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ABSTRACT 
 

Studies have demonstrated the effect of dominance on bone mineral density (BMD) of 

both weight bearing and non-weight bearing limbs and the effect of physical activity and specific 

sports, such as tennis, gymnastics, and volleyball on bmd of the predominantly used limb(s) 

versus non-used limb(s). Like tennis and volleyball, the Wichita State University (WSU) 

bowling team performs a high volume of repetitive use of their bowling arm on a regular basis. 

This is the first study to investigate the effect of ten-pin bowling at an elite collegiate level on 

BMD of the bowling arm compared to the non-bowling arm. Dual Energy X-ray Absorptiometry 

Unit (Hologic QDR 4500W Elite) was used to assess BMD of bilateral arms (whole body scan) 

and bilateral forearms (forearm scan) of 25 (N=13 males, N=12 females) collegiate bowlers 

(20.72 ± 1.46 yrs). In this study, the forearm scans showed significantly greater (p<0.05) BMD 

in the bowling arm (0.635 ± .05 g·cm-2) compared to the non-bowling arm (0.618 ± .06 g·cm-2) 

of both male and female bowlers. However, when separated by gender, the female bowling arm 

showed a significantly greater difference between arms (4.1 ± 3.1% difference, p<0.05) and 

compared to the males (1.5 ± 2.6% difference, p<0.05). Whole body scans of the left and right 

arms were also assessed and similar results were observed in the bowling arm compared to the 

non-bowling arms of males (3.81 ± 5.19%, p<0.05) and females (4.15 ± 2.54%, p<0.05). In 

conclusion, the female elite level collegiate ten-pin bowlers demonstrate an increased BMD in 

the bowling forearm when compared to the non-bowling forearm. 
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Chapter 1 

 

INTRODUCTION 

 Skeletal tissue naturally regenerates by continuously breaking down and rebuilding bone. 

The remodeling process can be increased or decreased dependant upon several factors, such as 

skeletal maturation, an increase in body mass that adds extra ground reaction forces (GRF) on 

the bones, an increase in weight-bearing activities, diseases that affect bone tissue or from 

pharmacological interventions (Shepherd & Lu, 2007). As the body ages, this process begins to 

slow down. This decrease can also be a result of many other biological processes, such as 

hormonal imbalances, poor nutrition, and a decrease in physical activity level (Shepherd & Lu, 

2007; Vainionpää et al., 2009). Osteopenia and osteoporosis are major contributors to the 

increased incidences of fractures seen in post-menopausal women and some older men (Bareither 

et al., 2008). The effect of osteoporosis also varies between genders (Ali et al., 2009). 

Approximately 10 million Americans over the age of fifty have osteoporosis, and thirty-four 

million are at risk of getting osteoporosis (Holroyd et al., 2008).  

 The World Health Organization (WHO) clinically defines osteoporosis for 

postmenopausal women as a radial, spinal, or hip bone mineral density (BMD) of 2.5 standard 

deviations (SD) or more below the mean of healthy, young White women (Bonnick et al., 2010; 

Sweet et al., 2009). This is expressed as a T-score of -2.5 or below (Bonnick et al., 2010; 

Holroyd et al., 2008; Mihaljevic et al., 2009; Nichols et al., 2007; Sweet et al., 2009). Dual 

Energy X-ray Absorptiometry (DXA) units are an accurate, noninvasive method of identifying 

areal density in individuals of all ages (Bianchi et al., 2010; Carey et al., 2009; Griffith & 

Genant, 2008; Holroyd et al., 2008; Leslie et al., 2007; Mihaljevic et al., 2009; Patel et al., 2007). 

It is currently used as a standard in diagnosis of individuals at risk of osteoporosis, and 
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monitoring, preventing and/or treating the disease by providing a gradient of risk that is 

expressed as a ratio per standard deviation (Leslie et al., 2007; Ozdurak et al., 2003).  

 The knowledge of osteoporosis and its correlating risk factures aids in the understanding 

that implementing prevention methods are important. Therefore, educational and prevention 

methods for prolonging the development of bone issues is needed to begin maximizing bone 

mass during early adulthood when peak bone mass is reached (Augestad et al., 2004). Physical 

activity is a significant factor in determining peak bone mass and maintaining bone mass, which 

are important factors in the prevention of osteoporosis (Iwamoto et al., 2009; Pikkarainen et al., 

2009). Activities involving high impact weight-bearing or high peak forces have been shown in 

many studies to be beneficial and necessary to building greater bone masses, especially in 

childhood and young adult years (Pikkarainen et al., 2009).  

 Sports such as gymnasts, rugby, soccer, volleyball, racquet sports, and other athletes who 

are involved in habitual mechanical loads that generates force on the body, upper and lower 

extremities supports the many years of research that have shown the benefit of high impact 

physical activities on bone density (Bareither et al., 2008; Chilibeck et al., 2000). On the 

contrary, studies have shown that a decrease in physical activity is correlated to an increased 

reduction of BMD and can result in an increased incidence of osteoporotic fractures (Andreoli et 

al., 2001; Rautava et al., 2007; Shepherd & Lu, 2007). Sports that involve dominant use of one 

limb have shown that the impact of repetitive use in addition to an added force results in side-to-

side BMD differences between the limbs (Chilibeck et al., 2000). Racquet sports, volleyball, 

baseball and other throwing athletes have all demonstrated this effect on BMD. Ten-pin bowling 

is another sport that predominantly uses one arm for bowling with the addition of a weighted 

bowling ball, but the effect of bowling on BMD has yet to be determined.    
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1.1 Statement of the problem 

Numerous variables influence the BMD of weight-bearing and nonweight-bearing limbs 

and those variables have been demonstrated extensively in various sports. Ten-pin bowling has 

been around for a years and is commonly viewed as a leisure or recreational activity. In recent 

years, bowling has gained more recognition as a sporting event in high schools, college and at 

professional levels both nationally and internationally. The literature available on ten-pin 

bowling is relatively limited and there are no known research publications on the subject of ten-

pin bowling and BMD.   

This study seeks to review the knowledge of mechanical loading on BMD of various 

loads and intensities in sporting activities. The method by which this study seeks to begin is by 

specifically reviewing research on sports that predominantly involve high intensity and repetitive 

high volumes of use of the upper extremity limbs and the correlation between those sports and 

BMD. Then correlate that literature to the sport of ten-pin bowling. No known study has 

analyzed the effect of bowling on the BMD of the bilateral forearms of elite collegiate ten-pin 

bowlers. 

1.2 Statement of purpose 

 The purpose of this study was to compare BMD of the forearm in elite collegiate ten-pin 

bowlers to a group of controls not involved in sports or activities that use the upper extremities 

predominantly.   

1.3 Significance of study 

 The game of ten-pin bowling has been around for centuries. During the last fifty years, 

bowling has gained an increased interest at a professional level and viewed as a competitive 

sport. Many studies have analyzed the effects of sports on BMD. These include different loading 
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mechanisms and involvement of different limbs required in a particular sport. In bowling, the 

bowler uses their bowling arm repetitively in high volumes on a daily basis. In addition to the 

high volume of arm movements, a weighted ball is involved, adding a load to the bowling arm. 

In sports such as tennis and volleyball, these repetitive movements and high impact loads have 

been shown to be osteogenic on the dominant arm.  

To the best of the author‟s knowledge, this is the first study assessing the effects of ten-

pin bowling at an elite collegiate level on BMD of the bowling arm compared to the non-bowling 

arm. The key piece of this study is the participants. The participants are elite ten-pin bowlers at 

the collegiate level. Several of the bowlers have also competed on national and world levels. The 

twenty-five bowlers represent seven different countries, including the USA. Within the USA, 

eleven states are represented in this bowling team. Therefore, the findings from this study will 

provide information that is reflective of a broadened demographic view and will have be a 

greater representation of different cultures and ethnicities for both males and females within the 

USA and in other countries. 

1.4 Variables 

1.4.1 Independent 

-  Bowling is the independent variable in this study. 

1.4.2 Dependent 

- The dependent variable in this study is the measurements of the bilateral forearms and 

arms, and total-body BMD assessed by a DXA unit.  

1.4.3 Control 

- The control for this study was participants that were non-bowlers and not currently 

involved in any sport or activity that required the use of their dominant arm.  
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- A control variable in this study is the ages of the participants. All participants were 

between the ages of eighteen and twenty-four years old. 

1.5 Hypothesis 

The BMD of the bowling forearm and arm will greater than the BMD of the forearm and 

arm of the non-bowling arm.   

1.6 Assumptions 

 It was assumed that the participants followed the pre-scan instructions. In addition, it was 

assumed that the DXA unit used in this study was in proper working order according to 

manufacturer policy.  

1.7 Limitations 

 The author acknowledges certain limitations of this study associated with experimental 

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

- This study did not include collection and analysis of dietary information and serum 

biomarkers for nutritional status and bone turnover.   

- The software available in the WSU Human Performance Laboratory that was used in the 

DXA measurements analysis did not include references for populations under the age of 

twenty. Therefore, for subjects under the age of twenty, the software was not able to generate 

T- and Z-scores.   

- The DXA unit used in this study only measures areal bone density, it is unable to distinguish 

between trabecular and cortical bone tissue. 
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1.8 Delimitations 

 This study exclusively selected apparently healthy participants that were between the 

ages of eighteen and twenty-four years old. By this delimitation, the participants are in the age 

when peak bone mass is still being obtained.  

1.9 Definitions 

- Bone mineral density (BMD): the adjusted value of hydroxyapatites with respect to measured 

bone area; measured and calculated commonly with DXA, expressed in units of g/cm2. 

- Bone remodeling: a dynamic, lifelong process of reshaping and replacing bone during growth 

and after injury (Papachroni et al., 2009). 

- Osteoblast: a cell originating from mesenchymal stem cells, responsible for the synthesis of 

bone matrix (Papachroni et al., 2009) 

- Osteoclast: a multinucleated cell, differentiated from hematopoietic monocyte and 

macrophage precursors, which coordinates resorption of bone (Papachroni et al., 2009) 

- Osteocyte: a terminally differentiated osteoblast trapped in its secreted matrix. Osteocytes 

sense mechanical signals and initiate events of bone remodeling (Papachroni et al., 2009). 

- Bone multicellular unit (BMU): a local group of cells with finite lifetime that mediate bone 

remodeling. Each unit consists of bone-lining cells, osteoblasts, osteocytes, osteoclasts, their 

precursor cells and their associated cells (endothelial and nerve cells) (Papachroni et al., 

2009). 

- Mechanotransduction: a three-leg conversion of mechanical cues to electrical or biochemical 

signals, involving mechanosensing, signal transduction and effector-cell response 

(Papachroni et al., 2009). 
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- Osteopenia: a condition of bone in which there is a generalized reduction in bone mass; 

however this is less severe than that in osteoporosis (Papachroni et al., 2009). 

- Osteoporosis: skeletal abnormality characterized by decreased bone mass owing to the 

resorption of bone at a rate that exceeds bone synthesis (Papachroni et al., 2009). 
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Chapter 2 

REVIEW OF LITERATURE 

2.1 Determinants of Peak Bone Health 

2.1.1 Bone Metabolism 

 
  Bone is a dynamic connective tissue that guarantees protection and support of organ 

function (Proff & Romer, 2009).  The bone tissue is continuously  being renewed in a process 

called bone remodeling, which occurs throughout the human life span to maintain homeostasis 

and to repair tissue damage that is affecting the quality of bone (Guadalupe-Grau et al., 2009; 

Karsdal et al., 2006; Mihaljevic et al., 2009; Nichols et al., 2007). Bone tissue is primarily 

composed of type I collagen, approximately 90% of total bone protein and the remaining organic 

component consists of non-structural proteins and inorganic calcium-phosphate mineral 

(hydroxyapatite) (Pearson & Lieberman, 2004; Proff & Romer, 2009; Vicente-Rodriguez et al., 

2008). Hydroxyapatite determines tissue stiffness and strength while the organic bone matrix 

plays a key role on bone toughness (Huang et al., 2010).  

 Mature bone is composed of two tissue types: cortical (compact) bone and cancellous 

(trabecular) bone (Flynn, 2003).  The cortical bone, is a thick and dense layer of calcified tissue 

that forms the outer surfaces of most bones and the shafts of long bone, providing the stability of 

the skeleton (Flynn, 2003).  It contains osteons (Haversian systems), which are composed of a 

central canal (Haversian canal) and surrounded by lamellae of bone matrix (Proff & Romer, 

2009).  The lamellae contain the osteocytes, which are embedded in tiny spaces (lacunae) (Proff 

& Romer, 2009).  Within the Haversian canal there are blood vessels and nerve cells that 

communicate with the osteocytes (Proff & Romer, 2009).  The outer layer of the cortical bone 
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tissue is the periosteum (Proff & Romer, 2009). The periosteum enables the bone to enlarge 

because of its inner fibrous layer (Proff & Romer, 2009).  

