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ABSTRACT

Fifteen years after cessation of the sport, we found that retired collegiate artistic gymnasts

(GYM; n=18) had higher measures of areal bone mineral density (aBMD; g/cm2) at all skeletal

sites compared to nongymnast controls (CON; n=15) of similar age (years), height (cm) and

body weight (BW; kg).  It is unknown, however, if the aBMD differences in GYM and CON

observed at that time are maintained into the years approaching menopause.  A nine-year follow-

up study was conducted to compare aBMD in GYM (n=16; age=45.3 ± 3.3 years) and CON

(n=13; age=45.4 ± 3.8 years) and the changes over time.  Total body fat mass (FM; kg), percent

fat (%FAT), fat-free soft tissue (FFST; kg) and aBMD of the total body, lumbar spine, non-

dominant proximal femur (PF), femoral neck and Ward’s triangle were assessed using dual-

energy X-ray absorptiometry (DXA; Hologic QDR-1000W).  Past physical activity was

estimated using a self-report, study-designed questionnaire.  Independent samples t-tests were

employed to compare aBMD in GYM and CON at baseline and at the nine-year follow-up.

Analysis of covariance was used to compare the changes (Δ) in aBMD between GYM and CON

and to quantify the magnitude of the effects (i.e., partial eta-squared; η2; where 0.06 and 0.13 are

medium and large effects, respectively).  GYM had significantly lower BW, FM, and %FAT

(p<0.05; η2>0.14), and higher measures of FFST/BW and aBMD at all skeletal sites compared to



CON (p<0.05; η2>0.14) at both time points.  Over time, changes in GYM and CON did not differ

significantly with respect to BW (p=0.12; η2=0.09), FM (p=0.38; η2=0.03), %FAT (p=0.92;

η2=0.00), or aBMD at any skeletal site (p>0.05; η2<0.08). CON had greater gains in FFST than

GYM (8.68 ± 1.80% vs. 3.22 ± 0.92%; p=0.01; η2=0.23); however, when FFST was corrected

for BW, no significant difference was found between GYM and CON. Additionally, there were

no significant differences in the total minutes of physical activity per week reported over the past

nine years between groups. In conclusion, the higher aBMD observed in GYM compared to

CON fifteen years after the cessation of the sport, was maintained over the following nine years,

regardless of less physical activity since competitive gymnastics training.
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AREAL BONE MINERAL DENSITY, PAST ATHLETIC
PARTICIPATION AND BONE
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CHAPTER 1

INTRODUCTION

Osteoporosis, a systemic skeletal disorder, can be defined conceptually as a condition of

generalized skeletal fragility such that fractures occur with minimal trauma, often no more than

is applied by routine daily activity.  In the United States, osteoporosis currently affects

approximately 10 million people,1 and the National Osteoporosis Foundation2 estimates that an

additional 34 million more people have low bone mass (osteopenia), placing them at increased

risk for osteoporosis. Fractures due to bone disease are common, costly, and often become a

chronic burden on individuals and society. One in two women and one in four men over age 50

will have an osteoporosis-related fracture in her/his remaining lifetime.2 It was estimated that

national direct expenditures (hospitals and nursing homes) for osteoporotic and associated

fractures was $17 billion in 2001.2 As the aging population increases, if effective prevention

methods are not implemented, the impact of osteoporosis will continue to intensify leading to

more fractures and higher national expenditures.

The etiology of osteoporosis is multifactorial with age, gender, physical activity, diet,

hormone status, and lifestyle all playing roles.3 Of the modifiable lifestyle factors that influence

the skeleton, such as nutrition, tobacco use, and exercise, it is believed that exercise during

growth that has vast potential to reduce the public health burden of osteoporosis.4 The use of

exercise in building and maintaining bone health throughout the lifespan and ultimately

preventing osteoporosis-related fractures has been the focus of considerable research.
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Skeletal responses to exercise vary with age, hormone status, nutritional status, and

nature of the exercise. It has been hypothesized that attaining a high peak bone mass early in life

may prevent unwanted fractures later in life, particularly when fracture risk is high. Scientists

have been examining the role of exercise during growth for promoting maximal peak bone

mineral density accrual. However, there is no clear evidence of a persisting benefit of exercise

during growth on bone structure or strength in old age when falls and fracture risk increases. Part

of the problem is that researchers cannot, without crossing ethical boundaries and considering the

financial burden, conduct prospective intervention studies following children into late adulthood

tracking every bone-influencing factor until the point of fracture. Currently, the best evidence we

have linking childhood exercise and bone health in late adulthood lies in cross-sectional and

short-term prospective studies in former competitive athletes.

Cross-sectional studies of active adults and former competitive athletes who started

training in their youth are evocative, but uncertain, with respect to whether bone gains achieved

during the younger years are maintained into adulthood. Comparisons of active collegiate

gymnasts5-7  with nongymnast athletes or controls have demonstrated that gymnasts have

significantly higher areal bone mineral density (aBMD) values, ranging from 5% to 36%.

Competitive college-age soccer,8, 9 tennis,10 volleyball players,11, 12 and weightlifters13 have also

been shown to have significantly higher aBMD compared to nonathletic controls, ranging from

1% to 24%.  Furthermore, former artistic gymnasts,14-16 soccer players,8, 9 and weightlifters13

retired from competitive training less than 20 years, were found to have significantly higher

aBMD values compared to nonathlete controls with differences ranging from 5% to 22%. The

aBMD differences observed in these studies of retired athletes would imply that potential bone

gains from participation in high-impact youth sports persist into adulthood, yet some studies
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suggest otherwise.  Areal BMD of former soccer players8, 9 and weightlifters17, 18, some 60 years

of age and older and retired from their competitive training for more than 20 years, was not

different when compared to nonathlete controls of the same age, leaving questionable the

sustainability of skeletal benefits from earlier sports participation.

Only three studies have evaluated changes in bone prospectively following cessation of

intensive training in former competitive athletes.19-21 In those studies, retired college gymnasts

and tennis players maintained significantly higher aBMD or BMC values when compared to

controls or when observing side-to-side arm comparisons in racquet sports.  However, the former

athletes in these studies were still relatively young (mean age range 19 to 35 years) and were

retired from their sport for five years or less. Whether this is the case in older former competitive

athletes for longer periods of time since retirement is unclear.

The purpose of this present investigation was to determine if the higher aBMD of former

gymnasts compared to controls, previously reported by Kirchner et al.,25 is still present in the

same cohort of former gymnasts approaching menopause and approximately 25 years since the

cessation of college gymnastics training and competition.  The specific aim was to examine

changes in aBMD and related factors including body composition, physical activity, and selected

nutrient intakes in the former female college gymnasts and controls approximately nine years

after baseline measurements.  It was hypothesized that the higher bone mass observed in the

former artistic gymnasts compared with controls will be maintained over nine years.
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CHAPTER 2

REVIEW OF THE LITERATURE

The prevalence of osteoporosis is on the rise in the United States (U.S.), due primarily to

the aging of the population. By the year 2020, 14 million individuals over the age of 50 years are

expected to develop osteoporosis and another 47 million are projected to have low bone mass.1

The impact of osteoporotic-related fractures can be devastating to our economy, the lives of the

individuals who suffer from the disorder, as well as friends and family members. However,

evidence clearly suggests that individuals still can do a great deal to promote their own bone

health. In this review, the following topics will be described: bone biology, determinants of bone

including genetics, hormonal status, nutrition, physical activity, and body composition. In

particular, the effects of artistic gymnastics and other sports on bone will be addressed, with the

primary focus being on bone mineral retention resulting from past participation from these

sports. Finally, the gaps in the literature related to the influence of sports participation on bone

will be discussed.

Bone Biology

Bone is a unique living tissue with the main responsibility of supporting loads applied on

it. The bony skeleton serves the function of movement, acts as a protector of vital organs,

provides an environment for storage of calcium and phosphorus, and serves as a site for blood

cell formation.2 Ninety-eight percent of bone is an organic matrix made up of type I collagen and

noncollagenous proteins, while the remaining 2% is composed of inorganic material, consisting

of enmeshed hydroxyapatite [Ca10(PO4)6(OH)2] containing primarily calcium and phosphorus.3
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The architecture of the skeleton adapts to provide adequate strength and mobility so that bones

do not break when subjected to substantial impact, even the loads placed on bone during

vigorous physical activity.

There are two types of bone in the human body: trabecular (cancellous) bone and cortical

(compact) bone. Trabecular bone, a soft spongy bone consisting of horizontal and vertical cross-

links found primarily at the ends of long bones and within vertebrae, has a large surface area and

is susceptible to accelerated bone turnover.4 Comprising about 20% of the skeletal mass,

trabecular bone’s turnover rate is approximately 26% per year.5 Cortical bone, which makes up

the remaining 80% of skeletal mass, is found primarily in the shafts of the long bones, has a slow

turnover rate at about 3% per year, and has strength as its primary function.3 Figure 2.1 illustrates

trabecular bone and cortical bone.

Figure 2.1.  Inner Structure of Bone, Adapted from Marieb, 1998.2

Bone undergoes both formation and resorption throughout the lifecycle. Three types of

bone cells, osteoblasts, osteocytes, and osteoclasts, are primarily involved with either formation

or resorption. To form bone, mesenchymal stem cells produce osteoprogenitor blood cells that

likely differentiate into single nucleated, bone-forming osteoblasts.6 Later, these cells mature into

osteocytes and lose some of their cell organelles once incorporated into the bone matrix within
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the lacunae.6 Once established within the cell matrix, bone formation by these cells ceases and

the tissue becomes highly mineralized. The osteocytes facilitate communication between

adjacent cells within the mineralized matrix via gap junctions.6

Bone resorption occurs primarily as a function of the multi-nucleated, large cell

osteoclast that may originate from circulating mononuclear progenitor cells.7 The characteristic

feature of the osteoclast is the ruffled border surrounded by a ring of contractile protein. This

border serves to attach the osteoclast to the bone surface and create what is known as the

extracellular bone-resorbing compartment.8 Lysosomal enzymes are actively synthesized in the

osteoclast and then secreted, via the ruffled border, into the extracellular bone-resorbing

compartment where a high concentration of enzymes develops to resorb bone.9 The acidic

environment digests the noncollagenenous link between hydroxyapatite crystals and collagen,

allowing calcium to be released from the skeleton.9

Together, the osteoblast, osteocyte, and osteoclast comprise the small basic multicellular

units (BMU) where the process of remodeling occurs within the cortical and trabecular bone.10

The fact that osteoclastic bone resorption and osteoblastic bone formation follow each other is

fundamental to the concept of the BMU, which describes a packet of bone being resorbed or

rebuilt.11 As a result of coupling of osteoclast and osteoblast function, bone resorption initiates

bone formation (activation), which, under balanced conditions, restores lost bone (Figure 2.2).9

These active bone cells, which are known to act in response to various environmental

signals including chemical, mechanical, electrical, and magnetic stimuli, are essential for the

modeling and remodeling processes within bone.3, 12, 13 The balance between modeling and

remodeling differs between the growing and adult skeleton. In the former, modeling is the

dominant mode, whereas in the latter, remodeling is dominant.14 Modeling, seen in early
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childhood up to early adulthood, is the process in which bones become larger, heavier, and

denser; hence, osteoblastic activity exceeds osteoclastic activity. This uncoupled process with

osteoblasts and osteoclasts improves bone strength not only by adding mass, but also by

expanding the periosteal and endocortical diameters of bone.15

Bone remodeling begins to take over in adulthood, where bone mass undergoes constant

and equal removal of old bone and renewal with newly formed bone.16 An equilibrium exists

between bone resorption and formation until the fourth or fifth decade of life, when bone

resorption begins to supercede the continually declining bone formation process.14 In the

situations of an aging skeleton, with estrogen withdrawal, or even a lack of physical activity, the

balance between the amount of bone resorbed and formed is shifted in favor of resorption,

thereby resulting in a net loss of bone.17, 18 Bone remodeling supports response and adaptation to

mechanical stresses and metabolic demands of the body, as well as repairing skeletal damage,

preserving bone strength, and maintaining mineral homeostasis throughout adulthood.4, 12, 17 This

process is regulated by complex interactions between genetic, hormonal, and environmental

factors working to preserve the mechanical structure of the skeleton.12, 18

Figure 2.2.  Remodeling cycle in trabecular bone, Adapted from Khan et al, 2001.19

Resting surface
(new packet)

Bone resorption

Reversal phase

Bone formation

Bone formation
(continuously packing more bone)

Resting surface
Osteoclasts

Osteoblasts

Osteocytes
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Determinants of Bone Health

Genetics

The development of osteoporosis has a strong genetic component. Bone mass,

osteoporosis, and fracture are complex traits subject to the influence of multiple physiologic and

environmental factors. Twin and family studies have showed that genetic factors may account for

up to 85% of interindividual bone mass variance.20-22 Many genetic factors appear to influence

areal bone mineral density (aBMD) development and are therefore related to fracture risk.23

Some include body composition, age at menarche, age at menopause, serum parathyroid

hormone level, and serum 25 dihydroxyvitamin D level.24 Additionally, peak bone mass and rate

of bone loss have separately been shown to be under genetic control.24-27

Multiple risk factors exist for fracture; many of these unrelated to bone strength. For

example, a family history of fragility fracture has been shown to be a risk factor for fracture,

independent of BMD.21, 28 Bone size and structure are heritable traits and have been related to

fracture risk.26 In addition, hip-axis length and cortical thickness also show genetic variation.25

Normal genetic variation in complex traits is likely not due to deleterious mutations but

to common polymorphisms at different sites.23 This can lead to changes in gene-function or

expression, gene-gene interaction, and gene-environment interaction.26 Although there seems to

be heritability of many components of bone strength, non-genetic factors are often of sufficient

magnitude to mask the phenotype of these genetic differences.29 The effects of genetics on bone

traits are less obvious with age, as environmental factors play a large role.29

A gene-environment interaction would be present if genetic factors regulated the

response of bone to physical activity. Thus, some individuals would respond more and some less

to identical doses of bone loading, because of genetic differences. Athletes may be genetically
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predisposed to having high BMD, or they may respond more positively to exercise intervention

than nonathletes. This might explain why cross-sectional aBMD studies in athletes reveal

substantial differences between subjects and controls, whereas intervention studies in general

populations find a much smaller aBMD difference between the exercise and control groups.

It is important to understand that heredity and environment are not entirely separable. For

example, genetic factors can influence such processes as the efficiency with which an individual

utilizes and conserves the nutrients needed for bone building and maintenance. On marginal

dietary intakes, an individual genetically equipped with efficient utilization will come closer to

the ideal peak bone mass than one who utilizes nutrients inefficiently.30 However, at high intakes

the two individuals may be indistinguishable.30 In this way, manipulation of an environmental

factor (e.g., diet) can influence the expression of a genetic influence. For this reason, the high

heritability often reported for bone mass should not be taken as grounds for a fatalistic attitude

toward optimizing bone accumulation through lifestages.

Hormones

Hormones are chemical messengers released by glands and tissues throughout the body.

They are vital for processes such as growth and maturation and for influences on energy balance,

body weight and bone strength. From infancy to advanced age, a variety of hormones regulate

bone growth and regeneration. The ability of hormones to do their job effectively depends on a

number of factors, including diet, body weight, age and general health.31 Moreover, their

inability to function properly can create imbalances that impact bone integrity.

Many hormones are involved in the regulation of bone development. Table 2.1 lists some

of the key hormones. Among those listed, the hormone estrogen, which it plays a more vital role

in optimal bone health in women, will be discussed primarily.
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Hormones Involved In
Bone Development

Functions

estrogen
*regulates the rate of bone formation and bone resorption
*prevents calcium loss and maintains levels of vitamin D

androgen *stimulates bone growth

parathyroid hormone

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

calcitonin *inhibits osteoclast resorption
*delays calcium absorption from the intestine

1,25 dihydroxyvitamin D *promotes gastrointestinal absorption of calcium and phosphorus

insulin-like growth factor-1 *increase rate of protein synthesis for bone formation
*increases rate of mitosis of osteoblasts

thyroid hormone *increases the rate of protein synthesis
*controls energy production rate

glucocorticoid
*decreases calcium absorption from the intestines
*inhibits bone formation
*increases bone resorption
*decreases sex steroid production

insulin *increases energy production from glucose

Table 2.1.  Key hormones in bone development. Adapted from Hurley et al (2004).32

Estrogen

The hormone, estrogen, plays a major role in bone health and the potential development

of osteoporosis. Estrogen maintains bone mass by limiting bone resorption.33 Directly, actions

involving estrogen are mediated via the estrogen receptor on the osteoblast.34 When estrogen

binds to the receptor, it increases production of type I collagen and transforming growth factor-β

which both are involved in the formation of bone.35 Estrogen may indirectly increase renal

calcium retention by stimulating an increase in renal synthesis of 1,25-dihydroxyvitamin D3.36

A regular menstrual cycle is the external vital sign of a normally functioning reproductive

system in the premenopausal female. It has been found that menarche, the start of the first
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menstrual period, occurs later in athletes than in nonathletes, particularly in certain sports such as

ballet, gymnastics, and running.37 Later onset of menarche could theoretically be associated with

a lower rate of bone mineral accretion during adolescence and therefore decreased peak bone

mass.38, 39 The relationship between age of menarche and aBMD in female athletes is unclear,

however, some investigators have found statistically significant, but moderate to weak, negative

correlations at a number of bone sites.40-42

Amenorrhea, defined as fewer than three cycles per year or no cycles for the past six

months,43 occurs in some premenopausal women after chronic intense exercise training. It occurs

most often in female athletes where leanness is an advantage and very strenuous training is the

norm.  Disruption in the hypothalamic-pituitary axis from reduced energy availability is the

determining factor of exercise-associated amenorrhea.44 Because estrogen levels are reduced, the

exercise-associated amenorrhea may result in bone loss.45 In most cases, the positive effect of

exercise on bone cannot offset the negative effects of inadequate energy-intake and high-

intensity, high-volume exercise training.45 However, the exceptions to this rule are gymnasts

who, despite a high prevalence of menstrual disturbance, exhibit aBMD values well above

normal.42, 46, 47 In these cases, the magnitude and rate of bone loading is so great that it partially

overrides the effect of hormonal disturbance.

Oral contraceptives, which contain variable amounts of estrogen and progesterone, are a

common form of birth control method for women in the U.S. It has been estimated that 80% of

women born since 1945 have used birth control pills at some point in their lives.48 The factors

that determine the effect of an oral contraceptive on bone health are the dose of estrogen and the

age of the women.49 The formulations of oral contraceptives have changed over the years, with

older types having higher estrogen levels than do newer formulations. 50 Because of the varying
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levels of estrogen found in the newer formulations, there is potential for varying effects on bone

and fracture risk. However, both short- and long-term effects of oral contraceptives on aBMD are

uncertain at this time.49

With the onset of menopause, circulating estrogen levels fall, therefore bone turnover is

increased with bone resorption greater than bone formation and ultimately, bone mass declines.51,

52 Although the premenopausal years are characterized by small changes in aBMD, the rate of

aBMD loss is approximately 3% per year during the first five years following the onset of

menopause and approximately 1% per year thereafter.51 Early withdrawal of circulating estrogen

levels or deficiency in estrogen production may exist in premenopausal women resulting in the

inhibition of osteoclast apoptosis. 53 As a result, estrogen may prevent excessive bone loss before

and after menopause by limiting osteoclast life span through promotion of apoptosis.

