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ABSTRACT 
 

This study was designed to investigate the relationship between bone mineral density 

(BMD) and weekly training volume (TV) in recreational adult male cyclists.  Methods: Eleven 

male participants (n=11; 38.9 +/- 5.5 yrs) were tested in duplicate, 12 weeks apart, for BMD at 

four sites: total body (TB), lumbar (L), hip (H), and distal radius (R).  Participants were also 

measured for weight, % body fat, and VO2max.  TV, in hours, over the 12 weeks was also 

recorded for each participant at their usual self-selected volume.  Statistics: BMD values from 

the first testing session were standardized using reference values for a healthy adult male 

population aged 30 yrs.  Pearson’s correlation coefficients were calculated for all second session 

BMD measurements against TV, weight and age.  One-way ANOVA was used to compare BMD 

values between groups with TV > 10 hr/wk (moderate) and TV < 5 hr/wk (low).  Significance 

for all analyses was set at p < 0.05. Results: Mean scores were found for TV (7.65 +/- 3.24 

hr/wk), VO2max (4411.5 +/- 522.0 ml), weight (80.1 +/- 15.4 kg), and % body fat (17.7 +/- 5.1 

%).  No significant correlations were found between any BMD measurement (TB, L, H, R) and 

TV (r = 0.216, r = -0.079, r = -0.248, r = 0.342).  No differences in BMD at any site were 

observed between the low volume and moderate volume groups. Conclusion: The results 

suggest that there is no significant relationship between training volume and bone mineral 

density at the total body, lumbar spine, hip, and distal radius in adult male cyclists.  In addition, 

it was concluded that road cycling at low to moderate training volumes is not associated with a 

deleterious effect on bone. 
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Chapter 1 

INTRODUCTION 

 
In the human body, bone is constantly being remodeled; the bone one has today is not the 

same bone that one will have several months from now.  Ideally, the bone that is broken down by 

the body is replaced at the same rate so that the structural integrity of the skeleton is not 

compromised.  In a diseased population, however, the rate of bone loss is greater than the rate of 

bone deposition.  The United States has over 10 million individuals that suffer from diseases of 

bone loss (i.e. osteopenia, osteoporosis), and the prevalence is expected to increase as the largest 

portion of the population becomes older (Bushardt, Turner, Ragucci, & Askins Jr, 2006; Maylan, 

Villareal, & Sinacore, 2005).  The changes in the skeleton that accumulate over many years as a 

result of unbalanced bone remodeling can ultimately result in a weaker skeleton that is more 

susceptible to fractures.  Although these changes can occur universally throughout the skeleton, 

bones with a higher ratio of trabecular bone to cortical bone, including the spine, hip, and wrist, 

are more susceptible to osteoporotic fractures based on their physiological characteristics (Borer, 

2005).  The consequences of osteoporotic fractures not only decrease the quality of life of the 

individuals that suffer them, but also place a significant financial burden ($17 billion) on the 

healthcare industry (Ray, Chan, Thamer, & Melton, 1997; Swezey, 2000). 

The effect of exercise on bone health has become a major subject of interest in recent 

years as some studies have shown evidence that certain forms of exercise can have a prohibitive 

effect on bone loss or, in some cases, actually increase bone mineral density (BMD) (Andreoli et 

al., 2001; Bennell et al., 1997; Braith, Mills, Welsch, Keller, & Pollock, 1996; Chilibeck, Calder, 

Sale, & Webber, 1997; Cullen, Smith, & Akhter, 2001; Duncan et al., 2002; Greendale et al., 

2003; Haapasalo et al., 1994; Heinonen et al., 1993; Huddleston, Rockwell, Kulund, & Harrison, 
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1980; Karlsson et al., 2000; Kerr, Morton, Dick, & Prince, 1996; McClanahan et al., 2002; 

Melendez-Ortega, 2007; Pollock et al., 1989; Robling, Burr, & Turner, 2001; Schonau, 2004; 

Starkey et al., 1996; Staron et al., 1994; Staron et al., 1990; Taaffe, Robinson, Snow, & Marcus, 

1997).  Like many other conditions (e.g. heart disease, diabetes, etc.), the ability of exercise to 

offer therapeutic advantages for diseases of bone loss makes it necessary to investigate which 

specific forms of exercise to prescribe to both healthy and diseased/special populations.   

The majority of exercises that have been shown to preserve bone mass are categorized as 

weight bearing activities because they regularly exert forces on the skeleton equal to or greater 

than a person's body weight (Melendez-Ortega, 2007).  Weight-bearing exercises, like running, 

tennis and weight lifting, are beneficial for improving strength and preserving bone mass.  Many 

special populations (older, obese, or arthritic individuals, etc.) avoid them because of the stress 

applied to the joints and connective tissue.  Cycling is a popular alternative exercise to running 

and can be enjoyed as a lifetime activity.  Hence, its benefits to overall health and wellness are of 

interest as its popularity continues to rise.   

Although cycling is widely accepted as beneficial to cardiovascular health, it has not been 

shown to improve bone health, likely due to the low forces exerted on the skeleton (Stewart & 

Hannan, 2000).  In fact, evidence suggests there may be a negative association between cycling 

and BMD (Medelli, Louana, Menuet, Shabani, & Cordero-MacIntyre, 2008; Sabo, Bernd, Pfeil, 

& Reiter, 1996; Smathers, Bemben, & Bemben, 2009; Stewart & Hannan, 2000; Warner, Shaw, 

& Dalsky, 2002).  However, at the current time, the vast majority of studies performed to 

investigate cycling and bone health have used elite and professional level cyclists as their 

subjects.  Similar studies involving recreational cyclists as subjects would yield insights into the 

potential differences between the recreational and elite populations.  Additional research would 
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also allow more appropriate exercise recommendations to be made to both recreational and 

special populations that address all aspects of health and wellness, including bone health.  

 In order to assess an individual’s level of bone health, guidelines have been established 

by the American College of Sports Medicine (ACSM), European Foundation for Osteoporosis 

and Bone Disease, and several other groups.  Bone mineral density is an important measurement 

indicative of bone structure and BMD values have been established to define the skeletal 

differences between healthy and diseased populations.  An individual is categorized as having 

good bone health if they have a BMD value greater than 1.0 standard deviation below the mean 

for a young, healthy population (-1.0 < t score).  Two categories have been developed for the 

diseased population: 1) osteopenia, defined by a BMD value between 1.0 and 2.5 standard 

deviations below the mean for a young, healthy population (-1.0 > t score > -2.5) and, 2) 

osteoporosis, defined by a BMD value 2.5 standard deviations below the mean for a young, 

healthy population (t score < -2.5) (Kanis, Delmas, Burckhardt, Cooper, & Torgerson, 1997; 

Kohrt, Bloomfield, Little, Nelson, & Yingling, 2004).  BMD is most accurately quantified in the 

field using dual-energy x-ray absorptiometry (DXA).  DXA non-invasively gives accurate values 

of bone mineral content (BMC) and BMD within 1-2% error (Borer, 2005; Kanis et al., 1997).   

1.1 Statement of the problem  

There is a gap in the current literature between the sedentary individual and the elite (i.e. 

elite amateur and professional) cyclist.  This study seeks to begin a foundation of knowledge on 

the recreational cyclist that will have application to a greater portion of the general population 

and also give insight into exercise prescription for special populations. The method by which this 

study intends to address the gap in the literature is to describe the relationship between bone 

mineral density and training volume in the cyclist population at all levels, from low training 



 
 

4 
 

volume to high training volume.  More specifically, this study will quantify the BMD of cyclists, 

in g/cm2, using DXA and analyze its correlation with the training volume of the cyclists as 

measured in hours.  In addition, this study will correlate the BMD of cyclists with both age and 

weight. 

1.2 Hypothesis 

The hypothesis of this study is four-fold: 1) there will be a negative correlation between 

training volume, in hours, and the BMD for total body, lumbar, hip, and radius, 2) there will be a 

negative correlation between age and BMD at all regions of interest, 3) there will be a positive 

correlation between weight and BMD at all regions of interest, 4) there will be a significant 

difference in the mean BMD at all regions of interest for cyclists that train between 0-5 hours per 

week and cyclists that train over 10 hours per week. 

1.3 Definitions 

 In order that the terms used in this study are clearly understood, the following 

descriptions will serve as definitions throughout the study (in alphabetical order): 

1. Bone health- understood as the current status of an individual’s skeletal integrity, as defined 

by the ACSM and European Foundation for Bone Disease of having BMC and BMD 

measurements within or above the normal parameters for an age-matched population 

2. Bone mass- the accrued amount of calcium phosphate found in bone tissue; synonymous 

with BMC and BMD 

3. Bone mineral content- the absolute value of crystallized calcium phosphate (hydroxyapatite) 

measured by DXA in grams (g) 

4. Bone mineral density- the adjusted value of crystallized calcium phosphate (hydroxyapatite) 

with respect to measured bone area; measured and calculated by DXA in g/cm2 
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5. Bone remodeling- the cycle of breaking down, reabsorbing, depositing, and calcifying of 

bone tissue 

6. Bone turnover- synonymous with bone remodeling 

7. Diseases of bone loss- synonymous with osteopenia and osteoporosis 

8. Mass-adjusted bone mineral density- the BMD of a participant adjusted for his body mass in 

kilograms (g/cm2/kg) 

9. Recreational cyclist- a person who  has participated in cycling as their primary form of 

exercise to the exclusion of other activities, including weight bearing activities, but does not 

train or compete at levels on par with or surpassing that of elite amateurs and professionals 

10. Sedentary individual- a person not engaging in greater than 2 hours of physical activity per 

week 

11. Time- synonymous with training volume in the discussion 

1.4 Limitations 

 The author acknowledges certain limitations of this study associated with experimental 

design and confounding variables.  These limitations are discussed briefly in this section. 

1. The participants of this study were recruited from a predominantly Caucasian population 

and may not reflect the population in general; Caucasian individuals are more susceptible 

to bone loss than individuals of other ethnicities and could create a bias in the results of 

the study. 

2. Dietary calcium is an important factor in determining bone mass throughout life; 

however, this study did not monitor the dietary calcium of participants and is unable to 

account for variance in bone mass due to calcium intake. 
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3. Although it was established that cycling was the primary form of exercise during the 12 

week training period for the active participants, alternative physical activity, which could 

include weight-bearing activity, was only loosely monitored as a part of this study; this 

could potentially confound the results of the study. 

4. A limited number of participants were used in this study.  The statistical power of 

independent t-tests used to identify differences between the low training group and the 

moderate training group (Hypothesis 4) was low and could be increased by adding more 

participants to each group with further research. 

1.5 Delimitations 

 This study will exclusively recruit male individuals between the ages of 20 and 50 years 

old to participate.  By delimiting the participants in this way, the influence of estrogen 

deficiency, a significant cause of bone loss in both postmenopausal women and amenorrheic elite 

female athletes, on BMC and BMD measurements will be eliminated.  Exclusively recruiting 

participants between the ages of 20 and 50 years will allow for a mature skeleton with similar 

proportions throughout the group.  

1.6 Assumptions 

 In order for the experimental design to be a valid test of the hypothesis, the author has 

accepted three assumptions: 

1. It is assumed the participants accurately record data for training volume over the duration of 

the 12 week training period. 

2. It is assumed the participants consume an adequate level of dietary calcium during the 12 

week training period. 
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3. It is assumed all participants avoid weight-bearing physical activity and excessive manual 

labor, as much as is practical, for the duration of the 12 week training period. 

1.7 Variables  

The primary variables of interest in this study are bone mineral density at four sites (total 

body, lumbar spine (L1-L4), hip, and distal radius) and training volume.  They will be measured 

for each participant using a DXA scan and a simple training log designed for this study.  The 

secondary variables of interest are age and weight.  Age will be measured by a questionnaire and 

weight will be measured using a laboratory-grade scale.  Additional variables that will be 

measured include body fat percentage (% fat) and maximal oxygen consumption (VO2max).  

Body fat percentage will be measured using the body composition feature of the whole body 

DXA scan.  Maximal oxygen consumption will be measured using a metabolic cart during a 

maximal exercise test on a cycle ergometer. 

1.8 Significance 

Although diseases of bone loss are commonly associated with aging, research suggests 

that they are both manageable and preventable (Melendez-Ortega, 2007).  As the largest portion 

of the population ages, interventions that either develop new bone mass or simply preserve 

existing bone mass are becoming increasingly sought after.  Modern medicine offers several 

effective therapeutic solutions to the problem of bone loss.  Hormone replacement therapy, 

parathyroid hormone, and leptin all confer beneficial effects to individuals with osteopenia and 

osteoporosis (Borer, 2005; Swezey, 2000).  However, many individuals today are seeking non-

pharmacological alternatives.  In addition to being non-invasive, exercise is low-cost, easily 

prescribed, and often confers a number of other health benefits reaching beyond its positive 

effect on bone health.  It is likely that these facts have contributed to the prolific and diverse 
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nature of research on exercise and bone health.  However, there is a present need to determine 

which specific forms of exercise are empirically effective in maintaining and increasing bone 

mass without neglecting other aspects of overall health and wellness. 

Cycling is a popular lifetime sport for many individuals and its popularity is currently 

growing.  As more people turn to cycling as a form of exercise, it is necessary to investigate how 

cycling can be a part of a lifestyle conducive to overall wellness, including bone health.  

Preliminary research has raised concerns that cycling is not beneficial for preserving bone mass 

and may even have inherent qualities that produce deleterious effects on bone (Stewart & 

Hannan, 2000).  However, the literature describing the relationship between cycling and bone 

health is less-comprehensive than that describing other forms of exercise.  In addition, the 

literature search performed by the author yielded mostly cross-sectional studies that focus on the 

bone health of cyclists training and competing at the elite or professional level. This study has 

significance to the field in many ways.  It is novel in that it seeks to begin a foundation of 

knowledge on the bone health of recreational cyclists.  The majority of individuals participating 

in cycling does so for leisure, fitness, or transportation and has a distinctly different exercise 

program than elite cyclists.  This study could begin to describe the differences in bone health 

between recreational and elite cyclists.  In addition, the insights generated from this study could 

be useful in prescribing cycling as exercise to maximize all aspects of overall wellness to both 

healthy and special populations. The results of this study will also aid in planning future 

experiments regarding bone mass. 
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Chapter 2. 

REVIEW OF THE LITERATURE 

 

 There has been substantial research conducted on the topics of bone physiology, bone 

health, osteoporosis, and the relationship of exercise to these topics.  This review of literature 

seeks to give the reader adequate information to asses the nature and quality of this study.  The 

review will begin with general topics of bone physiology, including hormonal regulation and 

nutrition, and progress towards more specific topics of exercise and its role in bone adaptation. 

2.1 Bone physiology 

 In bone, like many other devices, structure begets function.  At the foundation of bone 

structure, there are two different types of bone tissue: cortical bone and trabecular bone.  Cortical 

bone, or compact bone, is composed of tightly layered lamellae which are sheets of mineralized 

crystals and osteocytes encompassing a central canal of blood vessels and nerves (Borer, 2005; 

Swezey, 2000).  Cortical bone is often found in the diaphysis of long bones and in the outer 

surface of cuboidal and flat bones where it lends its superior strength to function in load bearing.  

Studies have shown that approximately 80% of a bone’s overall mass comes from the cortical 

bone tissue, yet it only accounts for 20% of bone turnover (Borer, 2005).  Similarly, a high 

percentage of a bone’s strength is due to the amount of cortical bone present (Schonau, 2004). 

 To complement the compact nature of cortical bone, trabecular bone, or cancellous bone 

as it is sometimes called, is composed of a porous network of trabeculae that are found in the 

interior of cuboidal and flat bones and in the epiphyseal and metaphyseal heads of long bones.  

The porous structure of trabeculae resembles a sponge, hence another alternative name for the 
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tissue: spongy bone.  This tissue makes up the remaining 20% of a bone’s overall mass and 

accounts for the remaining 80% of bone turnover (Borer, 2005; Swezey, 2000). 

