant heritability of 

various bone mineral measures at commonly measured skeletal 

sites (8, 29, 31, 39). It also appears that the relative 

strength of this genetic effect may vary with age (8, 31, 39). 

It was not pos:;ible with the design of this study to determine 

the influence of genetics on the development of bone mineral 

in healthy girls during adolescence. In one study (39), there 

was evidence cf a stronger genetic influence on bone mineral 

in juvenile (6-18 year olds) than in adult twins, but there 

was no conside:::-ation of the genetic effect during adolescence, 
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separately. The magnitude and significance of the genetic 

effect on bone mineral development in females during 

adolescence, and the relative strength of this effect compared 

to other stages of development and ageing remain to be 

determined. 

CONCLUSION 

The resul1:s from this study indicate that body mass is an 

important predictor of bone mineral content and density in 

healthy adolescent girls. Daily energy intake and past yearly 

level of physical activity were also identified as minor, but 

nonetheless significant predictors of selected measures of 

bone mineral in this study. Each of these variables is to some 

extent self-controlled, and can be manipulated by the 

individual. The importance of weight, diet and exercise 

management during adolescence both for optimal bone 

development during the growth years, and for the maximization 

of eventual adult peak bone mass should not be underestimated. 

Besides those variables which are predominantly self

controlled, other complex and biologically regulated factors 

which influence reproductive maturity and endocrine status 

also seem to play an important role in the development of bone 

mineral in young females during adolescence. 



ACKNOWLEDGMENTS 

The authors thank the Hamilton Separate Roman Catholic 

School Board, Mr. Bill Mattina the physical education 

consultant for this board, Mr. Chris Fox the principal, and 

all the studen·ts at st Mary's School who participated in this 

study. Special thanks to Mrs. Cathy Levy and Mrs. Sandy Walker 

for their assistance with data collection, and to Hydra

Fitness Industries, and Dr. Ray Mann and Mr. Brian Cooke for 

their expert is~~ and assistance. Thanks ·also to Mr. John Moroz 

and Mr. Doug 01eschuck for their technical assistance, and to 

Sonja Teck and Mary Cleland for helping type the manuscript. 

This study wa:; supported by a grant from the Ministry of 

Tourism and Re~reation, Ontario, Canada. 



REFERENCES 

1. 	 BACHRACH, L.K., D. GUIDO, D. KATZMAN, I.F. LITT, AND 

R.MARCUS. Decreased bone density in adolescent girls with 

Anorexia Hervosa. Pediatr. 86: 440-447, 1990. 

2. 	 BAILEY, D.A., J.H. WEDGE, R.G. McCULLOCH, A.D. MARTIN, 

AND S.C. 3ERNHARDSON. Epidemiology of fractures of the 

distal end of the radius in children as associated with 

growth. J. Bone Joint Surg. 71-A: 1225-1230, 1989. 

3. 	 BLIMKIE, C.J.R., B. EBBESEN, D. MacDOUGALL, 0. BAR-OR, 

AND D. SALE. Voluntary and electrically evoked strength 

characteristics of obese and non-obese preadolescent 

boys. Hum. Biol. 61: 515-532, 1989. 

4. 	 BLIMKIE, C. J. R. , D. SALE, AND 0. BAR-OR. Voluntary 

strength, evoked twitch contractile properties and motor 

unit activation of the knee extensors in obese and non

obese adolescent males. Eur. J. Appl. Physiol. 61: 313

318,199 



125 

5 • BONJOUR, ;r-P, G. THEINTZ, B. BUCHS, D. SLOSMAN, AND R. 

RIZZOLI. C~itical years and stages of puberty for spinal 

and femora.l bone mass accumulation during adolescence. J. 

Clin. Endocrinol. Metab. 73: 555-563, 1991. 

6. BOUCHARD, C., A. TREMBLAY, C. LEBLANC, 

SAVARD, AND G. THERIAULT. A method to 

expendituJ::-e in children and adults. Am. 

37! 461-4671 1983 • 

G. LORTIE, R. 

assess energy 

J. Clin. Nutr. 

7. CANADA FITNESS SURVEY. 

Activity. Ottawa, Canada: 

and Amate11r Sport, 1983. 

Canadian Youth and Physical 

Government of Canada, Fitness 

8 • CHRISTIAN , J. c. I p. - L. YU I c. w. SLEMENDA I AND c. c. 

JOHNSTON JR. Heritability of bone mass: a longitudinal 

study in aging male twins. Am. J. Hum. Genet. 44: 429

433, 1989. 

9. DARLINGTO:'l, 

McGraw-Hill 

R.B. Regression and linear models. 

Publishing Company, 1990. 

New York: 



126 

10. 	 DESCHEPPEH, J., M.P. DERDE, M. VANDER BROECK, A. PIEPSZ, 

AND M.H. aONEKHEER. Normative data for lumbar spine bone 

mineral content in children: influence of age, height, 

weight, and pubertal stage. J. Nucl. Med. 32: 216-220, 

1991. 

11. 	 DRINKWATE::~, B. L. , B. BRUEMNER, AND C. H. CHESTNUT I I I . 

Menstrual history as a determinant of current bone 

density in young athletes. J.A.M.A. 263: 545-548, 1990. 

12. 	 DRINKWATER, B.L., K. NILSON, C.H. CHESTNUT III, W.J. 

BREMNER, :>. SHAINHOLTZ, AND M.B SOUTHWORTH. Bone mineral 

content of amenorrheic and eumenorrheic athletes. N. 

Engl. J. Med. 311: 277-281, 1984. 

13. 	 FREMES, R., AND Z. SABRY. Nutri Score. Toronto: Methuen. 

1976. 

14. 	 GALEA, V., S. ORMEROD, N. WHITE, J.D. MACDOUGALL, AND 

C.E. WEBBER. Body composition by photon absorptiometry. 

Can. J. Sport Sci. 15: 143-148, 1990. 

15. 	 GILSANZ v. I D.T. GIBBENS, T.F. ROE, M. CARLSON, M.O. 

SENAC, M. I. BOECHAT I H. K. HUANG I E. E. SCHULZ I c. R. 

LIBANTI, AND C. CANN. Vertebral bone density in children: 

Effect of puberty. Radial. 166: 847-850, 1988. 



127 

16. 	 GLASTRE, c. I p. BRAILLON I L. DAVID I p. COCHAT I p. J. 

MEUNIER, AND P.O. DELMAS. Measurement of bone mineral 

content of the lumbar spine by dual energy x ray 

absorptiometry in normal children: correlations with 

growth parameters. J. Clin. Endocrinol. Metab. 70: 1330

1333 I 1991). 

17. 	 HEANEY, R.P. Nutritional factors in bone health. In: 

Osteoporo::ds: Etiology, Diagnosis, and Management, edited 

by B.L. Riggs, and L.J. Melton III. New York: Raven 

Press, 1938; p. 359-372. 

18. 	 KATZMAN, D.K., L.K. BACHRACH, D.R. CARTER, AND R. MARCUS. 

Clinical and anthropometric correlates of bone mineral 

acquisiti~n in healthy adolescent girls. J. Clin. 

Endocrinol. Metab. 73: 1332-1339, 1991. 

19. 	 KAUFMAN, J.M., P. TAELMAN, A. VERMEULEN, AND M. 

VANDEWEGHE. Bone mineral status in growth hormone

deficient males with isolated and multiple pituitary 

deficiencies of childhood onset. J. Clin. Endocrinol. 

Metab. 74: 118-123, 1992. 



128 

20. KRABBE, S. , C. CHRISTIANSEN, P. RODBROW, AND I. TRANSBOL. 

Effects of puberty on rates of bone growth and 

mineralization: with observations in male delayed 

puberty. l~rch. Dis. Child. 54: 950-953, 1979. 

21. 	 KROGER, H., A. KOTANIEMI, P. VAINIO, AND E. ALHAVA. Bone 

densitome1:ry of the spine and femur in children by dual

energy x-ray absorptiometry. Bone ·and Mineral 17: 75-85, 

1992. 

22. 	 LOHMAN, T.G. Measurement of body composition. 

J.O.P.E.R.D. 53: 67-70, 1982. 

23. 	 LOUCKS, A. Osteoporosis prevention begins in childhood. 

In: compe·citive Sports For Children and Youth, edited by 

E.W. Brmvn, and C.F. Branta. Champaign IL.: Human 

Kinetics Publishers Inc., 1988; p. 213-223. 

24. 	 MALINA, R.M., AND C. BOUCHARD. Growth, Maturation, and 

Physical Activity. Champaign, IL.: Human Kinetics 

Publishers Inc., 1991. 



129 

25. 	 MATKOVIC, V., D. FONTANA, C. TOMINAC, P. GOEL, AND C.H. 

CHESTNUT III. Factors that influence peak bone mass 

formation: a study of calcium balance and the inheritance 

of bone mass in adolescent females. Am. J. Clin. Nutr. 

52: 878-888, 1990. 

26. 	 MAURAS, N., R.M. BLIZZARD, K. LINK, M.L. JOHNSON, A.D. 

ROGOL, AND J.D. VELDHUYS. Augmentation of growth hormone 

secretion during puberty: evidence for a pulse amplitude

modulated phenomenon. J. Clin. Endocrinol. Metab. 64: 

596-601, 1987. 

2 7 . 	 McCULLOCE, R. G. , D. A. BAILEY, S. HOUSTON, AND B. L. DODD. 

Effect of physical activity, dietary calcium intake and 

selected lifestyle factors on bone density in young 

women. Can. Med. Assoc. J. 142: 221-227, 1990. 

28. 	 MILLER, ~r.z., C.W. SLEMENDA, F.J. MEANEY, T.K. REISTER, 

S. HUI, AND C. C. JOHNSTON. The relationship of bone 

mineral density and anthropometric variables in healthy 

male and female children. Bone and Mineral 14: 137-152, 

1991. 



130 

29. 	 MOLLER, N., A. HORSMAN, B. HARVALD, M. HAUGE, K. 

HENNINGSEN, AND B. E. C. NORDIN. Metacarpal morphometry in 

monozygot:Lc and dizygotic elderly twins. Calcif. Tiss. 

Res. 25: 197-201, 1978. 

30. 	 NELSON, M.E., E.C. FISHER, P.D. CATSOS, C.N. MEREDITH, 

R.N. TURKSOY, AND W.J. EVANS. Diet and bone status in 

amenorrheic runners. Am. J. Clin. Nutr. 43: 910-916, 

1986. 

31. 	 POLLITZER, W.S., AND J.J.B. ANDERSON. Ethnic and genetic 

differences in bone mass: a review with a hereditary vs 

environmental perspective. Am. J. Clin. Nutr. 50: 1244

12591 1989 o 

32. 	 PONDER, S.W., D.P. MCCORMICK, H.D.· FAWCETT, J.L. PALMER, 

M.G. MCKE:RNAN, AND B.H. BROUCHARD. Spinal bone mineral 

density in children aged 5. 0 0 through 11. 9 9 years. 