The role of estrogen in promoting the baseline level of mineralization in bones may be

more important than the imbalance between the osteoblastic and osteoclastic activities.54

Proposed by Jarvinen et al,54 this estrogen-bone hypothesis includes four statements: “ 1) in

puberty the bones of females become stronger and attain more mineral content than those of

males; 2) the puberty-associated extra packing of bone to females’ skeleton is estrogen-driven; 3)

the sex-related difference in skeleton mass or strength relative to locomotive needs is not limited

to the most rapid period of skeletal growth but is a difference that persists throughout the entire

fertile period; and 4) there is a reversal of the above mentioned estrogen-driven packing of the

skeleton after menopause, that is a net increase in bone resorption caused by estrogen

withdrawal.” Thus, it is important to recognize that not only the function of estrogen in skeletal

development is critical but also the timing of estrogen exposure.54, 55
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Dietary and non-nutritional lifestyle factors

 Diet can play an important role in constructing and maintaining bone mass throughout

life, primarily by providing the key nutrients involved in the bone modeling and remodeling

processes. Additionally, diet provides energy input, which together with the energy output from

physical activity determines body weight. Maintenance of an optimal body weight can help

promote better bone health.56 A number of nutritional factors have been linked to bone health,

including calcium, vitamin D, protein, sodium, zinc, magnesium, vitamin K, and vitamin A.57

However, in this section we will focus primarily on calcium and vitamin D.

Calcium

While many nutrients play a role in bone health, calcium has been singled out as a major

public health concern today not only because it is a critical nutrient for bone but also because of

national survey data suggesting that the average calcium intake of individuals is far below the

levels recommended for optimal bone health.48 Calcium is absorbed by all parts of the small

intestine, however the most rapid absorption after a meal occurs in the duodenum, where an

acidic medium (pH < 7) prevails.58 Adults absorb approximately 30% of ingested calcium, but

some individuals may absorb as little as 10%.59 The greater the body’s need for calcium and the

smaller the dietary supply, the more efficient the absorption of calcium becomes. Increased

needs encountered during growth, pregnancy, lactation, and calcium-deficient states enhance

calcium absorption.58 Calcium is absorbed by two mechanisms: 1) active transport, and 2)

passive transport. Active transport, which acts predominantly at low luminal concentrations of

calcium ions, is controlled through the action of 1,25-dihydroxyvitamin D (1,25[OH]2D3).58

Vitamin D increases calcium uptake at the brush border of the intestinal mucosal cell.60 When

calcium intakes are high, calcium is absorbed by unsaturable, passive diffusion, whereas the
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active transport mechanism becomes much more important when calcium intakes are low and

requirements are not being met.58

Regulation of blood calcium levels is a process utilizing parathyroid hormone (PTH),

vitamin D, and calcitonin.59 Parathyroid hormone is released from the parathyroid gland when

blood calcium levels drop.61 Parathyroid hormone acts to increase phosphate excretion and

calcium reabsorption in the kidney.61 Parathyroid also acts at the skeletal level to stimulate bone

resorption by osteoclasts.  Both vitamin D and PTH act to increase calcium reabsorption in the

kidney and to free calcium from the skeleton.60 As mentioned previously, calcitonin is a hormone

released in response to high serum calcium. Calcitonin acts directly on osteoclasts to inhibit bone

resorption in order to reduce the amount of calcium released into the bloodstream.59

As 99% of the total body calcium is in the skeleton, the rate of growth and skeletal

development have a significant impact on calcium retention, which in turn has a profound effect

on the dietary requirement for calcium. Current daily dietary recommendations or Adequate

Intakes (AI) for calcium are 500 mg for children aged one to three years, 800 mg for children

aged four to eight years, 1300 mg for adolescents aged nine to 18 years, 1000 mg for adults aged

19 to 50 years, and 1200 mg for adults aged 51 years and older.62 Calcium requirements are

much higher during skeletal modeling than during the bone remodeling phase when longitudinal

bone expansion no longer exists and periosteal bone expansion is at its minimum.63, 64 During the

pubertal growth spurt, teenagers may develop a transient osteopenia, a reduced bone mass due to

inadequate osteoid synthesis,65 and increased intracortical porosity,66 presumably resulting from a

high demand for calcium. Endosteal bone apposition with a concomitant increase in bone

mineral density proceeds during the bone remodeling phase.66 However, this process occurring

prominently in young and middle aged adults requires less calcium as compared to the bone
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modeling phase with a concurrent decline in calcium requirement. In older adults, where

increased remodeling and accelerated bone loss occurs, calcium recommendations are increased

to accommodate these changes.

The major sources of calcium in the U.S. are dairy products, with small amounts coming

from grains, fruits, and vegetables. Consuming the AI for calcium has been demonstrated to

reduce the risk of osteoporosis.67, 68 Unfortunately, calcium intakes of most population groups are

below dietary recommendations. According to the Third National Health and Nutrition

Examination Survey, most females of all race/ethnic groups over the age of 11 years fail to

consume the recommended intakes of calcium.69 Similarly, data from the 1994-1996 Continuing

Survey of Food Intakes by Individuals reveal that many population groups, particularly

adolescent and older females, and adults in later years, consume diets containing significantly

less calcium than the amount recommended.70

Vitamin D

More recently, vitamin D has received attention along with calcium as an important

dietary modifier for enhancing skeletal health.71 Due to concerns that individuals do not get

enough vitamin D through the primary source, sunlight. Recommendations for dietary intake are

set at a high level to be adequate for individuals having no sun exposure.72 However, Moore et

al.73 reported intakes of vitamin D from food sources and dietary supplements were not meeting

recommended levels among the U.S. population, where the lowest levels were reported by

female teenagers and female adults.

Vitamin D is a fat-soluble vitamin and aids calcium’s effort in forming and maintaining

stronger bones by promoting enhanced calcium absorption in the intestine. The main source of

vitamin D is sunlight, and most people meet their requirement of vitamin D by the conversion of
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precursors in the skin to the active form of vitamin D. With sustained exposure to sunlight, there

is increased production of inactive vitamin D metabolites, providing a mechanism for preventing

vitamin D intoxication.71 Several factors can limit the production of vitamin D by the skin,

including location (those who live in northern latitudes during the winter months do not get

adequate exposure to sunlight),74 how much body surface is covered by clothing or sunscreen,

the degree of skin pigmentation (darker skin tends to take longer to make active vitamin D),60

and age (the skin of older individuals is less efficient in making vitamin D).60 Food sources of

vitamin D include fish oils, egg yolk, butter and liver. Fortification with vitamin D in certain

food products is common, particularly in dairy foods, orange juice, and cereals.

In the presence of ultraviolet light, provitamin D3 (7-dehydrocholesterol) is cleaved to

previtamin D3.71 Previtamin D3 isomerizes to vitamin D3 (cholecalciferol), which is carried to the

liver or stored in fat by a vitamin D-binding protein.72 Activation of vitamin D3 requires two

hydroxylation reactions making vitamin D more biologically effective. The first hydroxylation,

though not tightly regulated, occurs in the liver, where vitamin D3 becomes 25(OH)D.72 The

second hydroxylation occurs in the kidney, and is well-regulated. Further activation of 25(OH)D

is accomplished by 25(OH)D-1∝-hydroxylase, which is up-regulated by PTH and down-

regulated by its biologically active product 1,25-(OH)2D, or calcitriol.72 When serum calcium

levels drop, PTH is released and acts on the kidney to increase hydroxylation of 25(OH)D.61

The direct effect of 1,25-(OH)2D on bone work in concert with those already described in

the intestine, to maintain or increase serum calcium concentrations. 1,25-(OH)2D acts on

osteoblasts and their precursors, causing the production of receptor activator of NFkappaB ligand

(RANK-L), which binds to osteoclasts to stimulate their development into osteoclasts.75 This

leads to an increase in osteoclastic bone resorption. 1,25-(OH)2D also directly stimulates alkaline
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phosphatase activity and the production of osteopontin and osteocalcin by osteoblasts.75 While it

has been suggested that 1,25-(OH)2D may directly influence skeletal mineralization, the balance

of evidence suggests that this occurs indirectly, as a result of vitamin D effects on serum calcium

and phosphate concentrations.71

Adequate intakes for vitamin D may be listed on food and dietary supplement labels in

either micrograms (µg) or International Units (IU). The biological activity of 1 µg vitamin D is

equal to 40 IU.62 Adequate intakes for vitamin D in infants, children, and adults are listed in

Table 2.2.

Table 2.2. Adequate Intake for vitamin D for infants, children, and adults.

15
(=600 IU)

15
(=600 IU)

71+

10
(=400 IU)

10
(=400 IU)

51-70

5
(=200 IU)

5
(=200 IU)

5
(=200 IU)

5
(=200 IU)

19-50

5
(=200 IU)

5
(=200 IU)

5
(=200 IU)

5
(=200 IU)

14-18

5
(=200 IU)

Birth-13

Lactation
(µg/day)

Pregnancy
(µg/day)

Women
(µg/day)

Men
(µg/day)

Children
(µg/day)

Age
(years)

Adapted from Institute of Medicine, Food & Nutrition Board. (1997)

Non-nutritional lifestyle factors

A number of non-nutritional lifestyle factors have been linked to bone health with the

most attention focused on tobacco, alcohol, and physical activity. Smoking tobacco has been

found to have a negative cumulative effect on bone mineral.76, 77 Smoking increases bone

resorption and decreases formation.78 This may be due to the direct effects of nicotine on



20

osteoblasts79 as well as to decreased production and increased degradation of estrogen.80 Alcohol

abuse has been found to be associated with numerous factors that contribute to low bone mass,

along with poor nutrition, leanness, liver disease, malabsorption, vitamin D deficiency,

hypogonadism, and parathyroid dysfunction.81 Excessive alcohol consumption has found to

depress osteoblast function.82 On the other hand, moderate alcohol consumption is unlikely to be

associated with lower bone density.83 Surprisingly, researchers have even shown a beneficial

effect of moderate alcohol consumption.84 However, a potential confounder in this association is

that higher socioeconomic status (and thus perhaps better nutrition) may be associated with the

benefits of moderate alcohol intake on bone health.

Physical activity loading on the bone In accordance with Wolff’s Law, it is generally

believed that the architecture and mechanical behavior of skeletal tissue is dependent on the

loading environment that it experiences.85 The skeleton’s response to a load depends on the strain

magnitude, rate, distribution, and cycles in the target bone.86, 87 Magnusson et al.88 found higher

densities in loaded regions of the bone as opposed to inactive regions, suggesting that unloaded

and weight-loaded skeletal regions may respond differently to increased and decreased physical

activity. Bone growth during modeling and remodeling, encountered by loading, varies in

magnitude and distribution, and therefore, increases or decreases in direct relation to the applied

force (See Figure 2.3).30, 89 For example, a decrease in bone quality can be directly related to a

change in lifestyle, such as a decrease in physical activity.90-92
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Figure 2.3. Forces On The Bone, Adapted from Einhorn, 1996.3

Bone cells control the amount of mineral present and how much tissue is organized.

Loading from weight-bearing exercise can change the bone cells by affecting the cell size and

shape or by affecting fluid flow or pressure.93  The effect of loading on bone cells is very rapid

and results in an increase in bone formation and a decrease in bone resorption activity.87  It is

believed that two areas within the bone respond to the loading strain. Osteocytes, including the

osteoblasts that are next to them within the bone tissue, and the bone marrow cells are thought to

be the two regulation sites.94

In the mid 1980s, Rubin and Lanyon published experiments using an avian ulna that

helped define several aspects of the bone formation response to mechanical loading.95-97  From

their research, the following has been determined:

• Short sessions of variable loads increase bone formation in direct proportion to the strain

imposed.96

• Initial response to increased loading is to increase woven bone formation, but if the strain

is continued, bone is integrated.96

• Load that is not variable does not increase remodeling activity.95

Compressive Force

Bone
removed
here

New bone
added here
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• Short bursts of load bearing activity seem to have a much greater effect on the osteogenic

response than longer periods of repetitive strains.96

• Distribution, intensity, and rate of strain are all important in the bone remodeling

response.96, 97

• Torsion strain (twisting) is less osteogenic than longitudinal compression strain (force

pushing down from both ends) in the avian ulna.95

• Applying a force to a bone causes the bone to bend until the structure of the bone keeps it

from bending any further.96

• Bone cells detect the strain and respond by changing the bone structure to lessen the force

placed on the bone.95

The practical importance of these findings by Rubin and Lanyon is the potential for further

improvement of exercise regimens designed for bone building.

Generally, studies have demonstrated that physically active individuals of all ages have

superior skeletal mass than those who are less active.98-105 The magnitude of this difference in

bone depends upon the mode and intensity of the activity, the age at which activity began, and

the number of years spent training.45 Weight-bearing exercise, particularly in childhood,

adolescence, and young adulthood, may contribute to the prevention of osteoporosis by

increasing the amount of bone accrued during growth.88, 103, 106, 107 It has been suggested that

during this period of growth, weight-bearing exercise produces its most beneficial effects

because this is the time period in which peak bone mass is attained. 108-110 Peak bone mass has

been defined as the highest level of bone mass achieved as a result of normal growth.111 Studies

have shown that peak bone mass usually occurs prior to age 20 at the proximal femoral sites,

while total skeletal mass peaks 6-10 years later. 89, 112 By maximizing peak bone mass with
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weight-bearing exercise in early development, one may be able lower the risk of osteoporotic

related fractures (See Figure 2.4). However, before recommendations regarding the role of

exercise can be made, more prospective research is needed to determine if the high bone mass

attained in childhood, adolescence, and young adulthood is still present in late adulthood and

more importantly, high enough to reduce incidences of fractures.
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Figure 2.4. During bone development, the goal is to increase peak bone mass such
that people enter adulthood with the greatest amount of bone possible. With early
introduction of exercise, a higher peak bone mass can be achieved and therefore,
reduces the possibility of fracture later in life.

Body composition

Total body mass (i.e., weight) can be divided into a number of relevant compartments

and tissue masses. This can be done anatomically (bone, muscle, fat, residual) or chemically

(water, lipid, protein). The relative proportion of each of the tissue types that comprise total body

weight is uniquely different among individuals and can have an impact on bone health.

Most researchers attempt to analyze body composition with dual-energy X-ray

absorptiometry (DXA). DXA measures bone mineral content (BMC) and area of the bone

scanned. In adult bone studies, areal bone mineral density (aBMD) is often reported because the
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quotient of BMC and area is a more useful measure because it partially corrects for the effect of

size,113 although it fails to assess the skeleton in three dimensions. Because DXA technology

allows the researcher to measure total body bone and soft-tissue, it can compartmentalize bone

mineral, fat, and lean tissue mass with reasonable accuracy. However, DXA soft-tissue

measurements assume uniform hydration within each of the three compartments, yet lean mass in

particular can vary in water content by up to 85%.114, 115 This introduces the potential for error in

DXA measurement of soft tissue. Error may also be introduced as DXA assumes that the soft

tissue above and below the bone (where it cannot be measured) is equivalent to that on either

side of the bone. If more fat is located above the spine than on either side of it, aBMD will be

underestimated. Dual energy X-ray also assumes that bone marrow is included within these soft

tissue calculations, although this is not true in the strictest sense, where a 50% change in bone

marrow fat can change aBMD by 5-6%.116 Aging causes a redistribution of body fat and an

increase in yellow marrow.116 Taken together, these changes could result in erroneous

estimations by DXA in older populations. Despite these limitations, DXA has provided

researchers with a better understanding of the role of soft tissue (fat and lean) in determining

bone mass. The degree to which soft tissue mass influences bone remains an area of controversy

since lean mass, fat mass, and total body weight are interrelated as well as being associated with

lifestyle factors such as physical activity. Furthermore, the specific and relative contribution of

each tissue to bone varies across life span and among diverse ethnic groups.117

Total body mass and aBMD

Studies in both children118 and adults119, 120 identified body weight as the primary predictor

of bone mass at regional sites (hip, spine) and for the total body. Cross-sectional studies have

demonstrated that body weight may be a more important predictor of aBMD in older than in
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younger populations. Post-menopausal women who were at least 10% above their ideal body

weight had significantly greater aBMD at the spine, hip, and radius than did post-menopausal

women of normal weight.121, 122 The correlation, however, was not found in pre-menopausal

women, suggesting that the increased weight may be a larger factor in slowing post-menopausal

bone loss than in maintaining bone mineral in the pre-menopausal adult skeleton.121 In large

cohort studies, such as the Framingham study, body weight explained up to 20% of the variance

in aBMD for both weight-bearing (lumbar spine, femoral neck) and non-weight-bearing sites

(radius).123 The Rancho Bernado study found that body size explained a greater proportion of the

variance of the weight-bearing hip and spine sites (17% and 12%, respectively) than of the non-

weight-bearing radial sites (8% or less).124 The four-year longitudinal Framingham Osteoporosis

Study in women reported that lower baseline weight and weight-loss overtime were more

strongly associated with aBMD loss than factors such as age, smoking, caffeine, alcohol use, or

physical activity.125

Lean mass and aBMD

Among the specific tissues that DXA can distinguish between, lean (fat-free) mass

proved to be the best predictor of aBMD in young,39, 126-128 middle-aged,103, 129 and elderly119, 130, 131

women. In a cross-sectional study of young women (aged 10 to 26 years), each kilogram of lean

mass, with all other factors held constant, was associated with approximately 1% greater

proximal femoral BMD.39

Lean mass may have different effects on bone mass at various stages of life. Total lean

mass may be the best soft tissue determinant of lumbar and total body aBMD in children39, 118, 132

and pre-menopausal women,133 whereas it may be less important during infancy134 and following

menopause.129, 135 In elderly women (60 to 89 years) lean mass was independently associated with



26

aBMD at all sites when baseline data were analyzed cross-sectionally.119 However, in the

longitudinal follow-up, change in lean mass did not predict change in aBMD.136 This may occur

because fat mass accounts for a greater proportion of overall body mass in the very young and

the elderly.114 Moreover, the association between lean mass and aBMD may have been

established the strongest during growth and development, so that the associations seen cross-

sectionally in later life may reflect early bone development.129

Fat mass and aBMD

During childhood fat mass likely has less of an influence on aBMD compared to lean

mass.39 However, fat mass is an important determinant during the pre-menopausal years137-139 and

becomes even more significant after menopause.140 Fat mass may more strongly predict changes

in aBMD in postmenopausal women better compared to lean mass.141 Potential mechanisms

whereby fat may influence bone mass in addition to its loading effect are 1) aromatization of

androgens, 2) alteration of the binding capacity of estrogen for sex hormone binding globulin, 3)

acting as a storage place for steroid hormones, and 4) via development of obesity-related insulin

resistance.142

Gymnastics Training and Bone

Due to concern regarding adverse effects of intense training on the physical health of

gymnasts, growth and development have become major areas of study in women’s gymnastics.