For many individuals, it can be difficult to view bone as a living, dynamic tissue once the 

skeleton has reached maturity.  The rapid growth that is so easy to observe during childhood and 

adolescence gives way to a more definite structure in terms of size and shape.  However, to think 

that the skeleton has reached maturity and thus become static in nature is incorrect.  The reality is 

that the skeleton is a highly active tissue that continues to change throughout the entirety of one’s 

life.  

 The physiological role of bone that is largely responsible for the constant changes in its 

tissues is that it is a storage site for calcium.  As the body tries to maintain a constant 

concentration of calcium in the blood, bone tissue is either deposited or reabsorbed.  It has been 

established that if the body’s calcium needs are not met by dietary intake, then the deficit is 

fulfilled by the calcium stored in bone as calcium phosphate (Gallo, 1993).  There are two 

different cell types responsible for this constant remodeling process: osteoblasts and osteoclasts.  

An osteoclast is a specialized cell responsible for the resorption of bone in the body.  The 

remodeling cycle begins with osteoclasts binding and breaking down the surface of existing 

lamellae and trabeculae which creates micropores and cavities in the bone (Borer, 2005).  The 

newly created cavities are then filled with osteoblasts which differentiate into osteocytes and also 

secrete a collagen matrix to serve as the lattice for the hydroxyapatite crystals (Borer, 2005; 

Swezey, 2000).  It is equally important to note that even if osteoclasts are actively inhibited from 

breaking down existing bone and osteoblasts are actively secreting bone matrix and becoming 

new osteocytes, an increase in bone mineral content, and thus bone mineral density, cannot occur 
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unless calcium phosphate actually crystallizes in the matrix (Schonau, 2004).  This action (i.e. 

crystallization) signals the end of one round of the remodeling cycle. 

Although this highly simplified version of the remodeling cycle can be quickly described 

in a single paragraph, the inherent nature of bone turnover is very slow.  A single round of 

resorption, deposition, and crystallization usually takes 12 to 16 weeks (Kanis, Melton III, 

Christiansen, Johnston, & Khaltaev, 1994; Mundy, 1999).  This slow process is part of what 

makes diseases of bone loss hard to diagnose since changes may take place over many years and 

often are not evident until a fracture has occurred (Kanis et al., 1997; Swezey, 2000). 

The constant remodeling of bone tissue is actually at the core of bone loss diseases.  The 

American College of Sports Medicine and European Foundation for Bone Disease have defined 

two states of bone disease that result from an imbalanced remodeling cycle.  Osteopenia is 

defined by these groups as an individual having a bone mass of at least one standard deviation 

below the mean for a young, healthy population of the same sex.  Similarly, osteoporosis is 

defined as an individual having a bone mass of at least 2.5 standard deviations below the mean 

bone mass for an age-matched population of the same sex (Kanis et al., 1997; Kohrt et al., 2004). 

As mentioned earlier, the body maintains calcium homeostasis in the bone and blood 

through an immensely complex series of interactions between neuronal stimuli, cerebral 

integration, and the response of many hormones.  This section of the review will focus on the 

actions of male and female sex hormones, calcitonin, and parathyroid hormone (PTH). 

In females, estrogen is highly linked to the maintenance of bone tissue (Bushardt et al., 

2006).  The mechanism is not completely understood, but is likely due to a decrease in resorption 

(Swezey, 2000).  The abrupt decline in estrogen production that stems from menopause causes 

many women to incur significant bone loss.  It is because of this sudden hormonal deficiency 
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that females are at a higher risk for osteopenia and osteoporosis than males.  The importance of 

estrogen in bone health is underlined by the fact that hormone replacement therapy (HRT) is a 

common treatment option for postmenopausal women with osteopenia and osteoporosis 

(Swezey, 2000).   

In males, the role of testosterone is also not completely understood, but it is evident that it 

plays a significant role in bone maintenance.  Warner, Shaw, and Dalsky reported that there was 

a positive correlation between bioavailable testosterone and BMD in both highly-trained cyclists 

and controls for total body BMD and at various sites of the femur (Warner et al., 2002).  Male 

production of sex hormones is also quite different than that of females.  Since there is no abrupt 

decline in testosterone production that is common among males, BMD decreases due to 

hypogonadism (andropause) generally do not occur until much later in life (Bushardt et al., 

2006).  

While sex hormones are generally associated with bone preservation, thyroid and 

parathyroid hormones are closely associated with the constant turnover of bone tissue. 

Parathyroid hormone (PTH) is secreted by the parathyroid gland in response to low blood 

calcium levels.  Once it is secreted, PTH indirectly influences bone resorption.  By binding to 

membrane-bound receptors on osteoblasts and inhibiting their activity, PTH allows osteoclast 

activity to predominate and the remodeling balance to swing in a negative direction (Fox, 2006).  

Surprisingly, though, PTH can also contribute to a positive remodeling balance.  Experimental 

data show that intermittent secretion of PTH can lead to formation of bone tissue (Reeve et al., 

1980). 

Calcitonin has a more singular function and has been found to play an antagonistic role to 

PTH.  Secreted by the thyroid gland, calcitonin responds to high blood calcium by stimulating 
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osteoblasts to create new bone tissue.  Additionally, increased calcitonin levels result in 

increased calcium and phosphorous absorption in the intestine, increased mineralization of 

calcium phosphate in the bone tissue, and decreased osteoclast activity (Swezey, 2000).  The 

most common and effective therapeutic uses of calcitonin to treat diseases of bone loss currently 

employ salmon calcitonin administered through a nasal spray to inhibit bone resorption by 

binding to osteoclast receptors (Bushardt et al., 2006; Swezey, 2000). 

In light of the many factors that contribute to bone turnover, it is no surprise that diseases 

of bone loss are common, even in highly developed countries.  It has been reported that over 10 

million individuals are affected by osteoporosis and osteopenia in the United States (Bushardt et 

al., 2006; Maylan et al., 2005).  This number is only expected to rise in the coming years as a 

higher percentage of the population enters the high-risk age group for diseases of bone loss.   

2.2 Bone loss prevention  

Since individuals tend to lose bone at a rate of 1-2% per decade after the age of 30 years, 

many physiologists believe that the most effective means of bone loss prevention is by accruing 

the greatest amount of bone mineral possible before physiologic factors inevitably swing the 

remodeling cycle in the negative direction (Schonau, 2004).  This concept is known as the peak 

bone mass theory.  Peak bone mass is thought to be a result of four major factors: genetics, 

hormones, nutrition, and exercise (Gallo, 1993; Schonau, 2004).  This section will focus on the 

modifiable factors of accruing peak bone mass for the prevention of osteopenia and osteoporosis: 

nutrition and exercise. 

2.2.1 Nutrition 

In order for the body to carry on normal function, it must have sufficient resources in terms 

of energy and nutrients.  With that in mind, it is no wonder that nutrition is a key element in bone 
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formation and maintenance.  Two nutrients seem to play a more crucial role in bone health than 

others: calcium and vitamin D. 

Research into the relationship between nutrition and bone health has shown that dietary 

calcium intake during childhood and adolescence is a key predictor of peak bone mass (Schonau, 

2004).  Later in life, dietary calcium is more closely correlated with bone preservation than 

attainment of peak bone mass (Hudson, 2006).  A study by Elders et al. showed that an increased 

calcium intake via supplementation (up to 2000 mg/day for 2 years) decreased rates of bone loss 

in women aged 46-55 years (Elders et al., 1991).  Calcium intake during exercise may also be a 

worthwhile prevention strategy.  In a unique study looking at the effects of calcium intake during 

acute exercise, Guillemant et al. found that supplementing with calcium during a 2 hour bout of 

cycling decreased the expression of bone turnover markers (bone alkaline phosphatase and C-

terminal cross-linking telopeptide of type 1 collagen) commonly induced by endurance exercise 

(Guillemant, Accarie, Peres, & Guillemant, 2004) 

Vitamin D is unique in that, although it is a hormone produced by the body, the amount 

consumed in one’s diet can still play a critical role in bone health.  Endogenous vitamin D is 

converted from cholesterol derivatives in the skin by ultraviolet rays (Maylan et al., 2005).  Its 

main roles are that it aids intestinal absorption of calcium and phosphorous, and increases 

mineralization of calcium phosphate in the bone itself (Hudson, 2006; Maylan et al., 2005).  In 

order to ensure adequate levels in the body, many common foods are fortified with vitamin D, 

including whole grains and milk.  In relation to bone health, increasing vitamin D intake along 

with increased calcium intake has shown to be more effective than simply increasing dietary 

calcium in reducing the incidence of non-vertebral fractures in older individuals (Cumming, 

1990).   
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Though calcium and vitamin D are two of the most effective nutrients in preventing bone 

loss, there are many others.  Isoflavones, naturally occurring in soybeans and other legumes, 

have shown to increase BMC and BMD in menopausal women (Hudson, 2006).  Vitamin C 

deficiency has long been known to be associated with the bone abnormalities of scurvy (Hudson, 

2006).  The seemingly endless variety of foods and naturally occurring variations on chemical 

structures will likely yield more significant methods of preventing bone loss through nutrition. 

2.2.2 Exercise  

The most basic concepts of bone physiology can be described and understood in relation 

to Wolff’s Law which states that bone adapts to both the presence and absence of physical stress 

(Wolff, 1892).  When bone is exposed to stressors that push the limits of its current strength, it 

adapts by laying down new tissue.  In fact, the degree of adaptation in the bone tissue is linked to 

the magnitude of forces experienced during mechanical loading and impact (Bennell et al., 1997; 

Cullen et al., 2001; Heinonen et al., 1995; Robling et al., 2001).  Conversely, when bone is not 

regularly stressed to meet the limits of its current strength, it adapts by breaking down excess 

tissue in order to save energy.  The potential for exercise to create a positive bone remodeling 

balance is easily understood when viewed in light of Wolff’s Law (Melendez-Ortega, 2007).   

It is currently theorized that in order for positive remodeling to be stimulated by external 

forces there is a minimum force, or threshold, that must be exerted upon the bone (Melendez-

Ortega, 2007; Robling et al., 2001).  Research into the remodeling threshold has suggested that 

different bones have different thresholds (Chow, Jagger, & Chambers, 1993; Frost, 1964; Hsieh, 

Robling, Ambrosius, Burr, & Turner, 2001; Melendez-Ortega, 2007; Robling et al., 2001; Rubin 

& Lanyon, 1985; Turner, Forwood, Rho, & Yoshikawa, 1994).  Since bone does not respond to a 

universal level of stress, strain, or torsion, the body must have a way of sensing to what extent 
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the bone is being stressed.  A unique property of bone is believed to aid in this activity.  

Physiologists have demonstrated that bone creates an electrical current when stressed.  This is 

called the piezoelectric effect (Marino & Becker, 1970).  Although not completely understood, 

the sensory integration and response to this phenomenon is believed to be a key mechanism that 

aids in the regulation of bone adaptation (Marino & Becker, 1970; Marino, Becker, & 

Soderholm, 1971; Turner & Pavalko, 1998). 

Many studies have shown that exercise is beneficial to individuals suffering from bone 

disease (Robling et al., 2001; Taaffe et al., 1997).  At its most basic form, exercise is simply 

movement, and movement alone is related to higher bone mass (Greendale et al., 2003; 

McVeigh, Norris, Cameron, & Pettifor, 2004).  However, not all movement is osteogenic in 

nature.  Since there does appear to be a “minimum effective strain” for mechanical loading to 

induce positive bone adaptation, there is a need for research to determine which specific forms of 

exercise are empirically effective in maintaining and increasing bone mass.  While the research 

on exercise and bone health is truly diverse, it can be categorized to some extent.  This review 

will focus on two such categories: weight bearing exercise and non-weight bearing exercise.  

2.2.2a Weight bearing exercise 

Generally stated, exercise causes adaptation in bone tissue through mechanical loading or 

impact forces (Maïmoun et al., 2004).  Exercises that regularly induce mechanical loading or 

impact forces on the skeleton that are equal to or greater than an individual’s own body weight 

are commonly referred to as weight bearing exercises.  Under this condition, mechanical loading 

of bone is created by the contraction of muscle tissue or the force of gravity pulling against the 

periosteum (Bennell et al., 1997; Carter, 1984; Cullen et al., 2001; Layne & Nelson, 1999; 

Maïmoun et al., 2004), while impact forces result from ground reaction forces being transferred 
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to the skeleton (McVeigh et al., 2004).  Historically, weight bearing exercises have generated 

significant attention for their beneficial effects on strength and muscle mass.  More recently, 

weight bearing exercises have also earned interest for their beneficial effects on bone mass.  

Popular examples include weight lifting/resistance training, running, tennis, soccer, and squash; 

generally activities that are performed while on one’s feet.   

Resistance training is perhaps the most basic weight bearing exercise.  Individuals simply 

contract specific muscle groups to either resist or move a pre-determined load.  In a study 

performed by Kerr et al., postmenopausal women who performed isolateral resistance training 

with high loads saw significant gains in BMD of the trained limb compared to the control limb 

(Kerr et al., 1996).  Similarly, Cussler et al. reported that increases in femur trochanter BMD in 

postmenopausal women were directly related to the amount of weight lifted in the leg press over 

a one-year progressive training program (Cussler et al., 2003).  These effects have not only been 

found in women.  Sabo et al. found that highly-elite male weightlifters have significantly higher 

BMD (24%; 0.252 g/cm2) than age-matched male controls (Sabo et al., 1996).  It is believed that 

resistance training increases BMD directly by inducing loads on the skeleton that surpass the 

remodeling threshold, but also indirectly by increasing muscle strength and muscle mass (Braith 

et al., 1996; Chilibeck et al., 1997; Duncan et al., 2002; Melendez-Ortega, 2007; Pollock et al., 

1989; Schonau, 2004; Starkey et al., 1996; Staron et al., 1994; Staron et al., 1990).  Absolute 

muscle strength and increases in muscle mass have been shown in recent studies to be related to 

increased BMD and it is believed that the increased forces exerted on the periosteum by both 

muscular contraction and gravity are responsible for the changes in bone mass (Duncan et al., 

2002; Melendez-Ortega, 2007; Schonau, 2004).   
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Resistance training can be performed using endless combinations of sets and repetitions 

for exercises stressing different muscle groups.  However, to maximize the adaptive benefits 

yielded by resistance training, it is suggested that individuals complete shorter, but more 

frequent, sessions of moderate to high mechanical loading (Bennell et al., 1997; Cullen et al., 

2001; Robling, Burr, & Turner, 2000; Robling et al., 2001).  Research has shown that receptors 

become desensitized to bone stress over time and without a sufficient recovery period the body 

ceases to respond to the stimulus (Robling et al., 2001; Turner, 1998).  It seems that resistance 

training must also be performed following specific protocols for full efficacy. Some studies that 

have applied resistance-based intervention strategies similar to the previously mentioned 

publications have failed to find comparable changes in leg, lumbar, or hip bone density 

(Humphries et al., 2000; Vuori et al., 1994).  It can be hypothesized that the methodology of 

these experiments failed to capture an important aspect of the adaptive protocol (i.e. site-specific 

exercise, population, frequency, duration, etc.) and thus was unable to produce similar results. 

 Running constitutes another simple weight bearing activity that has shown benefits to 

bone health.  Published data have repeatedly confirmed that runners tend to have greater site-

specific bone mass than non-runners and controls (Hamdy, Anderson, Whalen, & Harvill, 1994; 

Lane et al., 1986; Nevill, Holder, & Stewart, 2004; Stewart & Hannan, 2000; Williams, Wagner, 

Wasnich, & Heilbrun, 1984).  Stewart and Hannan published a noteworthy study that compared 

the BMD of runners, cyclists, and controls (Stewart & Hannan, 2000).  Male runners were found 

to have significantly higher total body and leg BMD when compared to the other groups.  These 

increases can be understood due to the fact that the loads placed on the skeleton during running 

approach twice an individual’s body weight (Melendez-Ortega, 2007). 
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In a classic study on bone adaptation, Huddleston et al. (1980) used male tennis players 

to examine the differences of exercise on BMD.  The data show that BMD in the forearm was 

higher in the dominant (i.e. serving and forehand) arm of the tennis players compared to the non-

dominant arm (Huddleston et al., 1980).  This study provides solid evidence that changes in 

BMD are uniquely site-specific.   