A.J.D.C. 144: 1346-1348, 1990. 

33. 	 RAMSAY, J·.A., C.J.R. BLIMKIE, K. SMITH, S. GARNER, J.D. 

MacDOUGALL, AND D. SALE. Strength training effects in 

prepubescent boys. Med. Sci. Sports Exerc. 22: 605-614, 

1990. 



131 

34. 	 RIGGS, B.::..., AND L.J. MELTON. Involutional osteoporosis. 

N. Engl. ,J. Med. 314: 1676-1686, 1986. 

35. 	 SENTIPAL, J.M., G.M. WARDLAW, J. MAHAN, AND V. MATKOVIC. 

Influence of calcium intake and growth indexes on 

vertebral bone mineral density in young females. Am. J. 

Clin. Nutr. 54: 425-428, 1991. 

36. 	 SLAUGHTER, M.H., T.G. LOHMAN, R.A. BOILEAU, C.A. 

HORSWILL, R.J. STILLMAN, M.O. VANLOAN, AND D.A. BEMBER. 

Skinfold equations for estimation of body fatness in 

children and youth. Hum. Biol. 60: 709-723, 1988. 

37. 	 SLEMENDA, C.W., S.L. HUI, C.C. JOHNSTON JR., J.C. 

CHRISTIAN, C.J. WILLIAMS, AND F.J. MEANEY. Bone mass and 

anthroporretric measurements in adult females. Bone 

Mineral 11: 101-109, 1990. 

38. 	 SLEMENDA, C.W., J.Z. MILLER, S.L. HUI, T.K. REISTER, AND 

C. C. JOHNSTON JR. Role of physical activity in the 

developmemt of skeletal mass in children. J. Bone Min. 

Res. 6: J.227-1233, 1991. 



132 

39. 	 SMITH, D.M., W.E. NANCE, K.W. KANG, J.C. CHRISTIAN, AND 

c. c. JOHNSTON JR. Genetic factors in determining bone 

mass. J. Clin. Invest. 52: 2800-2808, 1973. 

40. 	 SNOW-HAR'I'ER, C., AND R. MARCUS. Exercise, bone mineral 

density, and osteoporosis. In: Exercise and Sport 

Sciences Reviews, edited by J. Holloszy. Philadelphia: 

Williams and Wilkins, 1991; p. 351-388. 

41. 	 STEPHENS, T., AND C.L. CRAIG. The Well-Being of 

canadian::1: Highlights of the 1988 campbell's Survey. 

Ottawa, Canada: Canadian Fitness and Lifestyle Research 

Institute~, 1990. 

42. 	 TALMAGE, R.V., AND J.J.B. ANDERSON. Bone density loss in 

women: effects of childhood activity, exercise, calcium 

intake and estrogen therapy. Calcif. Tissue Int. 3 6 

(Suppl. ~!) : S52, Abstract, 1984. 

43. 	 TANNER, :r .M. Growth at Adolescence (2nd ed). Oxford: 

Blackwel:L. 1962. 



133 

44. 	 VIRVIDAKI:>, K., E. GEORGIOU, A. KORKOTSIDIS, K. NTALLES, 

AND c. PROUKAKIS. Bone mineral content of junior 

competitive weightlifters. Int. J. Sports Med. 11: 244

246, 1990. 

45. 	 WEBBER, C.E. Some factors which influence the evaluation 

of a dual photon measurement of lumbar spine bone mineral 

mass. J. Can. Assoc. Radiol. 40: 87-91, 1989. 



Effec:t of 26 Weeks of Resistance Training 

on Bone Mineral content and Density 

ill Healthy Adolescent Females 

by 

s. 	Rice, C.J.R. Blimkie, c.E. Webber, J. Martin, D. Levy 

and C.L Gordon 

Departments of Physical Education, 


Nuclear Medicine, and Medicine 


McMaster University, 


Hamilton, ontario, 


Canada, LBS 4K1 


Short Title: Resistance Training and Bone in Adolescent 

Females 

Mailing Addres:s: Dr. C.J.R. Blimkie, 

Department of Physical Education, 


McMaster University, 


Hamilton, ontario, 


canada, LBS 4K1 


Phone: (416) 525-9140 ext. 4461 


Fax: (416) 527-0100 




Abstract 

The purpose of this study was to: 1) determine the effect of 

26 weeks of pro~::Jressive resistance training (RT) on whole body 

and lumbar spine, bone mineral content (BMC) 1 and bone mineral 

density (BMD) in healthy adolescent females and, 2) 

investigate the possible mechanism(s) underlying observed 

changes in bone~ mineral. Thirty five girls (mean age 16 yrs), 

matched for age, weight and sport participation, were 

randomized into either a training (N=17) or control group 

(N=18). Bone mineral density was determined by dual photon 

absorptiometry. Two separate scans were taken; one for the 

whole body and a second scan for the L2-L4 lumbar spine. Bone 

scans were take:n at pre- and post-training for the whole body 1 

and at pre-, mid- and post-testing for the lumbar spine. 

Progressive resistance training was performed on the HFMAXX 

and squat thru:;t hydraulic resistance machines. Training was 

comprised of 1~ exercises at 7 stations, performed three times 

weekly for 26 YJeeks. One repetition maximum (1RM) strength was 

determined on a global gym for bench press and double leg 

press. Quasi-i:;okinetic strength was determined on the HFMAXX 

hydraulic r·~sistance machines for double elbow 

flexionjextension, double knee flexion/ extension and squat 

thrust. Isometric maximal voluntary strength was also 

determined for single elbow flexion and knee extension, both 

at a joint angle of 90 degrees. Strength measures were taken 
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at pre-, mid- and post-testing after 2-3 days recovery from 

the last training session. A three day dietary record was used 

to determine average daily calcium, vitamin-D and total 

caloric intake at the mid-point of the study. Venous blood 

samples were drawn at pre- and post-training, and analyzed for 

serum estrogen, creatine phosphokinase {CPK), acid-phosphatase 

and alkaline ~~osphatase. Training res~lted in a significant 

increase of 4.6% {p=O.OOl) in lumbar spine BMD from pre- to 

mid-testing. No effect of training was observed for either 

whole body BMC and BMD or lumbar spine BMD from mid- or pre

to post-test measurements. Significant increases in strength 

were observed for the lRM Bench Press measured on the global 

gym , and all strength measures on the HFMAXX resistance 

machine. No differential effect of training was observed for 

plasma estradiol, alkaline or acid phosphatase and creatine 

phosphokinase {CPK). Additionally, there was also no 

significant difference in dietary intake of calcium, vitamin 

D or total calories between groups. In conclusion, despite 

significant Rr induced increases in voluntary strength, 

training had cmly a transient and relatively small positive 

effect on lumbar spine BMC at mid-point testing, while no 

significant ef'fect of training was observed over the longer 

period of 26 \>;eeks for any measure of bone mineral. 



Introduction 

One key to the prevention of problems associated with 

osteoporosis, :nay be the amount of bone present at skeletal 

maturity (Gleeson et al. 1990). Adolescence is a critical 

period in the attainment of peak bone mass, since 45-60% of 

adult peak b:me mass is deposited during puberty and 

adolescence (:Bonjour et al. 1991, Snow-Harter and Marcus 

1991). Additionally, adolescence may be the period when adult 

peak bone mass and density achieve maturity (Bonjour et al. 

1991, Gilsanz et al. 1988, Snow-Harter and Marcus 1991). 

Relatively fHW studies have investigated the development and 

determinants cf bone mass and density during childhood and 

adolescence (Bachrach et al. 1990, Bonjour et al. 1991, 

Gilsanz et al. 1988, Katzman et al. 1991, Virvidakis et al. 

1990). Factors which have been identified as important 

determinants of bone mass and density during female 

adolescence and early adulthood include: body mass (Bachrach 

et al. 1991, Katzman et al. 1991, Kroger et al. 1992), 

physical activity (McCulloch et al. 1990, Slemenda et al. 

1991), endocrine status (Bachrach et al. 1990, Drinkwater et 

al. 1990) , mu:;cular strength (Schoutens et al. 1989, Snow

Barter and Ma:rcus 1991), nutritional factors (Heaney 1988, 

Loucks 1988) and menstrual history (Bachrach et al. 1990, 

Bonjour et al. 1991). 

Level of habitual physical activity during childhood and 
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adolescence haH been positively associated with increased bone 

mass in femaV~s during adulthood (McCulloch et al. 1990, 

Talmage and ll.nderson 1984) . Recently, current levels of 

physical activity have been associated with increased bone 

mass in pre-pubescent male and female children (Slemenda et al 

1991). Past ye!arly level of habitual physical activity has 

also recently been identified as a statistically significant 

determinant of variation in bone mineral mass and density in 

healthy adolescent females (Rice et al. in press) 

Muscular strength has been positively correlated with bone 

mass and dennity in adult females (Halle et al. 1990, 

Schoutens et al. 1989, Sinaki et al. 1989, Snow-Harter and 

Marcus 1991), and the results from a recent study (Rice et al. 

in press) also indicate a moderate, yet significant positive 

correlation between 1RM double leg press strength and whole 

body and lumba::- spine BMC and BMD in healthy adolescent girls. 

Results from these studies suggest that increased general 

physical activity, and activities that have a positive effect 

on skeletal muscle strength may have a positive influence on 

the development of bone mass and density in females from 

childhood to adulthood. 

Resistance training (RT) is known to result in significant 

strength gain::; in both men and women (Kraemer et al. 1988) . 

Resistance trained male athletes consistently demonstrate 

greater bone mass and density than endurance trained athletes 
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or controls (Virvidakis et al. 1990). Whether a similar 

positive assoc.Lation is evident in resistance trained female 

athletes remains to be determined. These results, however, 

suggest that RT may be the most effec.tive form of physical 

activity or ex,=rcise for increasing bone mass and density in 

adults and per:1.aps even in children. 

The effect of resistance training on bone mass and density 

has recently be:en investigated prospectively in adult females. 

Resistance tra:Lning has been shown to slightly increase lumbar 

spine bone mineral density in pre-menopausal (Gleeson et al. 

1990, Lane et c:.l. 1986, Snow-Harter and Marcus 1991) and peri

menopausal women (Chow et al. 1987, Rikli and McManis 1987), 

but failed to ~.ignificantly increase lumbar spine BMD in post

menopausal women (Sinaki et al. 1989, Smidt et al. 1992). In 

the latter two studies however, RT was successful in 

preventing the normal age related bone loss in these post

menopausal women. 