Gymnasts on average are smaller than non-gymnasts, show a period of catch-up growth,143, 144

and provide an ideal model for bone density studies investigating the interaction of exercise

loading and bone.143-148 Because female gymnasts typically begin training at such a young age,

they also provide ideal models for studying the interaction of intense training and growth in

female child athletes. Interestingly, in spite of questionable nutrition and menstrual irregularities,
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college gymnasts commonly have higher aBMD than other college athletes or nongymnast

controls.42, 46, 47, 149 Gymnasts may provide an important insight into the development and

maintenance of bone mass.

Young gymnasts

The importance of weight-bearing physical activity during childhood to maximize peak

bone mass has become widely accepted. Before puberty and/or during puberty, both cross-

sectional and longitudinal studies have demonstrated that gymnastics training is an effective

means of promoting osteogenic effects.105, 108, 150-154 The studies listed below examine the

relationships between gymnastics and aBMD in children and adolescents.

Cross-sectional studies

Competitive gymnasts and swimmers, aged seven to nine years, who trained year-round

(average 13.9 hours per week for gymnasts; 4.7 hours per week for swimmers) were compared to

non-athletic controls.150 Gymnasts had less fat mass and lower percent body fat than swimmers

and controls, and weighed significantly less than the swimmers. After controlling for body

weight, the gymnasts had significantly higher total body aBMD than swimmers and controls,

10% and 8% respectively.

Similarly, Dyson et al.151 compared aBMD between16 female gymnasts with16 non-

athletic controls between the ages of seven and eleven years. Areal BMD of the gymnasts was

16% higher at the trochanter, and 8% higher at the femoral neck compared to the controls.

However, the controls were not matched for size with the gymnasts and were significantly taller

with greater percent body fat.

Nickols-Richardson et al.152 observed premenarcheal gymnasts (n = 16; aged eight to 13

years) who had been training for an average of six years and a group of age-, height- and weight-
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matched controls (n = 16). The aBMD means of the gymnasts were significantly higher than

controls at the total proximal femur (12%), femoral neck (14%), trochanter (12%), Ward’s

triangle (31%), and lumbar spine (13%).

In another study, peripubertal gymnasts (n = 65; mean age 13 years; prepubertal aged 12

years; pubertal aged 14 years) were compared to runners (n = 63) and non-athletes (n = 56).153

Gymnasts were shorter and lighter than both control groups. The femoral neck aBMD in the

prepubertal gymnasts was approximately 13% higher than the controls, whereas in the pubertal

gymnasts the femoral neck aBMD was 20% higher than the controls. Although these results

suggest that the gymnastics training had beneficial influences on aBMD, it seems to have the

greatest effect on the skeleton of pubertal females, compared to females of prepubertal stages.

These cross-sectional studies in young gymnasts demonstrate that greater aBMD is seen

in gymnasts, even at young ages. Only one of the above studies matched gymnasts and controls

for age, height and weight, which could have affected results, possibly increasing the magnitude

of differences seen. Due to the nature of the research design, it is difficult to rule out other

environmental factors that could have affected aBMD in gymnasts compared to controls in these

studies.

Longitudinal Studies

Bass et al.108 followed 37 elite level gymnasts (mean age 10 years) for 12-months, who

were bone-age-matched to 17 controls (mean age 9 years) with less than two hours of weight-

bearing activity per week. The gymnasts had a 30 to 85% greater increase in aBMD than controls

at the total body, spine, and legs. At baseline, the gymnasts’ mean aBMD values were already

0.4 to 2.1 standard deviations higher than the predicted mean at the arm, spine, and hip sites.

Volumetric bone density was also determined using a geometric formula. Volumetric BMD was
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estimated in the gymnasts to be 12% higher at the lumbar spine and 16% higher at the femoral

midshaft than the control group.

In another study, Courteix and colleagues154 found similar results over 12 months. The

experimental group included 14 gymnasts (mean age 12 years) who had trained 12 to 15 hours

per week for three years before starting the study. The control group (mean age 12 years)

consisted of 15 non-exercising children and six swimmers training for five to six hours per week.

Lumbar spine, femoral neck, trochanter, Ward’s triangle and radius aBMD were all significantly

higher in gymnasts vs. controls at baseline (11%, 14%, 10%, 10%, and 13% higher,

respectively). At follow-up, lumbar spine, femoral neck, trochanter, Ward’s triangle and radius

aBMD continued to remain significantly higher in the gymnasts compared to controls (12%,

15%, 14%, 16%, 17% higher, respectively). However, changes in aBMD over the one-year

period were not significantly different between the two groups.

Laing et al.105 examined changes in bone and body composition in peripubertal gymnasts

(n = 7; mean age 11 years) and controls (n = 10; mean age 11 years) over three years. At baseline

and year three, gymnasts were training a mean of 12 hours and 17 hours per week, respectively.

The controls had never participated in gymnastics but were competitive in other activities such as

basketball, soccer, softball, or tennis. At baseline, no initial differences in height or weight

between the gymnasts and controls were observed; however, the gymnasts had significantly

lower percent body fat and higher aBMD at all measured sites, except the total body.  Over

36-months, the gymnasts increased up to 30% more than controls in the total body, trochanter

and total proximal femur aBMD.

The prospective studies discussed provide evidence that gymnasts have higher aBMD

than controls. However, the extent of the difference and gains achievable are not clear. The
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differences in aBMD seen could be explained by training intensity, years of training, and length

of follow-up. Since none of the aforementioned studies began with similar aBMD values in the

two groups, the amount of bone gain achievable could be related to initial values or to baseline

activity levels.

College-aged gymnasts

Over the past decade, several researchers have observed aBMD of college-aged

gymnasts. From these cross-sectional and longitudinal studies, the gymnasts were found to have

higher aBMD compared to other sports groups or sedentary controls.42, 46, 155-157 These studies are

reviewed in detail below.

Cross-sectional studies

Nichols et al.155 compared college-aged women (n = 46) involved in four varsity sports

(gymnastics, basketball, volleyball, and tennis) with non-athletic, non-matched controls (n = 12).

When compared to the other sport groups and controls, the gymnasts were significantly younger,

shorter, lighter, and had lower percent body fat. The sport groups had significantly greater

aBMD than non-athlete controls at the lumbar spine (8.7%), femoral neck (10.4%), and total

body (7.5%). However, it was found that the gymnasts, even after adjusting for weight, did not

have significantly higher aBMD than any of the other sports.

Kirchner et al.46 compared college gymnasts (n = 26) to age-, height-, and weight-

matched controls (n = 26). The gymnasts were found to have higher aBMD measures at the

lumbar spine (18%), total hip (21%), femoral neck (22%), Ward’s triangle (25%), and whole

body (10%). Interestingly, these higher aBMD values were observed despite the fact that

gymnasts as a group had inadequate dietary calcium and a higher tendency to have an

interruption of their menstrual cycle.
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Robinson and colleagues42 observed aBMD and menstrual status in competitive college

gymnasts (n = 21) and runners (n = 20) with a group of non-exercising, non-matched controls (n

= 19). The gymnasts were the shortest of the three groups, weighed less than the controls, and

had the highest occurrence of menstrual disturbances (28% compared to 15% in runners). The

gymnasts had significantly higher aBMD than the controls at the femoral neck (10.3%) and

significantly higher aBMD at all sites compared to the runners (6%, 16%, and 19% higher at

whole body, lumbar spine, and femoral neck, respectively).

Taaffe et al.156 compared competitive college swimmers (n = 26) and gymnasts (n = 13)

with a group of non-matched controls (n = 19). When compared to the gymnasts and controls,

the swimmers had greater amounts of lean mass. However, when body size was statistically

adjusted for, the differences between the groups in terms of lean mass no longer existed. The

gymnasts had the highest measures of aBMD among the groups tested at the femoral neck

(21.7%, 12.8% higher than swimmers and controls, respectively) and trochanter (16.7%, 12.7%

higher than swimmers and controls, respectively), although no differences were seen at the

whole body and lumbar spine. The aBMD of the swimmers and controls did not differ from each

other at any of the sites measured. One possible explanation suggested by the author for this

finding was that the amount of muscle pull required for competitive swimming may not be great

enough to cause bone mineral accrual.

These cross-sectional studies in college-aged athletes all found higher aBMD in gymnasts

compared to other sports groups and controls with exception of only one. Additionally, the

magnitude of difference between gymnasts and other groups appears to be greatest at the femoral

neck (10 to 22%). This may be due to the fact that most of the loading from gymnastics training
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is in the legs and hips. Again, however, cross-sectional studies cannot account for differences

prior to measurement, resulting in less conclusive findings.

Longitudinal studies

Nichols et al.157 tracked college gymnasts (n = 11) and non-matched, sedentary controls

(n = 11) over a 27-week training period, measuring aBMD at the spine, hip, and whole body. At

baseline and at follow-up, body weight and percent body fat were lower in the gymnasts. At the

start of the training period, the gymnasts had significantly higher aBMD at the lumbar spine

(7.8%) and femoral neck (9.6%) than the controls. At the end of the season, the gymnasts

increased significantly in lumbar spine aBMD (1.3%) but not in the femoral neck region. No

aBMD changes occurred in the control group.

Over an 8- (cohort I) or 12-month (cohort II) period, Taaffe et al.158 followed the two

groups of college gymnasts (n = 26 for 8 months and n = 8 for 12 months) with college

swimmers (n = 11 for 12 months) and a group college runners (n = 36 for 8 months) with two

control groups (n = 14 for 8 months and n = 11 for 12 months). From baseline to follow-up in

both cohorts, the gymnasts had significantly higher gains at the lumbar spine aBMD (2.3 to 2.8%

higher) compared to runners, swimmers and controls. Areal BMD gains for the gymnasts were

also higher at the femoral neck (2.5 to 5.5% higher) than the runners and swimmers, but not

controls. The group of runners had a significant decrease in aBMD at the femoral neck (-1.5%)

after eight months. The researchers concluded that the high impact loading (rather than selection

bias) experienced by the gymnasts underlies high aBMD values characteristic of gymnastics

training.

Although gains of 1 to 5% in aBMD over time (seven to 12 months) were seen in the

only two known longitudinal studies of college gymnasts, it is unlikely that these gains from the
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college training years will persist after detraining.159 However, since most college gymnasts

begin their training in childhood, it is possible that their earlier training may benefit them more

than their college training. Although, due to the nature of each study’s design, this hypothesis

cannot be determined.

Retired gymnasts

A few cross-sectional studies have been conducted in retired female gymnasts as well as

one longitudinal study. With regard to the effects of previous gymnastics training, female former

gymnasts have been shown to have higher site-specific measures of aBMD relative to age-

matched controls.47, 104, 108, 160 However, an important point is that a proportion of these former

gymnasts have continued various forms of physical activity that might have assisted with

retaining bone mass. The following sections will discuss the studies of former gymnasts in more

detail.

Approximately 10 years from cessation of training, Lindholm and colleagues161 compared

aBMD measures in 19 young women (mean age of 21 years) who had been in elite gymnastic

training during their prepubertal and pubertal years with 21 age- and weight-matched controls.

The mean age of menarche of the former gymnasts and the controls was 14 and 12 years,

respectively. Fourteen of the gymnasts had been or were using oral contraceptives and most of

the non-users had regular menstrual periods at the time of the investigation. During the years

preceding the study, physical activity among the former gymnasts had gradually declined.

Although 11 of the 19 gymnasts had delayed puberty compared to controls, no significant

difference was found in total body or lumbar spine aBMD compared to controls. However, it was

observed that aBMD of the arm was significantly higher (7%) than controls. The authors did note

from the study that during the first five years after detraining, 16 of the former gymnasts mended



34

injuries related to their training. Additionally, at the time of the follow-up measures, 5 of those

16 gymnasts were still suffering from previous sport-related injuries.

Bass et al.108 observed significantly higher aBMD measures in a group of former female

elite gymnasts (n = 36; mean age of 25 years) when compared to a group of age- and weight-

matched controls (n = 15) at the femoral neck (13.4%), Ward’s triangle (11.8%), and total body

(3.4%). The retired gymnasts reported to have started training at a mean age of eight years,

trained for a mean of 10 years, and had been retired for an average of 16 years. This observation

suggests that residual benefits of bone may have been attained during pubertal years and is still

present in early adulthood.

Zanker and colleagues 47 found similar results in 18 female former gymnasts (mean age

of 25) and 18 sedentary controls. The former gymnasts and controls were paired individually to

match for age, height and weight and the groups did not differ in fat mass, lean tissue, or percent

body fat. The gymnasts reported to have commenced training at least three years pre-menarche

and had trained post-menarche for two or more years. They also had trained continuously for 5-

12 years and had retired between age 14 and 22 years. Greater aBMD measures were found in

the former gymnasts at the total body (5.8%), lumbar spine (9.0%), non-dominant total proximal

femur (9.0%), and non-dominant femoral neck (8.0%) when compared to controls.

Kirchner et al.104 reported that 18 retired female college gymnasts (mean age of 36 years)

who had started training at a mean age of 12 years had higher aBMD values at the lumbar spine

(16%), femoral neck (18%), Ward’s triangle (22%), and total body (9%) when compared to age-,

height-, and weight-matched control group. When past physical activity was assessed between

the two groups for the previous 10 years, the retired gymnasts reported significantly more hours

per week of exercising and at higher intensities than the controls.
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 Kudlac et al.160 is the only group to date to observe prospective changes in aBMD in

retired female college gymnasts. At baseline, the former gymnasts (n = 10; mean age 20 years at

baseline and 24 years at follow-up) were matched with controls (n = 9; mean age 24 years at

baseline and 27 years at follow-up) with respect to height and weight; however, the age between

the two groups was significantly dissimilar. Initially, the former gymnasts had significantly

lower fat mass and higher aBMD measures (at the total body, femoral neck, trochanter, Ward’s

triangle, but not the lumbar spine) compared to controls. At the follow-up, approximately 4-years

later, fat mass was no longer different between groups but aBMD for the gymnasts remained

significantly greater than the controls at the total body, femoral neck, trochanter, and Ward’s

triangle but not for the lumbar spine. Over time, significant declines in femoral neck, Ward's

triangle, and trochanter aBMD were found in both gymnasts and controls (0.72% to 1.9% per

year), but only gymnasts had a significant decline at the lumbar spine (0.87% per year).

In summary, the findings of both the former female gymnast cross-sectional studies and

longitudinal study suggest that an elevated aBMD, associated with gymnastics training

throughout childhood, adolescence, and early adulthood, is at least partially retained in early to

middle adulthood. This apparent retention occurred in spite of the adoption of a sedentary

lifestyle compared to the years spent in training. It is possible that a minimal level of physical

activity may have helped to conserve early bone gains; however, this remains to be determined.

Long-term Effects of Athletics on Bone Health

With high impacts on the skeleton, gymnastics training may be the type of sports activity

that needs to be performed during early bone development in order to provide greater osteogenic

effects later in life. More importantly, gymnastics training may result in adequate bone reserves

to offset bone loss in the aging years and possibly reduce fracture risk. However, no studies have
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been conducted in retired gymnasts over a long-term period to see if the higher aBMDs are

maintained. Cross-sectionally, it was observed in former male soccer players retired for over 25

years and over 60 years or age, no significant residual benefit on aBMD existed when compared

to controls.162 Similarly, Magnusson et al.88 did not find differences in aBMD in a group of

former male soccer players between the ages of 50 to 85 years when compared to controls. The

cross-sectional design of these studies, however, limits the interpretability of their results.

Neither of the studies reported level of training of the former soccer players nor age of initiation

of soccer activity, which may have significant impact on peak bone mass development and bone

loss later life.108, 163-165

Evidence has revealed that the ground reaction forces from gymnastics training can

generate up to 10 to 12 times body weight,166 whereas, sports that involve running, lifting, or

hitting only generate loading forces two to five times body weight.167-170 Although sports other

than gymnastics may have benefits in other dimensions of health, the possibility exists that the

smaller loading forces experienced from running, lifting weights, or swinging a racquet may not

provide enough loading force to have beneficial effects on bone in later life, particularly at the

lumbar spine, femur, or radius.

Cross-sectional studies of college gymnasts and former competitive gymnasts (retired 15

years or less) have found significantly higher aBMD in gymnasts compared to nonathletes.42, 46, 47,

104, 108, 157 Additionally, cross-sectional studies of non-gymnast adult athletes still competing or

retired from the sport less than 16 years have shown greater aBMD or BMC percent differences

at sport-specific measured sites when compared to controls (See Table 2.3).171-178 In contrast,

other cross-sectional studies of non-gymnast adult athletes retired from their sport more than 20

years have shown no benefit of bone maintenance when compared to controls.88, 109, 162, 179-181 The
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possibility exists that after 20 years of retirement from the sport, previous competitive training

may not override other important bone-related factors such as nutrition, hormone status, or

lifestyle. Currently, no aBMD data exist for former gymnasts who have been retired from the

sport for more than 20 years.

It is possible that a lower level of undefined activity may retain some aBMD benefits

acquired during an active career. The findings in the male soccer study accord with this view by

showing a correlation between current activity level and femoral neck aBMD.162 Moreover,

Kontulainen et al.182 observed similar results in a four-year prospective study of 13 formerly

competitive male tennis players (mean age of 26 years at baseline) when comparing dominant-

to-nondominant playing arm. The players reported training a mean of eight hours per week at

baseline and a mean of three hours per week at follow-up. No significant percent differences

were observed in BMC at the humeral shaft (25% at baseline and 26% four years later) or

proximal humerus (19% at baseline and 18% four years later). The same group of researchers

observed similar results in a group of former competitive female tennis and squash players (n =

36; mean age of 22 years at baseline) five years after intensive training.183 The athletes reported a

mean of five days per week and 80 minutes per session of training at baseline, whereas at follow-

up, the training decreased to a mean of one day per week and 60 minutes per session. Again, no

significant percent differences were seen in BMC at the humeral shaft (19% at baseline and 17%

at follow-up) or proximal humerus (21% at baseline and 22% at follow-up). In another
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Table 2.3. Cross-sectional studies of adult nongymnast athletes and controls
                 in which aBMD or BMC was measured.