More sport-related studies have found that exercise positively influences BMD.  Karlsson 

et al. conducted a cross-sectional study of current and former elite male soccer players to 

investigate the lasting-effects of activity on BMD and the associated reduction in fractures 

(Karlsson et al., 2000).  It was found that current elite soccer players had significantly higher 

total body and leg BMD compared to controls.  However, former soccer players only appeared to 

retain these characteristics for 15 years.  This would suggest that the skeleton adapts to the 

absence of impact forces after retirement from sport, thus making lifelong physical activity 

equally as important as physical activity during youth. 

Women have also been found to benefit from sport-induced mechanical loading of bone.  

In a bone mass study very similar to that of Huddleston et al. (1980), Haapasalo et al. controlled 

for genetic and environmental factors on BMD by performing a unilateral limb study using 

female squash players (Haapasalo et al., 1994).  This study showed similar results: BMD was 

significantly higher in the trained arm versus the untrained arm and was also related to the 

number of years in training.  

Female gymnasts have also shown a high level of adaptation to impact forces from sport.  

The BMD of female gymnasts is thoroughly documented and many studies have suggested that 

the impact forces transferred to the skeleton are responsible for an increased BMD when 

compared to control groups and athletes of other sports (Helge & Kanstrup, 2002; Proctor, 
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Adams, Shaffrath, & van Loan, 2002; Taaffe et al., 1995).  Success in gymnastics is largely 

dependent on the ability of the athlete to produce explosive muscular contractions and have a 

high level of strength; two factors that are associated with high levels of bone mass.  Thus 

training programs for most gymnasts contain a large volume of jump training and strength 

training.  Jumping studies involving young adult women have shown increases in BMD at the 

hip, lumbar vertebrae, and leg (Arnett & Lutz, 2002; Kato et al., 2006; Witzke & Snow, 2000).  

These data produces strong evidence for the mechanism responsible for adaptation in 

gymnastics. 

Many team sports (basketball/netball, volleyball, track and field, football/soccer, and 

rugby) are high impact and are believed to impart benefits similar to gymnastics (Bennell et al., 

1997; Calbet, Dorado, Diaz-Herrera, & Rodriguez-Rodriguez, 2001; Creighton, Morgan, 

Boardley, & Brolinson, 2001; Ginty et al., 2005; Karlsson et al., 2000; Neville et al., 2002).  In 

fact, most organized sports have been shown to induce positive adaptations in bone mass, likely 

because they make use of two pure forms of exercise that also have definite osteogenic effects: 

running and jumping.  

2.2.2b Non-weight bearing exercise 

Non-weight bearing exercises differ from weight bearing exercises in that the loads 

experienced by the skeleton are often lower than one’s body weight, but the repetitions 

experienced are much higher.  These characteristics are descriptive of many endurance activities, 

including swimming, rowing, water polo, and, of course, cycling.  The amount of research 

investigating the relationship between bone mass and non-weight bearing exercises is noticeably 

less than that of research into bone mass and weight bearing exercises.  This may be indicative of 
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the perceived lack of benefit from non-weight bearing exercises.  However, non-weight bearing 

activities cannot be completely dismissed as being non-beneficial to bone health.  

While the gains in strength and muscle mass may not be as great in magnitude as what is 

experienced during resistance training, endurance training and competition has been found to 

impart similar increases to BMD (Andreoli et al., 2001; Bemben, Smathers, & Bemben, 2004; 

Cohen, Millett, Mist, Laskey, & Rushton, 1995; Lariviere, Robinson, & Snow, 2003; 

McClanahan et al., 2002; Orwoll, Ferar, Oviatt, McClung, & Huntington, 1989; Smith & 

Rutherford, 1993; Snow-Harter, Bouxsein, Lewis, Carter, & Marcus, 1992; Warner et al., 2002).  

In a longitudinal study on triathletes, McClanahan et al. found arm BMD increased by 2% in 

male triathletes over the course of a 6-month period during the competition season (McClanahan 

et al., 2002).  Though the loads of triathlon training are low, this study suggests they may be 

sufficient enough to increase muscular strength and/or muscle mass so that BMD is positively 

affected.   

Smathers, Bemben, and Bemben (2009) also found that endurance exercises can have a 

stimulating effect on bone.  Their study on BMD at specific regional sites in cyclists suggested 

that the mechanical loading experienced at the hip in elite cyclists, and the subsequent 

development of muscle mass and strength, was as equally beneficial as that experienced by 

recreationally-active men (Smathers et al., 2009).  Several studies specifically have noted that an 

increase in leg strength is related to increased leg BMD and cyclists have been shown to have 

significantly higher leg strength than controls (Burr, 1997; Duncan et al., 2002; Warner et al., 

2002).  It is hypothesized that, although these aerobic exercises are non-impact in nature, there is 

sufficient mechanical loading generated by dynamic muscular contraction and changes in 
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muscles mass to at least maintain bone mass, if not illicit an adaptation (Frost, 1999; Srinivasan, 

Weimer, Agans, Bain, & Gross, 2002). 

Additionally, bone adaptation from exercise is not limited to men.  Heinonen et al. (1993) 

investigated BMD at various regions of interest in female athletes.  Endurance athletes (cyclists, 

cross-country skiers, and orienteers), weight lifters, and controls were measured for BMD at the 

lumbar spine, femoral neck, distal femur, distal radius, patella, proximal tibia, and calcaneus 

using DXA.  Female cyclists were found to have similar BMD values at all sites compared with 

cross-country skiers and controls (Heinonen et al., 1993).  These findings confirm those of 

Warner, Shaw, and Dalsky (2002) and Rico et al. (1993) in suggesting that cycling does not 

diminish bone mass but also suggest that cycling can maintain bone mass in women to the same 

degree as recreationally active women. 

While there are a few studies showing benefits to BMD from endurance exercises, the 

data concerning cycling continue to be mixed.  Nichols, Palmer, and Levy found no significant 

differences in BMD between young adult male cyclists and age-matched sedentary controls 

(Nichols, Palmer, & Levy, 2003).  However, in the same study, master adult male cyclists were 

found to have significantly lower total body BMD than age-matched controls suggesting that 

master cyclists are at greater risk of developing osteoporosis than normally active individuals.  

At the other end of the age spectrum, Rico et al. conducted a study using pubertal male cyclists 

to look at the effects of cycling on bone mass (Rico, Revilla, Hernandez, Gomez-Castresana, & 

Villa, 1993).  The researchers found no differences in the BMD of the cyclists and normally-

active, age-matched controls.  These findings suggest that cycling does not build substantial bone 

mass in adolescents, but does not put young cyclists at a higher risk for developing osteopenia or 

osteoporosis than their peers (Rico et al., 1993). 
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There are also data, however, that suggest cycling does put individuals at risk for 

developing bone loss.  Sabo et al. conducted a study comparing the BMD of elite athletes of 

different sports to age-matched controls (Sabo et al., 1996).  This study found that, in contrast to 

weightlifters and boxers, the highly-elite cyclists of the Tour de France had 10% lower BMD 

compared to controls.  The researchers stated that the data confirmed findings of other studies 

concerning the BMD of cyclists.   One such study was performed by Stewart and Hannan (2000).  

They reported that cyclists had significantly lower lumbar spine BMD compared to sedentary 

controls (Stewart & Hannan, 2000).  These are just two of several studies that report cyclists tend 

to have average to below-average bone mass in the spine suggesting a corresponding deficiency 

in low back strength (Bemben et al., 2004; Nichols et al., 2003; Stewart & Hannan, 2000; 

Warner et al., 2002).  Most researchers speculate that, in cyclists, the lumbar spine is particularly 

susceptible to bone loss for two related reasons.  First, the lumbar spine is composed primarily of 

trabecular bone.  Trabecular bone is known to adapt most noticeably to gravitational forces 

and/or axial loading of the spine.  Cyclists with a high training volume spend a great deal of time 

in a horizontal position that reduces the axial load on the lumbar spine (Stewart & Hannan, 

2000).  This load is instead supported by the arms.  With the decrease in axial forces, the lumbar 

spine usually fails to maintain its previous level of bone mass.  To compound the problem, the 

normal outstretched cycling position tends to weaken the back extensor muscles since the arms 

are supporting the majority of the trunk load.  The weakened back extensors are then unable to 

generate the same strength of muscular contraction on the lumbar spine.  As research has linked 

back extensor strength and lumbar spine BMD, this likely leads to a decrease in cortical bone 

mass as cortical bone is most responsive to muscular contraction (Borer, 2005; Lariviere et al., 

2003; Sinaki et al., 2002; Sinaki & Offord, 1988; Stewart & Hannan, 2000). 
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Warner, Shaw and Dalsky (2002) noted that there are different types of cyclists.  The 

researchers investigated 30 highly trained cyclists and 15 recreationally active controls for BMD 

at the proximal femur, lumbar spine, and total body.  When BMD values were adjusted for body 

mass and controlled for age, the mountain cyclist sub-group had significantly higher BMD 

values at all sites compared to the other groups.  However, there were no differences in BMD 

values reported between the road cyclist sub-group and controls.  These findings suggest that the 

type of cycling performed can impact bone response greatly, but also that cycling is not 

inherently disadvantageous for bone preservation when compared to recreational activity.  Also, 

the investigators hypothesized these results may reflect the varied level of impact forces found in 

different types of cycling.  Research has been performed to quantify these impact forces.   

In most cases, the impact forces experienced by a cyclist will approximate the loads 

experienced by the bicycle frame itself as most frames have a rigid structure aimed to transfer the 

greatest possible force from the rider to the frame; in other words, the transfer of forces goes 

both directions.  Working off this premise, DeLorenzo and Hull reports that, in specific 

situations of mountain biking, cyclists can experience up to 3-5 times their body weight in 

impact forces with the handle bars transmitting greater dynamic forces than the pedals (De 

Lorenzo & Hull, 1999).  However, during seated pedaling, the most common scenario in both 

road and mountain cycling, only 50% of a rider’s body weight is transferred to the pedals and 

thus to the skeleton (Rowe, Hull, & Wang, 1998).  This number increases to 90% during 

downhill standing, but is still below the force of one’s own body weight and far below the 300-

500% experienced during specific conditions of mountain biking (De Lorenzo & Hull, 1999; 

Wang & Hull, 1997).  Warner, Shaw, and Dalsky suggest that these forces may occur frequently 

enough in mountain biking but not in road cycling (Warner et al., 2002). 
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It is acknowledged that research into cycling and bone health is rare (Stewart & Hannan, 

2000; Warner et al., 2002).  The studies that have been described in the literature also seem to 

focus on elite level cyclists and are predominantly cross-sectional in their method (Medelli et al., 

2008; Nichols et al., 2003; Sabo et al., 1996; Stewart & Hannan, 2000; Warner et al., 2002). 

These facts suggest that the data found in these studies may not reflect bone mass characteristics 

of recreational cyclists (Warner et al., 2002).  The need for further research is evident. 
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Chapter 3 

METHODS 

 

 The following methods were used to investigate the correlation between training volume 

and bone mineral density in adult, male cyclists.  The methods are broken down into sections 

describing participants, instruments, procedures, and statistics. 

3.1 Participants 

 In order to guarantee the safety and privacy of the participants, the protocols for this 

study were reviewed by the Wichita State University Institutional Review Board.  Any time 

during the study the participant may have withdrawn their consent to participate without 

prejudice towards them.  Such withdrawl could be for any reason the individual chooses. 

Participants for the study were 11 apparently healthy adult male cyclists, aged 31-48 

years, recruited from Wichita, KS and the surrounding areas.  All subjects were Caucasian and 

were non-smokers, nor did any have a history of smoking.  The ability and fitness levels of the 

cyclists ranged from recreational to United States Cycling Federation Category 1, thus spanning 

a broad spectrum of fitness levels.  All participants had been cycling for at least one year and 

were actively training at levels consistent with their individual histories at the time of the study.  

Participants were recruited by their response to flyer distribution via electronic mailing lists 

obtained from local bicycle clubs.  Participants were self-screened for the study by confirming 

they met inclusion criteria comprised of age, gender, level of weight bearing activity and manual 

labor, and previous radiation exposure.  Male participants were used exclusively in an attempt to 

neutralize the effect of estrogen deficiency on bone mineral density commonly associated with 

menopause and elite female athletes (amenorrhea).   
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3.2 Instruments 

Anthropometric and physiological data was recorded for all participants.  These 

measurements included age, height, weight, and maximal oxygen consumption (VO2max).  Age 

was measured via a questionnaire.  Height was measured in duplicate using a standard 

stadiometer.  Weight was measured in duplicate using a Tanita digital scale (Tanita Corp. of 

America, Arlington Heights, IL).  VO2max was measured in duplicate on a Cybex cycle 

ergometer (Cybex International, Inc., Medway, MA) using a Max II metabolic cart (AEI 

Technologies, Naperville, IL).   

Bone mineral density, and body composition (% fat) were recorded using a QDR 4500 

Elite dual-energy x-ray absorptiometer (Hologic, Inc., Bedford, MA).  DXA relies on a low-

energy photon emission that allows for a high resolution of tissue differentiation (Swezey, 2000).  

Reliability and accuracy of the instrument was guaranteed by daily quality scans performed with 

a spine phantom provided by Hologic, Inc.  BMD was quantified for four sites using the regional 

scan functions on the QDR 4500 Elite: total body, lumbar spine (L1-L4), hip, and distal radius.  

The QDR 4500 Elite measures in vivo BMD with a precision of 1.0-2.0% for each region of 

interest used in this study (Gilsanz, 1998; Greenspan, 1997).  The regional sites selected are 

based on their respective tissue physiologies, and on common regions of interest as reported in 

the literature.  Body fat percentage was quantified using the whole body scan function on the 

QDR 4500 Elite. 

Training volume was self-recorded for all participants on a training log created 

specifically for this study.  The training log was designed to capture the daily physical activity 

for the participants including mode, duration, and intensity for a period of 12 weeks.  Intensity 

was recorded using the Borg Scale for Rate of Perceived Exertion. 
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3.3 Procedures 

In response to the recruitment flyer, volunteers were fully informed of the study’s 

purpose, procedures and risks, and of their right to remove themselves from the study at any 

time.  Volunteers were then self-screened via inclusion criteria for participation in the study.  

Inclusion criteria consisted of age, gender, level of weight bearing activity and manual labor, and 

previous radiation exposure.  Self-screening was represented by the volunteer acknowledging 

they met inclusion criteria and by giving their informed written consent to participate in the 

study by signing a consent form approved by the Wichita State University IRB (a copy of the 

consent form can be found in Appendix E).  Participants were then screened further by the 

researchers for physical fitness via a Physical Activity Readiness Questionnaire.  At this point, 

participants were allowed to undergo testing.   

All testing for this study was performed in the Human Performance Lab located on the 

campus of Wichita State University. During the initial testing session, participants were first 

measured for age, height, and weight.  Following these measurements, a DXA scan was 

performed using a Hologic dual-energy x-ray absorptiometer.  Four regional scans were 

completed for use in statistical comparisons: total body, lumbar spine (L1-L4), left hip, and distal 

radius of the dominant hand.  Protocol for the DXA scans followed that established by the 

manufacturer.  Bone mineral density and % body fat were quantified for each region using the 

manufacturer’s software by an experienced technician and recorded on a password-protected 

computer.   The BMD data collected during this initial testing session were standardized to 

values from a healthy adult male population aged 30 years and used to screen participants for 

pre-existing conditions of bone loss.  Data from any participant that had a standardized score less 

than or equal -2.5 (t score ≤ -2.5) would be excluded from the set used in analysis since the 
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individual would have met the ACSM definition for existing osteoporosis.  Additional data 

collected during the initial testing session (i.e. height, weight, % fat, etc.) were given to the 

participants solely for their own benefit.   

At the conclusion of the initial testing session, participants were given a 12 week training 

log, a Borg scale for rating of perceived exertion, and instructions on how to record their training 

volume for the duration of 12 weeks.  A second testing session was scheduled for 12 weeks after 

the initial testing session for each participant. 