To our knowledge there is no information regarding the 

responsiveness of either lumbar spine or whole body BMC or BMD 

to resistance training during the formative growth years in 

adolescent females. Therefore, the purposes of this study were 

to: 1) deternine the effect of 26 weeks of progressive 

resistance trctining on whole body and lumbar spine BMC and 

BMD, and, 2) to investigate the mechanisms underlying 

resistance trclining induced changes in bone mineral content 



and density in healthy menarcheal adolescent girls. 

Methods 

Subjects. Sub:jects were 35 girls (14-18 years of age) 

recruited from a local high school. Subjects were matched for 

age, body masf:. and sport participation and then randomized 

into an exerciBe (N=17) or control group (N=18). All subjects 

were given a ::nedical and physical examination to rule out 

metabolic bone disorders and any other disorder which may have 

precluded participation in physical activity or exercise. The 

study was approved by both internal (Chedoke-McMaster 

Hospitals) and external (St. Joseph's Hospital) human ethics 

medical revie~ committees. Both subjects and parents signed 

consent forms approved by these committees. 

Training Regimen. Prior to pre-testing, both the exercise and 

control groups attended a lifting techniques training session. 

All subjects completed 2-3 practice sessions to become 

familiar with the proper execution of the lifting exercises 

selected for ,lse in this study. Pre-test measurements were 

made on a separate day following the practice sessions. The 

experimental 9roup trained three times per week for 26 weeks 

under supervision on the Hydra-Fitness HFMAXX and squat thrust 

hydraulic res:Lstance training machines (Hydra-Fitness Ind., 

Beylon Texas). The first two weeks served as a break-in 
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period, during which training consisted of 3 sessions per 

week, of 2-3 sets of 10 repetitions (reps) of 13 different 

exercises with a light resistance (valve setting 1). The 

remaining 24 WHeks training consisted of 3 sessions per week 

of 4 sets of 10-12 reps at varying resistance (Figure 1). A 

circuit training approach was used which consisted of 7 

exercise stations. Training incorporated the following 

exercises: bic1:p curl 1 tricep press; knee extension I knee 

flexion; mili1:ary press 1 lat pull down; squat press; 

abdominal crunch 1 trunk extension; seated incline press 1 

row; and seated tricep dip 1 bicep pull. For the first 6 weeks 

immediately following the break-in period, training consisted 

of light to moderate resistance. The first and last sets were 

performed at a valve setting of 1, and the second and third 

sets at valve setting 2 (valve 1=minimal resistance, valve 

6=maximal resistance). The resistance was increased at 

approximately 6 week intervals, as indicated by the valve 

settings in Fi9ure 1. At the end of 26 weeks of training all 

subjects were ·training at a moderate to heavy resistance (the 

first and last sets were performed at valve setting 3, and the 

middle two sets at valve 4). Subjects were encouraged to give 

full effort during each repetition and to adequately rest 

between work stations. All exercises were performed 

reciprocally and concentrically with the exception of the 

squat lift. Training was interrupted for two weeks during 



Training Program 
Resistance Setting (Valve #) 

6 

Circuit System 


3 Sessions/Week

5 


4 


3 


2 
 ., 
1 


0 

15-20 21-26 


4 Sets/Session After 2nd Week 

Maximum Effort Encouraged 

1-2 
 3-8 9-14 


Training Duration (wks) 



Christmas and clne week during the Easter holidays. 

Strength Measurements. One repetition maximum lifts ( lRM) were 

determined on a global gym multi-station for double leg press 

and bench pres~; using previously described procedures (Ramsay 

et al. 1990} • :3ubjects were given one practice session prior 

to testing to become familiar with the equipment and the 

proper execution of the exercises: the practice session 

involved sub-naximal lifting efforts only. The order of 

testing of these lifts was randomized. Maximal voluntary 

quasi-isokinetic strength was also determined for double elbow 

flexionjextension, double knee flexionjextension, and squat 

thrust using the HFMAXX and squat hydraulic resistance 

machines. A load cell was mounted to each station and an 

electrical ou1:put proportional to the applied force was 

recorded on a strip chart recorder. The output from the load 

cell for each station was compared to force velocity curves 

derived during maximal effort at various valve settings using 

a pre-calibratc~d strain gauge attached to the lever arm of the 

device. Three trials were performed at each valve setting 

corresponding to low (valve 1}, intermediate (valve 3}, and 

high (valve 6) resistance. The order of valve selection was 

randomized and the mean of the two highest trials was taken as 

the criterion measure. The order of testing for elbow 

flexionjextension and knee flexion/extension were randomized, 
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and the squat thrust was always tested last. Maximal voluntary 

isometric strength was also determined for the right elbow 

flexors and right knee extensors using previously described 

techniques (Blimkie et al 1990). Measurements were made at a 

joint angle of 90 degrees.Strength measurements were made at 

the beginning, mid-point (13th week) and end (26th week) of 

the study. All strength tests were completed within a 2-3 

week period of the bone scan measurements, and for mid- and 

post-testing, a three day rest period was provided before the 

strength measurements, to control for residual training 

fatigue. 

Anthropometry. Height was measured with the subjects standing 

in their stockings, and weight was determined on a balance 

scale with the~ subjects wearing only shorts and a T-shirt. 

Body mass ind«~x (weightfheight2 ) was calculated from these 

measurements. Skinfold thickness was measured at two sites 

(triceps and subscapular) using a Harpenden skinfold caliper. 

Percent body fat was predicted from the sum of skinfolds using 

an age and sex appropriate equation (Slaughter et al. 1988). 

Anthropometric testing was completed within 1-2 weeks prior to 

training, at m:_d-point, and within 1-2 weeks of post-training. 

Blood Sampling. Subjects reported in a non-fasting state to a 

nurse between 8:15 and 9:15 am, 14 to 18 days following the 
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last day of th•~ir most recent period. Venous blood was drawn, 

allowed to clo·t and then centrifuged. The serum was separated 

into aliquots .:md stored at -20° c until analyzed in batch for 

estradiol, acid phosphatase, alkaline phosphatase and CPK. 

Estradiol was measured by radioimmunoassay (reagents from 

Diagnostics Products Corporation, Calbiochem, and 

Intermedico) • CPK, acid and alkaline phosphatase were analyzed 

using a colorimetric enzymatic assay technique. Assays were 

performed by the departments of Clinical Chemistry at Chedoke

McMaster Hosp:_tals, St. Joseph's Hospital, and the General 

Hospital in Hamilton. Blood samples were taken within 1-3 

weeks of all other measurements prior to and following 

training. 

Bone Mineral ~.easurements. BMC and BMD for the whole body and 

L2-L4 lumbar vertebrae were determined by dual photon 

absorptiometry (Norland 2600 dichromatic densitometer) , using 

a 153Gd radiation source with energies of 44 and 100 KeV. Bone 

mineral conte~nt represents the total amount of calcium 

phosphate cryE:tal in a given scan, and bone mineral density is 

derived by dividing the BMC by the cross-sectional area of the 

skeleton for t:he whole body, and by the projected area of the 

scan between L2 and L4 vertebrae for the lumbar spine. 

Separate scanB were taken for the whole body and lumbar spine 

with the subjects in the supine position. The densitometer was 
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calibrated dai:Ly using a phantom supplied by the manufacturer. 

The accuracy of this technique in our laboratory has been 

established tc be within 3. O% of true values based on ash 

weight of a cadaver spine and the precision, calculated as the 

ratio of standard deviation to the mean of repeated 

measurements of a tissue equivalent phantom spine, to be 1.6% 

(Galea et al. 1990, Webber 1989). Whole body scans were taken 

pre- and post--c.raining, whereas lumbar spine scans were taken 

at pre-, mid-and post-training. 

Dietary Analysis. Current dietary intake was assessed using a 

3 day food diary, consisting of two weekdays and one weekend 

day. Subjects were given verbal and written instructions 

regarding the :::-ecording procedure and were encouraged to be as 

accurate as pcssible in identifying the type and quantity of 

food consumed. The Nutritionist III food analysis program (N

Squared Compu1:ing Company, Silverton, Oregon) was used to 

determine total caloric, calcium and vitamin D intakes. 

Dietary analyBis was determined for a total of 27 subjects 

(N=15, exercise group; N=12, control group). Dietary 

assessment was performed only once, mid-way through the study. 

A summary of the time course for the assessment of the key 

dependant variables is presented in Figure 2. 

Statistics. Tvro-way analyses of variance (ANOVA) with one 
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TIME-COURSE OF DEPENDENT MEASURES 

LEGEND: TB Tm~AL BODY BMC\BMD 
LS LUNBAR SPINE BMC\BMD 
HF HFNAXX STRENGTH 
A AN~?HROPOMETRY 

D DIETARY ASSESSMENT 
P 1 HM STRENGTH MEASURES 
I ISOMETRIC VOLUNTARY STRENGTH 
B BLOOD ANALYSIS 

TB TB 
LS LS LS 
HF HF HF 
A A A 
p p p 
I I I 
B D B 

13 26 
WEEKS 

Figure 2. Time course for testing the dependent measures, including 
total body (TB) and lumbar spine (LS) BMC and BMD, HFMAXX and squat 
thrust strength (H:;;') anthropometry (A), 1 RM performance strength 
measures (P), isomt:!.tric voluntary strength (I) and blood analysis 
(B). With the exception of dietary assessment, all other 
measurements were taken prior to (0) and after 13 and 26 wk of 
training. 
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variable repe~ted measures, were used to determine the 

significance of the training effect on the dependant 

variables. Analyses of covariance (ANCOVA) were performed when 

a significant difference in pre-test measures were found 

between the ex~~rcise and control group. The covariate used was 

the pre-test score for both the exercise and control group. A 

Tukey post-hoc: test was used to identify differences among 

means when significance for main effects or interactions were 

found. A Students' two-tailed T-test was used to determine the 

statistical significance of differences between groups for the 

dietary analysis. Pearson product-moment correlation 

coefficients were computed between the largest percent changes 

in strength for leg flexion and squat thrust, at valves 3 and 

6 respectively, and the percent change in whole body and 

lumbar spine HMC and BMD for the exercise group 

Analyses wen~ performed using the CSS statistical software 

package, with the level of significance set at P<0.05. 

A summary of the statistical analyses used for the various 

dependent meanures is provided in Table 1. 