 The inside of the bone is assembled by a cancellous network (spongiosa), ensuring 

elasticity and stability of the skeleton and accounts for about 70% of bone metabolism (Proff & 

Romer, 2009). Cancellous bone has a spongy appearance and consists of a lattice of thin 

calcified trabeculae, located at the ends of long bones and within flat bones and the vertebrae 

body (Flynn, 2003; Griffith & Genant, 2008).     

 Bone remodeling is responsible for about 10% of bone material being renewed each year 

(Proff & Romer, 2009). In normal bone, the remodeling process is constant, resulting in a 

balance between bone resorption and bone formation (Bonnick et al., 2010; Papachroni et al., 

2009). At the cellular level, the bone multicellular unit (BMU) contains the two key cell types 

that are involved in the remodeling process, osteoblasts and osteoclasts (Bonnick et al., 2010; 

Karsdal et al., 2006; Papachroni et al., 2009; Proff & Romer, 2009). The synthesizing process of 

new bone tissue is performed by osteoblasts (Proff & Romer, 2009). Primarily the osteoblast 

cells secrete an initial collagen matrix (osteoid) in an organized lattice that creates the basic 

histological framework of the bone tissue (Pearson & Lieberman, 2004). The collagen fibers 

provide the intricate structural framework of bone; it also provides bone with its elasticity and 

ultimately provides bones with the structural ability to resist tension (Pearson & Lieberman, 

2004).   

 Osteoclasts are large multi-nucleated cells whose primary function is to resorb bone 

(Pearson & Lieberman, 2004). They form a ruffled surface, which attaches to bone surface, 

creating a seal that is essential for resorption to occur (digestion of collagen) (Pearson & 

Lieberman, 2004). Small amounts of bone are permanently lost during the remodeling process 
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(Papachroni et al., 2009). At least twenty-four genes that have been identified as having a role in 

osteoclast function, while any mutation or accelerated osteoclastic activity can produce 

osteopenia or osteoporosis (Pearson & Lieberman, 2004). Understanding the relationship 

between osteoblast and osteoclast activity and the efficient balance of these activities is essential 

to having a clearer perspective of the relationship between bone structure and bone health. To 

measure bone turnover, biochemical markers are analyzed in obtained samples of serum or urine 

(Bonnick et al., 2010).     

2.1.2 Gender  

 Bone metabolism has different affects on men and women (Ali et al., 2009). Males tend 

to have larger bones when compared to females and they tend to have higher peaks of bone mass 

and greater cortical mass (Ali et al., 2009; Avdagic et al., 2009; Orwoll et al., 2001). The gender 

differences in peak bone mass attainment are well recognized and may account for a substantial 

portion of the increased incidence of fragility fractures in women compared to men (Orwoll et 

al., 2001).   

 Studies have shown that by the age of seven, the bone mass level in boys is greater than 

that of age-matched girls by 4.5% (Zofková, 2008).The gender differences in accrual of bone 

mass and its qualitative differences are apparent before puberty (Zofková, 2008). Prominent 

gender differences occur during the stage of early puberty with boys bone density becoming 6-

15% greater than observed girls (Zofková, 2008).   

 Acceleration rates of bone loss in women during menopause is not equal compared to 

men (Ali et al., 2009). In the first five years after menopause, women lose bone at a rate of two 

to three percent per year and then continue to lose about one percent a year after that (Sanders et 

al., 2009). This loss is an average of one to two percent per year bone mineral loss in cortical 
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bone and two to three percent per year in cancellous bone (Flynn, 2003). Around the age of 50, 

men also begin to lose bone, but at a much slower rate than women (Ozdurak et al., 2003; 

Sanders et al., 2009). Despite this, around the age of 60 years, the rate of bone loss is about the 

same for both men and women (Ali et al., 2009; Ozdurak et al., 2003; Sanders et al., 2009).  

2.1.3 Age 

 Aging plays an important role on bone cells and subsequently bone mass. Through the 

aging process, some factors have a stronger impact on bone mineral density (BMD) during a 

certain period of life, but then have a reduced impact on BMD at other stages of life (Douchi et 

al., 2004; Nichols et al., 2007). Before adulthood, total bone mass can increase approximately 

fifty times (Iwamoto et al., 2009). Studies show that age-related changes in bone mass follow the 

age-related increases in muscle strength, occurring during periods of growth (Lang et al., 2009).   

 The maximum (peak) bone mass a person obtains occurs during the first two decades of 

life (Avdagic et al., 2009; Iwamoto et al., 2009). Peak BMD of lumbar spine and of total body is 

attained between the ages of 18 to 20 years in females and 20 to 23 years in males (Boot et al., 

2010). Therefore, accumulation of bone mass during childhood and adolescence is claimed to be 

the optimal time period for positive skeletal adaptation, when compared to other periods in life 

(Wilsgaard et al., 2009).  During adulthood, a plateau in strength is observed and declines after 

30-40 years of age, this age related change is strength is correlated to bone strength (Lang et al., 

2009).   

 For postmenopausal women, the bone turnover process accelerates and as a result the 

bone integrity deteriorates, doubling the risk of osteoporotic fractures every seven to eight years, 

after the age of 50 (Bonnick et al., 2010; Iwamoto et al., 2009). By the age of eighty, women on 

average will have lost approximately 30% of their peak bone mass (Bonnick et al., 2010).    
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2.1.4 Ethnicity 

 Studies have shown there are racial/ethnic differences in BMD of both men and women. 

African American men exhibit higher BMD than Hispanic or White men (Araujo et al., 2007). In 

addition, differences between Hispanic and White men are less consistent as observed in the 

following two studies (Araujo et al., 2007). The Third National Health and Nutrition 

Examination Survey (NHANES III) indicated that age-adjusted femoral neck BMD in non-

Hispanic African American and Mexican American men was 12.3% and 4.6% higher, 

respectively, than in non-Hispanic White men (Araujo et al., 2007). Data from the Osteoporotic 

Fractures in Men Study (MrOS) showed that age-adjusted femoral neck BMD was 11.4% higher 

in African American men and 3.2 % lower in Hispanic men compared to White men (Araujo et 

al., 2007). Lumbar spine BMD was 6.2% higher in African American men compared to White 

men (Araujo et al., 2007). There was also no observed difference between Hispanic men and 

White men (Araujo et al., 2007).   

 White women have a higher prevalence of osteoporosis and associated fractures (Araujo 

et al., 2007). It has been observed that African American women have obtained the highest BMD 

whereas, Asian Americans tend to have the lowest (Bonnick et al., 2010). The age-adjusted 

lifetime risks of hip fracture in US women are 17% for White Americans, 14% for Hispanic 

Americans, and 6% for African Americans (Bonnick et al., 2010). However, these differences 

may be more correlated to body size rather than to race (Bonnick et al., 2010). African 

Americans and Asians reach their plateau earlier than Whites and Hispanics, demonstrating 

racial differences in timing of peak BMD, as Whites peak approximately five years earlier than 

African Americans and Asians (Berenson et al., 2009).       
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2.1.5 Lifestyle 

 Environmental factors account for the non-genetic influences on bone health, which 

includes nutritional intake and lifestyle habits (Rizzoli, 2008). Nutrition, physical activity, and 

smoking are a few of the numerous life-style factors that are associated with variability in bone 

density and bone loss (Krall & Dawson-Hughes, 1993; Wilsgaard et al., 2009). Avoidance of 

smoking, adequate nutrition and physical activity are advantageous to the safeguarding of bone 

health (Bonnick, et al., 2010; Wilsgaard, et al., 2009).    

2.1.5.1 Calcium and Vitamin D 

 Nutrition provides the vital components needed for development of normal metabolic 

functions of bone (Vicente-Rodriguez et al., 2008). Specifically, calcium and vitamin D are 

perhaps the most important for bone health (Bonnick et al., 2010). Calcium, a mineral, is 

essential for the structural basis of bones and teeth, and is functional in its storage form (Weaver, 

2000). Observational studies on children and adolescents have demonstrated an association 

between increasing calcium intake and increasing bone mass, which can be correlated to a higher 

peak bone mass (Rizzoli, 2008).   

 In North American diets, calcium is generally deficient due to large requirements of 

calcium that is recommended and the limited availability of concentrated sources of dietary 

calcium (Bonnick et al., 2010). Dietary sources of calcium are recommended as the primary 

source because of the other essential nutrients found in high-calcium foods (Bonnick et al., 

2010). Dairy products are major contributors to dietary calcium because of their high elemental 

calcium content, high absorption rate, and relatively low cost (Bonnick et al., 2010). Calcium 

supplements are also available in a variety of forms to assist in reaching recommended levels of 

calcium (calcium carbonate and calcium citrate) (Bonnick et al., 2010). Consistent calcium 
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supplementation and physical activity appears to be more efficacious in bone development than 

just exercise or calcium (Vicente-Rodriguez et al., 2008).   

 Vitamin D, a steroid prohormone, is essential for the physiological regulation and 

activation of intestinal absorption of calcium and produced in the body through the interaction of 

sunlight with the skin (Bonnick et al., 2010; Nichols et al., 2007; Sanders et al., 2009). Overall, 

vitamin D is influential in musculoskeletal health (Bischoff-Ferrari, 2009). There are limited 

sources of dietary vitamin D. Dietary vitamin D is found in fortified dairy products and fatty fish 

and supplements (Bonnick et al., 2010). The combination of calcium and vitamin D, have a 

synergistic effect on bone health in all age groups (Vicente-Rodriguez et al., 2008).   

2.1.5.2 Smoking 

 Smoking has been associated with bone density reduction and accelerated loss (Krall & 

Dawson-Hughes, 1993). Smoking can cause loss of thickness in cortical tissue, a decrease in 

trabecular numbers and thickness and an increase in  porosity, which has been observed in mice 

and is consistent with poor bone health conditions (i.e. low BMD) in humans (Akhter et al., 

2005). Long-term exposure to smoking has been correlated to even greater negative effects on 

bone density (Krall & Dawson-Hughes, 1993). Female smokers tend to reach menopause two 

years earlier, on average, inducing bone loss at higher rates than age matched peers (Bonnick et 

al., 2010). Therefore, smoking creates a significantly higher fracture risk than nonsmokers 

(Bonnick et al., 2010). The mechanisms response to smoking is not known, but evidence 

suggests that cigarette smokers have impaired calcium absorption among other factors (Bonnick 

et al., 2010).   
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2.1.5.3 Caffeine 

 Studies have reported that caffeine has a negative affect on BMD, by negatively 

influencing calcium absorption, resulting in an increased risk of bone fractures (Zhou et al., 

2009). Consumption of caffeinated and uncaffeinated soft drinks over a long period appears to 

have bone catabolic effects in boys and girls (Libuda et al., 2008).  

2.2 Fracture Risk 

2.2.1 Diagnosis 

 Osteoporosis is a common skeletal disorder that shows characteristics of low bone 

mineral mass and microarchitectural deterioration of bone tissue, which subsequently increases 

the fragility of the affected bone, leading to an increased risk of fracture (Bonnick et al., 2010; 

Holroyd et al., 2008; Jovcevska et al., 2009; Mihaljevic et al., 2009; Ozdurak et al., 2003). Bone 

strength is a reflection of the integration of bone density and bone quality (Iwamoto et al., 2009). 

DXA is an accurate, noninvasive method of identifying areal density in individuals of all ages 

(Bianchi et al., 2010; Carey et al., 2009; Griffith & Genant, 2008; Holroyd et al., 2008; Leslie et 

al., 2007; Mihaljevic et al., 2009; Patel et al., 2007). It is currently used as a standard in 

diagnosis of individuals at risk of osteoporosis, and monitoring, preventing and/or treating the 

disease by providing a gradient of risk that is expressed as a ratio per standard deviation (Leslie 

et al., 2007; Ozdurak et al., 2003).  BMD measurements of hip, spine, or radius are required for a 

densitometric diagnosis of osteoporosis (Bonnick et al., 2010).     

 The most valuable parameter in DXA is T-score, which is defined as the number of 

standard deviations of BMD from maximum BMD in young adults (Mihaljevic et al., 2009).  

The World Health Organization (WHO) clinically defines osteoporosis for postmenopausal 

women, as a spinal or hip bone mineral density of 2.5 standard deviations or more below the 
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mean of healthy, young White women (T-score of -2.5 or below) (Bonnick et al., 2010; Holroyd 

et al., 2008; Mihaljevic et al., 2009; Nichols et al., 2007; Sweet et al., 2009).   