 After 12 weeks of training, participants returned to the Human Performance Lab at 

Wichita State University to conclude the study.  During the second testing session, an identical 

protocol was followed to measure all variables.  Participants were first measured for age, height, 

and weight.  Following these measurements, a DXA scan was performed using a Hologic dual-

energy x-ray absorptiometer.  Four regional scans were completed for use in statistical 

comparisons: total body, lumbar spine (L1-L4), left hip, and distal radius of the dominant hand.  

Protocol for the DXA scans followed that established by the manufacturer.  Bone mineral density 

and % body fat were quantified for each region using the manufacturer’s software by an 

experienced technician and recorded on a password-protected computer. 

To conclude the second session of testing, all subjects performed a cycle ergometer test 

for VO2max.  Before the test, participants were given a 5 minute warm-up at 50 W.  The test then 

began at a workload of 75 W with the participant maintaining a self-selected cadence (generally 

85-100 rpm) for 2 minutes.  The workload increased by 25 W at the end of every 2 minute stage 

and the participants were instructed to maintain a constant cadence despite the increased 

workload.  Cadence was monitored electronically on the ergometer and a drop in cadence of 5 

rpm or greater signaled volitional fatigue.  Testing lasted until volitional fatigue or until the 
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researchers deemed that VO2max had been reached by one of three criteria: respiratory exchange 

ratio of 1.10 or greater, heart rate within 10 beats of the participant’s age-predicted maximum, or 

lack of increase in VO2 with an increase in work.  Volitional fatigue was determined by a failure 

to maintain the participant’s self-selected cadence from the first stage.  Researchers aborted one 

test after it was determined the subject had reached VO2max; all other tests went to volitional 

fatigue.  The second session of testing signaled the end of data collection for each participant.   

The results of the study were kept confidential; all data were stored and accessed by the 

principal investigator only.  Electronic data were stored on a password protected computer and 

any hard copies of data were stored in a locked filing cabinet.  Results were combined with other 

participants so it will not be possible to identify personal data in a published report; identifying 

characteristics  (e.g. names) will not be directly associated with any of the results.   

3.4 Statistics 

Bone mineral density values from the first testing session for each participant were 

standardized using reference values for a healthy adult male population aged 30 yrs.  

Anthropometric, physiologic, and BMD data for each participant were compiled and analyzed in 

various combinations to investigate the strength of relationships using Pearson’s correlation 

coefficients.  One-way analysis of variance (ANOVA) was used to compare BMD values of 

those individuals training more than 10 hr/wk (training volume (TV) > 10 hr/wk; moderate) and 

individuals training less than 5 hr/wk (TV < 5 hr/wk; low).  Significance for all analyses was set 

at p < 0.05.  All statistical analyses were performed using SPSS version 17. 
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Chapter 4 

RESULTS 

 

4.1 Introduction 

The purpose of this study was to quantify the BMD of recreational adult male cyclists in 

an effort to address a gap in the current base of literature.  The method by which this study 

intends to address the gap in the literature is to describe the relationship between bone mineral 

density and training volume in the cyclist population at all levels, from low training volume to 

high training volume.  More specifically, this study sought to correlate the BMD of recreational 

cyclists, in g/cm2, with the average training volume of the cyclists, measured in hours, over a 12-

week period using Pearson’s correlation coefficients. 

The results of the study are organized by type of measurement and are presented in four 

separate sections: subject descriptors, or anthropometric and physiological measurements 

including age, height, weight, maximal oxygen consumption, percent body fat (% fat), and 

training volume; bone mineral density values for total body, lumbar spine, hip, and radius; 

Pearson’s correlation coefficients, as calculated for the comparison of weekly training volume 

and BMD, age and BMD, and weight and BMD; and one-way ANOVA comparison of means for 

BMD values of low versus moderate training volume groups. 

4.2 Subject descriptors 

Eleven apparently healthy adult male cyclists (n=11) were recruited to participate in this 

study.  Participants ranged from 31-48 years of age (mean= 38.91 +/- 5.52 yrs) and all had been 

performing cycling as their primary form of exercise for at least one year.  However, athletic 

histories varied greatly from non-competitive and semi-sedentary to former professional runner.  
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Some of the participants cycle solely for fitness, leisure, and/or transportation, while others 

regularly compete in amateur cycling races.  Of those competing in amateur races, the majority 

competed in road races, while one participant competed in mountain bike races and also had a 

history of competition in bicycle motocross (BMX) as a youth.  The category rankings of the 

amateur racers, determined by the United States Cycling Federation, ranged from category 

5/citizen to category 1/elite, or semi-professional.  In this respect, the group of participants 

undoubtedly represented cyclists with a wide range of fitness and ability, spanning all the way 

from recreational to elite/semi-professional.  The training volumes of the participants also 

reflected this wide scale ranging from 2.52 hr/wk to 12.35 hr/wk with a mean of 7.65 +/- 3.24 

hr/wk.  Training volume reflected only time spent cycling, and did not include time spent 

running, lifting weights, performing household work, or other weight bearing activities.  All 

participants were encouraged to refrain from weight bearing activities (e.g. resistance training, 

running, plyometrics, etc.) and manual labor as much as was reasonable; however, two 

participants reported sporadically performing short running and/or weight lifting sessions at a 

local health club.  These were performed less than five individual exercise bouts for each 

participant over the 12 week period and the current literature suggests the frequency was not 

high enough to represent a chronic stimulus for adaptation. 

The participants maintained stable weight and % fat throughout the duration of the study 

as no significant changes in either measurement were observed over time.  The weights ranged 

from 65.9 kg to 117.3 kg with a mean of 80.14 +/- 15.44 kg.  The % fat of the participants ranged 

from 12.4% to 30.7% with a mean of 17.7 +/- 5.1%.  The % fat of each participant was 

correlated with their respective training volumes (r = -0.684, p < 0.05).  Weight trended 
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downward with higher training volumes but was not significantly correlated (r = -0.485, p > 

0.05). 

Maximal oxygen consumption for all participants ranged from 3265 ml/min to 5087 

ml/min with a mean of 4411.5 +/- 522.0 ml/min.  When adjusted for body mass of each 

participant, VO2max values ranged from 36.6 ml/kg/min to 73.8 ml/kg/min with a mean of 56.2 

+/- 9.8 ml/kg/min.  There was a strong positive correlation between training volume and mass 

adjusted VO2max.  However, this was not a significant correlation (r = 0.566; p > 0.05), 

potentially due to the limited sample size.   

A complete review of the anthropometric and physiological measurements can be found 

in Appendix A.  

 

Table 4.1 

Anthropometric and Physiological Measurements 

Variable N Mean Std. Dev. Min. Max. 

Age (years) 11 38.91 5.52 31 48 

Training Volume (hr/wk) 11 7.65 3.24 2.52 12.35 

VO2max (ml/min) 11 4411.50 522.0 3265.00 5087.00 

VO2max/kg (ml/kg/min) 11 56.20 9.83 36.60 73.80 

Body weight (kg) 11 80.1 15.4 65.9 116.8 

Body fat (%) 11 17.7 5.1 12.4 30.7 

Height (cm) 11 177.34 6.25 167.6 186.7 
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4.3 Bone mineral density values 

For all participants, BMD values for TB ranged from 1.126 g/cm2 to 1.516 g/cm2 with a 

mean value of 1.269 +/- 0.118 g/cm2.  Values for L ranged from 0.774 g/cm2 to 1.293 g/cm2 with 

a mean value of 0.990 +/- 0.139 g/cm2.  BMD at the hip for all participants ranged from 0.842 

g/cm2 to 1.278 g/cm2 with a mean value of 1.028 +/- 0.153 g/cm2.  BMD at the distal radius 

ranged from 0.500 g/cm2 to 0.674 g/cm2 with a mean value of 0.562 +/- 0.044 g/cm2.   

There were several unique observations made about the data for several participants.  The 

participant with the highest BMD for R (0.674 g/cm2) was a life long auto mechanic.  This value 

was nearly 3 standard deviations above the mean for the group.  The participant with the lowest 

body mass (67.5 kg) and the lowest % fat (12.9%) had the second highest values for both TB 

(1.446 g/cm2) and H (1.218 g/cm2), despite having the highest training volume.  This participant 

had the unique sport history of formerly competing as a professional runner specializing in 

middle distance races.  Summary data for all BMD measurements can be found in Table 4.2.  

Complete data for BMD measurements from all participants can be found in Appendix A. 

 

Table 4.2 

Bone mineral density measurements 

Variable N Mean Std. Dev. Min. Max. 

Total body 11 1.269 0.118 1.126 1.516 

Lumbar spine (L1-L4) 11 0.990 0.139 0.774 1.293 

Hip 11 1.028 0.153 0.842 1.278 

Distal radius 11 0.562 0.044 0.500 0.674 

*All BMD values reported in g/cm2 
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4.4 Correlations 

The purpose of this study was to investigate potential relationships between bone mineral 

density, training volume, and other variables of interest that are commonly associated with BMD 

(age and body mass).  In order to analyze the data for relationships, it was decided that Pearson’s 

correlation coefficients would be used to quantify the strength/significance of any trends.  The 

pairing of variables was based on the study’s hypothesis and also on similar studies in the current 

literature.  The main paired variables of interest were training volume (TV) against all BMD 

measurements (TV vs. TB, TV vs. L, TV vs. H, and TV vs. R), age against all BMD 

measurements (age vs. TB, age vs. L, age vs. H, and age vs. R), and also weight against all BMD 

measurements (weight vs. TB, weight vs. L, weight vs. H, and weight vs. R).  In addition to 

investigating relationships for BMD, Pearson’s correlation coefficients were also calculated for 

physiological variables (VO2max, VO2max/kg, weight, and % fat) against TV, age, and weight 

for the purpose of completing a full analysis of the all data available and replicating analyses 

observed in the current literature. 

While there were observable trends found in the data, few Pearson’s correlation 

coefficients were significant at the p < 0.05 level.  However, the trends and their resultant r 

values will be presented in this section. 

The strongest association with training volume for BMD values was seen at the distal 

radius.  There was a slight positive trend between TV and R (r = 0.342; p > 0.05).  At other 

regions of interest, training volume was only weakly associated with any BMD measurement 

(TV vs. TB: r = 0.216, p > 0.05; TV vs. L: r = -0.079, p > 0.05; TV vs. H: r = -0.248, p > 0.05).  

There was also a positive trend, however, between TV and VO2max for each subject (r = 0.232; 

p > 0.05).  This trend in the data reflects the commonly accepted principle that high volumes of 
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aerobic training can increase VO2max.  This trend became much stronger when adjusted for the 

body mass of the participant (TV vs. VO2max/kg: r = 0.566, p > 0.05).  Another trend was 

observed between TV and weight (r = -0.485, p > 0.05).  A significant relationship was found 

between training volume and % fat (r = -0.684, p <0.05). 

Age has been found to be a predictor of BMD in other studies (Karlsson et al., 2000).  

However, relationships between age and BMD were moderately weak in the data of the current 

study.  The strongest association between age and any region of interest was found at the hip (r = 

0.515, p >0.05).  The other remaining regions of interest generated weak associations (age vs. 

TB: r = 0.266, p > 0.05; age vs. L: r = 0.338; p > 0.05; age vs. R: r = 0.087, p > 0.05).   

Age also had moderate to weak associations with the physiological variables measured (age vs. 

VO2max: r = -0.511, p > 0.05; age vs. VO2max/kg: r = -0.461, p > 0.05; age vs. weight: r = 

0.242, p > 0.05).  The strongest relationship of all physiologic variables was found between age 

and % fat (r = 0.513, p > 0.05).   

Correlations between weight and BMD yielded one moderately strong relationship.  

BMD at the hip was positively associated with weight (r = 0.522, p >0.05).  Other BMD values 

yielded only weak associations (weight vs. TB: r = 0.337, p > 0.05; weight vs. L: r = 0.380, p > 

0.05; weight vs. R: r = 0.019, p > 0.05). 

A summary of correlational data for primary variables and BMD can be found in Tables 

4.3 and 4.4.  A complete description of correlational data and graphical representation of the data 

for all variables can be found in Appendix C. 
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Table 4.3 

Pearson’s correlation coefficient (r) for bone mineral density 

Variable Total Body Lumbar Spine Hip Distal Radius 

Training volume (hr/wk) 0.216 -0.079 -0.248 0.342 

Age (years) 0.266 0.338 0.515 0.087 

Weight (kg) 0.337 0.380 0.522 0.019 

� No Pearson’s correlation coefficients were significant at the p < 0.05 level 

 

 

Table 4.4 

Pearson’s correlation coefficient (r) for anthropometric and physiological variables 

Variable VO2max VO2max/kg Weight % fat 

Training volume (hr/wk) 0.232 0.566 -0.485 -0.684* 

Age (years) -0.511 -0.461 0.242 0.513 

Weight (kg) 0.236     -0.763** --     0.818** 

* Significant at the p < 0.05 level 
** Significant at the p < 0.01 level 
 

 

4.5 One-way ANOVA 

There were three participants who recorded a mean weekly training volume greater than 

10 hours (TV > 10 hr/wk) and three participants who recorded a mean weekly training volume 

less than 5 hours (TV < 5 hr/wk).  One-way ANOVA revealed there was no significant 

difference in BMD between the groups at any region of interest (TB: F(1,5) = 0.522, p = 0.499; 
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L: F(1,5) = 0.054, p = 0.827; H: F(1,5) = 0.211, p = 0.670; R: F(1,5) = 1.422, p = 0.299).  Data 

for one-way ANOVA of all variables can be found in Appendix D. 

 

Table 4.5 

One-way ANOVA of low training volume vs. moderate training volume 

Variable Mean Low Mean Moderate dfb, dft F p 

TOTBDY 1.237 +/- 0.097 1.277 +/- 0.125 1,5 0.522 0.499 

LUMB 0.980 +/- 0.176 0.960 +/- 0.079 1,5 0.054 0.827 

HIP 1.080 +/- 0.213 1.013 +/- 0.181 1,5 0.211 0.670 

RAD 0.537 +/- 0.006 0.560 +/- 0.026 1,5 1.422 0.299 
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Chapter 5 
 

SUMMARY, DISCUSSION, RECOMMENDATIONS, AND CONCLUSION 
 

 
5.1 Summary 
 

The purpose of this study was to investigate the relationships between bone mineral 

density of adult male cyclists at four regions of interest (total body, lumbar spine, hip, and distal 

radius) and the training volume of the cyclists.  Based on the existing literature, the author 

proposed a four-fold hypothesis: 1) there will be a negative correlation between training volume, 

in hours, and the BMD for total body, lumbar, hip, and radius, 2) there will be a negative 

correlation between age and BMD at all regions of interest, 3) there will be a positive correlation 

between weight and BMD at all regions of interest, 4) there will be a significant difference in the 

mean BMD at all regions of interest for cyclists that train between 0-5 hours per week and 

cyclists that train over 10 hours per week. 

In order to test the hypotheses, eleven (n=11) apparently healthy adult male cyclists were 

recruited to participate in this study.  Participants were recruited based on their response to flyers 

distributed via electronic mail and were screened for inclusion criteria prior to acceptance into 

the study.   

Participants were requested to keep a simple training log for 12 weeks to document the 

duration and type of their daily physical activity.  All participants were encouraged to perform 

only cycling during this time and exclude weight-bearing physical activity and manual labor as 

much as possible.  Each participant was measured for age, height and weight, underwent a DXA 

analysis for BMD at four sites, and performed a VO2max test at the beginning and the end of the 

12 week period. 
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Data for each subject were compiled and analyzed for mean values for both individual 

participants and for the group.  Individual mean values for BMD, anthropometric, and 

physiological variables were analyzed for changes over time using dependent t-tests.  Group 

mean values for BMD, anthropometric, and physiologic variables were used in various 

combinations to investigate relationships using Pearson’s correlation coefficients.  Paired t-tests 

were used to compare BMD values of those individuals training more than 10 hr/wk (TV > 10 

hr/wk) and individuals training less than 5 hr/wk (TV < 5 hr/wk). 

Bone mineral density values for all participants ranged from 1.130 g/cm2 to 1.510 g/cm2 

with a mean value of 1.266 +/- 0.115 g/cm2 for the total body measurement.  Bone mineral 

density values for L ranged from 0.780 g/cm2 to 1.260 g/cm2 with a mean value of 0.987 +/- 

0.131 g/cm2.  BMD at the hip for all participants ranged from 0.850 g/cm2 to 1.270 g/cm2 with a 

mean value of 1.024 +/- 0.152 g/cm2.  BMD at the distal radius ranged from 0.510 g/cm2 to 

0.685 g/cm2 with a mean value of 0.557 +/- 0.046 g/cm2. 