Authors Group Specification

(# in each group)

Gender and Age

(years)

Competitive
Training
(years)

Athletes/Controls
(%) Difference aBMD or BMC
or
Dominant/non-dominant limb
(%) Difference aBMD or BMC

Measurement
Device/Comments

Nilsson et al.
(1974)184

*Athletes from a variety
of sports (n=88)
*Controls (15)

Males
(18-25)

+ 27-47% at distal femur in the
various sporting groups

SPA

Aloia et al.
(1978)172

*Marathon runners (n=30)
*Controls (n=16)

Males
(30-50)

+ 4% BMC at the wrist  SPA

Huddleston et
al. (1980)185

*Tennis players (n=35)
comparing playing and
non-playing arm

Males
(70-84)

Range of 25 to
72

+ 10% BMD in playing arm
versus non-playing arm

SPA

Lane et al.
(1986)186

*Long-distance runners
(n=8)
*Controls (n=8)

Males
(58 mean)

+ 44% BMC at lumbar spine (L1) QCT

Suominen
(1988)187

*Long-distance runners
(n=10)
*Power athletes (n=8)
*Controls (n=52)

Males
(46-60)

mean=27 for
distance
athletes;
mean=34 for
power athletes

+43% BMC more calcaneus in
distance athletes
+35% BMC more calcaneus in
power athletes

SPA

Orwoll et al.
(1989)188

*Swimmers (n=58)
*Controls (n=78)

Males
(40-85)

mean=13 + 4% BMC in proximal radius  SPA

Virvidakis et
al (1990173

*Competitive weightlifters
(n=59)
*Controls (n=60)

Males
(15-20)

+ 51% BMC in distal forearm
+ 41% BMC in proximal forearm

SPA

Suominen et
al. (1991)189

*Olympic trained athletes
(n=97)
*Controls (n=42)

Males
(71-80)

+ 19-28% BMC in calcaneus
+ 11-16% BMD in calcaneus

SPA

Heinonen et
al.(1993)174

*Competitive weightlifters
(n=18)
*Controls (n=25)

Females
(20-29)

mean=4 + 13% aBMD at lumbar spine
+ 9% aBMD at femoral neck
+ 23% aBMD at distal radius

DXA

Karlsson et
al. (1993)175

*Competitive weightlifters
(n=19)
*Controls (n=26)

Males
(41 mean)

+ 8% aBMD in total body
+11% aBMD at lumbar spine

DXA

Haapasalo et
al. (1994)163

*Competitive squash
(n=19)
*Controls (n=19)

Females
(19-33)

mean=6 + 18% BMC in proximal
humerus in side-to-side
comparison within athletes
+ 12% BMC in distal radius in
side-to-side comparison within
athletes
+ 4% BMC in proximal humerus
in side-to-side comparison within
controls
+ 2% BMC in distal radius in
side-to-side comparison within
controls

DXA

SPA = single photon absorptiometry X-ray
QCT = quantitative computed tomography
DXA = dual-energy X-ray absorptiometry
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Authors Group Specification

(# in each group)

Gender and Age

(years)

Competitive
Training
(years)

Athletes/Controls
(%) Difference aBMD or BMC
or
Dominant/non-dominant limb
(%) Difference aBMD or BMC

Measurement
Device/Comments

Fehling et al.
(1995)176

*College volleyball (n=8)
*Controls (n=17)

Females (20
mean)

+ 16% aBMD at lumbar spine
+ 18% aBMD at femoral neck
+ 14% aBMD in total body

DXA

Fehling et al.
(1995)176

*College swimming (n=7)
*Controls (n=17)

Females (20
mean)

+ 3% aBMD at lumbar spine
+ 1% aBMD at femoral neck
+ 3% aBMD in total body

DXA

Karlsson et
al. (1995)179

*Competitive weightlifters
(n=48)
*Controls (n=66)

Males
(65-79)

mean=13 + 7% aBMD at lumbar spine
- 2% aBMD at femoral neck

DXA
Retired for a mean of
30 years

Kannus et al.
(1995)190

*Competitive tennis
(n=105)
*Controls (n=50)

Females
(16-50)

mean=10 + 15% BMC in proximal
humerus in side-to-side
comparison within athletes
+ 13% BMC in distal radius in
side-to-side comparison within
athletes
+ 5% BMC in proximal humerus
in side-to-side comparison within
controls
+4% BMC in distal radius in
side-to-side comparison within
controls

DXA

Taaffe et al.
(1995)156

*College swimmers
(n=26)
*Controls (n=19)

Females
(19 mean)

mean=12 + 0.3% aBMD at lumbar spine
- 11% aBMD at femoral neck
- 2% aBMD in total body

DXA

Etherington
et al.
(1996)102

*Elite middle/long
distance runners (n=67)
*Controls (n=585)

Females
(40-65)

+ 9% aBMD at lumbar spine
+ 12% aBMD at femoral neck

DXA
Retired for mean of
16 years

Karlsson et
al. (1996)180

*Competitive weightlifters
(n=16)
*Controls (n=133)

Males
(35-49)

+ 7% aBMD in total body
+10% aBMD at femoral neck

DXA

Karlsson et
al. (1996)180

*Competitive weightlifters
(n=16)
*Controls (n=133)

Males
(65-79)

 mean=7 +3% aBMD in total body
- 4% aBMD at femoral neck

DXA
Retired for a mean of
25 years

Khan et al.
(1996)181

*Competitive ballet
(n=101)
*Controls (n=101)

Females
(51 mean)

+ 0.009 aBMD at total femur
- 0.09 aBMD at total body
+ 0.014 aBMD at femoral neck

DXA
Retired for mean of
25 years

Alfredson et
al. (1997)177

*College volleyball
(n=13)
*Controls (n=13)

Females
(17-27)

+ 13% aBMD at lumbar spine
+ 16% aBMD at femoral neck
+ 8.2% aBMD at total proximal
femur

DXA

Calbet et al.
(1999)178

*Competitive volleyball
(n=15)
*Controls (n=15)

Males
(22-28)

+ 14% aBMD at lumbar spine
+ 24% aBMD at femoral neck

DXA

DXA = dual-energy X-ray absorptiometry
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Authors Group Specification

(# in each group)

Gender and Age

(years)

Competitive
Training
(years)

Athletes/Controls
(%) Difference aBMD or BMC
or
Dominant/non-dominant limb
(%) Difference aBMD or BMC

Measurement
Device/Comments

Uusi-Rasi et
al. (1999)109

*Folk dancing/recreational
gymnastics (n=54)
*Controls (n=54)

Females
(56-69)

>20 - 0.1% aBMD at lumbar spine
+ 1% aBMD at trochanter

DXA

Karlsson et
al. (2000)162

*Soccer (n=128)
*Controls (n=138)

Males
(19-85)

+ 10.3% aBMD in leg (retired for
mean 5 years)
+ 5.1% aBMD in leg (retired for
mean 16 years)
+ 2.8% aBMD in leg (retired for
mean 25 years)
0% aBMD in leg (retired for over
35 years)

DXA

Ito et al.
(2001)191

*Volleyball (n=7)
*Controls (n=11)

Perimenopausal
(50 mean)

 mean=19 + 8% aBMD at lumbar spine
+12% aBMD in calcaneus

DXA

Ito et al.
(2001) 191

*Volleyball (n=20)
*Controls (n=35)

Postmenopausal
(55 mean)

mean=20 + 24% aBMD at lumbar spine
+ 14% aBMD in calcaneus

DXA

Magnusson et
al. (2001) 88

*Soccer (n=29)
*Controls (n=21)

Males (40-49) + 7% aBMD at femoral neck DXA
Retired for a mean of
16 years

Magnusson et
al. (2001) 88

*Soccer (n=23)
*Controls (n=23)

Males (50-59) - 4% aBMD at femoral neck DXA
Retired for a mean of
24 years

Magnusson et
al. (2001) 88

*Soccer (n=26)
*Controls (n=24)

Males (60-69) + 2% aBMD at femoral neck DXA
Retired for a mean of
29 years

Magnusson et
al. (2001) 88

*Soccer (n=25)
*Controls (n=26)

Males (70-85) 0% aBMD at femoral neck DXA
Retired for a mean of
41 years

longitudinal study of 4 years, Kudlac et al.160 observed aBMD changes in a group of former

college gymnasts (n = 10; mean age of 20 years at baseline) and controls (n = 9; mean age of 24

years at baseline). At baseline and follow-up, aBMD of the former gymnasts remained

significantly higher at the femoral neck, trochanter, Ward’s triangle, and total body when

compared to controls. The higher aBMD levels were still observed despite a decrease in the

DXA = dual-energy X-ray absorptiometry
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reported hours of exercise per week (20 vs. 3 hours per week at baseline and follow-up,

respectively). However, over time the percent difference between the former gymnasts and

controls declined at the total body (7% to 5%), lumbar spine (6% to 2%), femoral neck (16% to

14%), and trochanter (18% to 13%). It is important to follow these former gymnasts into their

later years and observe if aBMD continues to remain significantly higher than controls.

In summary, competitive athletes have shown residual benefits of high bone acquisition

from their respective sports well into adulthood. However, when these adults reach late

adulthood, the benefits seem to diminish. In athletes such as gymnasts, residual benefits are

maintained for many years, but these subjects are still in their young adult years.47, 104, 108 The

residual benefits are approximately 1 to 1.5 standard deviations (SD), lower than the 2 to 3 SD

benefits seen in active athletes, although this may reflect secular changes in training intensity

where the older athletes may have achieved a lower peak bone size and mass than the

contemporary athlete. Nonetheless, the evidence regarding persisting skeletal benefits is based

on studies in retired competitive athletes, not on studies of those who participated in moderate

exercise. Currently, there are no data to support or dispute the notion that modest benefits

achieved by moderate exercise during growth are sustained into adulthood, when the exercise has

declined or stopped. Therefore, it is important that we continue to study retired athletes from a

variety of sports well into late adulthood particularly when fractures are more likely to occur.

Subsequently, if skeletal benefits from certain types of sports prove more beneficial than others,

then exercise interventions for the public could be developed and followed in order to reduce the

prevalence and public health burden of osteoporosis.
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Gaps in Past Athletic Participation and Bone Health

Conducting prospective studies of bone health using exercise programs of sufficient

duration and intensity is difficult, expensive, and in certain cases unethical. Furthermore, studies

are limited in their ability to accurately assess every lifestyle factor associated with bone

development throughout the lifespan. Consequently, evidence from human studies supporting an

association between long-term intensive exercise and bone health stems largely from cross-

sectional studies of athletes. Competitive sports including gymnastics, tennis, soccer, volleyball,

track, weightlifting, and many others have been examined cross-sectionally in relation to bone

health in children and adults. However, caution must be exercised when evaluating cross-

sectional data among former athletes and controls due to limitations in study design.

Cross-sectional studies of athletes and bone health have been conducted in male and

female athletes representing many different age groups and sports. Generally these studies have

investigated active athletes who have been engaged in habitual training for several years. The

studies vary, however, in subject selection, specification of study groups, measuring techniques,

reporting of the results and defining the units of measurement as either BMC or aBMD. With so

many diverse variables, it is increasingly difficult to compare studies and more importantly, to

make definitive conclusions. Moreover, there is considerable variation in the magnitude and

differences observed between athletes and nonathletes depending on the age, sex, type of sport

and training, and bone site under investigation. Several studies of young and middle-aged men

and women have shown aBMD differences extending above 30%,46, 173, 187 while the results of

studies of older male and female athletes have generally reported aBMD or BMC values lower

than 5% higher than those of the controls.102, 109, 162, 185 Although habitual training involving

strengthening and muscle building activities is associated with high aBMD and BMC values, the
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difference observed may be partly explained by confounding variables such as age, weight,

differences in fat and fat-free mass, nutrition, hormone status, prior activity patterns, lifestyle

factors (smoking, high alcohol intake, medications and/or diseases that can affect bone

metabolism) and selection based on genetic influences.110 Ultimately, bone status is

multifactorial and collecting information pertaining to all factors associated with bone health is

paramount.

To date, there are no prospective studies that have tracked womens’past competitive

athletic participation from childhood, adolescence, or early adulthood into the perimenopausal

and menopausal years. Kudlac et al.160 observed prospective changes in a group of former female

college gymnasts (n = 10; mean age of 20 years at baseline) four years after competition training

with results showing similar rates of bone loss compared to controls (n = 9; mean age of 24 years

at baseline). However, significant age differences between the two groups and differences in the

duration of follow-up were found and could have contributed to the disparity between the former

gymnasts and controls. Nonetheless, additional prospective studies following athletes and

controls/nonathletes into the years associated with fragility are warranted.



44

REFERENCES

1. NOF. America's Bone Health: The State of Osteoporosis and Low Bone Mass in Our
Nation. Washington D.C.: National Osteoporosis Foundation; 2002.

2. Marieb EN. Human Anatomy and Physiology. 4th Edition ed. Menlo Park, CA: The
Benjamin/Cummings Publishing Company; 1998.

3. Einhorn T. The Bone Organ System: Form and Function. San Diego, CA: Academic
Press; 1996.

4. Hayden JM, Mohan S, Baylink DJ. The insulin-like growth factor system and the
coupling of formation to resorption. Bone. Aug 1995;17(2 Suppl):93S-98S.

5. Frost ML, Fogelman I, Blake GM, Marsden PK, Cook GJ. Dissociation Between Global
Markers of Bone Formation and Direct Measurement of Spinal Bone Formation in
Osteoporosis. J Bone Miner Res. 11 2004;19(11):1797-1804.

6. Aubin J. T, J. Mesenchymal Stem Cells and Osteoblast Differentiation. Principles of
Bone Biology. Vol 2. New York: Academic Press; 2002:59-81.

7. Rodan GA. Control of bone formation and resorption: biological and clinical perspective.
J Cell Biochem Suppl. 1998;30-31:55-61.

8. Baron R. Anatomy and ultrastructure of bone. In: Favus M, ed. Primer on the metabolic
bone diseases and disorders of mineral metabolism. 3rd ed. ed. Philadelphia: Lippincott-
Raven; 1996:3-10.

9. Marks SJ, Paul, Odgren. Structure and Development of the Skeleton. In: Bilezikian J RL,
Rodan G., ed. Principles of Bone Biology. Vol 1. San Diego: Academic Press; 2002:3-16.

10. Mundy G. Bone resorbing cells. In: Favus M, ed. Primer on the metabolic bone diseases
and disorders of mineral metabolism. 3rd ed. Philadelphia: Lippincott-Raven; 1996:16-
24.

11. Frost HM. Dynamics of bone remodeling. Bone biodynamics. Boston: Brown Little;
1964:286-292.



45

12. Eriksen EF, Brixen K, Charles P. New markers of bone metabolism: clinical use in
metabolic bone disease. Eur J Endocrinol. Mar 1995;132(3):251-263.

13. Hernandez CJ, Hazelwood SJ, Martin RB. The relationship between basic multicellular
unit activation and origination in cancellous bone. Bone. Nov 1999;25(5):585-587.

14. Frost HM. Skeletal structural adaptations to mechanical usage (SATMU): 2. Redefining
Wolff's law: the remodeling problem. Anat Rec. Apr 1990;226(4):414-422.

15. Frost HM. Skeletal structural adaptations to mechanical usage (SATMU): 1. Redefining
Wolff's law: the bone modeling problem. Anat Rec. Apr 1990;226(4):403-413.

16. Parfitt AM. The coupling of bone formation to bone resorption: a critical analysis of the
concept and of its relevance to the pathogenesis of osteoporosis. Metab Bone Dis Relat
Res. 1982;4(1):1-6.

17. Schiessl H, Frost HM, Jee WS. Estrogen and bone-muscle strength and mass
relationships. Bone. Jan 1998;22(1):1-6.

18. Gorai I, Chaki O, Taguchi Y, et al. Early postmenopausal bone loss is prevented by
estrogen and partially by 1alpha-OH-vitamin D3: therapeutic effects of estrogen and/or
1alpha-OH-vitamin D3. Calcif Tissue Int. Jul 1999;65(1):16-22.

19. Khan K, McKay, H., Kannus, P., Bailey, D., and Bennell, K.,. Anatomy. Physical
Activity and Bone. Champaign, IL: Human Kinetics; 2001:1-10.

20. Pocock NA, Eisman JA, Hopper JL, Yeates MG, Sambrook PN, Eberl S. Genetic
determinants of bone mass in adults. A twin study. J Clin Invest. Sep 1987;80(3):706-
710.

21. Cummings SR, Nevitt MC, Browner WS, et al. Risk factors for hip fracture in white
women. Study of Osteoporotic Fractures Research Group. N Engl J Med. Mar 23
1995;332(12):767-773.

22. Nguyen TV, Howard GM, Kelly PJ, Eisman JA. Bone mass, lean mass, and fat mass:
same genes or same environments? Am J Epidemiol. Jan 1 1998;147(1):3-16.



46

23. Zapalowski C. Genetics of Osteoporosis. In: McDermott M, Zapalowski, C., Miller, P.,
ed. Osteoporosis. Philadelphia, PA: Hanley and Belfus; 2004:7-14.

24. Ralston SH. Genetic control of susceptibility to osteoporosis. J Clin Endocrinol Metab.
Jun 2002;87(6):2460-2466.

25. Ferrari S, Rizzoli R, Bonjour JP. Genetic aspects of osteoporosis. Curr Opin Rheumatol.
Jul 1999;11(4):294-300.

26. Peacock M, Turner CH, Econs MJ, Foroud T. Genetics of osteoporosis. Endocr Rev. Jun
2002;23(3):303-326.

27. Hobson EE, Ralston SH. Role of genetic factors in the pathophysiology and management
of osteoporosis. Clin Endocrinol (Oxf). Jan 2001;54(1):1-9.

28. Torgerson DJ, Campbell MK, Thomas RE, Reid DM. Prediction of perimenopausal
fractures by bone mineral density and other risk factors. J Bone Miner Res. Feb
1996;11(2):293-297.

29. Burshell AL SS. Familial osteoporosis. Osteoporosis. 2001;2(2):195-206.

30. Heaney RP, Abrams S, Dawson-Hughes B, et al. Peak bone mass. Osteoporos Int.
2000;11(12):985-1009.

31. Soyka LA, Fairfield WP, Klibanski A. Clinical review 117: Hormonal determinants and
disorders of peak bone mass in children. J Clin Endocrinol Metab. Nov
2000;85(11):3951-3963.

32. Hurley MaL, J. Systemic and Local Regulators of Bone Remodeling. In: Bronner FaF-C,
M., ed. Bone Formation. London: Springer-Verlag; 2004:44-70.

33. Pacifici R. Estrogen, cytokines, and pathogenesis of postmenopausal osteoporosis. J Bone
Miner Res. Aug 1996;11(8):1043-1051.

34. Eriksen EF, Colvard DS, Berg NJ, et al. Evidence of estrogen receptors in normal human
osteoblast-like cells. Science. Jul 1 1988;241(4861):84-86.



47

35. Rickard D. HS, Turner R., Khosla S., Spelsberg T. Estrogen and Progestins. In:
Bilezikian J RL, Rodan G., ed. Principles of Bone Biology. Vol 1. San Diego, CA:
Academic Press; 2002:655-676.

36. Geusens P e. Osteoporosis in clinical practice: a practice guide for diagnosis and
treatment. London: Springer-Verlag; 1998.

37. Malina RM, Spirduso WW, Tate C, Baylor AM. Age at menarche and selected menstrual
characteristics in athletes at different competitive levels and in different sports. Med Sci
Sports. Fall 1978;10(3):218-222.

38. Lu PW, Briody JN, Ogle GD, et al. Bone mineral density of total body, spine, and
femoral neck in children and young adults: a cross-sectional and longitudinal study. J
Bone Miner Res. Sep 1994;9(9):1451-1458.

39. Young D, Hopper JL, Nowson CA, et al. Determinants of bone mass in 10- to 26-year-
old females: a twin study. J Bone Miner Res. Apr 1995;10(4):558-567.

40. Warren MP, Brooks-Gunn J, Fox RP, Lancelot C, Newman D, Hamilton WG. Lack of
bone accretion and amenorrhea: evidence for a relative osteopenia in weight-bearing
bones. J Clin Endocrinol Metab. Apr 1991;72(4):847-853.

41. Dhuper S, Warren MP, Brooks-Gunn J, Fox R. Effects of hormonal status on bone
density in adolescent girls. J Clin Endocrinol Metab. Nov 1990;71(5):1083-1088.