 A Z-score refers to the number of standard deviations above or below the mean for 

persons of the same age and gender (Bonnick et al., 2010; Nichols et al., 2007). The International 

Society of Clinical Densitometry (ISCD) has suggested that the T-score criteria for 

postmenopausal women not be applicable towards children and premenopausal women because 

in those populations osteoporosis should not be a diagnosis based solely on BMD measurements 

(Carey et al., 2009; Nichols et al., 2007). When assessing BMD in men and premenopausal 

women, Z-scores are more relative in recognizing the presence of „low BMD for age‟ (Z-score of 

-2.0 or less), and the individuals history (Carey et al., 2007; Carey et al., 2009; Nichols et al., 

2007).   

  Clinically, BMD measurements are statistically one of the best predictors of osteoporotic 

fractures (Douchi et al., 2004; Leslie et al., 2007). A drawback of DXA is its limitation to 

investigating only planar bone density and analyzing only total BMD at each site (Ahola et al., 

2009; Sergi et al., 2009). It is unable to distinguish cortical bone from trabecular, and these two 

types of bone respond differently to disease, mechanical loading, and aging (Griffith & Genant, 

2008; Sergi et al., 2009).  

2.2.2 Hip, Vertebral, and Forearm 

 Approximately ten million Americans over the age of fifty have osteoporosis, and thirty 

million more are at risk of getting osteoporosis (Holroyd et al., 2008). Estimates suggest that 1.5 

million fragility fractures occur each year (Berenson et al., 2009; Holroyd et al., 2008). Most 

American women younger than fifty have normal BMD, but about 27% who are osteopenic and 

70% are osteoporotic at the hip, lumbar spine, or forearm by the age of 80 (Holroyd et al., 2008). 
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Based on studies performed in North America, the lifetime risk of common fragility fractures is 

17.5% for hip fracture, 15.6% for clinically diagnosed vertebral fracture, and 16% for distal 

forearm fracture for white women around the age of 50 (Holroyd et al., 2008). For age-matched 

men the corresponding risks are 6%, 5%, and 2.5% (Holroyd et al., 2008).   

 Hip fractures have a significant impact on an individual‟s ability to walk. Approximately 

40% of individuals who have experienced a hip fracture are still unable to walk independently 

one year after the fracture occurred (Holroyd et al., 2008). About 60% require assistance with 

one or more essential activities of daily living, such as dressing or bathing (Holroyd et al., 2008). 

In addition, 80% are not able to complete one instrumental activity of daily living, such as 

driving or shopping (Holroyd et al., 2008). 

 The impact of a single vertebral fracture is relatively low. Fractures of the vertebrae 

typically result from multiple fractures, which can lead to a progressive loss of height, which is 

associated with kyphosis and acute and chronic severe back pain (Holroyd et al., 2008). This 

exacerbates the limited mobility of the underlying osteoporosis, resulting in increased risk of 

further fractures (Holroyd et al., 2008). 

 The radius is commonly fractured as a result of a fall, because of the use of the upper 

extremities in protection against the impact of the fall (Bareither et al., 2008). Fractures to the 

wrist (distal forearm) do not appear to be as detrimental as hip and spine fractures (Holroyd et 

al., 2008). A wrist fracture impairs some activities, such as writing or meal preparation, but few 

become disabled because of the fractured wrist (Holroyd et al., 2008). 

2.3 Influence of Mechanical Loading on Bone Density 

 The primary function of bone is to resist deformation in response to both internal and 

external forces (Guadalupe-Grau et al., 2009; Isaksson et al., 2009; Pearson & Lieberman, 2004; 
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Proff & Romer, 2009). To efficiently withstand and transmit loads, bone must be inflexible and 

able to resist deformation (Guadalupe-Grau et al., 2009). On the other hand, if bone is too rigid 

then it is unable to absorb the energy generated by the shortening and widening of the bone done 

in response to compression and by lengthening and narrowing when submitted to traction 

(Guadalupe-Grau et al., 2009). Excessive rigidity of bone is correlated to the structural failure of 

that bone tissue (Guadalupe-Grau et al., 2009). Many studies focus on the relationship of 

mechanical loading and BMD by focusing on identifying the threshold and ideal conditions 

necessary to build and maintain an efficient strong skeletal structure. Several mechanisms have 

been identified as effective in increasing bone strength. Such methods include, adding bone 

mass, altering bone geometry, or by changing its microstructure (Andreoli et al., 2001; Kohrt et 

al., 2004; Pearson & Lieberman, 2004). Mechanical loading is essential for accrual and 

maintenance of normal BMC and BMD (Calbet et al., 1999). 

 Loading on bones occurs in any combination of four ways: being compressed axially, 

being bent, sheared, or being twisted (Pearson & Lieberman, 2004). These initiate from forces 

applied to bone either from the action of a  muscle pulling on the bone, external forces acting on 

a bone across a joint, and/or from gravitational forces (Kohrt et al., 2009; Morel et al., 2001; 

Pearson & Lieberman, 2004). Strain characteristics that alter bone metabolism include strain 

magnitude, the number of strain cycles per second (frequency), and change in magnitude per 

second (strain rate) (Cullen et al., 2001). Bone has various set points of minimum effective strain 

(MES) (Bailey & Brooke-Wavell, 2008; Frost, 1997; 2003). Studies with loading models report 

that bone formation is linear with an increase in strain magnitude exceeding the relative MES 

(~50-100 microstrain) and when the load and frequency are constant, bone formation is 

frequently increased (Bailey & Brooke-Wavell, 2008; Cullen et al., 2001; Frost, 1997). Relative 
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MES increases as bone adapts to support the greater functional demands that are being placed on 

it (Bailey & Brooke-Wavell, 2008).  

 The mechanical properties in response to loading are affected by intrinsic and extrinsic 

factors and structural properties (Bailey & Brooke-Wavell, 2008; Boot et al., 2010; Duncan et 

al., 2002; Pearson & Lieberman, 2004). Intrinsic factors include the extent of mineralization and 

the collection of the tissue (Papachroni et al., 2009; Pearson & Lieberman, 2004). The response 

to mechanical loading is known as mechanotransduction or the mechanostat theory. It is the 

method by which the cells sense mechanical stimuli in their external environment and then 

interpret the information translating it into a signal that can potentially elicit some response, 

either within the cell or another cell (Frost, 2003; Lapauw et al., 2009; Papachroni et al., 2009; 

Pearson & Lieberman, 2004; Vainionpää et al., 2009). Intracortical fluid flow and the resulting 

fluid shear stress that result from mechanical loading are the proximal signals that stimulate 

osteocyte and osteoblast activity (Rector et al., 2009). However, the specific contributions of 

either mineral content or collagen matrix to the altered bone properties observed after 

mechanical modulation are not yet known (Isaksson et al., 2009).   

 If a strain is sufficient enough to be sensed and transduced by bone, bone responds to the 

mechanical loading by osteogenic cells, which elicit one of the four following potential outcomes 

(Papachroni et al., 2009; Pearson & Lieberman, 2004). The first outcome is no response, this 

could be because the signal was not above the threshold or it was inhibited (Pearson & 

Lieberman, 2004). The second possible outcome is that osteoblasts are recruited within the 

periosteum or endosteum initiating growth of new bone (Pearson & Lieberman, 2004).  

Resorption is the third potential outcome when osteoclasts are recruited to resorb bone along a 

surface (Pearson & Lieberman, 2004). Finally, the last is bone turnover (Haversian remodeling) 
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in cortical bone, occurring as a result of a coordinated and sequential activation of the bone 

metabolic unit (BMU) (osteoblast and osteoclast activity) (Pearson & Lieberman, 2004). The 

BMU are continuously regenerating and have a finite lifetime (Papachroni et al., 2009).        

2.4 Influence of Exercise on Bone Density 

 Exercise has been shown extensively to have an advantageous effect on bone mass and 

geometric adaptations by inducing strains through muscular contractions, which stimulates bone 

formation (Ahola et al., 2009; Bonnick et al., 2010; Chilibeck et al., 2000; Isaksson et al., 2009; 

Kohrt et al., 2009; Tervo et al., 2009; Vainionpää et al., 2009). A permanent increase in bone 

mass does not normally occur in adults, except in instances of periosteal bone formation owing 

to exercise (Papachroni et al., 2009). Bone cells adapt to habitual loading by changing its 

structure to be mechanically appropriate according to its loading environment (Ahola et al., 

2009; Andreoli et al., 2001). When muscular activity results in specific loading on the skeleton, 

it responds with enhanced BMD at the specific sites (Bemben et al., 2004).  The type, intensity, 

and duration of the physical activity can affect BMD (Bemben et al., 2004; Maimoun et al., 

2006; Vicente-Rodriguez et al., 2008). An exercise program that implements progression allows 

for continuous overload and stimulation of the bone adaptation process and over long term has 

an anabolic effect on bone mass and strength (Ahola et al., 2009; Lester et al., 2009).  

 In contrast, if an exercise program maintains the same loading over a period of time, 

stimulation of bone formation would only be observed during the first months of training, 

because bone has the ability to continually adapt to changes in physiological and mechanical 

environments (Ahola et al., 2009; Guadalupe-Grau et al., 2009). A lack of physical activity 

causes osteocyte hypoxia and apoptosis, which signals the activation of osteoclasts (Andreoli et 

al., 2001; Turner, 2000). In the absence of mechanical loading, limbs develop with only 30-50% 
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of normal bone mass (Turner, 2000).  Studies on retired athletes found that there is a correlation 

between low BMD and sedentary lifestyle or reduction in physical activity and more prominent 

in trabecular bone than cortical bone (Rautava et al., 2007; Tervo et al., 2009).  

 To sustain BMD obtained from exercise or sport activities, maintenance of mechanical 

loading training are needed (Rautava et al., 2007).  Therefore, the close relationship between 

muscle mass and BMD insinuates that physical activity plays an important role in skeletal 

homeostasis (Rautava et al., 2007; Zofková, 2008). The American College of Sports Medicine 

(ACSM) recommends weight-bearing endurance activities, three to five times per week and 

resistance exercise two to three times per week to preserve bone health during adulthood (Kohrt 

et al., 2004).  

2.4.1 Weight Bearing Exercises 

 The mechanical loading of growing bones is also site-specific, with the greatest effects in 

weight-bearing regions of the skeleton (Kohrt et al., 2004; Ozdurak et al., 2003; Turner, 2000). 

Weight-bearing limbs generate the greatest anabolic response to physical activity and the most 

severe catabolic response correlated to disuse (Duncan et al., 2002; Kohrt et al., 2004; Turner, 

2000). Therefore, weight-bearing exercises directly stimulates bone metabolism and positively 

influences BMD (Bonnick et al., 2010; Duncan et al., 2002; Ozdurak et al., 2003). Numerous 

clinical and experimental studies have observed that dynamic loading is more effective than 

static loading and that high impact-related mechanical strain induces greater osteogenic effects 

than muscle action alone (Hogstrom et al., 2007; Iwamoto et al., 2009; Maimoun et al., 2006; 

Pearson & Lieberman, 2004; Turner, 2000). High impact sports, involving movements of short 

duration, such as sprinting, hockey, rugby, gymnastics, and volleyball, produce higher BMD 

(Nichols et al., 2007; Pearson & Lieberman, 2004).           
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2.4.2 Non-weight Bearing Exercises 

 On the contrary, sedentary activities, nonweight-bearing and low-impact exercises are 

less osteogenic when compared to weight bearing exercises (Bonnick et al., 2010; Iwamoto et al., 

2009; Nichols et al., 2007; Pearson & Lieberman, 2004; Pikkarainen et al., 2009). Swimming, 

rowing, running, cross-country skiing and cycling are lower-impact endurance sports that 

typically produce lower BMD compared to high impact sports (Andreoli et al., 2001; Hogstrom 

et al., 2007; Iwamoto et al., 2009; Nichols et al., 2007; Pearson & Lieberman, 2004; Turner, 

2000). Swimming is performed in a very low-impact environment (water) and provides little 

osteogenic stimulus that does not significantly increase BMD, even though it is a repetitively 

strenuous sport (Chilibeck et al., 2000; Duncan et al., 2002; Pearson & Lieberman, 2004).     

2.5 Sports affect on Bone Density 

 The functional adaptation of bone to exercise is associated to the number, magnitude, 

tare, and distribution of load-induced stresses within the bone (Nikander et al., 2008). Data 

supporting the importance of mechanical loading derive from numerous studies that analyzed 

BMD in correlation to different types of sports. Many athletes begin their sports career at a 

young age. These are the athletes that have shown greater osteogenic effect on bone and 

attainment of higher peak bone mass (Nichols et al., 2007). The increase in bone mass could be 

predicted to be positively associated in the reduction of risk for fractures later in life (Nichols et 

al., 2007). The differences in BMD have consistently been shown between athletes participating 

in sports involving high  GRF and those participating in low- or no-impact sports and are 

associated with bone health (Bailey & Brooke-Wavell, 2008; Dowthwaite et al., 2007; Kemmler 

et al., 2006; Kohrt et al., 2004; Morel et al., 2001; Nichols et al., 2007; Nikander et al., 2005; 
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Rector et al., 2009). Total-body BMD is greater in weight bearing sports than in non-weight 

bearing sports (Morel et al., 2001).     