Few correlations yielded significant relationships between variables, but there were 

several observable trends found in the data.  In reference to training volume, no significant 

relationships were found with BMD values.  However, there was a significant relationship 

between TV and % fat (= -0.684, p <0.05) in addition to moderate associations between TV and 

other physiological variables (i.e. VO2max/kg and weight).  Age was weakly associated with all 

variables except BMD at the hip (r = 0.475, p >0.05) and % fat (r = 0.500, p > 0.05).   

Correlations between weight and BMD yielded one moderately strong relationship.  BMD at the 

hip was positively associated with weight (r = 0.535, p >0.05).   

The results of the study and the specific language used in the hypotheses led the author to 

ultimately reject the hypotheses on an absolute basis.  However, with respect to individual 
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regions of interest for BMD and physiologic variables, certain trends relating to the hypotheses 

can be observed.   

A negative correlation was not observed between TV and BMD for every region of 

interest.  However, there was a negative association between TV and BMD at the hip and lumbar 

spine, although neither represented a significant relationship leading to a rejection of hypothesis 

#1.  A negative correlation was not observed between age and BMD at any region of interest 

leading to an absolute rejection of Hypothesis #2.  There was a positive trend between weight 

and BMD at all four regions of interest, including a moderately strong relationship between 

weight and BMD at the hip (r = 0.535.  However, no trends resulted in a significant correlation 

coefficient forcing the author to reject hypothesis #3.  There were three participants who 

recorded a mean weekly training volume greater than 10 hours (TV > 10 hr/wk) and three 

participants who recorded a mean weekly training volume less than 5 hours (TV < 5 hr/wk).  

One-way ANOVA revealed there was no significant difference in BMD between the groups at 

any region of interest.  This finding resulted in a complete rejection of Hypothesis #4. 

5.2 Discussion 
 

Numerous studies have been conducted on the topic of bone physiology and the response 

of bone to exercise.  The valuable knowledge gained from these studies has shown that exercise 

is a legitimate means of controlling bone loss and is even able to offer sufficient stimulus to 

reverse bone loss in some cases (Arnett & Lutz, 2002; Bassey, 1995; Bassey & Ramsdale, 1994; 

Braith et al., 1996; Colletti, Edwards, Gordon, Shary, & Bell, 1989; Cussler et al., 2003; 

Haapasalo et al., 1994; Hubal et al., 2005; Huddleston et al., 1980; Kato et al., 2006; Lariviere et 

al., 2003; Lee, Radford-Smith, & Taaffe, 2005; Pollock et al., 1989; Shackelford et al., 2004).  

However, aerobic endurance exercises, including cycling and running, have provided mixed 
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results regarding their efficacy in maintaining bone health. With respect to the existing literature, 

the results of this study are most comparable to those of Rico et al. (1993) and Warner, Shaw, 

and Dalsky (2002).  The results of the current study suggest that since there is no significant 

relationship between training volume and BMD at the regions of interest, there is likely no 

inherently deleterious effect of cycling on bone mass at low to moderate training volumes.  This 

conclusion aligns with the data presented by Rico et al. (1993) that a training volume of 10 hr/wk 

in adolescent males did not present any deleterious or detrimental effects on bone.  The current 

study also agrees with the conclusions of Warner, Shaw, and Dalsky (2002) that found no 

negative effects of cycling on bone mass of road cyclists maintaining a training volume of 10.9 

hr/wk when compared to controls.  Still, these similarities are modest at best.  More can be 

learned by taking a more in-depth view of the differences between this study and those in the 

existing literature. 

It is possible that the inconsistent results of the existing literature are related to the 

populations recruited for these studies.  The existing literature on bone physiology and cycling is 

comprised of studies that largely use highly trained elite and professional level cyclists as their 

participants.  Also, some studies have recruited adolescent or young adult cyclists to gather data.  

The current study is unique in that it recruited apparently healthy adult males that cycle at 

various levels and for all purposes, from novice to elite and for transportation to competition, to 

act as participants for data collection.   

While the study population was intentionally unique from those in the current literature, it 

was still desirable for the participants to have certain similarities, particularly in their physical 

characteristics.  The participants of this study were similar to those of other studies with respect 

to their age (38.9 +/- 5.5 yrs), weight (80.0 +/- 15.0 kg), body fat % (17.8 +/- 4.9 %), and gender 
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(male).  The overall cardiopulmonary fitness of the group was well above average (VO2max/kg = 

56.35 +/- 9.22 ml/kg/min) indicating they were well trained, again similar to other published 

data.  The most distinguishing characteristic for this group of participants from other studies was 

their training volume (TV), or the time spent cycling.  The TV of the participants ranged from 

2.52 hr to 12.35 hr weekly with a mean of 7.65 +/- 3.24 hr/wk.  This was markedly different 

from the TV of cyclists studied by Stewart and Hannan (10.7 +/- 4.4 hr/wk), Smathers, Bemben, 

and Bemben (13.0 +/- 0.7 hr/wk), Rico et al. (10 hr/wk), Warner, Shaw, and Dalsky (11.2 +/- 2.2 

hr/wk for mountain cyclists, 10.9 +/- 3.9 hr/wk for road cyclists), and Medelli et al. (greater than 

21 hrs/wk) (Medelli et al., 2008; Rico et al, 1993; Smathers et al., 2009; Stewart & Hannan, 

2000; Warner et al., 2002).   

Despite the similarities in anthropometric and physiological variables among the 

participants of this study as compared to those in the literature, the BMD data of this study 

appears to disagree with data published by other authors; no significant relationships were 

observed between BMD and TV to suggest that cyclists, when maintaining TV’s matching the 

moderate to high levels found in the existing literature (TV ≥ 10 hr/wk), would have significantly 

lower bone mass than non-cyclists (TV = 0).  In fact, many studies in the literature cannot agree 

on the relationship between TV and BMD in cyclists and they have largely provided 

contradictory results concerning the BMD of various regions.  This fact could be attributed to 

several reasons including, but not limited to, the existence of a non-linear relationship between 

time and BMD that governs adaptation, difference in training environments, the analytical 

methodologies used, and varying technologies/instruments used to quantify BMD. 

The issue of time, or TV, and its effects on BMD has been investigated on many different 

levels.  An interesting perspective can be gained by comparing three studies that represent the 
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highest volumes recorded in the literature: two with the highest weekly volume and one with the 

highest lifetime volume.   

Nichols, Palmer, and Levy (2003) compared the BMD of young adult and master cyclists 

with age- and weight-matched controls.  Weekly training volume was reported as 15.8 +/- 3.8 

hr/wk for young adult cyclists and as 12.1 +/- 3.9 hr/wk for master cyclists, both fairly robust 

volumes.  However, the authors also reported years of racing experience: master cyclists had 

raced for 20.2 +/- 8.4 yr while young adult cyclists had raced for 10.9 +/- 3.2 yr.  When 

examining BMD values of the cyclists for total body, lumbar spine and hip, it was found that 

master cyclists had significantly lower values compared to young adult cyclists.  This finding 

suggests that not only current training volume, but also longevity in the sport, exerts an influence 

on bone mass since mode of exercise and weekly training volumes were similar between the 

groups.  In fact, one may say that it appears that longevity in cycling actually trumps current TV 

at moderate levels in its influence because the master cyclists showed bone loss at the total body 

level, a scenario that is rare in the literature.  Suggesting that…??? 

In the two studies recording the highest weekly volumes, international level cyclists were 

measured for BMD at common regions of interest.  Both groups suffered from moderate to 

extreme bone loss in the lumbar spine (Medelli et al., 2008; Sabo et al., 1996).  Both groups also 

suffered from low bone density in other regions including the wrist, hip and femur.  These young 

cyclists (less than 30 year of age), along with the master cyclists of Nichols et al. (2003), were 

also the only groups to show bone loss at the total body level.  For discussion, it should be noted 

that international level cyclists frequently train greater than 20 hr/wk and at their peak volume 

may even exceed 30 hr/wk of cycling.  At the same time however, these groups represent the 

most highly trained cyclists in the literature, a fact that would likely translate into representing 
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individuals with the highest level of muscular strength and power.  Although muscular strength 

is known to have a positive influence on BMD, it seems in these cases that training volume (i.e. 

time) exerts a stronger influence.  Even more, is it notable that of all cycling groups found in the 

current literature, these two groups of international cyclists were the only populations to exhibit 

bone loss at the total body level similar to that found in master cyclists nearly twice their age.  It 

could be said that, despite their high levels of strength, they still have the bone mass of middle 

aged men.  All three of these subject groups add evidence to the argument that time is, perhaps, 

the most influential factor on BMD in cyclists. 

Looking for other studies that quantified muscular strength and mass for cyclists leads to 

Warner et al. (2002).  They showed that mountain cyclists had higher levels of mass-adjust 

muscle strength, muscle mass, and BMD compared to road cyclists and controls.  Unfortunately, 

there are not any other studies focusing on the BMD of mountain cyclists to confirm the unique 

findings of Warner et al. (2002).  The present study did not distinguish between road and 

mountain cyclists in its recruitment process, but did successfully recruit one individual who 

performed mountain cycling as his primary form of training.  On a purely anecdotal level, the 

mountain cyclist of the current study had standardized scores of -0.27, 0.92, 0.69, and -0.48 for 

BMD at the TB, L, H, and R, respectively.  Considering his z-scores are calculated against a 

population of road cyclists, this is a surprising fact in light of the data published by Warner et al. 

(2002).  Ultimately, the findings of Warner et al. (2002) do not help to determine the hierarchy of 

influence between time, muscle strength and muscle mass, but time is still clearly significant in 

road cyclists. 

The sport longevity factor in bone adaptation was accentuated by Nichols et al. (2003), 

but they were not the first to look at the extreme ends of the longevity spectrum.  Rico et al. 
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(1993) recruited adolescent male cyclists and aged-matched controls to quantify BMD.  

Although the researchers made it evident there was no apparent detriment to bone mass accrual 

in adolescents, the researchers failed to comment on the potential factor of time, or longevity in 

the sport due to age, in their findings.  As the subjects were only adolescents, and had not yet 

spent years or decades training as cyclists, it seems unlikely that discrepancies in BMD like those 

found in the master cyclists of Nichols et al. (2003) would already be apparent; and, of course, 

they were not.  This contrasting point between the two studies again seems to point to the 

importance of time as a factor in the equation of bone adaptation. 

In light of these studies, it appears that time still holds a strong influence on BMD, but 

other variables (age/longevity, muscle mass, muscle strength) also factor into the remodeling 

equation.  Elucidating the exact role of each of these variables and which, if any, variable is 

dominant over the others with respect to bone mass would be a valuable insight as it would allow 

for appropriate exercise prescriptions for cycling. 

Outside of time, there are many other variables linked to bone mineral density in 

physically active individuals; mode of exercise, frequency, strength of muscular contraction, 

weight, muscle mass, age and gender all have been documented to impact the adaptation of bone 

to chronic exercise.  Still, of all variables that impact BMD, one that seems to be of critical 

importance, as illustrated in the previous paragraphs, is time: time performing the exercise daily, 

weekly, and for a lifetime.  In cycling, this is especially true since it is by nature a low impact 

aerobic activity and individuals with even just a moderate level of fitness can cycle for hours at a 

time.  One aspect of training for long durations that seems to be overlooked in the literature is the 

loss of calcium and other minerals through sweat and its effect on bone mass.  To maintain levels 

of free calcium, osteoclasts harvest calcium from the bone structure, thus decreasing the total 
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bone mass.  If the calcium losses through sweat over an extended cycling bout of several hours 

accumulate to an amount greater than the rate of deposition, the end result would be a gradual 

decrease in bone mass over time.  While there is certainly individual variation, the training 

environment seems likely to hold a greater influence over sweat rate, and consequently over 

calcium loses.  Under this premise, it necessary to look closely at the training environments (i.e. 

climate) for each of the population groups discussed in this section and the time of year during 

which the data was collected.    

At this point, one can only speculate on the potential role that calcium loss through sweat 

has in the cases of low bone mass reported in cyclists.  In the current study, data collection was 

performed during the summer months in a warm to hot climate when individual sweat rates 

would be at their highest levels.  In comparison, data collection for Rico et al. (1993), Sabo et al. 

(1996), and Smathers et al. (2009) also occurred in warm to hot climates.  Data collection for 

Medelli et al. (2008) was recorded at different points during the year, including the competitive 

season and off-season, but all participants had completed at least one 3-week grand tour which 

are contested during the summer months and are notorious for their high temperatures.  The 

participants featured by Stewart and Hannan (2000) and Nichols et al. (2003) trained in a more 

mild northern climate (United Kingdom), and those featured by Warner et al. trained in a climate 

with both mild and warm temperatures depending on elevation (Utah).   

There seems to be some existing interest in this argument (i.e. that calcium lost in sweat 

can affect bone mass) as Guillemant et al. (2004) has started research on replacing calcium 

during bouts of endurance exercise.  The researchers showed that with an oral dose of calcium, 

before and during a one hour bout of cycling, bone turnover markers can be suppressed to levels 

negating osteoclast activity (Guillemant et al., 2004).  The importance of this finding is amplified 
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when framed around the facts that bone turnover markers were increased after only one hour of 

cycling and cyclists in the literature often cycle 12-15 hr/wk.  Expanding on this line of research 

could prove beneficial towards finding new ways to prevent bone loss.  

The lower TV of the cyclists in this study is its greatest strength because it adds diversity 

in populations to the literature and begins to address the gap that has been created between non-

cyclists and/or sedentary controls and cyclists who maintain a moderate to high volume with a 

partiality towards racing.  This gap is very important to address because the potential for bone 

adaptation to a stressor that occurs in a window of ten, twelve, or even more than fifteen hours 

per week is quite large and, at the current time, one cannot be sure of the appropriate or safe 

levels at which cycling can be performed without any negative effects on ones bones.  The 

author proposes that this gap could be addressed with two simple changes to the prevailing 

methodologies of the current literature.  

As is evident in the previous paragraphs of discussion, training volume for cyclists can 

vary greatly, from 10 hr/wk to over 20 hr/wk, depending on an individual’s age, competitive 

goals, and fitness level.  Yet, for each individual study, researchers seek to recruit participants 

with similar training volumes; homogeneity in groups is generally viewed as a positive because it 

increases the strength of any statistical analyses performed on the data set.  The literature 

provides many examples of BMD in homogeneous groups with moderate to high training 

volume, and the prevalence of data for these groups is a strength of the existing literature.  

However, the modest attention given to individuals that maintain a low training volume (< 5 

hr/wk) is a definite weakness.  This may be because researchers suspect that deleterious effects 

on bone mass only occur with high levels of cycling or because individuals with low levels of 

training volume don’t view themselves at risk for bone loss and do not choose to participate in 
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research studies.  Whatever the reason, it is a simple issue to address and can be done so by 

recruiting a more heterogeneous group of participants.  While this may seem detrimental to the 

statistical analysis of the study, it could actually be beneficial depending on which type of 

analysis is utilized. 

An additional weakness of the existing literature is that only a primary analysis of data is 

performed.  As a primary analysis, the literature relies heavily on a comparison of means to 

analyze differences between groups of cyclists and non-cyclists.  This method is, in fact, useful 

for finding differences; however, in the published studies discussed in this section, there is a 

large gap in training volume between the cyclist (often greater than 12 hr/wk) and the non-cyclist 

(0 hr/wk).  Because this gap is so large and a comparison of means does not give insight to any 

trends between the groups, one can only speculate how these differences occurred.  Is there an 

inherent mechanism in cycling that causes bone loss at all training volumes; or is there a direct 

relationship between training volume and bone loss (i.e. a time-dependent adaptation) that results 

in increased bone loss with increased training volume?  Perhaps there is a threshold for time, like 

strain, that once crossed elicits adaptation?  There is no evidence to suggest the adaptation 

mechanism is one of these or something else altogether.   Yet, this is an issue that can be 

addressed with the addition of a secondary analysis. 