Results: 

Descriptive Characteristics. A summary of the descriptive 

characteristics of the subjects is provided in Table 2. There 

were no significant differential effects of training on any of 



Table 1: Summary of Statistical Analyses Used to Determine Significance for Dependent Variables 

BONE GLOBAL 
GYM 

QUASI-ISOKINETIC STRENGTH 
BLOOD 

ANALYSIS 
DIET 

ANALYSIS 
DESCRIPTIVE 

CHARACTERISTICSARM ARM LEG LEG 

TBBMD TBBMC LSBMD LSBMC BP DLP FLEXION EXTENSION FLEXION EXTENSION SQUAT 

1 I 3 I 6 1 I 3 I 6 1 I 3 I 6 1 I 3 I 6 1 I 3 I 6 
A c A A c A A I A I A A I A I A A I A I c A I A I A A+CI c I c A T A 

A = ANALYSIS OF VARIANCE 
C =ANALYSIS OF COVARIANCE 
T = T-TEST 
NUMBERS (1 3 6) REFER TO RESISTANCE SETTINGS 
TBBMD =TOTAL BODY BONE MINERAL DENSITY 
TBBMC =TOTAL BODY BONE MINERAL CONTENT 
LSBMD = LUMBAR SPINE BONE MINERAL DENSITY 
LSBMC = LUMBAR SPINE BONE MINERAL CONTENT 
BP = BENCH PRESS 
DLP = DOUBLE LEG PRESS 



Table 2: Descriptive Characteristics of Subjects 


Exercise 

Control 

AGE (YR) HEIGHT (CM) WEIGHT (KG) *BODY FAT(%) BMI (kg/m2) 
~re pre post _2re post pre post pre post 
16.3 163.3 163.9 57.8 58.1 30.4 29.8 21.7 21.5 
0.3 1.9 1.8 2.7 2.7 1.2 1.2 0.9 0.7 

16.1 165.2 165.3 59.8 60.5 30.9 29.9 21.7 22.1 
0.2 1.6 1.6 2.3 2.3 0.7 0.8 0.6 0.6 

* Based on the age and sex specific equation of Slaughter et al., Hum. Bioi. 60: 709-723, 1988. 
Resuits are r efJur ieu c:.ts rrn::an +/- SEM 



the anthropome·:ric or body composition variables. 

Bone Mineralizntion. The results for bone mineral are depicted 

in Figure 3. Nc difference between groups was observed in pre

test values for either total body or lumbar spine BMD. A 

difference was observed between exercise and control groups 

for total body BMC (2220 ± 339 g vs 2311 ± 384 g; P=0.00017), 

and lumbar spine BMC (4.2 ± 0.6 gjcm vs 4.4 ± 0.6 gjcm; 

p=O.OOS) respe~tively. ANCOVA revealed no effect of training 

on lumbar spine or total body BMC. No effect of training was 

observed for whole body BMD using ANOVA; however, a 

significant main effect for time (p=O. 002) and a time by group 

interaction (p==O. 02) was observed for lumbar spine BMD. Post

hoc analysis rE~vealed a significant (p=O. 001) increase of 4. 6% 

(4.2 ± 0.6 to 4.4 ± 0.5 gjcm2 ) for lumbar spine BMD in the 

exercise group from pre- to mid-testing; however, there was no 

difference between pre- to post-test values in the training 

group. There were no significant changes in lumbar spine BMD 

in the control group during the study period. 

1 RM Performance Strength. 

Global Gym. 'Ihe results for the 1RM performance strength 

measures are provided in Tables 3 and 4. After adjusting for 

pre-test differences, ANCOVA revealed significantly (p=0.003) 

higher 1RM bench press strength in the trained versus the 



Figure 3. 	Results for whole body and lumbar spine BMC and BMD for 
pre-, mid- and post testing. 

Bar with t:he line across the top, indicates a significant 
difference bewteen pre- to mid-testing for lumbar spine 
BMD. 
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Table 3: Summary of Strength Measures 

1 AM QUASI-,..,.., , ....~ETIC ISUMI:.TRIG 
STRENGTH STRENGTH MAXIMAL VOLUNTARY 

GLOBAL GYM HFMAXX STRENGTH 
(kg) (kg) (Nm) 

JUI IHI 1- Ll:.l:itii:NGH 1-'HI:::)::) UUUtiLI:. :;)UUAI I:;)INl:iLI:: J::LtiUW DUUtiLE Ll::l:i UUUtiLE Ll::l:iJUUti-1:: 

PRE 
27.38 

EXERCISE (1.41) 

25.18 __ .. ,.,.."""' /<4 AO\ , .. 1:"\ I A 1 -t \ ,., 7'1\ 11 nA\ 11 1?\ tn ~-.t\ fn 74\ (~ 1~\ (316) (1.27) (1.52) (5.42) (4.80) (1.15) (1.41)VVI't 11\VL.. II , ........., I , ........ , 
 ,~.. 'I ,~.. ~, I \''-~/ I \'"-/ I ,---·-, I , ...., I ' .. I . . I . . I . . I . I . 

PRESS ELBOW ELBOW EXTENSION FLEXION THRUST FLEXION 
FLEXION EXTENSION 

POST POSTPRE POST PRE POST PRE POST POST PRE POST PRE POST PREPRE 
35.3831.22 129.41 139.84 21.21 24.01 17.57 21.54 60.93 71.63 27.87 33.73 135.18 153.64 34.10 
(1.74)(1.44) (4.90) (4.52) (1.61) (1.69) (2.13) (2.61) (2.09) (6.98) (1.81)(0.76) (1.14) (2.75) (7.92) 

26.15 124.03 130.72 21.63 19.13 17.76 57.97 58.91 24.45 26.19 125.13 123.10 34.84 33.6417.42

I I 

:;)INl:iLI:: 1\NI:.I:. 
EXTENSION 

PRE POST 
164.84 1n.1 
(8.63) (11.9) 

166.37 159.11 
(6.69) (8.38) 

I I I I I 
Values are mean +I- SEM. 

Data represent measures obtained at maximal resistance setting on HFMAXX (valve setting 6). 

Isometric measures were taken at a joint angle of 90 degrees. 




Table 4: Percent Change in Muscular Strength 

lHM 

STRENGTH 
GLOBAL GYM 

(KG) 

I.IUASH<:>VI\t:l'tt: 11\.i 

STRENGTH 
HFMAXX 

(KG) 

ISUMtiHiv 

MAXIMAL VOLUNTARY 
STRENGTH 

(Nm) 

,I 

I 
I 

UUUtiLt Ltl.i UUUtiLt UUUtiLt UUUtiLt Ltl.i UUUtiLt Ltl.i SUUAI :SINI.iLt tLtiUVY SINuLt: 1\Nt:t 

BENCH PRESS I PRESS ELBOW ELBOW EXTENSION FLEXION THRUST FLEXION EXTENSION 
FLEXION EXTENSION 

%CHANGE %CHANGE %CHANGE %CHANGE %CHANGE %CHANGE %CHANGE %CHANGE %CHANGE 

19.0 8.1 13.2 22.6 17.6 21.0 13.7 3.8 7.4 

3.85 5.4 ·13.1 ·2.0 

-

0.4 

- --· ----

7.1 

- - ----- -

-1.6 

------

-3.6 -4.6 

EXERCISE 

CONTROL 

HFMAXX measures obtained at valve setting 6. 

Isometric measures obtained at a joint angle of 90 degrees. 
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control group across time (main effect for group), and a 

significant (p==O. 007) increase in strength in both groups from 

pre- to post-testing (main effect for time) . Bench press 

strength increased by 14% in the exercise group, and 3.9% in 

the control group, with the largest increase in strength 

occurring bet:ween pre- to mid-testing. There were no 

significant interactions or group effects for double leg press 

(no differential effect of training), but strength did 

increase sign:.ficantly (p=O. 00001) over time in both groups 

(main effect for time). 

HFMAXX (Quasi··Isokinetic strength) . 

Double arm elbow flexion/extension. Training resulted in 

significant increases in both elbow flexion (p<O.OOOOS), and 

extension (p<O.OOS) strength at all resistance settings at 

mid- and pos·t-testing. Arm flexion strength increased by 

12.3%, 20% anc. 13.2%, and arm extension strength by 19%, 20.3% 

and 22.6%, respectively in the training group at resistance 

settings of 1, 3 and 6 from pre- to post-testing. The largest 

increases occ11rred from pre- to mid-testing for both measures 

at all resis1:ance settings. Arm flexion strength decreased 

substantially from pre- to post-testing in the control group 

at all valve settings (18.7%, 14.7%, 13.1%), whereas arm 

extension strength decreased to a lesser extent (1.1%, 0.5%, 

2. 0%) • 



Double leg flexion/extension. Training resulted in 

significant increases in double leg extension and flexion 

strength at valve settings 1, and 3 at mid- and post-testing 

(main group by time interaction effect) . Double leg extension 

and flexion st:rength was also significantly greater in the 

trained compar,=d to the control group (main effect for group) 

at all valve selttings over the course of the study. Double leg 

extension strength increased by 6%, 23~7%, and 19.3% at low, 

moderate and high resistances, and leg flexion strength by 

54%, 49.5%, and 23%. For the trained group, the largest 

percent improvements occurred between pre- to mid-testing for 

all resistance settings. Double leg extension strength did not 

change significantly at any resistance setting from pre- to 

post-testing cor the control group; however, there was a 

significant improvement in leg flexion strength (average 12.6% 

increase acro:;s all 3 resistance settings) in the control 

group from pre~- to post-testing (main effect for time). 

squat Thrust. After adjusting for initial strength 

differences, both ANOVA and ANCOVA revealed significantly 

greater squat thrust strength in the trained compared to the 

control group at each valve setting (main effect for group) 

over the courEe of the study. Squat thrust increased by 12.7%, 

20.6%, and 13.7% at low, moderate, and high resistance 
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settings in th~~ trained group from pre- to post-testing, with 

the largest increases occurring from pre- to mid-testing at 

all valve settings. Squat thrust strength decreased slightly 

(average of -1% across all 3 valve settings) in the control 

group from pre- to post-testing. 

Isometric Strength. There were no significant interactions or 

group effects for either maximal voluntary isometric elbow 

flexor or knee extensor strength. There was a trend, however, 

for increased ~~lbow flexor (p=0.09) and knee extensor (p=O.OS) 

strength in t.he trained group (group by time interaction 

effect) from pre- to post-testing. This represented 3.7% and 

7. 4% increase::; in elbow flexor and knee extensor strength 

respectively. Elbow flexor and knee extensor strength 

decreased in the control group by -3.6% and -4.6%, 

respectively from pre- to post-testing. 

Relationship ])etween strength and bone mineral changes. The 

results of thH Pearson product-moment correlational analyses 

are presented in table 5. No significant relationship was 

observed betw1~en changes in muscular strength and whole body 

or lumbar spine BMC and BMD. There was however, a significant 

negative (r= -.655) relationship between the percent change in 

leg flexion f::trength and lumbar spine BMD between pre- to 

post-testing. 



Table 5: Results of correlational analyses between percent changes in strength and bone. 