2.5.1 High Impact Loading 

 High-impact activities such as gymnastics, hurdling (jumping) and volleyball augment 

bone mineral accrual (Bailey & Brooke-Wavell, 2008; Kohrt et al., 2004; Nichols et al., 2007; 

Nikander et al., 2005; Nikander et al., 2008; Pikkarainen et al., 2009; Wilks et al., 2009). Ground 

reaction force (GRF) during jumping can reach six to eight times body weight and some 

gymnastic maneuvers generate forces that are ten to eighteen times body weight (Kohrt et al., 

2004; Proctor et al., 2002). Both volleyball and hurdling include maximal jumping and leaping, 

vertically and in forward directions, during a typical sport performance and training (Alfredson 

et al., 1997; Calbet et al., 1999; Nikander et al., 2005; Nikander et al., 2006). 

 Volleyball also includes a great number of high-velocity ball impacts onto hands and 

forearm from various directions (Nikander et al., 2006). This results in the spiking and serving 

arm being subjected to strains. As a result of these strains and the high-impact nature of the 

sport, volleyball players show significant differences between BMD and BMC of dominant and
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TABLE 2.1 

EFFECT OF SPORTS ON BMD DURING THE PAST FIVE YEARS (BRIEF REVIEW) 

Author Sport Exp. Mean Age 
(yr) Cont. Scan Type Scans Results 

Dowthwaite, 
et al., 2007 GYM 28 F 9.5 28 F DXA QDR 

4500 DR ↑ BMD UDR & 1/3 DR 

Rector, et 
al., 2009 

WL, RN, 
CYC 42 30.9 - DXA Delphi 

LS, HP, A, 
L, TB 

 

RT: ↑TB & regional BMD vs RN & 
CYC at all site except LS 

Medelli, et 
al., 2009 CYC 23 M 28.5 22 M DXA Lunar TB, A, L MC↓ BMD in A vs others 

Jürimäe, et 
al., 2006 RW 12 M 20.8 - DXA Lunar TB, LS, A, 

L 
Non sig ↑ TB, LS & L BMD; sig ↑ A 

BMD 

Kemmler, et 
al., 2006 RN 20 M 28.5 11 M DXA QDR 

4500A, QCT 
TB, A, P, S, 

HP 
No side-to-side diff., sig ↑ P & LE, sig 

↑ trabecular in LS, HP 

Warden, et 
al., 2009 BA 15 M 19.9 15 M DXA, pQCT TB, HU, 

MR, DR 
↑ TB, S, HP aBMD, side-to-side diff 

in A BMC, no diff in MR or DR  

Ducher, et 
al., 2005 TN 10 M, 

10 F 23 - DXA Delphi, 
MRI  FA, DR ↑ side-to-side diff in cortical volume in 

one-handed backhand players 

Medelli, et 
al, 2009 CYC 73 M 25.8 32 M DXA Lunar TB 

All BMC & BMD ↓ in CYC, 1/3 DR 
no sig ↑, no diff. between L, lt A ↑ 

BMC vs rt 

Pikkarainen, 
et al., 2009 GYM, RN 98 F 20 44 F DXA QDR 

4500C LS, HP 7-yr follow-up: GYM LS & HP BMC 
sig ↑ than RN & cont. 
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TABLE 2.1 (continued) 

EFFECT OF SPORTS ON BMD DURING THE PAST FIVE YEARS (BRIEF REIVEW) 

Author Sport Exp. Mean Age 
(yr) Cont. Scan Type Scans Results 

Elloumi, et al., 
2009 RB 22 M 25 24 M DXA QDR 

4500 
TB, LS, FE, 

HP 
Forwards: ↑ BMC & BMD at all 
sites no diff between UE BMD 

Smock, et al., 
2009 RN 21 M, 

28 F 22 17 M, 
32 F pQCT Tibia, FA F: sig ↑ bone strength at all sites and 

↑ vs cont., no diff in M. 

Shaw and 
Stock, 2009 CR, SW 51 M 22 20 M pQCT HU, Ulna Ulna rigidity ↑ in CR than SW & 

controls 

Juzwiak, et 
al., 2008 TN 44 M 15 32 M DXA Lunar LS, HP, 1/3 

DR 
Sig ↑ HP BMD & dom. FA BMC, ↓ 

BMD non-dom. FA 

Fredericson, 
et al., 2007 SC, RN 30 M 23 15 M DXA QDR 

1000W 

TB, Tibia, 
HP, LS, 

calcaneus 

SC: sig ↑ BMD at all sites vs cont & 
sig ↑ rt HP & S BMD vs RN 

Mudd, et al., 
2007 

GYM, SB, 
CC, TR, 
FH, SC, 

RW, SW, 
RN 

99 F 20.2 - DXA QDR 
1000W TB, LS, P, L 

RN lowest TB & site specific BMD 
except L compared to GYM & SB; SW 
sig ↓ L BMD than all sports except RN 

& RW 

Abbreviations: Exp (experimental group), Cont (control group), TB (total body), LS (lumbar spine), A (arm), L (leg), HP (hip), FE 
(femur), FA (forearm), DR (distal radius), UDR (ultra distal radius), 1/3 DR (1/3 ultra distal radius), MR (midshaft radius), P (pelvis), 
S (spine), LE (lower extremity), UE (upper extremity), HU (humerus), F (female), M (male), MC (mountain climbers), RB (rugby), 
SC (soccer), GYM (gymnastics), WL (weight lifting), RN (running), CYC (cycling), RW (rowing), BA (baseball), TN (tennis), CR 
(cricket), SW (swimming); SB (softball); TR (track); FH (field hockey) 
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contralateral arms (forearm and proximal and distal humerus) and legs (Alfredson et al., 1998; 

Calbet et al., 1999). Volleyball players have higher total body BMD values than the nonactive 

individuals (Alfredson et al., 1997). In addition, BMD of the spine was significantly higher 

(Alfredson et al., 1997). The BMD of the proximal femur is also greater in the dominant leg 

compared to the nondominant leg (Alfredson et al., 1997). In comparison of volleyball to racquet 

sports, racquets sports BMD side-to-side difference is typically greater than that of volleyball 

players (Alfredson et al., 1998).  

 Gymnastics is a unique sport in the manner that the upper limbs are involved in both 

weight bearing and high-impact loading forces typically experienced in the lower extremities 

(Proctor et al., 2002). The impact loading is approximately four to twelve times body weight 

(Bailey & Brooke-Wavell, 2008; Nichols et al., 2007). In one study, the BMC measured at the 

lumbar spine and femoral neck was significantly higher in gymnasts compared to runner and 

control groups during baseline (career peak) measurements and over a seven year follow-up 

(Pikkarainen et al., 2009). In another study on Danish female elite gymnasts (artistic and 

rhythmic), the BMD was significantly higher then BMD in the controls (Helge & Kanstrup, 

2002). In female collegiate gymnasts, similar results of significantly higher BMD and BMC in 

total-body, lumbar spine, femur, and upper-limbs compared to age-matched were found (Proctor 

et al., 2002). 

2.5.2 Dynamic/Odd Impact Loading 

 Soccer, baseball, racquet sports (tennis and squash), and rugby are sports that are 

intensive in nature and involve intermittent and high-intensity activities that include sprinting, 

jumping, accelerating (Fredericson et al., 2007; Nikander et al., 2005). In addition to these 

movements, transverse and torsional loads are also involved in these sports, generated by the fast 
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changes in body direction (Fredericson et al., 2007). These are dynamic or odd impact loading 

sports. Soccer also involves kicking and receiving the ball, which can result in impacts to the 

foot and shin. Dynamic loading of soccer on the femur during practice or a game can often 

exceed five times body weight (Frost, 2003). Soccer is associated with higher BMD of all 

commonly measured skeletal sites compared to controls and runners (Fredericson et al., 2007). 

 Throwing athletes (baseball players, cricketers, and discus) are an alternative population 

used to study skeletal effects of mechanical loading and are similar to racquet sports in the 

manner that throwers overload their dominant upper extremity (Shaw & Stock, 2009; Warden et 

al., 2009; Whittington et al., 2009). The difference between throwers and racquet sports is that 

the upper extremity loading is entirely generated via internal forces (Warden et al., 2009). Whole 

arm and midshaft BMC are eight and one-half percent higher in the dominant upper extremity in 

baseball players compared to controls (Warden et al., 2009). Regional areas (hip, spine and 

nondominant upper extremity) BMD was also superior to controls (Warden et al., 2009). Bone 

adaptation of the upper extremity related to throwing is localized to the humerus, no effect of 

throwing is found on the radius (Warden et al., 2009). For the humerus, the playing position 

plays another factor on accrual of BMD. Pitchers and catchers display greater dominant-to-non-

dominant differences than fielders (Warden et al., 2009). Compared with controls, cricketers 

dominant humerus and ulna are significantly stronger in resistance to torsional deformation 

(Joules), increasing bone rigidity (Shaw & Stock, 2009). Pronounced asymmetries are also 

observed in these skeletal areas (Shaw & Stock, 2009). 

  Tennis and squash, similarly to volleyball, include a large number of high-velocity ball 

impacts onto the racquet from different directions (Nikander et al., 2006). The racquet increases 

the lever arm, which magnifies the incident of joint moment within the upper extremities 
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(Nikander et al., 2006). Handball activities are associated with higher axial and appendicular 

BMD and BMC (Ducher et al., 2004; Sanchis-Moysi et al., 2004; Vicente-Rodriguez et al., 

2004). Differences exist between dominant and contralateral arm in BMD and BMC and minor 

asymmetries observed in lower extremity, only BMD was higher in contralateral leg (Juzwiak et 

al., 2008; Sanchis-Moysi et al., 2004; Vicente-Rodriguez et al., 2004). Long-term tennis players 

display greater bone mass at the dominant distal radius, which is associated with an increase in 

bone size and slight improvement in volumetric BMD (Ducher et al., 2005; Ducher et al., 2006).   

2.5.3 High Magnitude Loading 

 Football and rugby account for most activity time in subjects that participate in high-

impact activities because these two sports are often played at young ages and continued 

throughout the school years (Ginty et al., 2005). Rugby is a sport that involves weight bearing, 

dynamic loading and applies high magnitude strains on the skeleton. There are studies that have 

reported an increased BMD and BMC in male rugby players than those observed in controls in 

all measured areas of the skeleton (total-body, upper limbs, spine, lumbar spine, pelvis, lower 

limbs, femur, and femoral neck) (Elloumi et al., 2009; Morel et al., 2001; Nevill et al., 2004). 

This is more prominent in forwards, who are frequently engaged in physical contact that involves 

the use of the arms, legs, pelvis, and spine (Elloumi et al., 2009; Morel et al., 2001).  

 The most commonly recognized high magnitude loading activity on the skeleton is 

weightlifting. Weightlifting involves well-coordinated movement with simultaneous, very high 

muscle force production, therefore representing high magnitude loading (Nikander et al., 2005).  

Frequently, weightlifting is a supplementation component in various sports workout regimens to 

enhance performance. Weightlifting (bodybuilding) is also a sport of its own. Intensive 

weightlifting exercises have significant influences on increasing bone mass of the upper limbs 
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than non-weightlifting exercises (Hamdy et al., 1994; Nevill et al., 2004; Nikander et al., 2005). 

BMD of the spine is also significantly higher in professional weightlifters (Morel et al., 2001). 

2.5.4 Repetitive, Low-Impact Loading 

 Endurance running (marathons), cross-country skiing and rowing are endurance sport 

which includes a large number of similar weight-bearing impacts against ground and represent 

repetitive, low-impact loading (Nikander et al., 2005; Pettersson et al., 2000). During each foot 

strike, running applies loads to the bone from the weight of the body contacting the ground and 

from the pull of a local contracting muscle (Smock et al., 2009). GRF produced in the lower 

limbs during running or walking is one to five times body weight, which has been reported to be 

enough to initiate bone adaptation (Bailey & Brooke-Wavell, 2008; Kohrt et al., 2004; Morel et 

al., 2001; Smock et al., 2009).  