42. Robinson TL, Snow-Harter C, Taaffe DR, Gillis D, Shaw J, Marcus R. Gymnasts exhibit
higher bone mass than runners despite similar prevalence of amenorrhea and
oligomenorrhea. J Bone Miner Res. Jan 1995;10(1):26-35.

43. Keen AD, Drinkwater BL. Irreversible bone loss in former amenorrheic athletes.
Osteoporos Int. 1997;7(4):311-315.

44. Loucks AB. Physical health of the female athlete: observations, effects, and causes of
reproductive disorders. Can J Appl Physiol. 2001;26 Suppl:S176-185.

45. Beck BR, Snow CM. Bone health across the lifespan--exercising our options. Exerc Sport
Sci Rev. Jul 2003;31(3):117-122.



48

46. Kirchner EM, Lewis RD, O'Connor PJ. Bone mineral density and dietary intake of
female college gymnasts. Med Sci Sports Exerc. Apr 1995;27(4):543-549.

47. Zanker CL, Osborne C, Cooke CB, Oldroyd B, Truscott JG. Bone density, body
composition and menstrual history of sedentary female former gymnasts, aged 20-32
years. Osteoporos Int. Feb 2004;15(2):145-154.

48. Bone Health and Osteoporosis: A Report of the Surgeon General. Rockville, MD: U.S.
Department of Health and Human Services; 2004.

49. Reed SD, Scholes D, LaCroix AZ, Ichikawa LE, Barlow WE, Ott SM. Longitudinal
changes in bone density in relation to oral contraceptive use. Contraception. Sep
2003;68(3):177-182.

50. Forinash AB, Evans SL. New hormonal contraceptives: a comprehensive review of the
literature. Pharmacotherapy. Dec 2003;23(12):1573-1591.

51. Frost HM. On the estrogen-bone relationship and postmenopausal bone loss: A new
model. J Bone Miner Res. Sep 1999;14(9):1473-1477.

52. Riggs BL, Khosla S, Melton LJ, 3rd. A unitary model for involutional osteoporosis:
estrogen deficiency causes both type I and type II osteoporosis in postmenopausal women
and contributes to bone loss in aging men. J Bone Miner Res. May 1998;13(5):763-773.

53. Hughes DE, Dai A, Tiffee JC, Li HH, Mundy GR, Boyce BF. Estrogen promotes
apoptosis of murine osteoclasts mediated by TGF-beta. Nat Med. Oct 1996;2(10):1132-
1136.

54. Jarvinen TL, Kannus P, Sievanen H. Estrogen and bone--a reproductive and locomotive
perspective. J Bone Miner Res. Nov 2003;18(11):1921-1931.

55. Bilezikian JP. The role of estrogens in male skeletal development. Reprod Fertil Dev.
2001;13(4):253-259.

56. Reid I. Relationships Among Body Mass, Its Components, and Bone. Bone. Nov
2002;31(5):547-555.



49

57. Nutritional Aspects of Bone Health. Cambridge, UK: The Royal Society of Chemistry;
2003.

58. Heaney R. Calcium. In: Bilezikian J, Raisz, L., and Rodan, G., ed. Principles of Bone
Biology. Vol 2. San Diego: Academic Press; 2002:1325-1338.

59. Weaver CMaH, R.P. Calcium. In: Shil M, Olson, J.,  Shike, M., and Ross, A.,, ed.
Modern Nutrition in Health and Disease. Baltimore: Williams and Wilkins; 1999:141-
155.

60. Reid I. Vitamin D and its metabolites in the management of osteoporosis. In: Marcus R
FD, Kelsey J, ed. Osteoporosis. San Diego: Academic Press; 1996:1169-1190.

61. Hodsman A, Hanley, D., Watson, P., and Fraher, L. Parathyroid Hormone. In: Bilezikian
J, Raisz, L., and Rodan, G., ed. Priciples of Bone Biology. Vol 2. 2nd ed. San Diego, CA;
2002.

62. Food and Nutrition Board. Dietary Reference  Intakes for Calcium, Phosphorus,
Magnesium, Vitamin D, and Flouride. Washington D.C.: National Academy Press; 1997.

63. Cumming RG. Calcium intake and bone mass: a quantitative review of the evidence.
Calcif Tissue Int. Oct 1990;47(4):194-201.

64. Anderson JJ. Exercise, dietary calcium, and bone gain in girls and young adult women. J
Bone Miner Res. Aug 2000;15(8):1437-1439.

65. Stedman's Medical Dictionary For The Health Professions. 3rd ed. Baltimore, MD:
Williams and Wilkins; 1997.

66. Parfitt AM. The two faces of growth: benefits and risks to bone integrity. Osteoporos Int.
Nov 1994;4(6):382-398.

67. Heaney RP. Calcium, dairy products and osteoporosis. J Am Coll Nutr. Apr 2000;19(2
Suppl):83S-99S.

68. Lau EM, Woo J, Lam V, Hong A. Milk supplementation of the diet of postmenopausal
Chinese women on a low calcium intake retards bone loss. J Bone Miner Res. Sep
2001;16(9):1704-1709.



50

69. Alaimo K, McDowell MA, Briefel RR, et al. Dietary intake of vitamins, minerals, and
fiber of persons ages 2 months and over in the United States: Third National Health and
Nutrition Examination Survey, Phase 1, 1988-91. Adv Data. Nov 14 1994(258):1-28.

70. United States Department of Agriculture A. Results from USDA's 1994-1996 Continuing
Survey of Food Intakes by Individuals and 1994-1996 Diet and Knowledge Survey.
Riverdale, MD; 1999.

71. Holick MF. Vitamin D: importance in the prevention of cancers, type 1 diabetes, heart
disease, and osteoporosis. Am J Clin Nutr. Mar 2004;79(3):362-371.

72. Reid I. Vitamin D and fracture prevention. In: J.F. NSaB, ed. Nutritional Aspects of Bone
Health. Cambridge, UK: The Royal Society of Chemistry; 2003:323-338.

73. Moore C, Murphy MM, Keast DR, Holick MF. Vitamin D intake in the United States. J
Am Diet Assoc. Jun 2004;104(6):980-983.

74. Webb AR, Kline L, Holick MF. Influence of season and latitude on the cutaneous
synthesis of vitamin D3: exposure to winter sunlight in Boston and Edmonton will not
promote vitamin D3 synthesis in human skin. J Clin Endocrinol Metab. Aug
1988;67(2):373-378.

75. Jones G. Vitamin D and Analogs. In: Bilezikian J, Raisz, L., and Rodan, G., ed.
Principles of Bone Biology. Vol 2. 2nd ed. San Diego, CA: Academic Press; 2002.

76. Hannan MT, Tucker KL, Dawson-Hughes B, Cupples LA, Felson DT, Kiel DP. Effect of
dietary protein on bone loss in elderly men and women: the Framingham Osteoporosis
Study. J Bone Miner Res. Dec 2000;15(12):2504-2512.

77. Law MR, Hackshaw AK. A meta-analysis of cigarette smoking, bone mineral density and
risk of hip fracture: recognition of a major effect. Bmj. Oct 4 1997;315(7112):841-846.

78. Law MR, Cheng R, Hackshaw AK, Allaway S, Hale AK. Cigarette smoking, sex
hormones and bone density in women. Eur J Epidemiol. Jul 1997;13(5):553-558.

79. Yuhara S, Kasagi S, Inoue A, Otsuka E, Hirose S, Hagiwara H. Effects of nicotine on
cultured cells suggest that it can influence the formation and resorption of bone. Eur J
Pharmacol. Nov 3 1999;383(3):387-393.



51

80. Johnston J. Smokers have less dense bones and fewer teeth. J Royal Soc Health.
1994;114:265-269.

81. Bikle DD, Genant HK, Cann C, Recker RR, Halloran BP, Strewler GJ. Bone disease in
alcohol abuse. Ann Intern Med. Jul 1985;103(1):42-48.

82. Wezeman FH, Emanuele MA, Emanuele NV, et al. Chronic alcohol consumption during
male rat adolescence impairs skeletal development through effects on osteoblast gene
expression, bone mineral density, and bone strength. Alcohol Clin Exp Res. Sep
1999;23(9):1534-1542.

83. Felson DT, Zhang Y, Hannan MT, Kannel WB, Kiel DP. Alcohol intake and bone
mineral density in elderly men and women. The Framingham Study. Am J Epidemiol. Sep
1 1995;142(5):485-492.

84. Macdonald HM, New SA, Golden MH, Campbell MK, Reid DM. Nutritional
associations with bone loss during the menopausal transition: evidence of a beneficial
effect of calcium, alcohol, and fruit and vegetable nutrients and of a detrimental effect of
fatty acids. Am J Clin Nutr. Jan 2004;79(1):155-165.

85. Wolff J. The law of bone transformation. Berlin: Hirschwald; 1892.

86. Carter DR, Hayes WC. Bone compressive strength: the influence of density and strain
rate. Science. Dec 10 1976;194(4270):1174-1176.

87. Lanyon LE. Using functional loading to influence bone mass and architecture: objectives,
mechanisms, and relationship with estrogen of the mechanically adaptive process in
bone. Bone. Jan 1996;18(1 Suppl):37S-43S.

88. Magnusson H, Linden C, Karlsson C, Obrant KJ, Karlsson MK. Exercise may induce
reversible low bone mass in unloaded and high bone mass in weight-loaded skeletal
regions. Osteoporos Int. 2001;12(11):950-955.

89. Gilsanz V. Accumulation of Bone Mass during Childhood and Adolescence.
Osteoporosis in Men: Academic Press; 1999:65-85.

90. Mosekilde L. Osteoporosis and exercise. Bone. Sep 1995;17(3):193-195.



52

91. Nelson DA, Bouxsein ML. Exercise maintains bone mass, but do people maintain
exercise? J Bone Miner Res. Feb 2001;16(2):202-205.

92. Thachuk T. Effects of Exercise on Bone Mineral Density. N Warner Tacoma, WA:
University of Puget Sound; 1996.

93. Lanyon LE. Control of bone architecture by functional load bearing. J Bone Miner Res.
Dec 1992;7 Suppl 2:S369-375.

94. Sakata T, Sakai A, Tsurukami H, et al. Trabecular bone turnover and bone marrow cell
development in tail-suspended mice. J Bone Miner Res. Sep 1999;14(9):1596-1604.

95. Lanyon LE, Rubin CT. Static vs dynamic loads as an influence on bone remodelling. J
Biomech. 1984;17(12):897-905.

96. Rubin CT, Lanyon LE. Regulation of bone formation by applied dynamic loads. J Bone
Joint Surg Am. Mar 1984;66(3):397-402.

97. Rubin CT, Lanyon LE. Regulation of bone mass by mechanical strain magnitude. Calcif
Tissue Int. Jul 1985;37(4):411-417.

98. Teegarden D, Proulx WR, Kern M, et al. Previous physical activity relates to bone
mineral measures in young women. Med Sci Sports Exerc. Jan 1996;28(1):105-113.

99. Bailey DA, Faulkner RA, McKay HA. Growth, physical activity, and bone mineral
acquisition. Exerc Sport Sci Rev. 1996;24:233-266.

100. Bailey DA, McKay HA, Mirwald RL, Crocker PR, Faulkner RA. A six-year longitudinal
study of the relationship of physical activity to bone mineral accrual in growing children:
the university of Saskatchewan bone mineral accrual study. J Bone Miner Res. Oct
1999;14(10):1672-1679.

101. Bakker I, Twisk JW, Van Mechelen W, Roos JC, Kemper HC. Ten-year longitudinal
relationship between physical activity and lumbar bone mass in (young) adults. J Bone
Miner Res. Feb 2003;18(2):325-332.



53

102. Etherington J, Harris PA, Nandra D, et al. The effect of weight-bearing exercise on bone
mineral density: a study of female ex-elite athletes and the general population. J Bone
Miner Res. Sep 1996;11(9):1333-1338.

103. Ho SC, Wong E, Chan SG, Lau J, Chan C, Leung PC. Determinants of peak bone mass in
Chinese women aged 21-40 years. III. Physical activity and bone mineral density. J Bone
Miner Res. Aug 1997;12(8):1262-1271.

104. Kirchner EM, Lewis RD, O'Connor PJ. Effect of past gymnastics participation on adult
bone mass. J Appl Physiol. Jan 1996;80(1):226-232.

105. Laing EM, Massoni JA, Nickols-Richardson SM, Modlesky CM, O'Connor PJ, Lewis
RD. A prospective study of bone mass and body composition in female adolescent
gymnasts. J Pediatr. Aug 2002;141(2):211-216.

106. Cooper C, Cawley M, Bhalla A, et al. Childhood growth, physical activity, and peak bone
mass in women. J Bone Miner Res. Jun 1995;10(6):940-947.

107. Teegarden D, Proulx WR, Martin BR, et al. Peak bone mass in young women. J Bone
Miner Res. May 1995;10(5):711-715.

108. Bass S, Pearce G, Bradney M, et al. Exercise before puberty may confer residual benefits
in bone density in adulthood: studies in active prepubertal and retired female gymnasts. J
Bone Miner Res. Mar 1998;13(3):500-507.

109. Uusi-Rasi K, Sievanen H, Vuori I, et al. Long-term recreational gymnastics, estrogen use,
and selected risk factors for osteoporotic fractures. J Bone Miner Res. Jul
1999;14(7):1231-1238.

110. McGuigan FE, Murray L, Gallagher A, et al. Genetic and environmental determinants of
peak bone mass in young men and women. J Bone Miner Res. Jul 2002;17(7):1273-1279.

111. Burckhardt PD-H, Bess; and Heaney, Robert. Nutritional Aspects of Osteoporosis:
Academic Press; 2001.

112. Matkovic V, Jelic T, Wardlaw GM, et al. Timing of peak bone mass in Caucasian
females and its implication for the prevention of osteoporosis. Inference from a cross-
sectional model. J Clin Invest. Feb 1994;93(2):799-808.



54

113. Mazess RB, Barden HS. Interrelationships among bone densitometry sites in normal
young women. Bone Miner. Dec 1990;11(3):347-356.

114. Heymsfield SB, Waki M. Body composition in humans: advances in the development of
multicompartment chemical models. Nutr Rev. Apr 1991;49(4):97-108.

115. Roubenoff R, Kehayias JJ, Dawson-Hughes B, Heymsfield SB. Use of dual-energy x-ray
absorptiometry in body-composition studies: not yet a "gold standard". Am J Clin Nutr.
Nov 1993;58(5):589-591.

116. Sorenson JA. Effects of nonmineral tissues on measurement of bone mineral content by
dual-photon absorptiometry. Med Phys. Sep-Oct 1990;17(5):905-912.

117. Frost HM. Why do marathon runners have less bone than weight lifters? A vital-
biomechanical view and explanation. Bone. Mar 1997;20(3):183-189.

118. Faulkner RA, Bailey DA, Drinkwater DT, McKay HA, Arnold C, Wilkinson AA. Bone
densitometry in Canadian children 8-17 years of Age. Calcif Tissue Int. Nov
1996;59(5):344-351.

119. Flicker L, Hopper JL, Rodgers L, Kaymakci B, Green RM, Wark JD. Bone density
determinants in elderly women: a twin study. J Bone Miner Res. Nov 1995;10(11):1607-
1613.

120. Salamone LM, Glynn N, Black D, et al. Body composition and bone mineral density in
premenopausal and early perimenopausal women. J Bone Miner Res. Nov
1995;10(11):1762-1768.

121. Ribot C, Tremollieres, F., Pouilles, J., et al. Obesity and postmenopausal bone loss: the
influence of obesity on vertibral density and bone turnover in postmenopausal women.
Bone. 1988;8:327-331.

122. Dawson-Hughes B, Shipp C, Sadowski L, Dallal G. Bone density of the radius, spine,
and hip in relation to percent of ideal body weight in postmenopausal women. Calcif
Tissue Int. Jun 1987;40(6):310-314.

123. Felson DT, Zhang Y, Hannan MT, Anderson JJ. Effects of weight and body mass index
on bone mineral density in men and women: the Framingham study. J Bone Miner Res.
May 1993;8(5):567-573.



55

124. Edelstein SL, Barrett-Connor E. Relation between body size and bone mineral density in
elderly men and women. Am J Epidemiol. Aug 1 1993;138(3):160-169.

125. Hannan MT, Felson DT, Dawson-Hughes B, et al. Risk factors for longitudinal bone loss
in elderly men and women: the Framingham Osteoporosis Study. J Bone Miner Res. Apr
2000;15(4):710-720.

126. Henderson NK, Price RI, Cole JH, Gutteridge DH, Bhagat CI. Bone density in young
women is associated with body weight and muscle strength but not dietary intakes. J
Bone Miner Res. Mar 1995;10(3):384-393.

127. McKay HA, Petit MA, Khan KM, Schutz RW. Lifestyle determinants of bone mineral: a
comparison between prepubertal Asian- and Caucasian-Canadian boys and girls. Calcif
Tissue Int. May 2000;66(5):320-324.

128. McKay HA, Petit MA, Schutz RW, Prior JC, Barr SI, Khan KM. Augmented trochanteric
bone mineral density after modified physical education classes: a randomized school-
based exercise intervention study in prepubescent and early pubescent children. J
Pediatr. Feb 2000;136(2):156-162.

129. Khosla S, Atkinson EJ, Riggs BL, Melton LJ, 3rd. Relationship between body
composition and bone mass in women. J Bone Miner Res. Jun 1996;11(6):857-863.

130. Hoover PA, Webber CE, Beaumont LF, Blake JM. Postmenopausal bone mineral
density: relationship to calcium intake, calcium absorption, residual estrogen, body
composition, and physical activity. Can J Physiol Pharmacol. Aug 1996;74(8):911-917.

131. Taaffe DR, Pruitt L, Lewis B, Marcus R. Dynamic muscle strength as a predictor of bone
mineral density in elderly women. J Sports Med Phys Fitness. Jun 1995;35(2):136-142.

132. Morris FL, Naughton GA, Gibbs JL, Carlson JS, Wark JD. Prospective ten-month
exercise intervention in premenarcheal girls: positive effects on bone and lean mass. J
Bone Miner Res. Sep 1997;12(9):1453-1462.

133. Heinonen A, Kannus P, Sievanen H, et al. Randomised controlled trial of effect of high-
impact exercise on selected risk factors for osteoporotic fractures. Lancet. Nov 16
1996;348(9038):1343-1347.



56

134. Jones G, Couper, D., Riley, M., et al. Determinants of bone mass in prepubertal children:
Antenatal, neonatal and current influences. J Bone Miner Res. 1997;12(Supplement
1):S145.

135. Douchi T, Oki T, Nakamura S, Ijuin H, Yamamoto S, Nagata Y. The effect of body
composition on bone density in pre- and postmenopausal women. Maturitas. May
1997;27(1):55-60.

136. Paton L, Flicker, L., Hopper, J., et al. Determinants of change in bone mass in elderly
women - a longitudinal twin study. [abstract] Proceedings of the ANZBMS. 1996;6:36.

137. Martini G, Valenti R, Giovani S, Nuti R. Age-related changes in body composition of
healthy and osteoporotic women. Maturitas. May 1997;27(1):25-33.