Now that the literature has provided evidence that there is a difference between cyclists 

and non-cyclists with regards to BMD, it is necessary to perform an analysis of training volume 

in order to get relevant results that can be used to observe trends or relationships between 

training volume and BMD.  Correlational research would be beneficial in this setting because it 

allows researchers to quantify the strength of any associations or relationships between variables 

that come from a data set with a large range; like the training volume of cyclists.  Additionally, 
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plotting data points against each other graphically helps to visually identify if any relationships 

are direct in nature or if, perhaps, some threshold exists that, once crossed, results in a significant 

relationship.  The data from previously published studies would benefit from this secondary 

analysis.   

If researchers chose not to use correlational analysis to recognize trends in heterogeneous 

groups, comparing means can still be an effective method to investigate the mechanism of 

adaptation between time and bone mass.  However, in order to address the existing gap in the 

literature, the differences in training volumes between groups needs to be greatly reduced.  This 

approach would likely be difficult for most researchers as it is challenging to find a large number 

of participants to create any kind of statistical power, let alone split those participants into 

smaller groups.  A potential solution for this issue would be to compile the data from all studies 

using a meta-analysis and create many homogenous groups with respect to training volume, yet 

with each group covering a small portion of a wide training volume continuum.  MacDougall et 

al. (1992) conducted a well-designed study investigating the training volume of 53 male long-

distance runners that serves as an example of this approach.  The researchers assigned runners to 

specific groups based on their weekly running volume (5-10 mi/wk, 15-20 mi/wk, 25-30 mi/wk, 

40-55 mi/wk, and 60-75 mi/wk), and then compared the mean BMD values for each group 

against each other and non-exercising controls for the total body, trunk, spine, pelvis, thighs, and 

lower legs.  Data showed that runners in the 15-20 mi/wk group had greater BMD in the lower 

leg than did the 5-10 mi/wk group (MacDougall et al., 1992).  As mileage increased over 20 

mi/wk, however, BMD of the lower leg decreased progressively to the point where there was no 

significant difference in lower leg BMD between runners in the 60-75 mi/wk group and non-

exercising controls (MacDougall et al., 1992).  Interpretation of these results suggest that there is 
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a positive correlation between training volume and lower leg BMD in runners up to a threshold 

of 20 mi/wk at which point the correlation becomes negative and higher volumes become 

associated with decreased BMD.   Additionally, MacDougall et al. (1992) recorded the cross-

sectional area of the tibia and fibula for all participants.  Analysis showed that, when normalized 

for body weight, cross-sectional area tended to increase up to the 40-55 mi/wk group and then 

plateau.   

This study shows the benefit of analyzing training volume with this approach.  If a simple 

mean for training volume of the runners was compared against controls it is likely a difference 

would have been found, but there would be no evidence of a threshold, past which BMD 

decreases back to control levels and cross-sectional area plateaus.  This is the current state of 

investigations for cycling and BMD; there is evidence for a difference between groups, but 

nothing is known about the mechanism of that difference. 

 Lastly, one issue that may account for the inconsistent conclusions based on the data 

could be the data itself is inconsistent.  There are many methods available to quantify BMD in 

vivo, and currently, there is no widely accepted method to standardize BMD values obtained 

using different technologies.  That is not to say efforts have not been made.   

For nearly two decades, dual energy x-ray absorptiometry (DXA) has been the most 

common method to measure BMD in both the laboratory and clinical setting.  As a result, 

manufacturers, namely Hologic, Lunar, and Norland, have offered many different products to fill 

the niche in the market.  The International Dual-Photon X-Ray Absorptiometry Standardization 

Committee (IDSC) has published conversion equations in an attempt to negate the variability 

from machine to machine.  The research community, however, has not entirely adopted these 
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conversions.  Hui et al. suggested the IDSC conversions were adequate for the clinical setting, 

but that researchers use their conversion equations for the laboratory (Hui et al., 1997). 

A competing group in the BMD field, the International Committee for Standards in Bone 

Measurement (ICSBM), also published conversion equations and again researchers suggested 

that the ICSBM’s work was not up to par.  Lu et al. criticized their work reporting that the 

conversion equations could not accurately adjust for BMD at sub-regions of the hip (Lu et al., 

2001).   

These arguments are relevant to the discussion of cycling and BMD because the existing 

literature has used DXA almost exclusively for reporting BMD values in g/cm2.  Dating back 

sixteen years, each of the following studies have used DXA: Rico et al. (1993), Sabo et al. 

(1996), Stewart and Hannan (2000), McClanahan et al. (2002), Warner et al. (2002), Nichols et 

al. (2003), Medelli et al. (2008), and Smathers et al. (2009).  Of these studies, machines from at 

least three different manufacturers were used.  To the author’s knowledge, no researchers 

published standardized values which, in light of the previous arguments, make comparisons 

between studies difficult at best. 

Although DXA is the most common measurement, other technologies also appear in the 

literature.  MacDougall et al. (1992) used both dual photon absorptiometry (DPA) and 

quantitative computed tomography (QCT) to quantify the BMD and tibial cross-sectional area of 

runners.  DPA, like DXA, is non-invasive and offers a high level of accuracy (~ 4%) (Wheeless, 

1996).  QCT is useful for estimating bone strength but is difficult to perform and requires an 

experienced technician to achieve a high level of accuracy (Muller et al., 1989).  Another 

technology emerging in the field is qualitative ultrasound (QUS).  The use of QUS is increasing 

because it is more cost effective than DXA (i.e. cheaper) and often portable, which makes it ideal 
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for screening purposes (Greenspan, 1997).  Screening for osteoporosis using QUS is limited, 

however, in that scans of various regions are difficult to perform.  QUS is most often done on the 

calcaneous.  To the author’s knowledge, no attempt to standardize BMD values for these 

technologies exists. 

5.3 Recommendations 

The results and applications of the current study could benefit from additional research 

and analysis.  The author notes that the statistical analyses performed in the study are limited by 

the relatively small sample size, especially in the comparison of mean BMD values between 

cyclists maintaining a low training volume and cyclists maintaining a moderate training volume.  

The small sample size is particularly susceptible to skewness from outliers and the graphical 

representation of the TV vs. BMD data found in Appendix B shows that there may be outliers 

present in the data set.   

Also in continuation of this body of research, the author would like to add a dietary 

analysis of calcium to validate the nutritional status of each participant.  The literature discussed 

here indicates that only data obtained from participants with adequate dietary calcium could be 

used to make relevant comparisons across participant groups of various studies (Guillemant et 

al., 2004). 

Additional insight could be gained from collecting data during cold weather months for 

amateur cyclists as data may be quite different with regards to volume, calcium loss through 

sweat, cross-training (weight-bearing aerobic exercise, resistance training, etc.), and nutrition 

(positive caloric balance, decreased dietary calcium, etc.).  These differences may be mirrored in 

international-level competitive cyclists.  Not only would volume and nutrition likely vary greatly 

from the competitive season, but many top-level athletes have uniquely different off-season 
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training programs.  An interesting note is that the cyclists studied by Medelli et al. (2008) came 

from a French professional cycling team.  Many European professional cyclists have a reputation 

for adhering to traditional training methods (i.e. cycling only high volumes) despite the advances 

in the understanding of effective alternative training strategies for aerobic endurance 

performance.  The differences in training philosophies seem to be largely cultural as international 

cyclists from other areas (United States, Great Britain, Oceania, etc.) have a reputation of being 

more open to new philosophies.  Data from a group of international-level cyclists adhering to a 

diverse off-season and preparatory cycle training program would be a beneficial addition to the 

literature. 

5.4 Conclusion 

The results of the present study led the author to reject the hypotheses on an absolute 

basis and conclude that there is no significant relationship between training volume and bone 

mineral density at the total body, lumbar spine, hip, and distal radius in adult male cyclists.  In 

addition, the author concluded that it is not apparent road cycling at low to moderate training 

volumes is associated with a deleterious effect on bone. 

 

 

 

 

 

 

 

 



 
 

55 
 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 

 

 

 

 

 

 

 

 

 

 



 
 

56 
 

LIST OF REFERENCES 

Andreoli, A., Monteleone, M., Van Loan, M., Promenzio, L., Tarantino, U., & De Lorenzo, A. 
(2001). Effects of different sports on bone density and muscle mass in highly trained 
athletes. Medicine & Science in Sports & Exercise, 33(4), 507-511. 

 
Arnett, M. G., & Lutz, B. (2002). Effects of rope-jump training on the os calcis stiffness index of 

postpubescent girls. Medicine & Science in Sports & Exercise, 34(12), 1913-1919. 
 
Bassey, E. J. (1995). Exercise in primary prevention of osteoporosis in women. Annals of 

Rheumatoid Disorders, 54(11), 861-862. 
 
Bassey, E. J., & Ramsdale, S. J. (1994). Increase in femoral bone density in young women 

following high-impact exercise. Osteoporosis International, 4(2), 72-75. 
 
Bennell, K. L., Malcolm, S. A., Khan, K. M., Thomas, S. A., Reid, S. J., Brukner, P. D., et al. 

(1997). Bone mass and bone turnover in power athletes, endurance athletes, and controls: 
A 12-month longitudinal study. Bone, 20(5), 477-484. 

 
Borer, K. T. (2005). Physical activity in the prevention and amelioration of osteoporosis in 

women: interaction of mechanical, hormonal and dietary factors. Sports Medicine, 35(9), 
779–830. 

 
Braith, R. W., Mills, R. M., Welsch, M. A., Keller, J. W., & Pollock, M. L. (1996). Resistance 

exercise training restores bone mineral density in heart transplant recipients. Journal of 
the American College of Cardiology, 28(6), 1471-1477. 

 
Burr, D. B. (1997). Muscle strength, bone mass, and age-related bone loss. Journal of Bone & 

Mineral Research, 12(10), 1547-1551. 
 
Bushardt, R. L., Turner, J. L., Ragucci, K. R., & Askins Jr, D. G. (2006). Non-estrogen 

treatments for osteoporosis: an evidence-based review. Journal of the American Academy 
of Physician Assistants, 19(12), 25-30. 

 
Calbet, J. A., Dorado, C., Diaz-Herrera, P., & Rodriguez-Rodriguez, L. P. (2001). High femoral 

bone mineral content and density in male football (soccer) players. Medicine & Science 
in Sports & Exercise, 33(10), 1682-1687. 

 
Carter, D. R. (1984). Mechanical loading histories and cortical bone remodeling. Calcified 

Tissue International, 36, 19-24. 
 
Chilibeck, P. D., Calder, A. W., Sale, D. G., & Webber, C. E. (1997). A comparison of strength 

and muscle mass increases during resistance training in young women. European Journal 
of Applied Physiology and Occupational Physiology, 77(1), 170-175. 

 
 



 
 

57 
 

LIST OF REFERENCES (continued) 

Chow, J. W., Jagger, C. J., & Chambers, T. J. (1993). Characterization of osteogenic response to 
mechanical stimulation in cancellous bone of rat caudal vertebrae. American Journal of 
Physiology Endocrinology & Metabolism, 265(2), 340-347. 

 
Cohen, B., Millett, P. J., Mist, B., Laskey, M. A., & Rushton, N. (1995). Effect of exercise 

training programme on bone mineral density in novice college rowers. British Medical 
Journal, 29(2), 85. 

 
Colletti, L. A., Edwards, J., Gordon, L., Shary, J., & Bell, N. H. (1989). The effects of muscle-

building exercise on bone mineral density of the radius, spine, and hip in young men. 
Calcified Tissue International, 45(1), 12-14. 

 
Creighton, D. L., Morgan, A. L., Boardley, D., & Brolinson, P. G. (2001). Weight-bearing 

exercise and markers of bone turnover in female athletes. Journal of Applied Physiology, 
90(2), 565-570. 

 
Cullen, D. M., Smith, R. T., & Akhter, M. P. (2001). Bone-loading response varies with strain 

magnitude and cycle number. Journal of Applied Physiology, 91(5), 1971-1976. 
 
Cumming, G. R. (1990). Calcium intake and bone mass: A quantitative review of the evidence. 

Calcified Tissue International, 47(4), 194-201. 
 
Cussler, E. C., Lohman, T. G., Going, S. B., Houtkooper, L. B., Metcalfe, L. L., Flint-Wagner, 

H. G., et al. (2003). Weight lifted in strength training predicts bone change in 
postmenopausal women. Medicine & Science in Sports & Exercise, 35(1), 10-17. 

 
De Lorenzo, D. S., & Hull, M. L. (1999). Quantification of structural loading during off-road 

cycling. Journal of Biomechanical Engineering, 121, 399. 
 
Duncan, C. S., Blimkie, C. J., Cowell, C. T., Burke, S. T., Briody, J. N., & Howman-Giles, R. 

(2002). Bone mineral density in adolescent female athletes: relationship to exercise type 
and muscle strength. Medicine & Science in Sports & Exercise, 34(2), 286-294. 

 
Elders, P. J. (1991). Calcium supplementation reduces vertebral bone loss in perimenopausal 

women: a controlled trial in 248 women between 46 and 55 years of age. Journal of 
Clinical Endocrinology & Metabolism, 73(3), 533-540. 

 
Fiore, C. E., Dieli, M., Vintaloro, G., Gibilaro, M., Giacone, G., & Cottini, E. (1996). Body 

composition and bone mineral density in competitive athletes in different sports. 
International Journal of Tissue Reactions, 18(4-6), 121-124. 

 
Fox, S.I. (2006). Human Physiology (11th ed.). New York: McGraw-Hill. 
 
Frost, H. M. (1964). The Laws of Bone Structure. Springfield: Charles C. Thomas. 



 
 

58 
 

LIST OF REFERENCES (continued) 

Frost, H. M. (1999). Why do bone strength and" mass" in aging adults become unresponsive to 
vigorous exercise? Insights of the Utah paradigm. Journal of Bone and Mineral 
Metabolism, 17(2), 90-97. 

 
Gallo, M. E. (1993). Bone mineral density of male competitive cyclists. Texas Woman's 

University. 
 
Gilsanz, V. (1998). Bone density in children: a review of the available techniques and 

indications. European journal of radiology, 26(2), 177-182. 
 
Ginty, F., Rennie, K. L., Mills, L., Stear, S., Jones, S., & Prentice, A. (2005). Positive, site-

specific associations between bone mineral status, fitness, and time spent at high-impact 
activities in 16-to 18-year-old boys. Bone, 36(1), 101-110. 

 
Greendale, G. A., Huang, M. H., Wang, Y., Finkelstein, J. S., Danielson, M. E., & Sternfeld, B. 

(2003). Sport and home physical activity are independently associated with bone density. 
Medicine & Science in Sports & Exercise, 35(3), 506-512. 

 
Greenspan, S. L., Bouxsein, M. L., Melton, M. E., Kolodny, A. H., Clair, J. H., Delucca, P. T., et 

al. (1997). Precision and discriminatory ability of calcaneal bone assessment 
technologies. Journal of Bone and Mineral Research, 12(8), 1303-1313. 

 
Guillemant, J., Accarie, C., Peres, G., & Guillemant, S. (2004). Acute effects of an oral calcium 

load on markers of bone metabolism during endurance cycling exercise in male athletes. 
Calcified Tissue International, 74(5), 407-414. 

 
Haapasalo, H., Kannus, P., Sievänen, H., Heinonen, A., Oja, P., & Vuori, I. (1994). Long-term 

unilateral loading and bone mineral density and content in female squash players. 
Calcified Tissue International, 54(4), 249-255. 

 
Hamdy, R. C., Anderson, J. S., Whalen, K. E., & Harvill, L. M. (1994). Regional differences in 

bone density of young men involved in different exercises. Medicine & Science in Sports 
& Exercise, 26(7), 884-888. 

 
Heinonen, A., Oja, P., Kannus, P., Sievanen, H., Haapasalo, H., Mänttäri, A., et al. (1995). Bone 

mineral density in female athletes representing sports with different loading 
characteristics of the skeleton. Bone, 17(3), 197-203. 

 
Heinonen, A., Oja, P., Kannus, P., Sievanen, H., Manttari, A., & Vuori, I. (1993). Bone mineral 

density of female athletes in different sports. Journal of Bone & Mineral Research, 23(1), 
1-14. 