BMD of male and female long distance runners who run more than forty miles per week 

have been observed to be lower than that of other athletes (Kerschan-Schindl et al., 2009; 

Matsumoto et al., 1997). BMC of the spine in male elite runners running more than sixty-two 

miles per week has been shown to be nineteen percent lower while the bone turnover variables 

were twenty to thirty percent higher than non-running controls (Kerschan-Schindl et al., 2009). 

In highly trained female runners studies report three to twenty-four percent lower BMD 

compared to age-matched controls (Kerschan-Schindl et al., 2009). In a study of female and male 

collegiate runners, the females had substantially greater (17-19%) estimates of tibia bone 

strength than controls at both the distal and midshaft sites and moderately greater (11%) bone 

strength at the radius midshaft (Smock et al., 2009). However, no observed differences in bone 

strength for the male runners compared to the controls, but some differences in cortical bone 

geometry (Smock et al., 2009). Therefore, runners may have a threshold between forty-nine and 
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sixty-two miles a week, below which the effects on bone appear to be positive and running 

beyond the threshold may be harmful to bone metabolism (Kerschan-Schindl et al., 2009).  

Cross-country skiers normally train and compete with two different techniques of skiing 

(original diagonal stride and skating styles) (Pettersson et al., 2000). The distribution between 

these two techniques is about half of each during the skiers‟ training and competition (Pettersson 

et al., 2000). A lot of arm work is also involved during uphill skiing, GRF in the pole can reach 

values equivalent to fifty percent of the body weight during the diagonal strike (Pettersson et al., 

2000). As a result of these mechanics, BMD of cross-country skiers is higher at the right and left 

whole humerus, femoral neck and greater trochanter than in the controls (Pettersson et al., 2000). 

The side-to-side differences in BMD of the whole humeri is significant in control groups, but not 

evident in cross-country skiers (Pettersson et al., 2000). In highly trained rowers, BMD and 

BMC are higher compared to the respective measurements in different endurance athletes such 

as novice rowers, cyclists and swimmers, but is similar to finding in runners (Jurimae et al., 

2006; Nichols et al., 2007).  

2.5.5 Repetitive, Non-Impact Loading 

 Repetitive, non-impact loading sports have not been associated with any significant 

benefit in any bone value (MedelliShabani et al., 2009; Nikander et al., 2005). Cycling and 

swimming are endurance sports that involve a great number of movements but lack all the 

ground impacts (Nikander et al., 2005; Nikander et al., 2006). The loading impact in these two 

sports is zero or near zero time body mass (Bailey & Brooke-Wavell, 2008; Nichols et al., 2007). 

 In swimming, there are substantial drags of water against the movements of the arms and 

legs, generated by repeated concentric contractions (Duncan et al., 2002; Nikander et al., 2006).  
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To support these movements swimmers include functional weightlifting in their training focusing 

primarily on concentric muscle work (Nikander et al., 2006). One study showed that swimming 

had nonsignificant different arm BMD and lowest BMD of the groups studied (Duncan et al., 

2002). The muscle tensile forces produced in swimming is not enough to stimulate bone turnover 

and is considered one of the least osteogenic sports (Duncan et al., 2002). Similar findings have 

been demonstrated in studies of rats (Huang et al., 2010). 

 Cycling is a popular sport and the oldest sport in machine-aided locomotion. Studies have 

suggested that both young elite and master road cyclists have lower or comparable spine, hip, or  

femoral neck BMD compared with controls even when the amount of daily calcium intake 

appears adequate (MedelliShabani et al., 2009; Wilks et al., 2009). In relation to the mechanostat 

theory, cycling should act as an osteogenic stimulus, particularly at faster speed (Wilks et al., 

2009). One study found measures of the tibia and radius to be average or above average  

compared to controls (Wilks et al., 2009). A recent study on professional cyclists, found that 

two-thirds of the professional cycling team had abnormally low BMD values (MedelliLounana et 

al., 2009). This leads to a concern of the increased risk of osteoporotic bone.  

2.6 Forearm BMD  

 The mid-radius contains greater than ninety-five percent cortical bone, whereas the distal 

forearm BMD measurement represents mostly cancellous bone and it is more metabolically 

active than cortical bone (Ginty et al., 2005; Holmberg et al., 2004; Sergi et al., 2009). The 

ultradistal radius has a greater proportion of trabecular bone (Ginty et al., 2005). The distal 

radius would be one of the first sites of the forearm where bone loss is detectable (Holmberg et 

al., 2004). Most fractures preferentially affect the distal radial metaphysis. This is because of the 

adaptation to uniaxial compression of typical peak voluntary mechanical loading (TPVML) 
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resulting from the low friction of the wrist joint as this protects the metaphysis from large 

shearing, bending, and torsional loads (Frost, 2003). Despite this the radial diaphysis normally 

adapts to repeated combined uniaxial, bending, and torsional TPVMLs from arm and forearm 

muscles (Frost, 2003).  

With this information, strength training activities and weight-bearing exercises are known 

to produce positive effects on BMD (McClanahan et al., 2002). The mechanical loading of 

specificity training correlated with greater BMD affects the specific regions in response to the 

particular type of exercise (Andreoli et al., 2001; McClanahan et al., 2002; Ozdurak et al., 2003). 

The upper extremities lack the regular weight-bearing component, which leads to the role of 

muscle performance that modulates the skeletal response to incident loading (Nikander et al., 

2006). In the upper extremities, strongest bone structures among athletes whose sports involve 

high-magnitude loading, such as weightlifting, or high impact loading, such as tennis (Nikander 

et al., 2006; Proctor et al., 2002). Individuals involved in weightlifting activities, either as the 

primary exercise program or as a part of a combined exercise program had higher BMD of upper 

limb bones than those who participated in nonweight-lifting activities (Hamdy et al., 1994).     

BMD is higher in dominant versus non-dominant limbs (Akar et al., 2002; Chilibeck et 

al., 2000; Proctor et al., 2002). Significant differences in bone density and structure between 

dominant and non-dominant limb are attributed to lifetime loading of the favored dominant side 

(Bailey & Brooke-Wavell, 2008). The knowledge of the effect of limb dominance is important in 

order to be able to investigate bone and muscle changes resulting from activities that 

predominantly uses the dominant arm (Chilibeck et al., 2000; Rector et al., 2009; Sergi et al., 

2009). Cross-sectional comparing contralateral limbs of athletes and nonathletes have observed 

higher BMD in the dominant forearm in the athletes, especially at site of trabecular bone tissue 
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(Duncan et al., 2002; McClanahan et al., 2002; Proctor et al., 2002; Sergi et al., 2009; Walters et 

al., 1998). Another study observed cortical bone tissue to be greater in the dominant arm 

compared to the non-dominant arm (Rico et al., 1994). 

Several studies have supported these site-specific adaptations in athletes (McClanahan et 

al., 2002). In both men and women, side-to-side differences in BMD have been observed in 

athletes participating in sports that rely on the use of the dominant arm to execute necessary 

moves during practice and game (McClanahan et al., 2002; Morel et al., 2001). Tennis and 

squash players have greater bone mass in their playing arm compared to their non-playing arm 

(Akar et al., 2002; Chilibeck et al., 2000). In volleyball players, the arm used for spiking has a 

greater bone mass than their non-spiking arm (Akar et al., 2002; Chilibeck et al., 2000). BMD 

data from gymnasts have also demonstrated that the dominant upper limb is significantly greater 

than the nondominant and controls (Proctor et al., 2002). The athletes who started their sporting 

careers as children have a two- to four-fold greater difference in BMD between playing arm and 

nonplaying arm, compared with those who began playing as young adults (Karlsson, 2004; 

Turner, 2000).  

For nonathletes, the difference between the dominant and nondominant arm is smaller, 

but significant, implicating that repetitive everyday use provides a greater stimulus for building 

bone mass (Chilibeck et al., 2000). Some studies have reported that gender differences do not 

have an effect on distal forearm BMD asymmetry (Akar et al., 2002; Capozza et al., 2004). In 

studies of bilateral differences in arm BMC of national level male tennis player (13-25%) were 

significantly greater than in controls (1-5%) and this difference persisted four years after 

retirement (Kohrt et al., 2004).  
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TABLE 2.2 

EFFECT OF DOMINANCE ON FOREARM AND ARM BMD IN NON-ATHLETES 

Author Exp. Mean 
Age (yr) Cont. Scan 

Type Scans Results 

Akar, et al., 
2002 

19 M, 
18 F 21 - 

DXA 
QDR 

4500W 

Bilateral 
FA 

Distal FA sig ↑ in rt FA vs 
lt FA BMC, BMD sig ↑ 

between rt & lf at mid FA 

Ӧzdurak, et 
al., 2003 46 M 56.7 45 M 

DXA 
Lunar-
DXP 

Bilateral 
FA 

No sig diff between dom 
& non-dom forearm BMD 

Chilibeck, et 
al., 2000 

53 
PMF 

20.9 & 
57.4 25 YF 

DXA 
QDR 
1000 

Bilateral 
A  

Sig ↑ BMD & BMC in 
dom A vs non-dom A 

Rico, et al., 
1994 

20 M, 
30 F 26 - pQCT 

XCT 900 FA, A 
Total and cortical BMD 

sig ↑ in dom A, no diff in 
trabecular BMD 

Sergi, et al., 
2009 

30 M, 
30 F 39 - 

pQCT 
XCT-
3000 

Proximal 
& DR 

No sig diff in BMD 
between dom & non-dom 
FA at any site for M or F 

Walters, et 
al., 1998 213 F - - 

DXA 
QDR 

1000W 
FA, Hip 

Dom FA sig ↑ bone area and 
BMC; BMD sig ↑ only in 

ulna of dom FA 
Abbreviations: M (male); F (female); FA (forearm); A (arm); DR (distal radius); sig 
(significant); rt (right); lt (left); dom (dominant); non-dom (non-dominant) 
 

2.7 Ten-Pin Bowling 

 The game of bowling has roots that trace back to 3200 BC in Egypt, but the first written 

reference to bowling was in 1366, when King Edward III of England banned his troops from 

playing the game so that they would not be distracted (TenpinBowling.org, 2003-2006). Bowling 

was primarily a sport for the upper class during that time. Modern American ten-pin bowling is 

similar to the German ninepin game and was a sport of the working class until the period of 1940 

to 1960 when it gained popularity and advances in its game (TenpinBowling.org, 2003-2006).  
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Bowling is a game that today is played by people of all ages. More recently, a new 

introduction to the sport of bowling has evolved through an interactive video game that is used 

by the young and the old. Bowling can also be played occasionally as an event for a birthday 

party or time spent with friends and family, this is referred to as open bowling. Another level of 

bowling is recreational playing, which includes bowling on a regular basis in events such as long 

and short season league play. Then there are the more competitive levels and the professional 

levels of the sport of bowling that involves minor and major world tournaments 

(TenpinBowling.org, 2003-2006). Middle school and high school is typically the starting age of 

competing in higher levels of bowling. During the college years, this continues as the bowler 

becomes more involved in larger tournaments.  

There are national regulatory organizations that govern the sport‟s rules and conduct, and 

many of those countries‟ best players participate in tournaments on both national and 

international stages (TenpinBowling.org, 2003-2006). There are many aspects to the game of 

bowling that are important to consider, this includes choosing the appropriate bowling ball and 

understanding the proper mechanics in order to enhance performance. 

2.7.1 Bowling Ball  

Obtaining an optimal bowling ball for the bowler is an important component for ultimate 

performance. A bowling ball should be the proper weight and proper quality for it to be a good 

fit for the bowling individual in order to maintain fluid body movement and fundamental 

mechanics (Mullen, 2004; United States Bowling Congress, 2006; 2008). If the ball is too light, 

it can be overpowered by the arm, which inhibits the pendulum effect of bowling mechanics 

(Mullen, 2004). On the contrary, if the ball is too heavy, then it is difficult to develop a full and 

loose arm swing (Mullen, 2004).  
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There are a couple of methods available to help an athlete determine the appropriate ball 

weight. One method is to place the palm of the bowling hand with the hand supinated with the 

elbow adjacent to the torso in a ninety-degree flexed position so that the forearm is parallel to the 

ground (United States Bowling Congress, 2006). The appropriate ball weight will seem slightly 

heavy to the bowler resulting in the bowling hand to be pushed downward a little but is able to 

maintain the hand and forearm at the ninety-degree position (United States Bowling Congress, 

2006). Another method is to utilize a piece of cloth that has two handles used to carry a ball, 

“ball sling”. The bowler would place a ball in the sling and swing it back and forth. When the 

ball is the appropriate weight for the bowler, then the athlete is not able to readily change the 

direction of the armswing but does not force the body to tense up (United States Bowling 

Congress, 2006). The weight of the ball should not exceed sixteen pounds (TenpinBowling.org, 

2003-2006).   