FLEXION I M-P 
P-P .352 

.428 
.091 

.194 
.070 -.655 

.276 
 .068 
-.199.144 
 .297 


P-M= pre to mid testing 
M-P= mid to post testing 
P-P= pre to post testing 



159 

Blood Analysis. The results for the blood analysis are 

presented in T<:tble 6. There were no significant differential 

effects of training on any of the blood variables (group by 

time interaction, or main effect for group), and with the 

exception of s=rum alkaline phosphatase, there was no change 

in these variables from pre- to post-testing. Serum alkaline 

phosphatase however, decreased significantly in both the 

trained (10.3%) and control (12.5%) groups from pre- to post

testing. 

Dietary Analysis. The results of the dietary analysis are 

presented in 'l'able 7. There were no significant differences 

between groups for either total caloric, vitamin D or calcium 

intake. 

Discussion 

The effect of resistance training on whole body or lumbar 

spine BMC or E>MD has not been previously examined in females 

during adolescence. Snow-Harter and Marcus (1991} demonstrated 

a 1.2% increase in lumbar spine BMD following eight months of 

resistance training in females with a mean age of 19 yrs. 

Small increasE!S, on the order of 1-2%, have been demonstrated 

for lumbar spine BMD in pre-menopausal women following 12 

(Gleeson et al. 1990} and 18 (Lohman et al. 1992) months of 

resistance training. The effects of resistance training on 



Table 6: Blood Serum Characteristics 


ESTRADIOL CPK ALKALINE ACID 
pmoi/L IU/L PHOSPHATASE PHOSPHATASE 

IU/L U/L 
pre post pre post pre post pre post 

227.82 211.18 89.41 84.29 86.0 77.94 4.02 3.93 
(36.30) (30.06) {8.78) (13.80) {5.13) {4.44) {0.12) {0.16) 
237.11 363.28 92.06 76.00 88.44 78.67 4.02 3.75 
(33.05) (66.1 0) 16.65 (9.43) {6.77) {4.95) (0.14) {0.13) 

EXERCISE 


CONTROL 


Results are reported as mean+/- SEM. 



Table 7: Dietary Analysis 


VITAMIN D CALCIUM 
KCAL (IU) (mg) 

EXERCISE EXERCISE CONTROL EXERCISE CONTROLCONTROL 
747.01786.0 181.0 153.8 996.01524.0 
(117)(150) (125) (34.6) (38.3) (135} 

Results are reported as mean+/- SEM. 

Dietary analysis was performed on a total of 27 subjects: 

exercise (N =15). control (N =12). 


' I ~ ' I 
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bone mineral density in post-menopausal women have been 

equivocal; one study has reported a small reduction (4%) in 

lumbar spine Bl"iD following 11 months of training (Rockwell et 

al. 1990), whe:reas Pruitt et al. (1992) reported rather small 

and insignifi,:::ant increases in lumbar spine and greater 

trochanter BMD following 18 months of training. 

The primary finding in this study was that resistance 

training induced a small, yet significant, transitory increase 

in lumbar spine BMD from pre- to mid-testing. Despite 

significant increases in strength there was a general lack of 

responsivenes~. of bone mineral at all other sites. 

These results are generally in agreement with those studies 

which have examined the effect of resistance training on 

lumbar spine bone mineral in pre-menopausal, but not post

menopausal women. Collectively, they suggest that lumbar spine 

bone mass and density respond weakly to resistance training 

during both adolescence and young adulthood. The general lack 

of responsiveness of bone mineral at other sites such as the 

whole body, suggests a site specific effect of high resistance 

exercise, lo,:::alized at the level of the spine. The 

localization ,Jf increased bone density at the spine may be 

related to thE~ greater responsiveness and higher turnover of 

trabecular bo:1e in this region, compared to the whole body, 

which is comprised predominantly of cortical bone (Lanyon 

1992) • 
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Bone remodelling is governed by the number of resorption

formation cycles that take place in a given time period 

(Parfitt 1984). During adolescence, most bone surfaces free of 

articulation, are either in a state of bone formation or 

resorption (Montoye 1987). Bone formation proceeds at a 

greater rate t.han resorption, and about 45-60% of adult peak 

bone mass is deposited between puberty and the end of 

adolescence (Bonjour et al. 1991, Snow-Harter and Marcus 

1991). If a la:rge percentage of bone surface is undergoing new 

bone formation during adolescence, bone resorption and 

remodelling in response to the extra strain imposed by 

resistance exHrcise may be relatively suppressed compared to 

periods when there is little new bone growth. A relative 

suppression of bone remodelling, may explain the rather small 

changes in bone mineral at the spine, as well as at the whole 

body level in response to resistance training in this study. 

Given the dynamics (i.e. half-life) of bone turnover and 

formation, Da lsky et al. (1988) suggest that a period of 

exercise intervention be extended for a minimum of one year to 

allow bone to adapt to the newly imposed strain of exercise. 

The present study lasted 26 weeks; nevertheless, despite the 

short intervention period a positive effect on lumbar spine 

BMD was observed. This finding suggests that the minimum 

duration of exercise intervention required to positively 

impact on bon:! mineral may be shorter during adolescence than 
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during adulthood. The differences in intervention interval may 

be related tc the higher turnover of bone mineral during 

adolescence, particularly in the spinal region (Lanyon 1992). 

Cross-sectic,nal studies generally indicate a greater bone 

density in athletes and individuals with higher levels of 

physical activity than in the average population (Bailey and 

McCulloch 1990). Mixed results have been reported in the 

childhood and adolescent periods. A positive association 

between physical activity, athletic training and bone mineral 

has been observed in some (Rice et al., in press, Slemenda et 

al. 1991, Virvidakis et al. 1990), but not all studies 

(Bachrach et al 1990, 1991). 

Turner (1991) has described a feedback theory for the 

homeostatic control of bone structure. This hypothesis 

proposes that Ci threshold level exists for mechanical strains, 

above or below which bone adaptation is initiated. The 

majority of ~ubjects in the present study may have been 

physically active enough to surpass the minimum strain 

threshold req11ired to optimize bone formation. The extra 

mechanical strain imposed by resistance training may not have 

been adequate to augment cortical bone formation, but appears 

to have been sufficient for enhanced trabecular bone density 

at the spine. These results suggest that there may be 

different mech,:mical strain thresholds for optimal development 

of predominantly cortical and trabecular bone density during 
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adolescence. 'rhis remains a possible, but yet untested 

hypothesis. 

The exercis1~s performed during the resistance training 

program were specifically designed to load the lumbar 

vertebrae in a compressive/dynamic fashion. Compressive forces 

were directly applied to the lumbar vertebrae during the squat 

thrust and military press exercises, while flexion/extension 

dynamic loads were applied during the abdominal crunch/ back 

extension exercises. These exercises were effective in 

increasing both strength, and lumbar spine bone mineral 

density in the present study from pre- to mid-testing. In this 

sense, these results are consistent with the positive 

relationship which has been reported between muscular strength 

and bone mineral in females during early adulthood ( Schoutens 

et al. 1989, Snow-Harter and Marcus 1991) and middle age 

(Halle et al. 1990, Pocock et al. 1989, Sinaki et al. 1989). 

The increase in muscular strength demonstrated in this study 

was similar t<) that observed in other studies examining the 

effects of resistance training in young women (Cureton et al. 

1988, Jette et al. 1988, Westcott 1979). However, the 

correlation (Table 5) between the largest percent increase in 

muscular stremgth (leg flexion - medium resistance) and 

percent chang: in lumbar spine BMD from pre- to mid-testing 

was non-significant and negative (r=-0.249). The lack of a 

significant C)rrelation between changes in muscular strength 
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and bone mineral suggest that factors other than increased 

muscular strenq-th contributed to the transitory increase in 

lumbar spine BIIJD observed in this study. 

The mechanical strains imposed on bone by exercise appear to 

have greater osteogenic potential when.the loads are dynamic 

rather than stcltic, of high rather than low magnitude, and are 

applied infrequently instead of repetitively over an extended 

period of time! (Lanyon 1992). According to Turners' (1991) 

hypothesis, the newly imposed loads by resistance training 

would place increased strain on the bone, beyond its normal 

physiological strain window. The consequence would be 

increased bor.e formation and establishment of a new 

physiological :5train window, but at a higher strain threshold. 

Additionally, Lanyon (1992) suggests that mechanical strains 

must be perce!ived as being above this newly established 

physiological window, both to maintain prior gains in bone 

mass and to p~omote further new bone formation. It appears 

therefore, that to sustain or promote bone mass accretion, the 

strain input must consist of varied strain distribution 

patterns of high magnitude and short duration that are above 

the newly estc:,blished strain window (Lanyon, 1992) . 

The mechanical aspects of compressive/dynamic loading of the 

lumbar vertebrae during training, rather than changes in 

muscular strength itself, may be the primary determinant of 

the transitory increase in lumbar spine BMD in this study. 
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The mechanical strains associated with resistance training 

from pre- to mid-testing may have been perceived as beyond the 

normal physiclogical strain window, and of sufficient 

magnitude to induce an osteogenic response, as evidenced by 

the increase in lumbar spine BMD. Strength gains from mid- to 

post-testing 1vere small, compared to changes during the 

initial period of training, suggesting perhaps that there was 

an accommodatil)n to the mechanical strains and resistive loads 

during this phase of the training program. Perhaps the 

mechanical strains were no longer of sufficient magnitude, 

or perceived as being sufficiently different from background 

strain levels to stimulate new bone formation, or even to 

sustain prior gains in bone density. An accommodation to 

strain loads during the latter phase of training could explain 

the small reduction in bone mass and density from mid- to 

post-testing, and the failure of training to significantly 

increase bone mass and density from pre- to post-testing. 

Resistance training often (Wilmore 1978, Mayhew and Gross 

1974), but not always (Hunter 1985), results in increased lean 

body mass in women. Lean body mass has·been identified as an 

important correlate of bone mass and density in young adult 

(White et al. 1992) and adolescent females (Rice et al. in 

press). Resistance training did not result in any change in 

body composi1:ion in the present study. Perhaps the 

relationship between muscular strength and bone mineral is 
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dependant on increased lean body mass. The general lack of 

responsiveness of bone mineral despite significant strength 

gains in the present study may be attributed in part to the 

failure of the training program to elicit an increase in lean 

body mass. 

Nutritional factors have been implicated as important 

determinants o:E bone mineral development in adolescent females 

during adolescence (Katzman et al. 1991, Malina and Bouchard 

1991, Rice e·t al. in press). Calcium intake has been 

identified as potentially the most important nutritional 

factor in the development of bone mass in females (Matkovic et 

al. 1990, Sentipal et al. 1991). Vitamin D which stimulates 

the intestinal absorption of both calcium and phosphate 

(Prince et al. 1988), is also considered an important nutrient 

for bone development during childhood and adolescence. 