138. Reid IR, Plank LD, Evans MC. Fat mass is an important determinant of whole body bone
density in premenopausal women but not in men. J Clin Endocrinol Metab. Sep
1992;75(3):779-782.

139. Sowers MF, Kshirsagar A, Crutchfield MM, Updike S. Joint influence of fat and lean
body composition compartments on femoral bone mineral density in premenopausal
women. Am J Epidemiol. Aug 1 1992;136(3):257-265.

140. Reid IR, Ames R, Evans MC, et al. Determinants of total body and regional bone mineral
density in normal postmenopausal women--a key role for fat mass. J Clin Endocrinol
Metab. Jul 1992;75(1):45-51.

141. Chen Z, Lohman TG, Stini WA, Ritenbaugh C, Aickin M. Fat or lean tissue mass: which
one is the major determinant of bone mineral mass in healthy postmenopausal women? J
Bone Miner Res. Jan 1997;12(1):144-151.

142. Frost HM. Obesity, and bone strength and "mass": a tutorial based on insights from a new
paradigm. Bone. Sep 1997;21(3):211-214.

143. Malina R. Physical growth and biological maturation of young athletes. In: Holloszy J,
ed. Exercise and Sport Science Reviews. Vol 22. Baltimore: Williams and Wilkins;
1994:389-433.

144. Mansfield MJ, Emans SJ. Growth in female gymnasts: should training decrease during
puberty? J Pediatr. Feb 1993;122(2):237-240.



57

145. Theintz GE, Howald H, Allemann Y, Sizonenko PC. Growth and pubertal development
of young female gymnasts and swimmers: a correlation with parental data. Int J Sports
Med. Apr 1989;10(2):87-91.

146. Caldarone G, Leglise M, Giampietro M, Berlutti G. Anthropometric measurements, body
composition, biological maturation and growth predictions in young female gymnasts of
high agonistic level. J Sports Med Phys Fitness. Sep 1986;26(3):263-273.

147. Claessens AL, Malina RM, Lefevre J, et al. Growth and menarcheal status of elite female
gymnasts. Med Sci Sports Exerc. Jul 1992;24(7):755-763.

148. Baxter-Jones AD, Helms P, Baines-Preece J, Preece M. Menarche in intensively trained
gymnasts, swimmers and tennis players. Ann Hum Biol. Sep-Oct 1994;21(5):407-415.

149. Benardot D, Schwarz M, Heller DW. Nutrient intake in young, highly competitive
gymnasts. J Am Diet Assoc. Mar 1989;89(3):401-403.

150. Cassell C, Benedict M, Specker B. Bone mineral density in elite 7- to 9-yr-old female
gymnasts and swimmers. Med Sci Sports Exerc. Oct 1996;28(10):1243-1246.

151. Dyson K, Blimkie CJ, Davison KS, Webber CE, Adachi JD. Gymnastic training and bone
density in pre-adolescent females. Med Sci Sports Exerc. Apr 1997;29(4):443-450.

152. Nickols-Richardson SM, Modlesky CM, O'Connor PJ, Lewis RD. Premenarcheal
gymnasts possess higher bone mineral density than controls. Med Sci Sports Exerc. Jan
2000;32(1):63-69.

153. Lehtonen-Veromaa M, Mottonen T, Nuotio I, Heinonen OJ, Viikari J. Influence of
physical activity on ultrasound and dual-energy X-ray absorptiometry bone
measurements in peripubertal girls: a cross-sectional study. Calcif Tissue Int. Apr
2000;66(4):248-254.

154. Courteix D, Lespessailles E, Jaffre C, Obert P, Benhamou CL. Bone material acquisition
and somatic development in highly trained girl gymnasts. Acta Paediatr. Aug
1999;88(8):803-808.

155. Nichols DL, Sanborn CF, Bonnick SL, Gench B, DiMarco N. Relationship of regional
body composition to bone mineral density in college females. Med Sci Sports Exerc. Feb
1995;27(2):178-182.



58

156. Taaffe DR, Snow-Harter C, Connolly DA, Robinson TL, Brown MD, Marcus R.
Differential effects of swimming versus weight-bearing activity on bone mineral status of
eumenorrheic athletes. J Bone Miner Res. Apr 1995;10(4):586-593.

157. Nichols DL, Sanborn CF, Bonnick SL, Ben-Ezra V, Gench B, DiMarco NM. The effects
of gymnastics training on bone mineral density. Med Sci Sports Exerc. Oct
1994;26(10):1220-1225.

158. Taaffe DR, Robinson TL, Snow CM, Marcus R. High-impact exercise promotes bone
gain in well-trained female athletes. J Bone Miner Res. Feb 1997;12(2):255-260.

159. Seeman E. An exercise in geometry. J Bone Miner Res. Mar 2002;17(3):373-380.

160. Kudlac J, Nichols DL, Sanborn CF, DiMarco NM. Impact of Detraining on Bone Loss in
Former Collegiate Female Gymnasts. Calcif Tissue Int. Sep 16 2004.

161. Lindholm C, Hagenfeldt K, Ringertz H. Bone mineral content of young female former
gymnasts. Acta Paediatr. Oct 1995;84(10):1109-1112.

162. Karlsson MK, Linden C, Karlsson C, Johnell O, Obrant K, Seeman E. Exercise during
growth and bone mineral density and fractures in old age. Lancet. Feb 5
2000;355(9202):469-470.

163. Haapasalo H, Kannus P, Sievanen H, Heinonen A, Oja P, Vuori I. Long-term unilateral
loading and bone mineral density and content in female squash players. Calcif Tissue Int.
Apr 1994;54(4):249-255.

164. Haapasalo H, Kannus P, Sievanen H, et al. Effect of long-term unilateral activity on bone
mineral density of female junior tennis players. J Bone Miner Res. Feb 1998;13(2):310-
319.

165. Khan K, McKay HA, Haapasalo H, et al. Does childhood and adolescence provide a
unique opportunity for exercise to strengthen the skeleton? J Sci Med Sport. Jun
2000;3(2):150-164.

166. McNitt-Gray JL YT, Millward C. Landing strategy adjustments made by female
gymnasts in response to drop height and mat composition. J APPL BIOMECH.
1993;9:173-190.



59

167. Nilsson J, Thorstensson A. Ground reaction forces at different speeds of human walking
and running. Acta Physiol Scand. Jun 1989;136(2):217-227.

168. Subotnick SI. The biomechanics of running. Implications for the prevention of foot
injuries. Sports Med. Mar-Apr 1985;2(2):144-153.

169. Elliott BC. Biomechanics of the serve in tennis. A biomedical perspective. Sports Med.
Nov 1988;6(5):285-294.

170. Enoka RM. Load- and skill-related changes in segmental contributions to a weightlifting
movement. Med Sci Sports Exerc. Apr 1988;20(2):178-187.

171. Dalen N, Olsson KE. Bone mineral content and physical activity. Acta Orthop Scand.
1974;45(2):170-174.

172. Aloia JF, Cohn SH, Babu T, Abesamis C, Kalici N, Ellis K. Skeletal mass and body
composition in marathon runners. Metabolism. Dec 1978;27(12):1793-1796.

173. Virvidakis K, Georgiou E, Korkotsidis A, Ntalles K, Proukakis C. Bone mineral content
of junior competitive weightlifters. Int J Sports Med. Jun 1990;11(3):244-246.

174. Heinonen A, Oja P, Kannus P, Sievanen H, Manttari A, Vuori I. Bone mineral density of
female athletes in different sports. Bone Miner. Oct 1993;23(1):1-14.

175. Karlsson MK, Johnell O, Obrant KJ. Bone mineral density in weight lifters. Calcif Tissue
Int. Mar 1993;52(3):212-215.

176. Fehling PC, Alekel L, Clasey J, Rector A, Stillman RJ. A comparison of bone mineral
densities among female athletes in impact loading and active loading sports. Bone. Sep
1995;17(3):205-210.

177. Alfredson H, Nordstrom P, Lorentzon R. Bone mass in female volleyball players: a
comparison of total and regional bone mass in female volleyball players and nonactive
females. Calcif Tissue Int. Apr 1997;60(4):338-342.

178. Calbet JA, Diaz Herrera P, Rodriguez LP. High bone mineral density in male elite
professional volleyball players. Osteoporos Int. 1999;10(6):468-474.



60

179. Karlsson MK, Johnell O, Obrant KJ. Is bone mineral density advantage maintained long-
term in previous weight lifters? Calcif Tissue Int. Nov 1995;57(5):325-328.

180. Karlsson MK, Hasserius R, Obrant KJ. Bone mineral density in athletes during and after
career: a comparison between loaded and unloaded skeletal regions. Calcif Tissue Int. Oct
1996;59(4):245-248.

181. Khan KM, Green RM, Saul A, et al. Retired elite female ballet dancers and nonathletic
controls have similar bone mineral density at weightbearing sites. J Bone Miner Res. Oct
1996;11(10):1566-1574.

182. Kontulainen S, Kannus P, Haapasalo H, et al. Changes in bone mineral content with
decreased training in competitive young adult tennis players and controls: a prospective
4-yr follow-up. Med Sci Sports Exerc. May 1999;31(5):646-652.

183. Kontulainen S, Kannus P, Haapasalo H, et al. Good maintenance of exercise-induced
bone gain with decreased training of female tennis and squash players: a prospective 5-
year follow-up study of young and old starters and controls. J Bone Miner Res. Feb
2001;16(2):195-201.

184. Nilsson BaW, N. Bone density in athletes. Clin Orthop. 1971;77:179-182.

185. Huddleston AL, Rockwell D, Kulund DN, Harrison RB. Bone mass in lifetime tennis
athletes. Jama. Sep 5 1980;244(10):1107-1109.

186. Lane NE, Bloch DA, Jones HH, Marshall WH, Jr., Wood PD, Fries JF. Long-distance
running, bone density, and osteoarthritis. Jama. Mar 7 1986;255(9):1147-1151.

187. Suominen H. Physical activity and bone. Ann Chir Gynaecol. 1988;77(5-6):184-188.

188. Orwoll ES, Ferar J, Oviatt SK, McClung MR, Huntington K. The relationship of
swimming exercise to bone mass in men and women. Arch Intern Med. Oct
1989;149(10):2197-2200.

189. Suominen H, Rahkila P. Bone mineral density of the calcaneus in 70- to 81-yr-old male
athletes and a population sample. Med Sci Sports Exerc. Nov 1991;23(11):1227-1233.



61

190. Kannus P, Haapasalo H, Sankelo M, et al. Effect of starting age of physical activity on
bone mass in the dominant arm of tennis and squash players. Ann Intern Med. Jul 1
1995;123(1):27-31.

191. Ito M, Nakamura T, Ikeda S, et al. Effects of lifetime volleyball exercise on bone mineral
densities in lumbar spine, calcaneus and tibia for pre-, peri- and postmenopausal women.
Osteoporos Int. 2001;12(2):104-111.



62

CHAPTER 3

RETIRED COLLEGIATE ARTISTIC GYMNASTS RETAIN HIGH BONE MASS1

_____________________

1Pollock, N.K., Laing, E.M., and Lewis, R.D. 2004. To be submitted to The Journal of

Bone and Mineral Research.
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ABSTRACT

Fifteen years after cessation of the sport, we found that retired collegiate artistic gymnasts

(GYM; n=18) had higher measures of areal bone mineral density (aBMD; g/cm2) at all skeletal

sites compared to nongymnast controls (CON; n=15) of similar age (years), height (cm) and

body weight (BW; kg).  It is unknown, however, if the aBMD differences in GYM and CON

observed at that time are maintained into the years approaching menopause.  A nine-year follow-

up study was conducted to compare aBMD in GYM (n=16; age=45.3 ± 3.3 years) and CON

(n=13; age=45.4 ± 3.8 years) and the changes over time.  Total body fat mass (FM; kg), percent

fat (%FAT), fat-free soft tissue (FFST; kg) and aBMD of the total body, lumbar spine, non-

dominant proximal femur (PF), femoral neck and Ward’s triangle were assessed using dual-

energy X-ray absorptiometry (DXA; Hologic QDR-1000W).  Past physical activity was

estimated using a self-report, study-designed questionnaire.  Independent samples t-tests were

employed to compare aBMD in GYM and CON at baseline and at the nine-year follow-up.

Analysis of covariance was used to compare the changes (Δ) in aBMD between GYM and CON

and to quantify the magnitude of the effects (i.e., partial eta-squared; η2; where 0.06 and 0.13 are

medium and large effects, respectively).  GYM had significantly lower BW, FM, and %FAT

(p<0.05; η2>0.14), and higher measures of FFST/BW and aBMD at all skeletal sites compared to

CON (p<0.05; η2>0.14) at both time points.  Over time, changes in GYM and CON did not differ

significantly with respect to BW (p=0.12; η2=0.09), FM (p=0.38; η2=0.03), %FAT (p=0.92;

η2=0.00), or aBMD at any skeletal site (p>0.05; η2<0.08). CON had greater gains in FFST than

GYM (8.68 ± 1.80% vs. 3.22 ± 0.92%; p=0.01; η2=0.23); however, when FFST was corrected

for BW, no significant difference was found between GYM and CON. Additionally, there were

no significant differences in the total minutes of physical activity per week reported over the past
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nine years between groups. In conclusion, the higher aBMD observed in GYM compared to

CON fifteen years after the cessation of the sport, was maintained over the following nine years.

While loading activity in GYM is clearly less than when competing, it is possible that a minimal

defined level of physical activity is needed in the years following retirement to sustain the high

aBMD. Key Words: GYMNASTICS, FORMER GYMNASTS, RETIRED GYMNASTS,

AREAL BONE MINERAL DENSITY, PAST ATHLETIC PARTICIPATION AND BONE
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INTRODUCTION

Participation in weight-bearing sports during the growing years has been shown to

increase bone mineral accrual and improve the mechanical properties of bone.1-4 In particular,

high impact-load sports such as artistic gymnastics are thought to provide a greater osteogenic

stimulus compared to other sports.5-10 Two prospective studies in pre- and peri-pubertal artistic

gymnasts of one and three years duration showed that bone mineral acquisition was greater (12-

23%) than nongymnast controls.8, 10 Other studies which involve jumping exercise interventions

with prepubertal children have shown higher bone gains in the exercisers versus the controls.11-13

It has been postulated that these higher bone gains observed in youth may lead to osteoporosis

prevention in the later years, particularly when fracture risk is high.

Currently, however, there are no long-term prospective studies tracking bone mineral to

determine if high bone mineral gains acquired from participation in youth sports persist into

middle and late adulthood. Cross-sectional studies of active adult and former competitive

athletes who started training in youth are suggestive, but equivocal, that bone gains are

maintained into adulthood. Comparisons of active collegiate gymnasts14-16 with nongymnast

athletes or controls have demonstrated that the gymnasts have significantly higher aBMD values

ranging from 5% to 36%.  Competitive college-age soccer,17, 18 tennis,3 volleyball players,19, 20 and

weightlifters21 have also been shown to have significantly higher aBMD compared to nonathletic

controls ranging from 1% to 24%. Similar differences are also seen in retired athletes. Former

artistic gymnasts,5, 22, 23 soccer players,17, 18 and weightlifters21 retired from competitive training

less than 20 years, were found to have significantly higher aBMD values compared to nonathlete

controls with differences ranging from 5% to 22%. The aBMD differences observed in these

studies of retired athletes would imply that potential bone gains from participation in high-
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impact youth sports persist into adulthood, yet some studies suggest otherwise. Areal BMD of

former soccer players17, 18 and weightlifters,24, 25 some 60 years of age and older and retired from

their competitive training for more than 20 years, was not different when compared to nonathlete

controls of the same age, leaving questionable the sustainability of skeletal benefits from earlier

sports participation.

Only three studies have evaluated changes in bone longitudinally following cessation of

intensive training in former competitive athletes.26-28 In those studies, retired college gymnasts

and tennis players continued to maintain significantly higher aBMD or BMC values when

compared to controls or when observing side-to-side arm comparisons in racquet sports. The

former athletes in these studies were still relatively young (mean age range 19 to 35 years),

however, and were retired from their sport for five years or less. Whether this is the case in older

former competitive athletes for longer periods of time since retirement is unclear.

The purpose of the present investigation was to determine if the higher aBMD of former

college gymnasts compared to controls, previously reported by Kirchner et al.,22 is still present in

the same cohort of former gymnasts approaching menopause and approximately 25 years since

the cessation of college gymnastics training and competition. The specific aim was to examine

changes in aBMD and related factors including body composition, physical activity, and selected

nutrient intakes in the former female college gymnasts and controls approximately nine years

after baseline measurements. It was hypothesized that the higher bone mass observed in the

former artistic gymnasts compared with controls will be maintained over nine years.
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MATERIALS AND METHODS

Study Participants

In 1993, former college artistic gymnasts (n=22) and age-, height-, and weight-matched

nongymnast controls (n=22) were recruited from the Southeastern United States and within a

local community, respectively. Exclusion criteria, which included physician-diagnosed bone-

disease or illness, medications known to affect bone development, and smoking, reduced the

group sizes to 18 former gymnasts and 15 nongymnast controls. In the current study, every effort

was made to locate and recruit the original participants. Three participants declined participation

and one was not located resulting in smaller samples size to 16 former gymnasts (GYM) and 13

controls (CON).

All participants were apparently healthy and met the inclusion criteria from the original

study. All participants were Caucasian (except one African-American control), non-smoking,

and had no evidence of bone disease. All procedures were approved by the Institutional Review

Board for Human Subjects at The University of Georgia. The participants signed a consent form

prior to testing.

Procedures

Testing procedures were completed at baseline22 and approximately nine years following

the original measures. The same testing procedures used in 1993 were employed in the current

project. Testing included anthropometric measures, bone scans and the completion of

interviewer-administered questionnaires regarding medical, physical, and diet history.
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Anthropometric Measures

A trained technician conducted weight and height measurements. Participants were

weighed in light indoor clothing following the removal of shoes. Weight of each subject was

measured to the nearest 0.25 lb by using a calibrated double-beam balance scale (Fairbanks

Scales, Kansas City, MO) and then converted to the nearest 0.1 kg. Participants were weighed

three times, and results were averaged. Three height measurements were measured to the nearest

0.1 cm by using a wall-mounted stadiometer (Novel Products Inc., Rockton, IL), and the values

were averaged. Prior to testing, the Fairbanks double-beam balance scale was checked for

accuracy using known weights. Recalibration of the scales was not required during the testing

sessions.

Physical Activity Assessment

Information on physical activity for the past week was collected using the interviewer-

administered seven-day recall questionnaire.29 Participants reported the amount of time spent

sleeping or performing moderate, hard, and very hard activities during the previous week. Light

physical activity was recorded for the remaining time. From this questionnaire, each participant’s

average daily energy expenditure (kcal/day) was estimated.

Estimates of physical activity over the last 10 years was collected using a study-designed

questionnaire developed from the original study.22 A list of different types of activities was given

to each participant with this interviewer-administered questionnaire in the recall process.