The covering of the ball is as important as determining the appropriate ball weight. It 

determines the amount of friction the ball will create on the lane, this is important for throwing a 

hook (ball spins in a counterclockwise direction (Mullen, 2004). Plastic balls create little friction 

with the lane (Mullen, 2004). Most performance balls have urethane covers (contains reactive 

resin) that allows the ball to create more friction on the lane and hits the pins better than plastic 

balls (Mullen, 2004).   

2.7.2 Mechanics 

2.7.2.1 Ball Grip  

 There are two types of grips commonly used in bowling, the conventional grip and the 

fingertip grip. The conventional grip is used primarily in the beginners (Mullen, 2004). The ball 

that is designed for the conventional grip has the finger holes located closer to the thumb and is 
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larger in diameter to fit the fingers up to the second joint and the thumb is able to slide into the 

hole up to the base of the thumb (Mullen, 2004). The fingertip grip is preferred by the more 

experienced bowlers (Mullen, 2004). With this grip, the fingers go into the holes up to the first 

finger joint and the holes are spaced further from the thumb (Mullen, 2004). An advantage of this 

technique is that it allows for more ball revolutions and hits the pin better (Mullen, 2004).   

When using the proper ball, the holes in the ball should fit the fingers and thumb of the bowler so 

that the ball can remain in the hand with the palm lying across the ball so that the grip tension is 

not too much or too little (squeezing or clenching the ball is not necessary) (Mullen, 2004). The 

pressure should be maintained throughout the swing phase and during the release the thumb 

leaves the ball before the fingers (this applies to both ball grips) (Mullen, 2004). 

2.7.2.2 Stance 

  In the bowling stance, the feet start in a staggered position so that the toes on the ball-

side foot are adjacent to the instep of the non-ball side foot. The spine tilts forward fifteen 

degrees, placing the upper body directly over the individuals center of gravity, and the bowler‟s 

body weight is evenly distributed between both legs with the knees slightly bent (Mullen, 2004; 

United States Bowling Congress, 2006). While in the stance position the body should be in a 

comfortable and relaxed state, anticipating the next movement (Mullen, 2004; United States 

Bowling Congress, 2006).  

The hand holding the ball, is placed underneath or slightly to the side of the ball (comfort 

is dependent on the individual) and the opposite hand supports most of the weight of the ball to 

allow the swing arm to remain relaxed (Mullen, 2004). The elbow of the swing arm should be by 

the side, adjacent to the ribs and held in line with the shoulder with the shoulder lined up with the 

appropriate target to hit the pocket (Mullen, 2004; United States Bowling Congress, 2006). This 
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position allows the armswing to move freely along the side of the body throughout the entire 

approach and delivery (United States Bowling Congress, 2006).        

2.7.2.3 Footwork and Approach 

There are a few different approach techniques that bowlers can use that best suits the 

bowler. For the first technique, the one-step approach the bowler must first determine the starting 

position. The bowler does this by starting at the foul line with the individual‟s heels on the dots 

and then takes one and one-half steps away from the foul line while looking straight ahead to 

reduce the tendency of lengthening the stride and then pivot to face the lanes (United States 

Bowling Congress, 2006; 2008). Beginning with the bowling stance, as the arm moves forward 

in the swing the non-ball side starts to slide forward (United States Bowling Congress, 2006). 

The knee of the sliding leg is bent as the ball swings past the ankle and at the end position the 

shoulders are forward directly above the front knee (United States Bowling Congress, 2006).   

To locate the starting position for the four-step approach the bowler starts at the foul line, 

similar to the one-step approach (Mullen, 2004). From here take four brisk strides away from the 

foul line and then after the fourth step add approximately another half step, this accommodates 

for the slide (Mullen, 2004; United States Bowling Congress, 2006; 2008). At this point turn and 

face in the direction of the pins and stand with feet together with the starting foot slightly 

forward (Mullen, 2004; United States Bowling Congress, 2006; 2008). The four-step approach 

allows the bowler to develop a consistent motion to the foul line that allows enough time for the 

swing to flow naturally (Mullen, 2004). For a right handed bowler, begin with the right foot and 

walk to the foul line in four steps: right, left, right, left (Mullen, 2004). Left handed bowlers start 

with the left foot and walk to the foul line in four steps: left, right, left, right (Mullen, 2004). The 
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pace of the strides should be natural and comfortable to the bowler and should be performed in 

one fluid motion (United States Bowling Congress, 2008).  

A five-step approach is a popular alternative to the four-step approach. In this approach 

the right handed bowler steps with the steps with the left foot before starting the four-step 

approach and vice versa for left handed bowlers (Mullen, 2004). This extra step allows for added 

momentum for the approach (Mullen, 2004).   

With all three approaches it is important to the bowling game that the approach is 

performed in a linear motion (Mullen, 2004). Walking straight allows the bowler to create a 

relationship between the stance position and the target (Mullen, 2004). To establish this and to 

prevent drifting (poor alignment), the bowler must identify which board the foot starts on and the 

board of the final step (Mullen, 2004). This varies by the position of the pins and the angle at 

which to throw the ball.    

2.7.2.4 Wrist Position 

 There are three different wrist positions the bowler may utilize: firm, relaxed, and strong. 

Each wrist position represents adjustments that allow for fine-tuning of the game (United States 

Bowling Congress, 2009). In relation to the ball, the firm wrist position will place the fingers 

down around the equator of the bowling ball at the time of release (United States Bowling 

Congress, 2009). This allows the fingers to remain in the ball long enough to allow the bowler to 

generate potential energy, revolutions to the ball and the potential to hook the ball (United States 

Bowling Congress, 2009). A relaxed wrist places the hand on top of the ball, above the equator, 

resulting in the fingers leaving the ball earlier (United States Bowling Congress, 2009). This 

creates a weak rolling ball with limited number of revolutions and travels a straighter path, 

reducing the potential of a hook (United States Bowling Congress, 2009). When a bowler 
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maintains a strong wrist, the fingers remain in the ball longer and the athlete is in a position to 

create greater energy potential on the ball and increasing the number of revolutions to the 

bowling ball (United States Bowling Congress, 2009). It requires the athlete to be strong enough 

to place and maintain the hand well below the equator of the bowling ball (United States 

Bowling Congress, 2009).           

2.7.2.5 Armswing 

 The initial movement of the ball and armswing is called the ball start. Once in the stance 

position and ball is in the appropriate starting point, the next step is to begin the pushaway 

movement of the ball (Mullen, 2004). The pushaway begins with the right leg for right handed 

bowlers or the left leg for left handed bowlers (Mullen, 2004). The elbow moves forward away 

from the sides to place the ball out in front in a position that initiates the movement of the upper 

arm and the swing starts from the shoulder, moving the entire arm (Mullen, 2004; United States 

Bowling Congress, 2009). Simultaneously, the non-bowling arm is supporting the weight of the 

ball throughout the entire pushaway phase of the arm swing (this is the end stage of the 

pushaway) (Mullen, 2004).  

The next phase is the back swing. At the end of the pushaway, with relaxed muscles, 

allow arm to draw the ball back behind the body; the height is determined by the ball weight 

(Mullen, 2004). A relaxed arm and tension-free swing achieves high levels of consistency and 

accuracy which a critical component of being a good bowler (Mullen, 2004). Timing is another 

important aspect of bowling. It is the term used to describe the relationship between where the 

ball is located in relation to the bowler‟s steps (United States Bowling Congress, 2009). Precise 

timing of the armswing with the footwork and approach are critical to the delivery of the ball 

onto the lane.  
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2.7.2.6 Delivery 

 In the steps leading to the delivery, the momentum of the ball coming forward after the 

back swing creates a pendulum effect that allows the ball and arm to naturally move in a straight 

swing plane if the muscles are relaxed (Mullen, 2004). During the delivery phase, the spine is 

tilted forward 15 degrees and the upper body is directly over the individuals center of gravity 

which creates a strong leverage position (shoulders over the knees) (Mullen, 2004). The upper 

body position is similar to the stance position, but the support for the delivery is in the legs and 

not in the back (Mullen, 2004). On the last step towards the foul line, the bowler‟s non-ball side 

foot should step forward into the slide as the ball arcs down returning forward from the 

backswing (Mullen, 2004; United States Bowling Congress, 2008; 2009). Simultaneously, the 

bowler should “sit down” lowering the lower body and while tilting the spine forward fifteen 

degrees with flexed knees to allow for a smooth delivery and a strong leverage position (Mullen, 

2004; United States Bowling Congress, 2009).  

The final step of bowling is the follow-through phase, or completing the momentum. 

With the hips low and the spine upright, the arm should follow through with the elbow ending up 

at least head high (Mullen, 2004). For a right handed bowlers, the right arm ends up at 

approximately the one o‟clock position, with the left leg at six o‟clock, the right leg at seven 

o‟clock and the head at twelve o‟clock (United States Bowling Congress, 2009). For left handed 

bowlers, the left arm ends up at approximately the eleven o‟clock position, with the right leg at 

six o‟clock, the left leg at five o‟clock and the had at twelve o‟clock (United States Bowling 

Congress, 2009). In bowling a strong finish entails a achieving a balance (timing and the arm 

swing) and maintaining optimal leverage (Mullen, 2004). This technique allows greater accuracy 

and constant ball velocity  
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The sport of bowling involves repetitive use of the bowling arm with the addition of a 

weighted ball. The bowler must generate enough momentum by the proper body mechanics to 

move the ball down a forty-one and one half inch wide, sixty-foot lane that is designed to prevent 

the ball from traveling in a straight line making it a challenge to consistently knock down all ten 

pins. The correlation between other sports and its effects on BMD has been extensively studied 

over the years. However, the effect of the repetitive movements and the weight of the bowling 

ball in ten-pin bowling on the BMD in the forearm of the bowling arm at all levels of the sport, 

especially at the collegiate level is lacking in literature.    
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Chapter 3 

METHODS 

3.1 Participants 

The Wichita State University (WSU) Shocker Bowling program attracts more than fifty 

students from all over the United States and from other countries. The legacy of Shocker 

Bowling is enriched with coaching, team and individual victories along with numerous success 

stories. This includes the eighteen National Championships, nine men‟s and nine women‟s since 

the first national tournament in 1975 (Shocker Bowling, 2009). Within the USA, no other 

program exceeds WSU‟s record (Shocker Bowling, 2009). Since the start of Shocker Bowling 

program, one hundred and sixty-nine members have achieved All-American status and seven 

members have been named National Bowlers-of-the-Year (Shocker Bowling, 2009). Over the 

past thirty-five years, thirty-two former and current members of WSU bowling have also been on 

Team USA (Shocker Bowling, 2009). The WSU women‟s team is the only women‟s team to be 

ranked in the top ten in the nation in every national poll for the past thirty-one years (Shocker 

Bowling, 2009). They have dominated the United States Bowling Congress (USBC) 

Intercollegiate Team Championship (ITC) since 1975 with thirty-four championships (Shocker 

Bowling, 2009). The men‟s team has also been a powerful force in collegiate bowling. They 

have been ranked number one in the nation forty times, which is more than any other team 

(Shocker Bowling, 2009). The next highest is ranked number one a total of thirteen times.  

The WSU Shocker Bowling team is considered to be an elite collegiate bowling team 

with participants of various ethnicities, from various countries and involved in ten-pin bowling at 

both the collegiate level and the international level. The participants for this study consisted of 

thirteen young adult males and twelve young adult females, all of whom are on the 2009-2010 
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WSU Shocker Bowling team. This team consists of players from seven different countries 

(including the USA) and within the USA represents eleven different states. The average number 

of years this team has been bowling is 12.21 ± 3.51 years. As a team, the total number of years of 

experience in bowling is 293 years (males: 155 years, females: 138 years). A majority of the 

bowlers have been involved in competitive bowling since their adolescent years.  

The WSU Shocker Bowling team identified which arm they use to bowl with and their 

dominant hand/arm was determined by which hand they used instinctively and efficiently to 

write. If the participants used their non-dominant hand/arm for bowling, that was noted. Of these 

twenty-five bowlers, twenty-three of them were right-hand/arm dominant and the remaining two 

were left-hand/arm dominant. Twenty-two of the bowlers used their dominant arm to bowl and 

the remaining three bowlers used their non-dominant arm.   

The control group was recruited from the WSU campus, comprised of age-matched seven 

apparently healthy males and seven apparently healthy females, all nonbowlers, and not involved 

in any physical activity that affects the dominant or non-dominant upper extremity. The control 

group a mean ± (SD) for: age, body mass, and height of 21.36 ± 2.27 yrs, 70.84 ± 17.63 kg, and 

172.46 ± 8.49 cm, respectively. Dominant hand/arm was again determined by which hand they 

used efficiently and instinctively to write. If the participants in the control group used their non-

dominant hand/arm for sports or other recreational activities, that was noted.    