Growing ind~.viduals need to be in positive calcium and 

vitamin D balc:mce to meet the needs of skeletal growth and 

mineralization. Both the exercise, and control groups in the 

present study were below the RDA of 1000 mgjday for calcium 

and 400 IU for· vitamin D (Aloia 1989). Perhaps there was an 

insufficient calcium phosphate pool to support the processes 

of growth-related new bone formation and increased 

mineralization in response to the remodelling process evoked 

by resistance training. The limited availability of calcium 

may partly account for the generally small changes in bone 
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mineral in re:;ponse to resistance training in this study. 

Whether the ef:Eects of resistance training on bone density in 

adolescent females is influenced by state of calcium balance 

remains to be determined. 

Endocrine status has also been implicated as an important 

determinant of bone mineralization in both adolescent and 

young adult females. Reduced serum estrogen levels associated 

with anorexia nervosa (Bachrach et al. 1990} and athletic 

amenorrhea (Drinkwater et al. 1984, 1990} have been associated 

with reduced bone mass and density. Resistance training had no 

differential effect on serum estrogen levels and these levels 

were within the normal physiological range in both groups at 

the beginning and end of the present study. It seems unlikely 

therefore, that the general unresponsiveness of bone mineral 

to resistance training in this study can be attributed to 

altered estrogen status. 

Serum creatine phosphokinase (CPK} is generally considered 

an indicator of muscle damage, and may be used as an indirect 

indicator of ~1e intensity of exercise training. There were no 

observable changes in CPK levels in either group between pre

to post-test measurements. The lack of change in CPK levels 

from pre- to ~est-testing in the trained group suggests that 

the training intensity may not have been sufficiently high to 

induce muscle adaptation, especially during the latter part 

(mid- to post--testing} of the study. Blood samples were not 
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taken at mid-point, so we can only speculate about CPK changes 

during the initial phase of training. Given that the largest 

increases in s1:rength occurred from pre- to mid-testing, it is 

likely that training intensity during this period would have 

been sufficient to increase CPK levels. The lack of change in 

CPK levels between pre- and post-testing suggests, as do the 

comparatively small changes in strength from mid- to post

testing, that training intensity was not sustained at a high 

level during t:he latter part of the study. 

It was difficult with the training devices used in this 

study to monitor training effort. Training intensity is 

determined by the resistance setting on the device, but 

training effoJ:-t is a product of both the resistance setting 

and level of subject motivation. Although subjects were 

encouraged to provide maximal effort at all times, it was 

evident durin~ the latter part of the study the girls were 

loosing enthusiasm for training. Reduced motivation and 

enthusiasm pr~:>bably accounts not only for the lack of change 

in CPK levels, but also for the unresponsiveness of strength 

and bone to resistance training from mid- to post-testing in 

this study. 

Serum acid phosphatase is considered a general marker of 

bone resorption, while alkaline phosphatase is considered a 

marker of bonH formation (Aloia 1989}. Acid phosphatase levels 

were similar between groups and remained unchanged throughout 
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the study, implying that training had no effect on rate of 

bone resorpticn. Alternatively, perhap~ acid phosphatase was 

not a sufficiently sensitive marker to detect subtle training 

induced change!S in bone resorption in this study. Alkaline 

phosphatase levels declined proportionally in both groups from 

pre- to post-testing, implying an age or growth, but not 

training-relat.ed reduction in bone formation. Puberty and 

adolescence have been identified as periods of very rapid bone 

formation (Bonjour et al. 1991, Snow-Harter an Marcus 1991). 

The majority c,f the girls at the beginning of this study were 

in the latter stages of puberty and probably in the midst of 

the peak bone formation phase, as reflected by relatively high 

levels of all<:aline phosphatase. The reduction in alkaline 

phosphatase fr-om pre- to post-testing probably reflects a 

reduction in bone formation rates toward adult levels, as a 

consequence of continued maturation during the course of the 

study. 

In addition to the factors discussed above, the results of 

this study may also have been affected by subject compliance 

to training. '~he effect of subject compliance on measures of 

bone mineral, and 1RM performance strength on the HFMAXX 

resistance ma,::hine are depicted in Figures 4 and 5. Despite 

on-site train:.ng and flexible training times, only 8 of the 17 

girls in the Hxercise group demonstrated a compliance rate of 

greater than HO%. Eight subjects had compliance rates between 

http:train:.ng
http:training-relat.ed


Figure 4. Effect of subject compliance on whole body and lumbar 
spine BMC and BMD. 
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Figure 5. Effect of subject compliance on leg flexion and squat 
thrust st:rength measures for pre-, mid- and post-testing. 
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50-80%, and one subject had a compliance rate of less than 

50%. This poor compliance rate may have dampened the effect of 

training on strength and body composition outcomes, and 

ultimately bone! mineral formation. Compliance appeared to have 

little effect on measures of bone mineral (Figure 4), however, 

there was a tr,~nd for greater strength increases in the high 

compliance group compared to the other two groups (Figure 5). 

As is evident 1 the increases in strength do not appear to 

correlate well with the observed changes in either whole body 

or lumbar spinE~ BMC or BMD. It appears therefore, that some as 

yet unidentified factor or factors, besides compliance and 

strength gain:; per se, may be relatively more important 

determinants of the responsiveness of bone to resistance 

training in adolescent girls. 

At 26 weeks, this is the longest resistance training study 

to date involving adolescent females. Despite significant 

increases in ~1scular strength, the training program failed to 

provide an adequate stimulus for sustaining of mid-point 

changes in lunbar spine bone density, or for enhanced whole 

body bone min,~ral density and content in this study. These 

results suggest that resistance training might not be as 

effective at increasing bone mass and density in adolescent 

girls, as many have suggested it might be (Loucks 1988, Lanyon 

1992) • 
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Summary 

Osteoporosi::; is a major cause of morbidity and mortality in 

our aging population. The primary goal in the management of 

this problem is to prevent or delay bone loss and 

consequently, 1:o curtail the incidence of fractures associated 

with low bone mass and density. 

Given the relative ineffectiveness of most intervention 

studies in adult females to counter the age associated loss of 

bone leading t.o osteoporosis, one strategy for impacting on 

this disease is to strive for attainment of enhanced BMC/BMD 

during the childhood and adolescent years. Increased bone mass 

during the formative growth years theoretically would prolong 

the time before the critical bone mineral fracture threshold 

would be react.ed. 

Human growth and skeletal maturation are dynamic processes 

that start in utero and end somewhere during the third decade 

of life. During this period, genetic and endogenous factors 

interact with the environment to determine skeletal peak bone 

mass. Matkovic et al. (1990) suggests that approximately 90% 

of adult peaK bone mineral is accumulated in the years 

preceding, and during the adolescent growth spurt. Therefore 

it is important to identify those factors which contribute to 

the attainment of peak bone mass, and to determine their 

relative importance during the developmental years. Once these 

factors have :oeen identified, intervention strategies may be 

http:react.ed
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employed durinq childhood and adolescence for the purpose of 

maximizing adult peak bone mass. 

Two separate studies were undertaken in this thesis; the 

first, was a s1:udy of the correlates and determinants of bone 

mass and density in adolescent females, and the second was a 

study of the effectiveness of resistance training to increase 

bone mineral density in young healthy adolescent girls. 

The specific purposes of the first study were: 1) to 

describe the correlational relationships between whole body 

and lumbar spine BMC and BMD and selected lifestyle, fitness, 

gynaecologic-endocrine, nutritional, and body composition 

variables and 2) to identify the key predictors of cortical 

and trabecular BMC and BMD from amongst various classes of 

independent variables. The purposes of -the second study were: 

1) to determine the effectiveness of 26 weeks of progressive 

resistance training to increase whole body and lumbar spine 

bone mineral mass and density in young females during the 

formative gro\lth years of adolescence, and 2) to investigate 

selected endocrine adaptations to this type of training which 

might impact on bone mineral development. 

The primary finding of the first study was that of all the 

selected independent variables, body mass was most highly 

correlated wi·th, and accounted for the largest proportion of 

the explained variance in the four bone mineral measures. 

These results are consistent with previous findings in adult 
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females (Dawson-Hughes et al 1990, Drinkwater et al. 1990} as 

well as in children (Kroger et al. 1992, Troverbach et al. 

1992, and White et al. 1992). Caloric intake, level of 

habitual physical activity and time since the onset of menses 

were additional significant but relatively less important 

factors in determining female adolescent bone mass. The 

importance of these findings is that body weight, daily 

caloric intake, and level of physical activity are to some 

extent self-controlled variables. Therefore, girls (and their 

parents) in this age range should be counselled about the 

importance of 1naintaining both a healthy diet and body weight, 

and participat~ion in regular habitual physical activity for 

optimal deve:Lopment of bone mass and density during 

adolescence. 

The major limitation of this study was the limited sample 

size. A small sample of 36 subjects provides limited 

statistical J:OWer, when using multiple linear regression 

analysis. Givem the small sample size, caution must be used in 

generalizing t~hese results to the female adolescent population 

at large. ThHre were also limitations associated with the 

methods used t.o determine level of habitual physical activity 

and endocrine status. Physical activity was assessed by recall 

questionnaire and by a motion detection device (Caltrac) . The 

major limitation of recall questionnaires, is the degree of 

accuracy of recalled information over extended periods. The 
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motion detector· only indicates motion in a single plane when 

the body's cen1:re of gravity is moved outside a pre-defined 

range. Although providing an objective measure of physical 

activity, many activities such as cycling, or activities 

involving arms only are not registered on this device. Blood 

analysis was only sampled at one point in time, and therefore 

may not be reflective of the normal or integrated hormonal 

profile of the subjects. 

In the second study, resistance training resulted in 

significant st:rength gains, and a transitory increase in 

lumbar spine BMD from pre- to mid-testing. The training 

program, however, had no significant effect on whole body BMC 

or BMD and lumbar spine BMC. To the authors' knowledge, this 

was the first study to examine the effects of resistance 

training on bone mineral in the adolescent female population. 

To date, the rrajority of studies examining the effectiveness 

of resistance training in maintaining or increasing present 

bone mineral levels have concentrated on the peri-menopausal 

age range. The majority of these studies (Gleeson et al. 1990, 

Pruitt et al. 1992, Sinaki et al.1989) support a weak, but 

nevertheless positive effect of resistance exercise on bone 

mineralization in the adult female population. The results 

from the present study suggest that resistance training may 

also have a we~ak positive effect on lumbar spine bone density 

in adolescent girls, but that this response is not permanent, 



if not engende~ed by continued high intensity training. 

There were three major limitations to this training study: 

subject compli.:mce, training intensity, and possibly training 

duration. 

Despite on site training and flexible training times, only 

8 of the 17 gi:rls in the training group had a compliance rate 

of greater than 80%. Eight subjects had compliance rates, 

between 50-80%, and one subject had a compliance rate of less 

than 50%. The second limitation was the training effort or 

intensity put forth by the subjects during the exercise 

program. Entt.usiasm and motivation for training waned, 

especially during the latter phase of training despite 

numerous incentives to encourage participation. 