 
Helge, E. W., & Kanstrup, I. L. (2002). Bone density in female elite gymnasts: impact of muscle 

strength and sex hormones. Medicine & Science in Sports & Exercise, 34(1), 174–180. 



 
 

59 
 

LIST OF REFERENCES (continued) 

Hsieh, Y. F., Robling, A. G., Ambrosius, W. T., Burr, D. B., & Turner, C. H. (2001). Mechanical 
loading of diaphyseal bone in vivo: the strain threshold for an osteogenic response varies 
with location. Journal of Bone & Mineral Research, 16(12), 2291-2297. 

 
Hubal, M. J., Ingalls, C. P., Allen, M. R., Wenke, J. C., Hogan, H. A., & Bloomfield, S. A. 

(2005). Effects of eccentric exercise training on cortical bone and muscle strength in the 
estrogen-deficient mouse. Journal of Applied Physiology, 98(5), 1674-1681. 

 
Huddleston, A. L., Rockwell, D., Kulund, D. N., & Harrison, R. B. (1980). Bone mass in lifetime 

tennis athletes. Journal of the American Medical Association, 244(10), 1107-1109. 
 
Hudson, T. (2006). Nutritional influences on osteoporosis. Townsend Letter: The Examiner of 

Alternative Medicine, 27(5), 123-125. 
 
Hui, S., Gao, S., Zhou, X., Johnston Jr, C. C., Lu, Y., Gluer, C. C., et al. (1997). Universal 

standardization of bone density measurements: a method with optimal properties for 
calibration among several instruments. Journal of Bone and Mineral Research, 12(9), 
1463-1470. 

 
Humphries, B., Newton, R. U., Bronks, R., Marshall, S., McBride, J., & McBride, T. T. (2000). 

Effect of exercise intensity on bone density, strength, and calcium turnover in older 
women. Medicine & Science in Sports & Exercise, 32(6), 1043-1050. 

 
Kanis, J. A., Delmas, P., Burckhardt, P., Cooper, C., & Torgerson, D. (1997). Guidelines for 

diagnosis and management of osteoporosis. Osteoporosis International, 7(4), 390-406. 
 
Kanis, J. A., Melton III, L. J., Christiansen, C., Johnston, C. C., & Khaltaev, N. (1994). The 

diagnosis of osteoporosis. Journal of Bone & Mineral Research, 9(8), 1137-1141. 
 
Karlsson, M. K., Leiden, C., Karlsson, C., Johnell, O., Obrant, K., & Seeman, E. (2000). 

Exercise during growth and bone mineral density and fractures in old age. Lancet, 355, 
469-470. 

 
Kato, T., Terashima, T., Yamashita, T., Hatanaka, Y., Honda, A., & Umemura, Y. (2006). Effect 

of low-repetition jump training on bone mineral density in young women. Journal of 
Applied Physiology, 100(3), 839-843. 

 
Kerr, D., Morton, A., Dick, I., & Prince, R. (1996). Exercise effects on bone mass in 

postmenopausal women are site-specific and load-dependent. Journal of Bone & Mineral 
Research, 11(2), 218-225. 

 
Kohrt, W. M., Bloomfield, S. A., Little, K. D., Nelson, M. E., & Yingling, V. R. (2004). Physical 

activity and bone health. Medicine & Science in Sports & Exercise, 36(11), 1985. 
 



 
 

60 
 

LIST OF REFERENCES (continued) 

Lane, N. E., Bloch, D. A., Jones, H. H., Marshall, W. H., Wood, P. D., & Fries, J. F. (1986). 
Long-distance running, bone density, and osteoarthritis. Journal of the American Medical 
Association, 255(9), 1147-1151. 

 
Lariviere, J. A., Robinson, T. L., & Snow, C. M. (2003). Spine bone mineral density increases in 

experienced but not novice collegiate female rowers. Medicine & Science in Sports & 
Exercise, 35(10), 1740-1744. 

 
Layne, J. E., & Nelson, M. E. (1999). The effects of progressive resistance training on bone 

density: a review. Medicine & Science in Sports & Exercise, 31(1), 25-30. 
 
Lee, N., Radford-Smith, G., & Taaffe, D. R. (2005). Bone loss in Crohn’s disease: exercise as a 

potential countermeasure. Inflammatory Bowel Disease, 11(12), 1108-1118. 
 
Lu, Y., Fuerst, T., Hui, S., & Genant, H. K. (2001). Standardization of bone mineral density at 

femoral neck, trochanter and Ward's triangle. Osteoporosis International, 12(6), 438-444. 
 
MacDougall, J. D., Webber, C. E., Martin, J., Ormerod, S., Chesley, A., Younglai, E. V., et al. 

(1992). Relationship among running mileage, bone density, and serum testosterone in 
male runners. Journal of Applied Physiology, 73(3), 1165-1170. 

 
Maïmoun, L., Mariano-Goulart, D., Couret, I., Manetta, J., Peruchon, E., Micallef, J. P., et al. 

(2004). Effects of physical activities that induce moderate external loading on bone 
metabolism in male athletes. Journal of Sports Sciences, 22(9), 875-883. 

 
Marino, A. A., & Becker, R. O. (1970). Piezoelectric effect and growth control in bone. Nature, 

228(5270), 473-474. 
 
Marino, A. A., Becker, R. O., & Soderholm, S. C. (1971). Origin of the piezoelectric effect in 

bone. Calcified Tissue International, 8(1), 177-180. 
 
Maylan, K. C., Villareal, D. T., & Sinacore, D. R. (2005). Osteoporosis-epidemiology and 

pathophysiology: a review and update for physical therapists. Journal of Women's Health 
Physical Therapy, 29(3). 

 
McClanahan, B. S., Ward, K. D., Vukadinovich, C., Klesges, R. C., Chitwood, L., Kinzey, S. J., 

et al. (2002). Bone mineral density in triathletes over a competitive season. Journal of 
Sports Sciences, 20(6), 463-469. 

 
McVeigh, J. A., Norris, S. A., Cameron, N., & Pettifor, J. M. (2004). Associations between 

physical activity and bone mass in black and white South African children at age 9 yr. 
Journal of Applied Physiology, 97(3), 1006-1012. 

 
 



 
 

61 
 

LIST OF REFERENCES (continued) 

Medelli, J., Louana, J., Menuet, J., Shabani, M., & Cordero-MacIntyre, Z. (2008). Is osteoporosis 
a health risk in professional cyclists. Journal of Clinical Densitometry, 1-7. 

 
Melendez-Ortega, A. (2007). Osteoporosis, falls and exercise. European Review of Aging and 

Physical Activity, 4(2), 61(10). 
 
Müller, A., Rüegsegger, E., & Rüegsegger, P. (1989). Peripheral QCT: a low-risk procedure to 

identify women predisposed to osteoporosis. Physics in Medicine and  Biology, 34(6), 
741-749. 

 
Mundy, G. R. (1999). Bone Remodeling: Primer on the metabolic bone diseases and disorders of 

mineral metabolism. Medicine & Science in Sports & Exercise, 30-35. 
 
Nevill, A. M., Holder, R. L., & Stewart, A. D. (2004). Do sporting activities convey benefits to 

bone mass throughout the skeleton? Journal of Sports Sciences, 22(7), 645-650. 
 
Neville, C. E., Murray, L. J., Boreham, C. A. G., Gallagher, A. M., Twisk, J., Robson, P. J., et al. 

(2002). Relationship between physical activity and bone mineral status in young adults: 
the Northern Ireland young hearts project. Bone, 30(5), 792-798. 

 
Nichols, J. F., Palmer, J. E., & Levy, S. S. (2003). Low bone mineral density in highly trained 

male master cyclists. Osteoporosis International, 14(8), 644-649. 
 
Orwoll, E. S., Ferar, J., Oviatt, S. K., McClung, M. R., & Huntington, K. (1989). The 

relationship of swimming exercise to bone mass in men and women. Archives of Internal 
Medicine, 149(10), 2197-2200. 

 
Pollock, M. L., Leggett, S. H., Graves, J. E., Jones, A., Fulton, M., & Cirulli, J. (1989). Effect of 

resistance training on lumbar extension strength. American Journal of Sports Medicine, 
17(5), 624. 

 
Proctor, K. L., Adams, W. C., Shaffrath, J. D., & van Loan, M. D. (2002). Upper-limb bone 

mineral density of female collegiate gymnasts versus controls. Medicine & Science in 
Sports & Exercise, 34(11), 1830-1835. 

 
Ray, N. F., Chan, J. K., Thamer, M., & Melton, L. J. (1997). Medical expenditures for the 

treatment of osteoporotic fractures in the United States in 1995: report from the National 
Osteoporosis Foundation. Journal of Bone & Mineral Research, 12(1), 24-35. 

 
Reeve, J., Meunier, P. J., Parsons, J. A., Bernat, M., Bijvoet, O. L., Courpron, P., et al. (1980). 

Anabolic effect of human parathyroid hormone fragment on trabecular bone in 
involutional osteoporosis: a multicentre trial. British Medical Journal, 280(6228), 1340-
1344. 

 



 
 

62 
 

LIST OF REFERENCES (continued) 

Rico, H., Revilla, M., Hernandez, E. R., Gomez-Castresana, F., & Villa, L. F. (1993). Bone 
mineral content and body composition in postpubertal cyclist boys. Bone, 14(2), 93-95. 

 
Robling, A. G., Burr, D. B., & Turner, C. H. (2000). Partitioning a daily mechanical stimulus 

into discrete loading bouts improves the osteogenic response to loading. Journal of Bone 
& Mineral Research, 15(8), 1596-1602. 

 
Robling, A. G., Burr, D. B., & Turner, C. H. (2001). Recovery periods restore 

mechanosensitivity to dynamically loaded bone. Journal of Experimental Biology, 
204(19), 3389-3399. 

 
Rowe, T., Hull, M. L., & Wang, E. L. (1998). A pedal dynamometer for off-road bicycling. 

Journal of Biomechanical Engineering, 120(1), 160-164. 
 
Rubin, C. T., & Lanyon, L. E. (1985). Regulation of bone mass by mechanical strain magnitude. 

Calcified Tissue International, 37(4), 411-417. 
 
Sabo, D., Bernd, L., Pfeil, J., & Reiter, A. (1996). Bone quality in the lumbar spine in high-

performance athletes. European Spine Journal, 5(4), 258-263. 
 
Schonau, E. (2004). The peak bone mass concept: is it still relevant? Pediatric Nephrology, 

19(8), 825-827. 
 
Shackelford, L. C., LeBlanc, A. D., Driscoll, T. B., Evans, H. J., Rianon, N. J., Smith, S. M., et 

al. (2004). Resistance exercise as a countermeasure to disuse-induced bone loss. Journal 
of Applied Physiology, 97(1), 119-129. 

 
Sinaki, M., Itoi, E., Wahner, H. W., Wollan, P., Gelzcer, R., Mullan, B. P., et al. (2002). Stronger 

back muscles reduce the incidence of vertebral fractures: a prospective 10 year follow-up 
of postmenopausal women. Bone, 30(6), 836-841. 

 
Sinaki, M., & Offord, K. P. (1988). Physical activity in postmenopausal women: effect on back 

muscle strength and bone mineral density of the spine. Archives of Physical Medicine & 
Rehabilitation, 69(4), 277-280. 

 
Smathers, A., Bemben, M. G., & Bemben, D. F. (2009). Bone density comparisons in male 

competitive road cyclilsts and untrained controls. Medicine & Science in Sports & 
Exercise, 41(2), 290-296. 

 
Smith, R., & Rutherford, O. M. (1993). Spine and total body bone mineral density and serum 

testosterone levels in male athletes. European Journal of Applied Physiology, 67(4), 330-
334. 

 
 



 
 

63 
 

LIST OF REFERENCES (continued) 

Snow-Harter, C., Bouxsein, M. L., Lewis, B. T., Carter, D. R., & Marcus, R. (1992). Effects of 
resistance and endurance exercise on bone mineral status of young women: a randomized 
exercise intervention trial. Journal of Bone & Mineral Research, 7(7), 761-769. 

 
Srinivasan, S., Weimer, D. A., Agans, S. C., Bain, S. D., & Gross, T. S. (2002). Low-magnitude 

mechanical loading becomes osteogenic when rest is inserted between each load cycle. 
Journal of Bone & Mineral Research, 17(9), 1613–1620. 

 
Starkey, D. B., Pollock, M. L., Ishida, Y., Welsch, M. A., Brechue, W. F., Graves, J. E., et al. 

(1996). Effect of resistance training volume on strength and muscle thickness. Medicine 
& Science in Sports & Exercise, 28(10), 1311-1320. 

 
Staron, R. S., Karapondo, D. L., Kraemer, W. J., Fry, A. C., Gordon, S. E., Falkel, J. E., et al. 

(1994). Skeletal muscle adaptations during early phase of heavy-resistance training in 
men and women. Journal of Applied Physiology, 76(3), 1247-1255. 

 
Staron, R. S., Malicky, E. S., Leonardi, M. J., Falkel, J. E., Hagerman, F. C., & Dudley, G. A. 

(1990). Muscle hypertrophy and fast fiber type conversions in heavy resistance-trained 
women. European Journal of Applied Physiology, 60(1), 71-79. 

 
Stewart, A. D., & Hannan, J. (2000). Total and regional bone density in male runners, cyclists, 

and controls. Medicine & Science in Sports & Exercise, 32(8), 1373-1377. 
 
Swezey, R. (2000). Osteoporosis: Diagnosis, pharmacological, and rehabilitation therapies. 

Critical Reviews in Physical and Rehabilitation Medicine, 12(2), 229-269. 
 
Taaffe, D. R., Robinson, T. L., Snow, C. M., & Marcus, R. (1997). High-impact exercise 

promotes bone gain in well-trained female athletes. Journal of Bone & Mineral Research, 
12(2), 255-260. 

 
Taaffe, D. R., Snow-Harter, C., Connolly, D. A., Robinson, T. L., Brown, M. D., & Marcus, R. 

(1995). Differential effects of swimming versus weight-bearing activity on bone mineral 
status of eumenorrheic athletes. Journal of Bone & Mineral Research, 10(4), 586-593. 

 
Turner, C. H. (1998). Three rules for bone adaptation to mechanical stimuli. Bone, 23(5), 399-

407. 
 
Turner, C. H., Forwood, M. R., Rho, J. Y., & Yoshikawa, T. (1994). Mechanical loading 

thresholds for lamellar and woven bone formation. Journal of Bone & Mineral Research, 
9(1), 87-97. 

 
Turner, C. H., & Pavalko, F. M. (1998). Mechanotransduction and functional response of the 

skeleton to physical stress: the mechanisms and mechanics of bone adaptation. Journal of 
Orthopaedic Science, 3(6), 346-355. 



 
 

64 
 

LIST OF REFERENCES (continued) 

Vuori, I., Heinonen, A., Sievänen, H., Kannus, P., Pasanen, M., & Oja, P. (1994). Effects of 
unilateral strength training and detraining on bone mineral density and content in young 
women: A study of mechanical loading and deloading on human bones. Calcified Tissue 
International, 55(1), 59-67. 

 
Wang, E. L., & Hull, M. L. (1997). A dynamic system model of an off-road cyclist. Journal of 

Biomechanical Engineering, 119(3), 248-253. 
 
Warner, S. E., Shaw, J. M., & Dalsky, G. P. (2002). Bone mineral density of competitive male 

mountain and road cyclists. Bone, 30(1), 281-286. 
 
Wheeless, C. R. (1996). Wheeless' Textbook of Orthopaedics. Brooklandville, MD: DataTrace 

Publishing. 
 
Williams, J. A., Wagner, J., Wasnich, R., & Heilbrun, L. (1984). The effect of long-distance 

running upon appendicular bone mineral content. Medicine & Science in Sports & 
Exercise, 16(3), 223-227. 

 
Witzke, K. A., & Snow, C. M. (2000). Effects of plyometric jump training on bone mass in 

adolescent girls. Medicine & Science in Sports & Exercise, 32(6), 1051-1057. 
 