Participants were asked about the frequency (days per week), duration (minutes each session),

and intensity [1-7 (very, very easy to very, very hard)] of physical activity completed during

these time frames.
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Dietary Intake

The Block Food Frequency Questionnaire (version 98.2, Berkley, CA) was used to

estimate usual dietary intakes over the past year. This questionnaire, which has evidence of

proven validity30 and reliability,31 was administered in an interview format by a trained

laboratory technician. In addition to the two-dimensional serving size pictures included with

each questionnaire, food models along with plates and cups were used to help participants more

accurately estimate portion sizes. Mean estimates of energy, protein, carbohydrate, fat, calcium,

vitamin D, phosphorus, and iron intake were calculated  (Block Dietary Data Systems; Berkley,

CA) and presented.

Bone Densitometry and Body Composition

Areal bone mineral density (aBMD; g/cm2) of the total body, lumbar spine, and

nondominant total proximal femur, including femoral neck and Ward’s triangle were determined

by dual energy X-ray absorptiometry (DXA, QDR-1000, Hologic Inc, Waltham, MA). All DXA

scans were performed and analyzed by the same trained technician.  Hologic software, versions

4.57P and 4.76P, were used in analyzing lumbar spine and proximal femur scans at baseline and

follow-up, respectively. Total body aBMD and body composition [fat mass (kg), fat-free mass

(kg), and % body fat] were assessed at baseline and follow-up using Hologic Whole Body

Analysis software, versions 5.55 and 5.73, respectively.

Quality assurance for DXA was carried out by daily calibration against the

manufacturer’s standard phantom (DPA/QDR-1, Hologic x-caliper spine phantom, Hologic, Inc).

In our laboratory, a coefficient of variation of 0.27% was observed from 365 scans of the spine

phantom over a five-year period. Fat mass and fat-free mass measures were calibrated by

concurrently scanning (with each total body scan) an external three-step soft tissue wedge
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(Hologic, Inc) composed of different thickness levels of aluminum and lucite, calibrated against

stearic acid (100% fat) and water (8.6% fat). Coefficient of variations for aBMD of the total

body (0.58%), lumbar spine (0.63%), proximal femur (0.89%), femoral neck (3.0%) and % body

fat (0.79%) were determined in premenopausal women (n=10) measured three separate occasions

within an eight-day period.

Statistical Analysis

For the purpose of the current study, data from those participants who came in for both

baseline and follow-up testing (GYM; n=16 and CON; n = 13) were used.  Statistical analyses

were performed using the Statistical Package for the Social Sciences, version 11.0.2 for the Mac

OS X (SPSS, Chicago, IL). Descriptive statistics were calculated to determine the range, mean,

and standard deviation of all variables measured. Independent samples t-tests were used to

determine differences between GYM and CON at baseline and nine years later. Two-way (group

x time), analysis of covariance was performed to determine significant differences in aBMD and

body composition within groups over time and to quantify the magnitude of the effects of these

variables between groups at baseline and at nine years.  Group differences are reported for

physical activity and dietary intake at the follow-up only. Values are reported as means ± SD,

unless otherwise noted. Statistically significant differences are reported if P < 0.05. Medium and

large effects are designated by partial eta-squared (η2) ≥ 0.06 and 0.13, respectively.32

RESULTS

Participants

Participant characteristics at baseline and follow-up are listed in Table 3.1. Follow-up

measurements for the GYM and CON were, on average, 9.3 and 9.1 years after their baseline

measurements, respectively. No significant differences were found between groups in age and
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height at baseline and follow-up. The GYM reported to have started gymnastics training at an

average age of 11.1 ± 0.9 years.

44.5 ± 4.443.1 ± 4.240.9 ± 3.241.7 ± 3.9Fat-free mass, kg

21.4 ± 6.114.3 ± 2.8*18.8 ± 6.413.1 ± 2.1*Fat mass, kg

0.65 ± 0.060.71 ± 0.03*0.66 ± 0.040.73 ± 0.03*Fat-free mass/weight

30.9 ± 5.223.8 ± 3.3*29.8 ± 5.322.9 ± 2.7*Body fat, %

69.1 ± 9.560.6 ± 5.9*62.1 ± 7.757.4 ± 4.5*Weight, kg
161.6 ± 5.4162.4 ± 6.2161.6 ± 5.6162.4 ± 6.1Height, cm
45.4 ± 3.845.3 ± 3.336.3 ± 3.836.1 ± 3.5Age, yr
CON (n=13)GYM (n=16)CON (n=13)GYM (n=16)Characteristic

1993-1994 2003-2004

Values are means ± SD
 * P < 0.05; η2 > 0.14 between GYM and CON

Table 3.1. Characteristics of former gymnasts (GYM) and controls (CON)

The former gymnasts had significantly lower body weight, fat mass, % body fat (P <

0.05; η2 ≥ 0.14) and higher measures of fat-free mass/body weight (P < 0.05; η2 = 0.44)

compared to CON at baseline (See Table 3.1). At the nine-year follow-up, similar results were

observed as GYM continued to have lower body weight, fat mass, and % body fat (P < 0.05; η2

≥ 0.24) and greater measures of fat-free mass/body weight (P < 0.05; η2 = 0.36).

Over time, changes in GYM and CON did not differ significantly with respect to body

weight, fat mass, and % body fat (See Figure 3.1). Controls had significantly greater gains in fat-

free mass than GYM (8.7 ± 1.8% vs. 3.2 ± 0.9%); however, when fat-free mass was corrected for

body weight, no significant difference was found between groups.
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Absolute values are means ± SEM
* Difference between groups, P=0.01; η2= 0.23
a  Difference between groups, P=0.38; η2= 0.03
b  Difference between groups, P=0.12; η2= 0.09

*

ª

b

Figure 3.1. Body weight and composition changes from baseline
to 9-years in former gymnasts (GYM) and controls (CON)

Age of menarche was similar between GYM and CON (P = 0.28; 13.7 years  ± 1.7 vs.

13.1 years ± 1.3, respectively). The majority of the participants reported having normal

menstrual cycles over the past nine years. One GYM and one CON reported having menopausal

symptoms (e.g., irregularity of menses, hot flashes, or night sweats). Fourteen of the 16 GYM

reported birth control use, via oral contraceptive (OC), and the average duration of OC use was

12.6 ± 10.0 years. Eleven of the 13 CON reported OC usage and their average time on the OC

was 12.2 ± 8.7 years. No differences were found in length of OC usage between GYM and CON.

At the follow-up, 12 of the GYM and 12 of the CON reported having given birth. The

mean parity for the GYM and CON was 1.8 ± 1.2 vs. 1.7 ± 1.0, respectively. Of those

participants reporting parity, 12 GYM and 10 CON reported breastfeeding. Three GYM and six

CON reported breastfeeding less than six months, while nine GYM and four CON reported

breastfeeding greater than six months.
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Physical Activity Measures

Current physical activity data from the seven-day recall are reported in Table 3.2. No

significant differences were found between GYM and CON for hours of sleep, light activity,

hard activity, and very hard activity (P > 0.12; η2 < 0.04). While not statistically significant,

GYM had greater levels of moderate physical activity, as evidenced by a moderate effect size (P

= 0.12; η2 = 0.09). Overall, no differences in total daily energy expenditure were found between

the two groups (P = 0.17; η2 = 0.07), however a medium effect size was observed as CON

expended more energy than GYM (2,703 ± 428 vs. 2,417 ± 656 kcal/day, respectively).

Moreover, when energy expenditure was corrected for body weight, no differences were found

between the groups (P = 0.63; η2 = 0.01).

0.3 ± 0.30.2 ± 0.3Very Hard

0.6 ± 0.60.4 ± 0.5Hard

1.0 ± 0.61.5 ± 1.2aModerate

14.6 ± 1.714.5 ± 1.3Light

Physical Activity (hours)

7.6 ± 1.27.4 ± 0.8Sleep (hours)

Table 3.2. Hours per day of activity reported from the Seven-
Day Recall in former gymnasts (GYM) and control (CON)

GYM (n=16) CON (n=13)

Values are means ± SD
a P = 0.12; η2 = 0.09

 Table 3.3 lists the questions asked in the study-designed past-physical activity

questionnaire, which pertain specifically to activity performed in last 10 years. During the last

10-year period, the questionnaire did not capture any differences in activity between the GYM

and CON with respect to frequency and intensity. A large effect size existed for duration of
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exercise session as GYM reported more minutes of activity per session than CON. Walking was

the physical activity that both groups engaged in most often over the last 10 years (Table 3.3).

                          n
•Walking    13
•Tennis        1
•Wt train     5
•Aerobics     3
•Bike            1
•Running      4

                           n
•Walking   12
•Tennis       4
•Wt train     1
•Aerobics    3
•Bike           1
•Running     3

In what specific physical
activities have you
regularly participated?
(Self-reported activities)

4.8 ± 1.04.7 ± 0.9

What is your intensity level
of a typical exercise bout
over last 10 years?
[Scale 1-7 (very,very easy -
very,very hard,
respectively)]

44.6 ± 17.661.3 ± 26.0 a
On average, how long do
you exercise during each
session (minutes)?

3.9 ± 2.03.6 ± 1.9
On average, how
frequently have you
exercised over last 10
years? (days/week)

CON (n=13)GYM (n=16)

Values are means ± SD
ª P = 0.06; η2 = 0.13

Table 3.3. Self-reported physical activity of
former gymnasts (GYM) and controls (CON)
from 1993-1994 to 2003-2004

Dietary Intake

Mean dietary intakes, which include dietary supplements, for GYM and CON are

reported in Table 3.4. At follow-up, there were no significant differences between GYM and

CON for any of the nutrients reported. Former gymnasts and CON met the recommended dietary

allowances for macronutrients; however, neither group met the estimated energy requirement of

2200 kcal per day. Both GYM and CON reported low intakes of calcium and vitamin D. Sixty-

three percent of GYM (10/16) and 69% of CON (9/13) consumed less than 2/3 of the AI for

calcium; whereas, 69% of both GYM (11/16) and CON (9/13) consumed less than 2/3 of the AI

for vitamin D.
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9066.4 ±  28.110577.7 ±  32.4Fat, g †

6611.8 ±  2.97012.6 ±  4.1Iron, mg

1491044 ±  3551561089 ±  338Phosphorus, mg

53105 ±  7654107 ± 66Vitamin D, IU ª

69687 ±  25372722 ±  275Calcium, mg ª

152197 ±  52159207 ±  56Carbohydrate, g

12859.3 ±  20.713963.6 ± 19.8Protein, g

731600 ±  458821804 ± 559Kilocalories

% RDACON (n=13)% RDAGYM (n=16)Variable

Values are means ± SD
ª Percentage of Adequate Intake
† 30% of  2200 Kcal /day

Table 3.4. Mean daily intake and percentages of Recommended Dietary
Allowances (RDA) in former gymnasts (GYM) and controls (CON)

Areal Bone Mineral Density

The aBMD values of GYM and CON are presented in Table 3.5. At baseline, aBMD of

GYM was significantly higher than CON at all sites measured. Similarly, at the nine-year follow-

up, aBMD of GYM remained significantly higher than CON at the same measured sites.

   1993-1994 2003-2004

Values are means ± SD
* P < 0.05; η2 > 0.14 between GYM and CON
† aBMD; g/cm2

%
Difference

CON
(n=13)

GYM
(n=16)

%
Difference

CON
 (n=13)

GYM
(n=16)

   aBMD †

15.00.68 ± 0.13 0.80 ± 0.16*15.30.72 ± 0.130.85 ± 0.17*Ward’s triangle
11.60.84 ± 0.11 0.95 ± 0.13*11.20.87 ± 0.150.98 ± 0.13*Femoral neck
7.90.93 ± 0.08 1.01 ± 0.12*10.60.92 ± 0.101.03 ± 0.12*Proximal femur
11.91.04 ± 0.12 1.18 ± 0.13*13.61.01 ± 0.081.17 ± 0.14*Lumbar Spine
5.11.11 ± 0.06 1.17 ± 0.08*6.91.08 ± 0.061.16 ± 0.07*Total Body

Table 3.5. Areal bone mineral density (aBMD) at baseline and
9-years in former gymnasts (GYM) and controls (CON)
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Figure 3.2 presents the aBMD changes over nine years between GYM and CON. The

CON had greater change in total body aBMD, as evidenced by a moderate effect size   (P = 0.14;

η2 = 0.08). However, over the nine years, aBMD changes in GYM and CON did not differ

significantly at any of the measured sites.

Total 
Body

Lumbar
Spine

Proximal
Femur

Femoral
Neck

1.6
2.7

1.5 1.8

-1.3
0.3

-3.8 -3.4
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Triangle

GYM
n = 16
CON
n = 13

%
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Absolute values are means ± SEM
a P = 0.14; η2 = 0.08

Figure 3.2. Areal bone mineral density changes from baseline to
9-years in former gymnasts (GYM) and controls (CON)

ª

DISCUSSION

The present study is the first prospective report showing that former competitive athletes

maintained higher aBMD values compared to nonathletes over an extended time period and

approximately 25 years following their retirement from the sport.  The primary finding was that

former artistic gymnasts maintained significantly higher total body (5.1%), lumbar spine

(11.9%), proximal femur (7.9%), femoral neck (11.6%), and Ward’s triangle aBMD (15.0%)

over the past nine years compared to controls.

In contrast with our findings, both Karlsson et al.17 and Magnusson et al.18 observed in

former male soccer players having been retired from competitive training for more than 25 years
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that femoral neck aBMD was no different than controls. Former male weightlifters also had

similar femoral neck aBMD values when compared to controls 25 years following cessation of

the sport.24, 25 Additionally, Khan et al.33 examined weight-bearing skeletal sites in retired elite

female ballet dancers (mean age of 51 years; retired an average of 25 years) and found that

aBMD values did not differ from controls. These cross-sectional studies suggest that there is no

evidence of aBMD benefits in former elite athletes 25 years following their retirement from their

respective sport.  Whether these former athletes possessed higher aBMD than nonathletic

controls 25 years ago is unknown.  We cannot exclude the possibility of secular changes in

intensity and frequency of training. Those former competitive athletes of soccer, weightlifting,

and ballet may have achieved a lower peak bone mass than would an athlete of those same sports

in modern times. Furthermore, the quantity and quality of physical activity between retirement

and the bone measurements 25 years later is unknown.

Over the nine years, former gymnasts and controls from the present study lost similar

amounts of aBMD at the femoral neck (–3.8% vs. –3.4%) and Ward’s triangle (–6.2% vs.

–5.6%), while similar aBMD gains were observed at the lumbar spine (1.5% vs. 1.8%) and total

body (1.6% vs. 2.7%). At the proximal femur, aBMD loss of –1.3% was found in the former

gymnasts, whereas the controls gained 0.3% over the 10 years. Hence, the higher aBMD at

baseline in former gymnasts was maintained even with reduced levels of physical activity since

college gymnastics training and competition. Kudlac et al.28 also found rates of aBMD loss in

former college gymnasts (mean age, 24 years at baseline) compared to controls. However,

aBMD of the former gymnasts remained significantly higher than controls at baseline and

follow-up at the femoral neck (16% to 14%), trochanter (18% to 13%), and total body (7% to

5%) than the controls. Likewise, male tennis players (mean age, 26 at baseline) maintained bone
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mineral content (BMC) benefits gained during adolescence despite reduced playing activity over

four years.26 Moreover, in a five-year follow-up, former female racquet sport athletes (mean age,

22 at baseline) who started their training before or at menarche maintained higher humeral shaft

BMC in the dominant versus nondominant arm.27 However, a significant change over time was

observed at the proximal humerus and distal radius comparing the dominant and nondominant

arms (2.7% and 2.1% decrease, respectively). While these studies are suggestive of maintenance

of bone gain following retirement, the follow-up periods after retirement are relatively short and

former athletes still young.

There are several possible explanations for the higher aBMD observed in our former

gymnasts vs. controls in the fifth decade of life. One possibility is that the higher aBMD

observed in the retired gymnasts could be the residual effect of childhood gymnastics training on

bone mass preservation. It was reported by our former gymnasts that their gymnastics training

began at average age of 11 years. It has been suggested that the greater accumulation of bone

mineral seen in adult athletes is achieved during the pubertal years.1, 5 The epoch of puberty

reflects a two- to three-year period when 25 to 30 percent of total adult bone mass is gained.34

During this time, bone may be more responsive to activity-induced loading, due to the influence

of increasing hormones on bone gains.35 MacKelvie et al.12 found that early pubertal girls,

compared to pre-pubertal girls, had greater gains in bone mass with physical activity. Similar

results were found in humeral side-to-side BMC difference in female tennis and squash players,

where bone mineral benefits were approximately two times greater in the women who started

their careers at or before menarche than those who started playing 15 years after menarche, 17%

to 24% compared to 8% to 14% respectively.3 Additionally, Khan et al.36 found a positive

association between starting age of ballet training and bone mass at load-bearing sites in former
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female dancers. In our study, former gymnasts were found to have started menarche after the

initiation of gymnastics training. Thus, the higher bone mass observed in our retired gymnasts

could be the result of a more responsive skeleton exposed to higher levels of exercise.

We initially predicted that the higher bone mass in the retired college gymnasts observed

approximately nine years ago 22 would be sustained in the present study. In support of this

hypothesis, we also expected to see higher levels of physical activity among former gymnasts

compared to controls. Although both groups demonstrated similar rates of bone gain or loss over

time, it appears that former gymnasts maintained higher aBMD than controls despite the reported

decline in loading activity. It is possible that the lower level of activity performed by our former

gymnasts was satisfactory to retain the high bone mineral acquired during their active career

compared to controls.

Conserving bone mineral is of significant clinical benefit, but it is unclear whether this

benefit persists into late adult years after cessation of athletic training or even after exercise

intervention. Detraining studies suggest that gains in bone are lost with complete detraining37-39

but not with reduced training.40-42 Follow-up studies in former elite athletes have observed similar

results.26-28 Decreased training, not full detraining, maintained the significant bone mineral

content differences between the dominant and nondominant arms of male tennis players over

four years.26 Likewise, female racquet sport players maintained skeletal benefits despite reducing

their playing frequency from 4.7 ± 2.7 to 1.4 ± 1.3 times per week during a five-year follow-up

period.27 Furthermore, Kudlac and colleagues28 found that retired gymnasts have maintained their

greater proximal femur aBMD over controls despite decreasing their exercising hours per week

from 20 to 4. Kirchner et al.22 reported that retired gymnasts had been exercising 5.8 ± 1.2 hours

per week the previous ten years, whereas in the next 10 years, we found them to have been
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exercising slightly less at a rate of 3.6 ± 1.9 times per week at approximately 60 minutes per

session. It is possible that continued activity, although at a lower level, preserved the exercise-

induced, beneficial skeletal effects acquired during growth and adolescence in our sample of

retired gymnasts. Perhaps a minimal activity level is required in adulthood to maintain aBMD,

but currently there are no conclusive data on the quality and quantity of exercise needed to

preserve exercise-induced skeletal benefits. Further research is needed to determine types and

amounts of activity necessary to maintain bone mass after cessation of competitive sports and

into later adulthood.