The third .Limitation may have been the length of the 

training prog:ram itself. At 26 weeks· this represented the 

longest resi1;tance training program to date involving 

adolescent girls. While this was obviously of sufficient 

duration to induce significant strength gains, it was not of 

sufficient le:ngth to induce substantial changes in bone 

mineral statu:5. Bone appears to be a slowly adapting tissue 

and its response to imposed mechanical strain may be slow 

compared to skeletal muscle. Some (Dalsky et al. 1988, 

Drinkwater et al. 1990} suggest training programs of a minimum 

duration of 1 year for realization of enhanced bone mineral. 

Additionally, the biological adaptive capacity of bone may be 
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fully taxed during adolescence in meeting the demands imposed 

by growth. Thuf::, there may be no reserve capacity for enhanced 

bone mineralization in response to the increased mechanical 

strains of phy.;ical activity during this period. 

Future studie::; should examine the issue of improving subject 

compliance in this age range, ensuring progressive training 

intensity, as well as extending the training period to 

encompass at least one year. Adolescence is a period of 

optimal intestinal calcium retention. ·Future studies should 

also examine the effects of combining resistance training with 

calcium intervention on development of peak bone mineral 

content and density in adolescent females. 
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APPENDIX 




ANOVA/ANCOVA TABLES 




ANOVA SUMflllARY TABLES 


ESTROGEN 


Effect df MS df MS F p-level 
Effect Effect Error Error 

Group {G) 1 113860 33 32792.7 3.47211 0.07133 
Time {T) 1 52433.2 33 33216.4 1.57854 0.21779 

GxT 1 89158.7 33 33216.4 2.68418 0.11085 

CPK 


Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 139.563 33 3880.52 0.03597 0.85075 
Time {T) 1 1959.73 33 1403.37 1.39644 0.24577 

GxT 1 522.988 33 1403.37 0.37267 0.54574 

ACID PHOSPHATASE 


Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 0.15059 32 0.45158 0.33347 0.56766 
Time {T) 1 0.56532 32 0.20195 2.79933 0.10405 

GxT 1 0.13235 32 0.20195 0.65538 0.42417 

ALKALINE PHOSPHATASE 


Effect df MS df MS F p-IeveI 
Effect Effect Error Error 

Group (G) 1 43.926 33 893.223 0.04918 0.82587 
Time {T) 1 1390.74 33 80.0917 17.3643 0.00021 

GxT 1 12.917 33 80.0917 0.16127 0.69058 



ANOVA SUMIV1ARY TABLES 


ISOMETRIC ARM M\IC 


Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 4.11493 33 107.258 0.03836 0.84593 
Time (T) 2 1.73307 66 5.6296 0.30785 0.73607 

GxT 2 14.0217 66 5.6296 2.49116 0.09053 

ISOMETRIC LEG M\IC 


Effect df 
Effect 

MS 
Effect 

df 
Error 

MS 
Error 

F p-level 

Group (G) 1 1476.15 32 3701.85 0.39876 0.53222 
Time (T) 2 611.976 64 291.967 2.26729 0.11189 

GxT 2 745.255 64 291.967 2.55253 0.08579 



ANCOVA SU~~MARY TABLE 

BENCH PRESS 

Effect df 
Effect 

MS 
Effect 

df 
Error 

MS 
Error 

F p-level 

Group {G) 1 161.323 32 10.0954 15.9798 0.00035 
Time {1) 1 30.5542 32 3.71386 8.22707 0.00725 

GxT 1 0.0047 32 3.71386 0.00126 0.97195 

ANOVA SUMiv1ARY TABLE 

DOUBLE LEG PRESS 

Effect df 
Effect 

MS 
Effect 

df 
Error 

MS 
Error 

F p-level 

Group {G) 1 1693.87 33 918.127 1.84491 0.18359 
Time {1) 2 642.56 66 47.8174 13.4378 1.3E-05 

GxT 2 46.656 66 47.8174 0.97571 0.38229 



ANOVA SUMtvtlARY TABLES 

ARM EXTENSION- VALVE 1 

Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 70.7085 33 10.5961 6.67308 0.01441 
Time (T) 2 16.0994 66 1.57391 10.2289 0.00014 

GxT 2 13.9666 66 1.57391 8.87379 0.00039 

ARM EXTENSION- VALVE 3 


Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 100.556 33 15.3482 6.55164 0.01525 
Time (T) 2 32.1661 66 1.44009 22.3361 1E-06 

GxT 2 17.6879 66 1.44009 12.2825 2.9E-05 

ARM EXTENSION - VALVE 6 


Effect df MS df MS F p-level 
Effect Effect Error Error 

Group {G) 1 134.191 33 34.61 3.87724 0.05739 
Time (T) 2 49.4816 66 3.14129 15.752 3E-06 

GxT 2 42.9122 66 3.14129 13.6607 1.1 E-05 



ANOVA SUMI\t1ARY TABLES 

ARM FLEXION -VALVE 1 

Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 131.537 33 18.93 6.94858 0.01269 
Time (T) 2 0.2195 66 1.57337 0.13949 0.87006 

GxT 2 18.4479 66 1.57337 11.7251 4.4E-05 

ARM FLEXION- VALVE 3 


Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 200.228 33 33.5547 5.97621 0.02009 
Time (T) 2 2.428 66 1.8497 1.31262 0.27605 

GxT 2 43.5051 66 1.8497 23.5201 1E-06 

ARM FLEXION - VALVE 6 


Effect df MS df MS F p-Ieve I 
Effect Effect Error Error 

Group (G) 1 169.135 33 91.226 1.85402 0.18254 
Time (T) 2 0.3412 66 2.98354 0.11434 0.89213 

GxT 2 63.8829 66 2.98354 21.4117 1E-06 



ANOVA SUMl\~ARY TABLES 

SQUAT THRUST - VALVE 1 

Effect df MS df MS F p-level 
Effect ' Effect Error Error 

Group (G) 1 3156.64 32 423.387 7.45568 0.0102 
Time (T) 2 301.371 64 240.775 1.4717 0.23719 

GxT 2 302.325 64 204.775 1.47637 0.23614 

ANCOVA SU~I1MARY TABLES 

SQUAT THRUST- VALVE 3 

Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 7208.31 31 266.189 27.0797 1.2E-05 
Time (T) 1 12.781 31 13.9234 0.91796 0.34524 

GxT 1 25.67 31 13.9234 1.84367 0.18432 

SQUAT THRUST- VALVE 6 


Effect df MS df MS F p-level 

Effect Effect Error Error 
Group (G) 1 9078.42 31 236.172 38.4399 1E-06 
Time (T) 1 6.918 31 47.3134 0.14621 0.70479 

GxT 1 1.152 31 47.3134 0.02435 0.87702 



ANOVA SUM~~ARY TABLES 

LEG FLEXION -VALVE 1 

Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 241.602 33 39.3966 6.13256 0.01857 
Time (T) 2 419.94 66 6.2132 67.5884 1E-06 

GxT 2 84.6167 66 6.2132 13.6189 1.1 E-05 

LEG FLEXION - VALVE 3 


Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 482.095 33 57.1522 8.43529 0.00652 
Time (T) 2 456.603 66 8.36946 54.5559 1E-06 

GxT 2 132.6 66 8.36946 15.8433 2E-Q6 

ANCOVA SUMMARY TABLE 

LEG FLEXION- VALVE 6 

Effect df 
Effect 

MS 
Effect 

df 
Error 

MS 
Error 

F p-Ieve I 

Group (G) 1 461.52 32 29.18 15.8163 0.00037 
Time (T) 1 4.0159 32 2.08015 1.93059 0.17429 

GxT 1 4.9758 32 2.08015 2.39204 0.13179 



ANOVA SUMI\~ARY TABLES 

LEG EXTENSION- VALVE 1 

Effect df MS df MS F p-I eve I 
Effect Effect Error Error 

Group (G) 1 639.835 33 141.485 4.52229 0.04102 
Time(D 2 315.869 66 6.4488 48.9808 1E-05 

GxT 2 188.798 66 6.4488 29.1838 1E-05 

LEG EXTENSION -VALVE 3 


Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 1428.59 33 151.08 9.45585 0.00421 
Time m 2 344.718 66 8.4146 40.9668 1E-06 

GxT 2 207.204 66 8.4146 24.6245 1E-06 

LEG EXTENSION- 'IALVE 6 


Effect df 
Effect 

MS 
Effect 

df 
Error 

MS 
Error 

F p-level 

Group (G) 1 2845.87 33 396.564 7.17632 0.01143 
Time(D 2 585.342 66 13.839 42.2966 1E-06 

GxT 2 365.836 66 13.839 26.4352 1E-06 



ANOVA SUMrvlARY TABLES 

LUMBAR SPINE BONE MINERAL CONTENT 

Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 .654882 32 .937310 .69868 0.40943 
Time (T) 2 .217764 64 11.12304 11.12304 7E-05 

GxT 2 .030633 64 1.56466 0.217053 0.21705 

LUMBAR SPINE BONE MINERAL DENSITY 


Effect df MS df MS F p-level 
Effect Effect Error Error 

Group (G) 1 0.00061 32 0.036962 0.01645 0.89876 
Time (T) 2 0.00998 64 0.000791 12.62032 2.4E-05 

GxT 2 0.00315 64 0.000791 3.97789 0.02353 

TOTAL BODY BONE MINERAL DENSITY 


Effect df MS df MS F p-level 
Effe :::t Effect Error Error 

Group (G) 1 0.00035 32 0.00915 0.038116 0.84644 
Time (T) 1 0.00024 32 0.00053 0.385666 0.53899 

GxT 1 1.2E-05 32 0.00053 0.021769 0.88363 

ANCOVA SUMMARY TABLE 

TOTAL BODY BONE MINERAL CONTENT 

Effect d1' 
Effe~ct 

MS 
Effect 

df 
Error 

MS 
Error 

F p-level 

Group (G) 1 1774.86 31 7560.566 0.234752 0.63143 



CONSENT FORM (CHILD) 




I 
~TER UNIVERSITY 
School of Physical Education and Athletics 

1280 Main Street West, Hamilton, Ontario L85 4Kl 
Telephor.~: 525-9140 Ext. 3400 

CONSENT FORM 

(Child) 


STRENGTH TRAINING AND BONE DEVELOPMENT 

IN ADOLESCENT GIRI.S 


I --------------consent to take part in a study which will 
(Name - Print) 

assess the effects of strength training on bone and strength development in adolescent 
girls. 

I understand that I will be assigned to either a group that strength trains, 3 times 
per week, or a control group which will not be involved in any special training. 