3.2 Procedure 

Instructions for the pre-scan protocol were explained to the subjects prior to participation 

in the study. The subjects were instructed to limit intake of food and beverages at least four hours 

prior to scan. In addition, heavy workouts were also discouraged the day of the scan. Subjects 

dressed in light clothing that consisted of t-shirt and athletic shorts/pants, no shoes, and any 
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exterior metal and jewelry were removed to avoid interference with the dual energy x-ray 

absorptiometry (DXA) scan.   

Upon arrival on test day the participants were informed of the study‟s purpose, 

procedures, risks, and their right to remove themselves from the study at any time. They 

documented their informed written consent to participate in the study by signing a consent form 

approved by the Wichita Sate University Institutional Review Board (IRB) (see Appendix A & 

B). Any consenting female participants were then asked to take a pregnancy test before any 

further participation in the study due to the risk of radiation exposure (Lloyd et al., 1998). Any 

positive pregnancy tests would result in exclusion from the study.            

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

on the Wichita State University campus. Initial testing included obtaining anthropometric 

measurements and data required by the DXA software such as age, height, weight, gender, 

ethnicity, and forearm lengths. As required by Hologic software, height was measured to the 

nearest 0.1 inch (in) with use of standard wall-mounted stadiometer. Body mass was obtained to 

the nearest 0.1 kilogram (kg) with a digital scale and forearm lengths were measured from the 

olecranon process to the most distal point of the ulnar styloid with standard small sliding 

calipers. A questionnaire was used to identify the subjects‟ demographics: age, gender, ethnicity, 

dominant hand, bowling arm.   

Hologic QDR 4500W Elite Series DXA (Bedford, Massachusetts) and Software Version 

12.3 was used to assess bone mineral density (BMD) (g/cm2), bone mineral content (BMC) (g), 

lean tissue mass (LM) (g) and fat mass (FM) (g) and percentage of body fat. The dual-energy 

spectrum of the DXA is produced by using a low-energy spectrum waves of an x-ray beam 

(Griffith & Genant, 2008). The minimal radiation exposure from the beams projects an image 
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that measures areal density and body composition in a timely manner (Fuerst et al., 1995; 

Griffith & Genant, 2008; Lohman et al., 2009). Using the BMD and subject demographics, the 

DXA software calculates Z-scores and T-scores. A Z-score compares the bone density 

measurement to an age-matched reference position by scaling the raw measurement (g/cm2) to 

describe the number of SD (Carey et al., 2007). Z-scores can also be adjusted for gender, 

ethnicity, and weight. T-scores compares BMD measurement in a similar manner but using a 

young adult reference population that has presumably reached peak bone mass (Carey et al., 

2007). The measurements of bone density with DXA technology has been validated and widely 

accepted (Carey et al., 2007). To ensure the stability of the DXA equipment, quality-control 

scans were performed daily with an anthropometric spine phantom and monthly phantom 

measurements as provided and controlled by the manufacturer.  

Following the pre-scan protocol, the DXA was used to scan the areas of interest for this 

study, which included three regional scans, (1) dominant distal forearm, (2) non-dominant distal 

forearm and (3) total-body. Manufacturer protocol was followed precisely for the DXA scans as 

follows. The DXA scan of left and right forearms, the distal 1/3, was assessed while the 

participant sits adjacent to the DXA bed with their forearm resting in a motionless pronated 

position on a forearm positioning adaptive device provided by Hologic. The scan required 10 to 

20 seconds while the DXA arm scans over the forearm. For the total-body scan, the participants 

were in a supine position lying motionless on the scanning table during the approximately six 

minute scan. The tissue composition of the arms was determined from the regional analysis of 

the total-body DXA scan. The arm region included the hand, forearm, and arm and was separated 

from the trunk by an inclined line crossing the scapula-humeral joint. 
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The scans were performed and analyzed with the manufacturer‟s software by an 

experienced technician. The data were stored on a password-protected computer and any hard 

copies were stored in a locked file cabinet with the identity of the subjects kept confidential by 

use of an assigned identification number.  

3.3 Statistical Analysis 

The side-to-side differences in forearm and arm BMD were expressed as the percentage 

of the dominant value (relative difference): percentage of difference (%) = [(dominant – 

nondominant)/nondominant] x 100. The significance of side-to-side difference between groups 

was determined using the One-Sample T-test and one-way ANOVA. All tests of statistical 

significance were set at p < 0.05. Descriptive statistics were used to analyze body mass, height, 

body mass index, age, body composition and bowling career history for both groups. All data 

were statistically analyzed with the Statistical Package for the Social Sciences software system 

PASW, version 18.0 (SPSS Inc, Chicago, IL).  
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Chapter 4 

RESULTS 

4.1 Participants 

 Participant characteristics and bowling career history are in Table 4.1. The participants 

consisted of twenty-five collegiate ten-pin bowlers recruited from the 2009-2010 Wichita State 

University Shocker Bowling Team and fourteen non-bowlers designated as the control group. 

All thirty-nine participants in this study were between the ages of eighteen and twenty-four. The 

collegiate bowlers execute approximately 400-500 arm movements per day with their bowling 

balls, including practice sessions and tournament tours. No difference existed in the 

anthropometric data between the bowling team and control group.  

TABLE 4.1 

ANTHROPOMETRIC DATA FOR BOWLING TEAM AND CONTROL GROUP 
 

 
PARTICIPANTS 

Variables Bowlers (N=25) Controls (N=14) 
   Age (yrs) 20.72 ± 1.46 21.36 ± 2.27 

   Height (cm) 170.11 ± 11.05 172.46 ± 8.49 

   
Weight (kg) 75.17 ± 15.68 70.84 ± 17.63 

   BMI (weight/[height]2) 25.74 ± 3.39 23.49 ± 3.88 

   Body Fat (%) 27.14 ± 5.48 23.86 ± 6.93 

   Bowling Career (yrs) 12.21 ± 3.51 - 

Values are expressed as mean ± SD 
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4.2 Bone Mineral Density  

 
 Bone mineral density (BMD) values for the bowling teams‟ bowling forearm ranged from 

0.542 g/cm2 to 0.750 g/cm2. Summary data for all BMD measurements are in Table 4.2 and 

Table 4.3. A comparison of BMD between the groups is in Table 4.4. All values were significant 

if p<0.05. A one-way ANOVA test revealed no statistical significance in bowling forearm and 

non-bowling forearm between the groups (bowling forearm BMD: p = 0.549; non-bowling 

forearm BMD: p = 0.413). The General Linear Model Multivariate test showed that there is a 

significant difference between groups when separated by gender for both the bowling and non-

bowling forearm BMD (p<0.001)). Bowling forearm BMD is significantly greater between 

groups and gender compared to the non-bowling forearm (p<0.05). The comparison of BMD 

between genders is in Tables 4.5 and 4.6.  

One-Sample T-test revealed the following. Both male and female bowlers showed 

significant difference between their bowling arm and non-bowling arm. Similar results observed 

in the males and females of the control group. In comparison of the BMD of the bowling arm 

and non-bowling arm, results show no statistical difference between groups, but significant 

difference between genders. The results from the total body BMD follows the same pattern as the 

forearm and arm BMD, no significance between groups, but significant between genders.  

Table 4.7 shows the difference between the forearm and arms. The female bowlers have 

the greatest percentage of difference in side-to-side comparison of forearm BMD with the 

bowling forearm being significantly greater then the non-bowling arm (4.06 ± 3.11%, p<0.05). 

All groups showed significantly greater BMD in the bowling arm compared to the non-bowling 

arm (male bowlers: 1.48 ± 2.62%, p<0.05; male controls: 1.56 ± 2.31%, p<0.05; female controls: 

1.88 ± 2.13%, p<0.05), which is illustrated in Figure 4.1. The percentage of difference for the 
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side-to-side difference was calculated by the following equation: percentage of difference (%) = 

[(bowling forearm – non-bowling forearm)/non-bowling forearm] x 100. 

 

TABLE 4.2 
 

BOWLING TEAM BMD MEASUREMENTS 
 

 BONE MINERAL DENSITY (g/cm2) 

 N Min Max Mean SD 
            
Bowling Forearm  25 0.542 0.750 0.635 0.049 
            
Non-Bowling Forearm  25 0.524 0.727 0.618 0.055 
            
Bowling Arm  25 0.725 0.980 0.849 0.070 
            
Non-Bowling Arm  25 0.695 0.941 0.815 0.066 
            
Total Body  25 1.087 1.357 1.240 0.072 

 
 
 
 

TABLE 4.3 
 

CONTROL GROUP BMD MEASUREMENTS 
 

 BONE MINERAL DENSITY (g/cm2) 

 N Min Max Mean SD 
            

Bowling Forearm  14 0.544 0.921 0.65007 0.10283 
            
Non-Bowling Forearm 14 0.526 0.878 0.63871 0.0993 
            
Bowling Arm 14 0.74 1.132 0.86 0.12835 
            
Non-Bowling Arm  14 0.698 1.084 0.82229 0.11643 
            
Total Body  14 1.057 1.478 1.21464 0.12881 
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TABLE 4.4 
 

COMPARISON OF BMD VALUES BETWEEN GROUPS 
 

 
BONE MINERAL DENSITY (g/cm2) 

 
Bowlers  Controls  

 
(N=25) (N=14) 

   Bowling Forearm  0.635 ± 0.049  0.650 ± 0.102  
   Non-Bowling Forearm  0.618 ± 0.055  0.639 ± 0.099  

   Bowling Arm  0.849 ± 0.070  0.860 ± 0.128  

   Non-Bowling Arm  0.815 ± 0.066  0.822 ± 0.116  

   Total Body  1.240 ± 0.072  1.215 ± 0.129  
Values are expressed as mean ± SD 

 * Significantly different between groups (p<0.05) 
  

 
 

TABLE 4.5 
 

BMD VALUES FOR BOWLING TEAM  
 

 BONE MINERAL DENSITY (g/cm2) 
  BOWLERS 

 Males   Females 

 (N=13) (N=12) 

   Bowling Forearm  0.663 ± 0.041* 0.605 ± 0.040* 
   Non-Bowling Forearm  0.654 ± 0.046* 0.580 ± 0.035* 

   Bowling Arm  0.899 ± 0.050* 0.796 ± 0.046* 
   Non-Bowling Arm  0.863 ± 0.042* 0.763 ± 0.045* 
   Total Body  1.259 ± 0.064* 1.221 ± 0.078* 
Values are expressed as mean ± SD 
* Significantly different between groups (p<0.05) 
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TABLE 4.6 
 

BMD VALUES FOR CONTROL GROUP 
 

 BONE MINERAL DENSITY (g/cm2) 
  CONTROLS 

 Males   Females  

 (N=7) (N=7) 
   Bowling Forearm  0.721 ± 0.100* 0.579 ± 0.035* 

   Non-Bowling Forearm  0.709 ± 0.089* 0.569 ± 0.044* 

   Bowling Arm  0.955 ± 0.114* 0.765 ± 0.040* 

   Non-Bowling Arm  0.907 ± 0.104* 0.738 ± 0.045* 

   Total Body  1.296 ± 0.112* 1.133 ± 0.089* 
Values are expressed as mean ± SD 

 * Significantly different between genders (p<0.05) 
  

 

 
 

TABLE 4.7 
 

DIFFERENCE BETWEEN BOWLING AND NON-BOWLING ARM 
 

 
Bone Mineral Density (g/cm2) 

 
BOWLERS CONTROLS 

 
Males   Females Males Females 

 
(N=13) (N=12) (N=7) (N=7) 

     
Forearm  0.010 ± 0.017* 0.025 ± 0.020* 0.012 ± 0.019* 0.010 ± 0.012* 

     Arm  0.036 ± 0.050* 0.033 ± 0.021* 0.048 ± 0.034* 0.027 ± 0.015* 
Values are expressed as mean ± SD 

   * Significantly different between genders (p<0.05) 
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FIGURE 4.1 Relative differences between bowling and non-bowling arm BMD; Percentage of 
difference = [(bowling arm – non-bowling arm)/non-bowling arm] x 100. The bars represent the 
SD (%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4.2 Relative differences between bowling and non-bowling forearm BMD; Percentage 
of difference = [(bowling forearm – non-bowling forearm)/non-bowling forearm] x 100. The 
bars represent the SD (%). 
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Chapter 5 

DISCUSSION 

 The present study revealed that both male and female ten-pin bowlers, exhibit 

significantly higher bone mineral density (BMD) of their bowling arm compared to their non-

bowling arm and compared to the dominant arm of the control group. This study determined the 

forearm BMD of an elite collegiate ten-pin bowling team and to the best the author‟s knowledge; 

this is the first study to examine the effects of ten-pin bowling on the forearm BMD of bowlers 

competing at the elite collegiate level with the use of a dual energy x-ray absorptiometry unit 

(DXA). Numerous studies have documented that the effects of exercise on bone density is 

osteogenic and is a key component in maintaining bone health. The findings in this study are 

similar to other studies that have examined elite or collegiate players involved high repetitive 

preferentially loading on the dominant arm, such as volleyball, racquet and throwing athletes. 