The retired gymnasts and controls were found to have similar mean dietary intakes at the

nine-year follow-up. It was interesting to note that the mean calcium intakes in both former

gymnasts and controls (722 mg and 687 mg, respectively), were considerably less than the

recommended 1000 mg/day for this age group43 and slightly less than the U.S. mean intake of

744 mg for this particular age group and gender.44 In prospective double-blind, placebo-

controlled trials, it has been observed in premenopausal women (over 40 years of age) that with

calcium intakes of 1000 to 1500 mg, bone loss was attenuated.45, 46 Hence, it is possible that both

former gymnasts and controls limited their bone mass attainment by consuming inadequate

calcium. Although intakes of vitamin D and iron were also low, the food frequency questionnaire

used in this study has only shown published validity47 and reliability31 for assessing past calcium

intakes.

At this stage in our study participant’s life, declining estrogen levels can impact bone

health. Studies of perimenopausal women have found rates of femoral neck bone loss ranging

from –0.3% to –1.3% per year as a result of decreasing estrogen levels.48-50 Two women in our

study, one gymnast and one control, reported to have been experiencing menopausal symptoms.
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Because of the rapid bone loss associated with the menopausal transition, future follow-up

studies of the study participants should account for menopausal status by including assessment of

estradiol and follicle-stimulating hormone.

In conclusion, our study provides greater insight into the effects of past athletic

participation on skeletal health in women approaching menopause. Our primary finding from the

present study was that the former female college artistic gymnasts maintained significantly

higher aBMD values over the controls since our baseline measures of approximately nine-years

ago, even with the absence of high-load gymnastics activity. Whether the former gymnasts will

maintain these higher aBMD values into their menopausal years, particularly when bone loss is

accelerated, remains to be determined.
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CHAPTER 4

SUMMARY AND CONCLUSIONS

The present study was conducted to determine if the higher aBMD seen in former female

college artistic gymnasts compared to controls, previously reported by Kirchner et al.,1 is still

present nine years later and approximately 25 years since the cessation of college gymnastics

training.  Specific variables examined at both time points were age, height, weight, % body fat,

fat-mass, fat-free mass, and total body, lumbar spine, proximal femur, femoral neck, and Ward’s

triangle aBMD.  At the nine-year follow-up, information was collected regarding dietary intake,

menstrual history, and current and past physical activity.

 The primary finding from the current study was that the former gymnasts over the past

nine years maintained significantly higher aBMD compared to controls at all measured skeletal

sites.  Additionally, former gymnasts had significantly lower body weight, fat-mass, % body fat,

and higher measures of fat-free mass/body weight compared to controls at baseline and nine

years later.  Changes in body weight, fat mass, % body fat, and aBMD at all skeletal sites over

nine years were not different from baseline between the two groups.  Furthermore, at the nine-

year follow-up, mean dietary intakes and physical activity levels were not different between the

former gymnasts and controls.

Other prospective studies in retired competitive athletes have observed similar results to

our study; however the athletes in those studies were still in their 20s and 30s and only retired for

five years or less.2-4 Previous cross-sectional studies in former competitive athletes5-8, retired for

25 years or more, have observed no aBMD benefits from earlier participation in sports during
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adolescence and young adulthood. Our study was the first to report significantly higher aBMD

values in former competitive athletes compared to controls retired from their sport for 25 years.

The results presented here are important with respect to artistic gymnastics and bone.

Although our baseline data was collected approximately 15 years after cessation from college

gymnastics, we speculate that the higher aBMD values observed were a reflection of the training

during adolescence and college, since the average start age of gymnastics training was 11 years

of age. Approximately nine years after baseline, we still observe those higher aBMD values. It is

possible that continued physical activity, although at a lower level, preserved the skeletal

benefits from earlier intense gymnastics training. Perhaps a minimal activity level is required in

adulthood to maintain bone gains achieved from youth, but currently there are no conclusive data

on the amount or type of activity necessary. Thus, further research is needed to clarify the

quantity and quality of activity necessary to maintain bone mass after cessation of competitive

sports and into later adulthood.

  At this stage in our study participant’s life, other factors such as declining estrogen

levels or low calcium intakes can impact the bone response to exercise. Studies of

perimenopausal women have found rates of femoral neck bone loss ranging from –0.3% to

–1.3% per year as a result of decreasing estrogen levels.9-11 Two women in our study, one

gymnast and one control, reported to have been experiencing menopausal symptoms. Because of

the rapid bone loss associated with menopausal transition, future follow-up studies of the study

participants should account for menopausal status by including assessment of estradiol and

follicle-stimulating hormone.

The women in the current study, both gymnasts and controls, had calcium intakes much

lower than the AI for calcium.  Calcium supplementation of 1000mg above regular dietary
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intakes in perimenopausal women, has been shown to prevent bone loss.12, 13 It is possible that the

skeletal benefits of physical activity engaged in by participants over the past nine years was

attenuated as a result of low calcium intakes.   This potential calcium-exercise interaction should

be explored more thoroughly in future follow-up studies, including more detailed measures of

calcium intakes and supplementation.

In conclusion, our study provides greater insight into the effects of past athletic

participation on skeletal health in women approaching menopause. Our primary finding from the

present study was that the former female college artistic gymnasts maintained significantly

higher aBMD values over the controls since our baseline measures of approximately nine-years

ago, even with absence of high-load gymnastics activity. Whether the former gymnasts will

maintain these higher aBMD values into their menopausal years, particularly when bone loss is

accelerated, remains to be determined.



90

REFERENCES

1. Kirchner EM, Lewis RD, O'Connor PJ. Effect of past gymnastics participation on adult
bone mass. J Appl Physiol 1996; 80:226-32.

2. Kontulainen S, Kannus P, Haapasalo H, et al. Changes in bone mineral content with
decreased training in competitive young adult tennis players and controls: a prospective
4-yr follow-up. Med Sci Sports Exerc 1999; 31:646-52.

3. Kontulainen S, Kannus P, Haapasalo H, et al. Good maintenance of exercise-induced
bone gain with decreased training of female tennis and squash players: a prospective 5-
year follow-up study of young and old starters and controls. J Bone Miner Res 2001;
16:195-201.

4. Kudlac J, Nichols DL, Sanborn CF, DiMarco NM. Impact of Detraining on Bone Loss in
Former Collegiate Female Gymnasts. Calcif Tissue Int 2004.

5. Karlsson MK, Johnell O, Obrant KJ. Is bone mineral density advantage maintained long-
term in previous weight lifters? Calcif Tissue Int 1995; 57:325-8.

6. Karlsson MK, Hasserius R, Obrant KJ. Bone mineral density in athletes during and after
career: a comparison between loaded and unloaded skeletal regions. Calcif Tissue Int
1996; 59:245-8.

7. Karlsson MK, Linden C, Karlsson C, Johnell O, Obrant K, Seeman E. Exercise during
growth and bone mineral density and fractures in old age. Lancet 2000; 355:469-70.

8. Magnusson H, Linden C, Karlsson C, Obrant KJ, Karlsson MK. Exercise may induce
reversible low bone mass in unloaded and high bone mass in weight-loaded skeletal
regions. Osteoporos Int 2001; 12:950-5.

9. Slemenda C, Longcope C, Peacock M, Hui S, Johnston CC. Sex steroids, bone mass, and
bone loss. A prospective study of pre-, peri-, and postmenopausal women. J Clin Invest
1996; 97:14-21.

10. Keen RW, Nguyen T, Sobnack R, Perry LA, Thompson PW, Spector TD. Can
biochemical markers predict bone loss at the hip and spine?: a 4-year prospective study of
141 early postmenopausal women. Osteoporos Int 1996; 6:399-406.



91

11. Sowers M, Crutchfield M, Bandekar R, et al. Bone mineral density and its change in pre-
and perimenopausal white women: the Michigan Bone Health Study. J Bone Miner Res
1998; 13:1134-40.

12. Smith EL, Gilligan C, Smith PE, Sempos CT. Calcium supplementation and bone loss in
middle-aged women. Am J Clin Nutr 1989; 50:833-42.

13. Rico H, Revilla M, Villa LF, Alvarez de Buergo M, Arribas I. Longitudinal study of the
effect of calcium pidolate on bone mass in eugonadal women. Calcif Tissue Int 1994;
54:477-80.



92

APPENDICES



93

APPENDIX A

Consent Form



94

Consent Form
I _______________________ agree to participate in a research study titled “The long term effect of gymnastics participation on bone
health,” a follow-up to a study I formerly participated. Dr. Richard Lewis and Mr. Norman Pollock of the Department of Foods and
Nutrition of the University of Georgia are conducting the study. Dr. Lewis and Mr. Pollock may be reached in room 279 Dawson Hall at
(706) 542-4901 or (706) 542-4918. I understand that my participation is voluntary. I can withdraw consent at any time without penalty
and have the results of the participation, to the extent that it can be identified as my own, returned to me, removed from the research
records, or destroyed.

The following points have been explained to me:
1) The purpose of the study is to determine how participation in competitive gymnastics during college may affect bone mineral

density (BMD) later in adulthood. The benefits I can expect from participation are the assessment of bone health (bone
mineral density), body composition (percentage of body fat and nonfat tissue), diet, and physical activity patterns. All
measurements are being used for research purposes only, not medical purposes. However, if abnormalities are found in any
measure, I will be notified and referred to my health care professional.

1) The procedures are as follows:
a. On the day of testing, I will arrive in Sports Nutrition Lab in Dawson Hall at the scheduled time. Prior to any testing

or participation, an investigator will read a consent form to me, after which the researcher and I will sign the
consent form. During the reading of the consent form, I will be familiarized with the testing procedures that will be
used during the study. Each aspect of the study will be explained to me during testing and I can withdraw from the
study at any time. A copy of the consent form will be given to me and I will be reminded that I am able to withdraw
from the study at any time.

a. I will then be asked by the researcher to fill out 6 questionnaires and take home a 3-day food diary. The
questionnaires will include: health history questionnaire, food frequency questionnaire, eating disorders inventory
symptom checklist, eating disorders inventory II questionnaire, past physical activity questionnaire, and a
interviewer- administered 7-day physical activity recall. The approximate total time to complete all 6 questionnaires
will be 45 minutes. In addition, I will take home a 3-day food diary to complete and mail back to the Sports
Nutrition Lab.

a. After completion of all 6 questionnaires, I will then give measurements for height and weight. Finally, I will
complete the bone density scans of the total body, lumbar spine, and femur on the Hologic DXA machine.  The total
time for completion of all 3 scans will be approximately 45 minutes. The researcher will provide me with a copy of
the scan information along with a brief interpretation of their meaning.

1) The discomforts or stresses that I may face during this research include psychological discomfort from the disclosure of
information concerning diet, physical activity, and history of menstruation status. In addition, I may be asked sensitive
questions about body image and eating disorders. However, I may skip any question that may be distressing. If undue
discomfort or stress occurs, I have the right to discontinue the rest at any time.

1) I understand that the only foreseen risk is exposure to a small amount of radiation during the bone scan. The 3 scans will
expose me to a maximum effective radiation dose of approximately 5 mR, which is minimal given the consideration that
background exposure is 3.5 mR per week and that chest x-ray films are about 25-40 mR for two standard films. Thus the
exposure is only 13-20% of standard chest x-ray. In the event that information from any scan is lost or unstable, no additional
scans will be performed.

1) The results of my participation will be confidential and will not be released in any identifiable form without my prior consent
unless required by law. My signature on this form authorized the use of my data in-group analyses, which may be prepared for
public dissemination, without breaching my confidentiality. To accomplish this, I will be assigned a four digit subject
participation code which will be used on all data collected during my participation in this research. A master list with my name
and corresponding code number will be kept separated from testing data and locked at all times.

1) The investigator will answer any further questions that I may have about this research, either now or during the course of the
project.

I understand that I am agreeing by my signature on this form to take part in this research project and understand that I will
receive a signed copy of this consent form for my records.

_________________________   _______________________ __________
Name of Researcher Signature Date

Telephone: ________________
Email: ____________________________

_________________________   _______________________ __________
Name of Participant Signature Date

Please sign both copies, keep one and return one to the researcher.
Additional questions or problems regarding your rights as a research participant should be addressed to Chris A. Joseph, Ph.D. Human
Subjects Office, University of Georgia, 606A Boyd Graduate Studies Research Center, Athens, Georgia 30602-7411; Telephone (706)
542-3199; E-Mail Address IRB@uga.edu
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APPENDIX B

Height and weight recording sheet
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Former Gymnasts 10-year Follow-up

Height and Weight

I.D. ___________ Date:____________

Height:
1. _____________
1. _____________
1. _____________

Average ________

Weight:
     1.    _____________

2. _____________
2. _____________

                                                         Average _________
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 APPENDIX C

Health History Questionnaire
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Health History Questionnaire

Name:                                                                     Age:                                     Date Of Birth:                                

Address:                                                                  Home Phone:                       Work Phone:                   

                                                                 Occupation:                         Race/Ethnic Background:

Child Bearing History

1. How many children have you given birth to?                                                                                                           

1. What are their ages?                                                                                                                                                   

1. Did you breast feed any of your children?          Yes                       no. If yes, how long?                                        

1. Did you have any C-sections?_____yes ______no. If yes, how many?                                                                  

Menopausal History

1.    Have you gone through menopause (12 months without a period)?             yes,          no.  If yes, how old were

you when it occurred?                                                                                                                                                

2. Are you presently going through menopause?                  yes,            no.  If yes, how long ago did you start

going through it?                                                                                                                                                        

2. Are you using any medications relating to your menopause?         yes,            no.  If yes, which medications?

                                                                                                                                                                                    

2. When did you start using these medications?                                                                                                           

Surgery/Medication History

1. Please list major medical procedures, surgeries and/or injuries in your lifetime and related medications?

Give the time of the procedure or injury and/or the frequency and duration of medication.
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1. Have you ever gone through an extended period of time where you were bedridden or immobilized?  

                 yes,            no.  If yes, how old were you and how long did this immobilization last? Briefly

explain the circumstances.

Other History

1. Do you smoke cigarettes now?            yes,            no.  If  yes, on the average, about how many cigarettes a

day do you smoke now? ____1-5, ____6-14, ____15-24, ____25-35, ____35 or more

1. If you used to smoke but do not smoke now, how long did you smoke? ______years. On the average, about

how many cigarettes a day did you smoke? ____1-5, ____6-14, ____15-24, ____25-35, ____35-more

1. How old were you when you began using birth control pills (if ever used)?              

How long have you been using them? 

1. What periods of time did you stop using birth control pills? (Please give dates, if applicable) 

1. How would you rate your present health? ____Poor____Good____Fair____Excellent

1. Any History of Bone Diseases?           yes,            no.  If yes, explain?

1. Are your menstrual cycles regular?     yes,            no.  If not, how long have they been irregular? And when

was your  most recent period?

1. Any significant weight changes in the last ten years?
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1. Are you on any nutritional supplements?

1. Are you currently dieting, or on a special type of weight loss program (Weight Watchers, Atkins, etc…)

1. Has any member of your family been diagnosed with osteoporosis?

1. Do you have any health problems that limit your physical activity?

1. How many hours, on average, do you spend watching TV, or on the computer?
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APPENDIX D

Food Frequency Questionnaire



102



103



104



105



106



107



108



109



110

APPENDIX E

Seven-day Recall

Physical Activity Questionnaire
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PHYSICAL ACTIVITY LIST

Moderate Activities

Occupational Tasks:

1. Delivering mail or paroling on foot
2. House painting
3. Truck driving (making deliveries- lifting and carrying light objects)

Household Activities:

1. Raking the lawn
2. Sweeping and mopping
3. Mowing the lawn with a power mower
4. Cleaning windows

Sports Activities: (Actual playing time)

1. Volleyball 4. Golf-walking, pulling, or carrying clubs
2. Ping Pong 5. Calisthenics
3. Brisk walking for pleasure or to work

Hard Activities

Occupational Tasks:

1. Heavy carpentry
2. Construction work- doing physical labor

Household Tasks:

1. Scrubbing floors

Sports Activities (Actual playing time):

1. Doubles tennis
2. Disco, Square, or Folk dancing

Very Hard Activities

Occupational Tasks:

1. Very hard physical labor- digging  or chopping with heavy tools
2. Carrying heavy loads, such as bricks or lumber

Sports Activities (Actual playing time):

1. Jogging or swimming (Actual playing time) 5. Aerobics
2. Singles tennis 6. Stair climbing
3. Racquetball 7. Weight training
4. Soccer 8. Gymnastics
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ID#_____

7-Day Physical Activity Recall Questionnaire

1. On the average, how many hours did you sleep each night during the last 5 weekday nights (Sunday-
Thursday)? Record to the nearest quarter-hour.

Hours:__________ Minutes:__________

2. On the average, how many hours did you sleep each night last Friday and Saturday nights?
Hours:__________ Minutes:__________

3. First let’s consider moderate activities. What activities did you do and how many total hours did you
spend during the last 5 weekdays doing these moderate activities or others like them? Please tell me to the
nearest half-hour.

Hours:__________ Minutes:__________

4. Last Saturday and Sunday, how many hours did you spend on moderate activities and what did you do?
(Can you think of any other sport, job, or household activities that would fit in this category?)

Hours:__________ Minutes:__________

5. Now let’s look at hard activities. What activities did you do and how many total hours did you spend
during the last 5 weekdays doing these hard activities or others like them? Please tell me to the nearest half-
hour.

Hours:__________ Minutes:__________

6. Last Saturday and Sunday, how many hours did you spend on hard activities and what did you do? (Can
you think of any other sport, job, or household activities that would fit in this category?)

Hours:__________ Minutes:__________

7. Now let’s look at very hard activities. What activities did you do and how many total hours did you spend
during the last 5 weekdays doing these very hard activities or others like them? Please tell me to the nearest
half-hour.

Hours:__________ Minutes:__________

8. Last Saturday and Sunday, how many hours did you spend on very hard activities and what did you do?
(Can you think of any other sport, job, or household activities that would fit in this category?)

Hours:__________ Minutes:__________

9. Compared with your physical activity over the past 3 months, was last week’s physical activity more, less,
or about the same? (Circle One)

More
Less
About the same
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APPENDIX F

Past Physical Activity Questionnaire
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I.D._____

Physical Activity Questionnaire

1. In the last 10 years, on average, how frequently have you exercised (including going on walks, riding a
bicycle, dancing, etc.;)? Report the total number of times that you have exercised in a typical week.
______________________________________________________________________________________
______________________________________________________________________________________

2. On average, how long do you exercise each time? ______________________________________________

3. Circle the number that best represents the intensity of your typical exercise bout:

1. Very, very easy
2. Very easy
3. Easy
4. Average
5. Hard
6. Very hard
7. Very, very hard

4. What specific physical activities have made up your exercise routine? How long have you spent doing each
activity?
______________________________________________________________________________________
______________________________________________________________________________________

5. During the ages of 20-30 years, how frequently did you exercise (including going on walks, riding a
bicycle, dancing, etc.;) Report the total number of times that you exercised in a typical week.
______________________________________________________________________________________
______________________________________________________________________________________

6. On average, how long did you exercise each time? _____________________________________________

7. Circle the number that best represents the intensity of your typical exercise bout:

1. Very, very easy
2. Very easy
3. Easy
4. Average
5. Hard
6. Very hard
7. Very, very hard

For former gymnasts:

8. At what age did you begin your gymnastics training?