Wolff, J. (1892). The Law of Bone Transformation. Berlin: Hirschwald. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

65 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDICES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

66 
 

APPENDIX A 
 
Introduction 
  

The appendices contain additional data from this study that was excluded from the body 
of the thesis to make the reading clearer and more concise.  In this section a complete 
representation of all data and all statistical analyses can be found and used to construct a full 
description of the study.  It should be noted for clarity that in this section, and throughout the 
entire manuscript, standard units of measurement for each variable have been used.  A summary 
of the standard units of measurement can be found below: 
 
Variable  Standard Unit of Measurement
Bone mineral density  g/cm2 

Age  years
Weight  kilograms (kg)
Height   centimeters (cm)
Maximal oxygen consumption  ml O2/min
Mass-adjusted maximal oxygen consumption  ml O2/kg/min
Body fat  percentage  percent (%)
Training volume  hours (hr) 
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APPENDIX B 
Table B1 

Descriptive statistics of BMD and physiological variables 

Variable N Minimum Maximum Mean Std. Dev. 

AGE 11 31.00 48.00 38.91 5.52 

HEIGHT 11 167.64 186.69 177.34 6.25 

TOTVOL 11 30.28 148.17 91.79 38.92 

WKVOL 11 2.52 12.35 7.65 3.24 

VO2 11 3265.00 5087.00 4411.55 522.03 

VO2KG 11 36.60 73.80 56.20 9.83 

TOTBDY 11 1.126 1.516 1.269 0.118 

LUMB 11 0.774 1.293 0.990 0.139 

HIP 11 0.842 1.278 1.028 0.153 

RAD 11 0.500 0.674 0.562 0.044 

BF 11 12.40 30.70 17.69 5.11 

WGT 11 65.9 117.3 80.15 15.44 

BMI 11 21.46 33.65 25.35 3.64 
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Table B2 

Summary of first session participant data 

ID Age HGT VO2 VO2/KG TOTBDY LUMB HIP RAD % BF WGT 

1 34 181.6 4562 60.2 1.158 0.908 0.870 0.548 19.2 75.9 

2 38 182.9 5553 58.9 1.506 1.227 1.203 0.685 15.9 93.0 

3 40 171.5 4844 71.9 1.126 0.780 0.841 0.512 14.3 67.5 

4 41 175.3 4745 68.4 1.398 1.058 1.216 0.552 13.4 69.1 

5 33 181.6 4565 57.5 1.210 0.914 0.864 0.520 14.6 79.6 

6 31 182.9 3993 52.9 1.183 0.944 0.963 0.548 15.5 75.7 

7 48 186.7 4061 35.0 1.325 1.035 1.253 0.535 30.3 116.36

8 44 172.7 4179 52.7 1.279 1.033 0.912 0.552 18.4 79.6 

9 43 170.2 3741 54.3 1.281 1.108 1.110 0.529 19.5 69.1 

10 43 167.6 3991 60.7 1.175 0.927 0.944 0.580 15.7 66.4 

11 33 177.8 4227 49.0 1.249 0.890 1.046 0.510 19.5 86.4 
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Table B3 

Summary of second session participant data 

ID Age HGT VO2 VO2/KG TOTBDY LUMB HIP RAD % BF WGT 

1 34 181.6 4771 63.7 1.161 0.901 0.842 0.579 16.5 74.3 

2 38 182.9 5087 51.6 1.516 1.293 1.190 0.674 15.8 94.5 

3 40 171.5 4178 61.4 1.126 0.774 0.852 0.55 13.7 68.2 

4 41 175.3 4856 73.8 1.446 1.039 1.218 0.578 12.4 65.9 

5 33 181.6 4621 58.4 1.229 0.893 0.892 0.532 14.1 79.5 

6 31 182.9 4831 64.5 1.200 0.946 0.984 0.553 14.8 75.0 

7 48 186.7 4285 36.6 1.312 1.058 1.278 0.542 30.7 117.3 

8 44 172.7 4377 53.9 1.303 1.029 0.983 0.553 20.0 81.4 

9 43 170.2 3832 55.2 1.237 1.118 1.133 0.541 18.9 69.5 

10 43 167.6 3265 49.6 1.208 0.938 0.930 0.580 16.4 66.4 

11 33 177.8 4424 49.5 1.226 0.903 1.001 0.500 21.3 89.5 
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Table B4 

Standardized BMD values: T scores 

    

 FIRST SESSION SECOND SESSION 

ID TOTBDY LUMB HIP RAD TOTBDY LUMB HIP RAD 

1 0.33 -0.99 -1.68 -- 0.35 -1.02 -1.99 -- 

2 3.53 1.14 1.92 -- 3.62 1.60 1.78 -- 

3 0.03 -1.85 -2.00 -- 0.03 -1.87 -1.88 -- 

4 2.54 0.01 2.07 -- 2.98 -0.10 2.08 -- 

5 0.80 -0.95 -1.75 -- 0.98 -1.08 -1.45 -- 

6 0.56 -0.75 -0.68 -- 0.71 -0.72 -0.45 -- 

7 1.86 -0.14 2.47 -- 1.74 0.03 2.73 -- 

8 1.44 -0.16 -1.23 -- 1.66 -0.16 -0.46 -- 

9 1.46 0.35 0.92 -- 1.05 0.43 1.16 -- 

10 0.48 -0.87 -0.88 -- 0.79 -0.77 -1.04 -- 

11 1.16 -1.11 0.22 -- 0.95 -1.01 -0.27 -- 
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Table B5 

Standardized BMD values: Z scores 

    

 FIRST SESSION SECOND SESSION 

ID TOTBDY LUMB HIP RAD TOTBDY LUMB HIP RAD 

1 -0.93 -0.62 -0.98 -0.08 -0.92 -0.64 -1.22 0.39 

2 2.14 1.98 1.20 2.73 2.08 2.18 1.06 2.55 

3 -1.21 -1.66 -1.17 -0.82 -1.21 -1.56 -1.15 -0.27 

4 1.19 0.60 1.28 0.00 1.49 0.35 1.24 0.36 

5 -0.47 -0.57 -1.02 -0.66 -0.34 -0.70 -0.89 -0.68 

6 -0.71 -0.33 -0.37 -0.08 -0.59 -0.32 -0.29 -0.21 

7 0.55 0.42 1.52 -0.35 0.36 0.49 1.63 -0.46 

8 0.14 0.40 -0.71 0.00 0.28 0.28 -0.29 -0.21 

9 0.16 1.01 0.59 -0.47 -0.27 0.92 0.69 -0.48 

10 -0.78 -0.46 -0.50 0.57 -0.52 -0.37 -0.64 0.41 

11 -0.12 -0.77 0.17 -0.86 -0.37 -0.63 -0.18 -1.41 
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Table B6 

Summary of participant training volume 

ID Total Training Volume Weekly Training Volume 

1 113.87 9.49 

2 102.29 8.52 

3 55.88 4.66 

4 148.17 12.35 

5 130.00 10.83 

6 98.01 8.17 

7 30.28 2.52 

8 79.33 6.61 

9 41.33 3.44 

10 134.75 11.23 

11 75.83 6.32 
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APPENDIX C 
Table C1 

Pearson’s correlation coefficients 

Variable WKVOL AGE WGT 

VO2 0.232 -0.511 0.236 

VO2/KG 0.566 -0.461 -0.763** 

TOTBDY 0.216 0.266 0.337 

LUMB -0.079 0.338 0.380 

HIP -0.248 0.515 0.522 

RAD 0.342 0.087 0.019 

BF -0.684* 0.513 0.818** 

WGT -0.485 0.242 -- 
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Table C2 

Related p-values of Pearson’s correlation coefficients 

Variable WKVOL AGE WGT 

VO2 0.493 0.108 0.484 

VO2/KG 0.069 0.154 0.006 

TOTBDY 0.524 0.429 0.311 

LUMB 0.818 0.310 0.249 

HIP 0.463 0.105 0.100 

RAD 0.304 0.800 0.955 

BF 0.020 0.107 .002 

WGT 0.131 0.473 -- 
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Graph C23 
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APPENDIX D 
Table D1 

Summary of data for ANOVA: low training volume vs. moderate training volume 

Variable Mean Low Mean Moderate dfb,dft F p 

TOTBDY 1.237 1.277 1,5 0.522 0.499 

LUMB 0.980 0.960 1,5 0.054 0.827 

HIP 1.080 1.013 1,5 0.211 0.670 

RAD 0.537 0.560 1,5 1.422 0.299 

VO2 4156.83 4340.50 1,5 0.084 0.786 

VO2KG 52.40 61.40 1,5 0.861 0.406 

BF 21.23 14.43 1,5 1.736 0.258 

WGT 84.66 71.14 1,5 0.738 0.439 
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APPENDIX E 
 
 
 
 
 
 

Wichita State University 
Department of Human Performance Studies 

Campus Box 16 
1845 Fairmount 

Wichita, KS 67260-0016 

 
CONSENT FORM 

 
PURPOSE: You are being asked to participate in a study in which your bone mineral density (BMD) will 
be assessed using Dual Energy X-Ray absorptiometry, commonly referred to as DXA.  In addition, you 
will be asked to perform a maximal oxygen consumption (VO2max) test of which the results will be used 
for analysis and stratification.  The purpose of this study is to describe the relationship between bone 
density and training volume in the cyclist population. 
 
PARTICIPANT SELECTION: You were accepted for this study because of your response to the 
researchers request for participation and because you fit the criteria established by the researchers for a 
healthy adult male cyclist.  A total of 30 participants will be included in this study. 
 
EXPLANATION OF PROCEDURES: For this study, you will be asked to complete two sessions of 
laboratory testing with 12 weeks separating the two sessions.  During the 12 weeks between testing 
sessions you will be asked to complete an activity log in which you will record basic information about 
your daily activity.  Each session will include dual energy x-ray absorptiometry (DXA) analysis of bone 
content and body composition, and a maximal oxygen consumption test (VO2max).  Before the first 
testing session you will be asked to complete a questionnaire regarding health status and prior exposures 
to radiation.  This information will allow the researchers to assess whether it is appropriate to proceed 
with this assessment.  Prior to your DXA assessment, body weight will be measured using a standard 
medical scale and your height will be measured using a stadiometer.  BMD will be assessed using a low-
level x-ray known as dual energy x-ray absorptiometry, also referred to as DXA.  During this procedure, 
you will be asked to lie motionless on a scanning table for approximately six minutes while the body is 
scanned using this low-level x-ray.  Prior to this scan being performed, you will be asked to remove all 
attenuating material (jewelry, hair clips, rings, etc.) and dress in your own t-shirt and gym shorts.  After 
DXA testing, your resting heart rate and blood pressure will be recorded.  Immediately after obtaining 
these values, you will be asked to perform a VO2max test on a cycle ergometer.  This test is a maximal 
exertion exercise test and will asses your capacity for aerobic work.  The total time required for your 
participation at each laboratory testing session will be 45-60 minutes. 
 
DISCOMFORTS/RISKS: This is a research study that involves a procedure that uses x-ray.  Wichita 
State University has adopted the philosophy of safety that all exposures to radiation, other hazardous 
materials, and risks from physical hazards shall be kept "as low as reasonably achievable".  There are 
certain limitations upon this procedure to achieve that aim.  We want to make sure that the amount of 
radiation that you have received in the past year is within safe limits, so if you have had x-rays, let us 
know.  If you have recently undergone CT (computerized tomography), PET, fluoroscopic, or nuclear 
medicine studies within the past year, you cannot participate in this study. 
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The parts of the body that will receive the most radiation are the skin, although your whole body will be 
exposed to radiation.  The radiation exposure is small compared with other commonly accepted medical 
procedures such as chest x-rays, lumbar spine x-rays, and dental bite wings.  In fact, patient dose is even 
smaller than exposure to natural background radiation.  The amount of radiation that you will receive 
from this study is equivalent to a uniform whole-body exposure of 0.1 mrem.  The typical radiation 
exposure from a normal chest x-ray is 30 mrem.  Although you will be receiving a small amount of 
exposure, the risk from radiation exposure of this magnitude is too small to be measured directly and is 
considered to be negligible when compared to other every day risks.  The Radiation Safety Officer (Dr. 
Glendon Miller, 978-3347) of Wichita State University can provide you with more information about 
radiation exposure if you are interested. 
 
Additionally, you will be asked to perform a maximal exertion exercise test to measure oxygen 
consumption.  A test of this nature requires an individual to push themselves to high levels of physical 
discomfort for a matter of minutes.  Since the discomfort experienced by the participant is caused by the 
high intensity exercised, cessation of exercise allows for immediate recovery from the discomfort.   
 
As with any exercise bout, there is some risk involved for the participant.  The American College of 
Sports Medicine reports that there is approximately 1 cardiac event in every 187,000 person-hours of 
maximal exercise testing.  To minimize the consequences of this small risk, the laboratory is equipped 
with a first aid kit and an automatic defibrillator.  Also, a telephone will be available to call for medical 
assistance if needed.  Despite the small risk associated with this type of test, no lasting effects are 
generally associated with its performance. 
 
BENEFITS: By participating in this study, you will be provided with information regarding the strength 
and health of your bones.  The information that will be gained from the DXA assessment is not intended 
to diagnose osteopenia, osteoporosis, and/or obesity.  A licensed medical physician is the only individual 
qualified to make such a diagnosis.  It is suggested that you share the information obtained from your 
DXA assessment with your primary care physician.   
 
The results of the VO2max test will be a valid descriptor of your capacity for aerobic work.  This value is 
indicative of a person’s overall cardiovascular health and is useful to gauge one’s increase in fitness over 
time.  Additionally, when made available to a fitness professional, this value allows for more precise 
prescription of exercise. 
 
 You will be given an additional copy of all assessment information for the purpose of physician 
consultation. 
 
CONFIDENTIALITY: None of your personal information will be released.  Your results will be 
combined with other participants so it will not be possible to identify your responses in a published 
report; your name will not be directly associated with any of the results.  At the end of the research study, 
all the medical history questionnaires and the personal data collected will be destroyed. 
 
TREATMENT: Wichita State University does not provide medical treatment or other forms of 
reimbursement to persons injured as a result of or in connection with participation in research activities 
conducted by Wichita State University or its faculty, staff, or students.  If you believe that you have been 
injured as a result of participating in the research covered by this consent form, you can contact the Office 
of Research Administration, Wichita State University, Wichita, KS 67260-0007, telephone (316) 978-
3285. 
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REFUSAL/WITHDRAW: Participation in this study is entirely voluntary.  Your decision whether or not 
to participate will not affect your future relations with Wichita State University.  If you agree to 
participate in this study, you are free to withdraw from the study at any time without penalty. 
 
CONTACT: If you have any questions about this research, you may contact me or the Principal 
Investigator at: Bryan Ziegler, 741 N. Woodstone Dr., Andover, KS 67002, Telephone 316-655-2087, 
email: bmziegler@wichita.edu; or Jeremy Patterson, Assistant Professor in Exercise Science, Office: 
Heskett Center 112, Telephone 978-5440, email: jeremy.patterson@wichita.edu.  If you have questions 
pertaining to your rights as a research subject, or about research-related injury, you can contact the Office 
of Research Administration, Wichita State University, Wichita, KS 67260-0007, telephone (316) 978-
3285. 
 
You are under no obligation to participate in this study.  Your signature indicates that you have read the 
information provided above and have voluntarily decided to participate. 
 
You will be given a copy of this consent form to keep. 
 
____________________________________  _____________ 
Signature of Subject      Date 
 
____________________________________  _____________ 
Witness Signature      Date 
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APPENDIX F 
Training Log 

Bone response to varied doses of bicycling 
 
Name: ______________________ 
Start Date: ___________________ 
End Date: ___________________ 
 
 
Date Activity Duration Distance (Cycling) RPE 
     
     
     
     
     
     
     
Date Activity Duration Distance (Cycling) RPE 
     
     
     
     
     
     
     
Date Activity Duration Distance (Cycling) RPE 
     
     
     
     
     
     
     
Date Activity Duration Distance (Cycling) RPE 
     
     
     
     
     
     
     
Date Activity Duration Distance (Cycling) RPE 
     
     
     
     
     
     
     
Date Activity Duration Distance (Cycling) RPE 
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