I also understarJd that I will be required to attend several testing sessions both at 
McMaster's Physical Education Complex and at the McMaster Medical Centre to 
determine my level of physical activity, cardiovascular and strength fitness, dietary intake, 
endocrine status (blood hormones), body composition, and the size and density of my 
muscles and bones. 

I understand that I will receive a written summary of my results on these tests, that 
my results will be kept strictly confidential, and that I may withdraw from the study at any 
time, even after signing this consent form. 

If you are willing to take part, please so indicate by signing below. 

· I understand tt.e purpose and procedures of this study as descn"bed above, and 
agree to participate. 

(Name - Print) Signature Date 

Please return this form to Mr. Fox, Principal, St. Mary's School by September 7th, 
1990. You will be contacted by telephone, by the study coordinator, once the consent 
forms have been returned. 

If you or your parents have any questions please do not hesitate to contact Dr. 
Cameron Blimkie at :>25-9140, Ext. 4465, the chief investigator in this study. 



CONSENT FORM (PARENT) 




McMASTER UNIVERSITY 
School of Physical Education and Athletics 

1280 Main Str~!t West, Hamilton. Ontario L85 4K 1 

Telephor.e: 525-9140 Ext. 3400 


CONSENT FORM 
(Parents) 

STRENGTII TRAINING AND BONE DEVELOPMENT 

IN ADOLESCENT GIRlS 


I-----------' consent to allow __~------- to take 
(Name:) (Participants Name) 

part in a study which will assess the effects of strength training on bone and strength 
development in adolescent girls. 

I understand that my daughter will be assigned by the investigators into either the 
training group, which will take part in a 5 month strength training program, or a control 
group which will not ti ain, but which will undergo all of the same tests and measurements 
(outlined below) as the training group. 

I understand that the tests will involve a complete medicaVphysical examination by 
a physician, a series of maximal voluntary and electrically stimulated muscle strength 
measurements using ;tandard laboratory techniques, assessment of body composition 
(weight and body fat), physical activity (questionnaire and activity moni~ors) and dietary 
intake (food diary). Cardiorespiratory fitness will be assessed during an 8-13 minute 
cycling test and muscle: and bone cross-sectional area of the right leg, and whole body and 
spine mineral content and density will be determined using special radiological techniques. 
The radiation techniques are relatively safe, and the combined radiation exposure for the 
study· is equal to the: average annual whole body dose received by Ontarians as a 
consequence of exposure to natural environmental radiation. 

I understand tl18t my daughter will receive a written summary of her performance 
on the various tests u·pon completion of the study,. that her individual results will be kept 
strictly confidential, and that she may withdraw from the study at any time, even after 
having signed the consent form. 

If you and your daughter agree to take part, please so indicate by signing below . 

.....2 



2 PARENTS CONSENT 

I understand t:1e purpose and procedures of this study as described above, and 
agree to allow my daughter to participate. 

(Name - Print) Signature Date 

Please return this form to Mr. Fox, Principal, St. Mary's School by September 7th, 
1990. You will be contacted by telephone, by the study coordinator once the consent 
forms have been returned 

If you have any questions, please don't hesitate to contact Dr. Cameron Blimkie at 
525-9140, Ext. 4465, ·the chief investigator in this study. 



TANNER STAGING 




Breast Development Pubic Hair Development 

"' 

\ 
~ 

M1 [ 

P1M2 

PLEASE CIRCLE THE ~ WHICH BEST REFLECT YOUR CURRENT 

STAGE OF BREAST AND PUBIC HAIR DEVELOPMEN"r. 



1v1ENSTRUAL HISTORY 


QUESTIONAIRRE 




JJ)()LESCENT GIRLS S'l'RENGTH l'RAIHIRG STUDY 

tSQSl'IIW. HISTORY OUESIIONlfAIU 

Numerous studies have indicated that intensive training may alter menstrual 
function, and that changes in menstrual function might affect bone development. 
Please take a few minutes to complete this questionnaire about your menstrual 
history. Disregard any question that may be offensive. Remember that this 
information is stri:tly confidential and will not be shared with anyone other 
than the key investJ.gators in this study. Thank you for your honesty and help. 

Name: Age: 

Grade: 

Have you ever weight-trained before? yes 0 no 0 

If 

If 

yes, 

yes, 

for how long? 

what type of training? For strength 

Powerlifting 

Olympic Lifting 

0 
0 
0 

Have you had your lst period yet? yes 0 no 0 

At what age did you have your first menstrual period? State your age in 
years and montha. For exa.mple, 12 years, 3 months. 

years months ______ __ 

Is your curr<mt cycle regular? yes 0 no 0 

If ~ above, state the interval (f of days) between periods. Indicate 
the mmber of days between day l of your period (onset of flow) and day 
l of the follovina period. I of days 

Has your menstrual cycle been regular from its onset? 

yes 0 no 0 

Check oneHow many menstrual periods have you had in the last year? 

area only. 9-12 0 leu than 9 0 none in the last 6 months 

0none in the last 12 months 

0 



0 0Have you ever Jsed the birth control pill? yes no 

if~ above, how long had you used it? Indicate the number of years 
and mont:1s. years months 

if~ above, at what age did you begin taking the pill? age 

Are you currently using the birth control pill? yes D no D 

if~ above, how long have you currently been on it? 
years , months 

Please list all the sports activities you have been involved in during the 
past 12 months and provide information about your level of participation e.g. 
recreational, houseleague, competitive, a description of the amount of training 
involved with the sport, the season in which you participated, and the level of 
intensity of training and participation (l being not at all intense, 10 being 
most intense). 

Sport History 

Train/PartieTraining HistoryLevel of Competition 
Sport Int. (1-10)SeasonRec. House Lg. Compet. hrsjday days/wk. 

Thank you for your cooperation. 

2 



ACTIVITY QUESTIONNAIRES 




Directions For Activity Questionnaire Completion 

A. Activities In The Past Year 

• 	 Mention importance of accuracy of detail. 

• 	 Record act:ivities which subject did besides normal activity, 
as a form of leisure, recreation or sport. 

e.g. 	- ¥ilking to school not considered appropriate 
bicycling to school not considered appropriate 
¥ilking exercise program is appropriate 
s·tationary or outdoor bicycling for fun or 
r~creation or as part of club is appropriate 

• Ask 	subje•::ts to begin with last October (1989) and progress 
from left to right for each of listed activities. 

e.g. 	- b~gin with October 1989 for walking as exercise and 
end with this past September 1990. 

• 	 Ask subje=t to estimate the number of times they performed 
each exe~:ise each month, and to provide an estimate of the 
average l~~ngth of time spent per session for each activity. 

• Ask 	 subj oct to estimate the average intensity of each 
activity over the year long period. Light intensity would 
be barely above rest or normal conditions and would cause 
only a :;light increase in heart rate and breathing. 
Moderate ·~xercise would cause a noticeable increase in heart 
rate and breathing but would be tolerated quite easily by 
most individuals. Heavy exercise would cause a large and 
very noticeable increase in both heart rate and breathing. 
Breathing would be labored and heavy and the exercise would 
not be tolerated for a very long period of time. 

• 	 Ask subject to complete additional activity section at the 
bottom of the questionnaire. Let them refer to the physical 
activity reference card (attached) to help them with their 
recall. 

• 	 Review the questionnaire with each subject and clarify any 
responses which seem unrealistic. 

• 	 Ask the subject to1 print their name in the upper right hand 
corner of the questionnaire. 

• 	 Record ycur name under the subjects name. 

• 	 File this questionnaire with the monthly questionnaire data 
form under the subjects name. 
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B. Activities In The Past Month !September 1990) 

• 	 Mention 1:he importance of obtaining 11\.Qn detailed 
information about the past month's activity than was 
provided in the 1st questionnaire. 

• 	 Explain the 2 examples at the top of the questionnaire. 

• Ask 	subjec·ts to complete each open activity space indicating 
the type :>f activity, the number of times they did the 
activity d·lring the past month, the average time per session 
of activity and the estimated intensity of the activity. 
Have the subject fill out this questionnaire as completely 
as possible from recall first of all and then let them refer 
to the actiyity reference card to complete the 
questionnaire. Include all activities that they can recall 
which were over and above normal levels of habitual 
activity. 

• 	 Review each item on the questionnaire. 

• 	Ask subjec:ts to print their names in the upper right hand 
corner of the questionnaire. 

• 	 Print youi name below the subjects name. 

• 	 File the cuestionnaire with the yearly questionnaire under 
the subj ec~ts name. 
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ACTIVITIES IN THE PAST YEAR 


PHYSICAL ACTIVITY IN YOUR SPARE TIME 

The following activities refer to physical activities that are not related to work. 

Have you done any of the following physical activities in the past 12 months? 


Please indicate whether you ha,,e done each activity listed below. Then for those activities which you 
have done, please complete the number of times done each month, and the average time spent on each 
occasion (not counting travel time, changing etc.). Average time 

per
Number of limes each month occasion 


No Y81!i Jan Ftb Mar AprMayJune JulyAugSept Oct Nov Oec hrs min 

walking for exercise 0 o+ , , , 1• , ....__.._.l...oo.. UL.;._J 

bicycling 0 D• I 11 II I ....__._........ _.. UL-J 

jogging or running 0 0+ I II II I ....__......___ UL-J 

home exercises 0 o• 1 11 " , ....__.._.l...oo.... UL-J 

exercise class. •erobics Cl o+ 1 , 1 , , , ~"".......-'--.... UL-J 


No Yt~; J F M A M J J A s 0 N 0 hrs min 

ice skating 
 0 o•~ II It ra UL-J 

cross-country skiing 0 D+• 11 II rl UL-J 

downhill skiing 0 D+• II II H UL-J 

ice hockey D O+• II II II UL-J 

swimming 0 C]+l II fl UL-J
" 

···,}"·'No· Y•1 J> F M>.. A u· J A S> 0 N 0 hrs min 

gardening, yard work [J o•.a II II Jl UL-J 

golf Cl D+,t II II I I UL-J 

tennis [J .. CJ+t n II ll UL-J 

weight training [J ,._'·[J+• II II 11 UL-J 

baseball. softball .. [J .... [J+·I f I I I UL-J 


No. ·Y•; J ..• F M A M : .! J A: · S 0 N .· 0 hn min 

popular or sodaJ dance [J O+ J · ' · ' 11 1 • · • " u L-J 

balfet modem dance . CJH CJ+ • ' 1 1 1 11 u L-J 

square or folk dance D'H Cl+t r 1 r 1 ' I I U L-J 

bowling [J • o+H I u L-J 


II I 1 
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Dally 
Total 

-

BREAKFAST BREAKFAST 

~ ~ ~ 

LUNCH LUNCHLUNCH 

~ ~ ~ 

SNACK 00 
DINNER 

00 

SNACK 

0000 SNACK 

DINNER DINNER 

0000 

I++I1++1SNACK SNACK 