The most efficacious period of bone density growth is during the first two decades of life. 

It is in this phase of life that peak bone mass is typically obtained. The ten-pin bowlers 

participating in this study were between the ages of eighteen to twenty-four years old. The age of 

these participants are important to note because they represent the end of the period of when 

peak bone mass is achieved. Many athletes begin their sports career at a young age. These are the 

athletes that have shown greater osteogenic effect on bone and attainment of higher peak bone 

mass (Nichols et al., 2007). The increase in bone mass could be predicted to be positively 

associated in the reduction of risk for fractures later in life (Nichols et al., 2007). The participants 

in this study have been bowling throughout their adolescent years, six to eighteen years. In 

addition, these participants were representative of seven different countries and eleven different 

states in the USA. This knowledge is important because these participants represent diversity in 
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many areas, such as cultures nutritional influences and various environmental factors, all of 

which play a role in bone health. 

The focus of this cross-sectional study was to determine whether the high volume and high 

impact of repetitive arm movement with the addition of the weighted bowling ball produced in 

collegiate ten-pin bowling would be reflected in the forearm BMD of the bowling arm. The 

repetitive loading mechanics of the bowling arm are similar to the other sports that involve 

dominant use of one limb. Such sports include volleyball, baseball, and tennis. Other studies 

have also looked at the effect of sports that do not typically involve the use of the upper 

extremities such as endurance running, swimming, and cycling on BMD of the arms. The topics 

of this discussion are three-fold: (1) to review the effects of sports on BMD that preferentially 

load on the dominant arm (table 5.1), (2) to analyze the effects of ten-pin bowling on forearm 

and arm BMD, and (3) to compare the results of the present study with studies of other sports 

(Figures 5.1, 5.2, and 5.3). 

5.1 Collegiate Sports and Forearm/Arm BMD 

 The effect of mechanotransduction on bone tissue has consistently been shown between 

athletes participating in sports involving high  ground reaction forces (GRF) and those 

participating in low- or no-impact sports and are associated with bone health (Bailey & Brooke-

Wavell, 2008; Kohrt et al., 2004; Morel et al., 2001; Nichols et al., 2007; Nikander et al., 2005). 

In addition total-body BMD is greater in weight bearing sports than in non-weight bearing sports 

(Morel et al., 2001). In throwing sports, the athletes‟ arm predominantly used to throw an object 

(dependent upon the sport) positively responds to the mechanical loading placed on that 

dominant throwing arm. This has been shown by analyzing the effect of various throwing sports 

on bone density (McClanahan et al., 2002; Mudd et al., 2007; Neil & Schweitzer, 2008; Shaw & 
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Stock, 2009; Warden et al., 2009; Whittington et al., 2009). Throwing sports include baseball, 

softball, cricket, javelin, shot put, discus, etc. Only six studies have been done on collegiate level 

throwing sports and bone density in response to unilateral loading on the upper extremity. 

Throwing sports are similar to the sport of bowling in the manner of the mechanics of bowling 

compared to throwing and the addition of throwing a weighted object placing force on the 

bowling arm. A limited number of studies have analyzed these sports and their effect on BMD at 

a collegiate level, especially at the site of the forearm.    

 Warden, et al. studied fifteen male baseball throwers, and found that throwing induces 

substantial torsional adaptation within the midshaft humerus of the subjects (Warden et al., 

2009). The throwers had substantially greater side-to-side differences in skeletal tissue of the 

upper extremities compared to the controls which can be correlated to the habitual loading of the 

dominant upper extremity and influenced by the playing position of the athlete (Warden et al., 

2009). The upper extremity areal BMD (aBMD) of throwers was 0.92 ± 0.09 g/cm2, p<0.05 

compared to the controls (0.86 ± 0.04 g/cm2, p<0.05) (Warden et al., 2009). No effect of 

throwing was observed in midshaft or distal radius bone density (Warden et al., 2009). Neil & 

Schweitzer also studied the effects of baseball, but focused on the humeral cortical and 

trabecular bone tissue response to throwing (Neil & Schweitzer, 2008). They observed 

significant side-to-side differences with the throwing arm greater than the non-throwing arm at 

all sites of the humeri (Neil & Schweitzer, 2008).  

 Shaw & Stock studied the effect of cricket on bone strength compared to swimmers 

(Shaw & Stock, 2009). In this study the observed that there was an increase in ulna rigidity in the 

cricket players compared to swimmers and controls (Shaw & Stock, 2009). In addition the 

bilateral asymmetry in humeral rigidity was greater among cricketers than swimmers and 
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TABLE 5.1 

EFFECT OF ARM DOMINANCE IN VOLLEYBALL, RACQUET AND THROWING ATHLETES AGED 18-24 YEARS ON 
FOREARM AND ARM BONE DENSITY  

 

Author Sport Exp. Mean Age 
(yr) Cont. Scan Type Scans Results 

Warden, et al., 
2009 BA 15 M 19.9 15 M DXA, pQCT TB, HU, 

MR, DR 
↑ TB, S, HP aBMD, side-to-side diff in A 

BMC, no diff in MR or DR  

Shaw and 
Stock, 2009 CR, SW 51 M 22 20 M pQCT HU, Ulna Ulna rigidity ↑ in CR than SW & controls 

Whittington, 
et al., 2009 TH 4 M,  3 

F 19 6 M,  
8 F DXA A Dom A BMD slightly ↑ than non-dom A 

Neil and 
Schweitzer, 

2008 
BA 8 M 19.8 - pQCT A Side-to-side diff of cortical & trabecular 

bone favors throwing arm 

Ducher, et al., 
2005 TN 10 M, 

10 F 23 - DXA Delphi, 
MRI FA, DR ↑ side-to-side diff in cortical volume in 

one-handed backhand players 

Ashizawa, et 
al., 1999 TN 6 M, 10 

F 20.3 5 M,   
7 F 

pQCT XCT 
960 MR & DR 

MR: ↑ BMC all areas in playing arm vs 
nonplaying arm; DR: similar results 

except in the trabecular bone 

Ducher, et al., 
2004 TN 33 M, 

24 F 24 - DXA Delpi 
QDR FA, TB 

19.8% BMC side-to-side diff & 10.9% 
BMD; M: greater asymmetry vs F for 

BMC & BMD  

McClanahan, 
et al., 2002 

BA, BB, 
FB, G, SC, 

TN, CC, 
TR, VB 

121 M, 
63 F - - DXA QDR 

2000 A Rt A BMD sig ↑ than lt A for all M & 
and F teams 
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TABLE 5.1 (continued) 

EFFECT OF ARM DOMINANCE IN VOLLEYBALL, RACQUET AND THROWING ATHLETES AGED 18-24 YEARS ON 
FOREARM AND ARM BONE DENSITY  

 

Author Sport Exp. Mean Age 
(yr) Cont. Scan Type Scans Results 

Nikander, et 
al., 2006 

VB, RS, 
HR, SC, 

SW 
113 F 21.9 30 F pQCT 

XCT 3000 
DR, R HU, 
tibia 

BMC at DR & HU sig ↑ vs cont; RS: 
cortical of DR & HU thicker than cont 

Alfredson, et 
al., 1997 VB 13 F 23 13 

DXA 
Lunar 

DPX-L 

TB, LS, 
FN, HU 

Dom HU in VB sig ↑ BMD values than 
the non-dom HU & the dom HU of the 

cont 

Alfredson, et 
al., 1998 VB 11 23.3 11 

DXA 
Lunar 

DPX-L 
TB, DR 

Distal HU BMC & DR BMD no sig diff 
between groups; HU & DR sig ↑ in dom 

vs non-dom 

Abbreviations: TH (throwers); BA (baseball); TN (tennis); CR (cricket); VB (volleyball); RS (racquet sports); HR (hurdlers); SC 
(soccer); SW (swimming); BB (basketball); FB (football); G (golf); CC (cross country); TR (track); M (male); F (female); dom 
(dominant); non-dom (non-dominant); diff (difference); sig. (significantly); A (arm); FA (forearm); DR (distal radius); MR (mid 
radius); R (radius); HU (humerus); TB (total body); LS (lumbar spine); FN (femoral neck); Exp (experimental group); cont (control 
group) 
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controls (Shaw & Stock, 2009). Whittington, et al. studied the BMD of shot put, discus, weight 

throwers, hammer throw and javelin (Whittington et al., 2009). In this study, the dominant arm 

BMD was slightly greater compared to the non-dominant arm for both males and females 

(Whittington et al., 2009). The results form these studies on throwing athletes show similar data 

as observed in this study. The preferential loading of one arm in bowling is similar to the concept 

of throwing sports that involve releasing a weighted object a specific distance.  

 In racquet sports, the same osteogenic effect on the dominant playing arm has been 

observed and is similar to that seen in throwing sports. The force generated by the ball onto the 

racquet is enough to produce an effect on the BMD of athletes involved in racquet sports such as 

tennis. Like the throwing studies, a small number of studies have looked at collegiate level 

athletes and BMD. Ducher, et al. they studied tennis players and observed volumetric BMD 

(vBMD) of the dominant forearm to be slightly higher than the non-dominant forearm (637.7 ± 

86.1 vs 616 ± 75.2 mg·cm-3, p<005), with an asymmetry of 3.3% (Ducher et al., 2005). 

Ashizawa, et al. showed greater BMD of the playing arm than the non-playing arm at periosteal 

bone area, total bone BMD, trabecular bone are and trabecular BMD (Ashizawa et al., 1999). In 

the non-dominant radius, no significant differences were found between their control group and 

the tennis players (Ashizawa et al., 1999). In different study done by Ducher, et al. they found a 

10.9% side-to-side difference in one-handed backhand tennis players compared to 5.1% side-to-

side difference in two-handed backhand tennis players (Ducher et al., 2004). This asymmetry 

was observed to be greater in the men than in women at the ultradistal radius BMD (Ducher et 

al., 2004).  

 One other sport that can be related to the sport of bowling is volleyball. Volleyball 

involves impact loading on the dominant arm of the athlete. Alfredson, et al. found similar 
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results as in the previously mentioned studies. They observed the affect of volleyball on BMD of 

the distal radius (Alfredson et al., 1998). The study showed that the volleyball players had 

significantly higher BMD in the distal radius compared with the nondominant arm, but no 

significant difference between the groups which is consistent with the results from this ten-pin 

bowling study (Alfredson et al., 1998). 

5.2 Ten-pin Bowling BMD compared to Controls 

 The WSU Shocker Bowling team‟s total body BMD was not significantly greater than 

the total body BMD of the control group (p=0.425). This is not surprising, because frequently, 

weightlifting is a supplementation component in various sports used to enhance performance. 

Studies have shown that weightlifting exercises can significantly increase bone mass of the upper 

limbs (Hamdy et al., 1994; Nevill et al., 2004; Nikander et al., 2005). In addition, non-athletes 

that are physically active typically include weightlifting exercises in their workout regimens to 

enhance self-image and health. Therefore, since both the bowling team and the control groups of 

this study include weight-bearing activities, the total body BMD difference between the two 

groups would not be expected to be different.  

The side-to-side difference of the forearm BMD in the WSU Shocker Bowling team was 

2.72 ± 3.10% compared to the controls whose side-to-side difference of the forearm BMD was 

1.72 ± 2.14%. Yet, contralateral forearm difference was not statistically significant. The side-to-

side difference of the arm BMD was slightly greater in the bowling arm of the controls (4.24 ± 

2.91%) compared to the bowling team (3.97 ± 2.91). However, this difference is also not 

statistically significant. This could be a result of the bowling team performing bilateral upper 

extremity resistance training so as to not isolating only the bowling arm. Another explanation is 

that there are three bowlers in this study that bowling with the opposite hand/arm that they 
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naturally and predominantly use to write. When excluding those three subjects and reanalyzing 

the data, significant difference were found between the bowling forearm and arm of the male and 

female bowlers, with similar results for the non-bowing forearm and arm. However, as in the 

previous results found in this study, there were no significant difference between the groups, 

until separated by gender.  

 When separated by gender the comparison of the bowling arm to the non-bowling arm 

revealed some significant differences. Comparison of the bowling forearm to the non-bowling 

forearm within the group of male bowlers, the BMD was significantly greater in the bowling 

forearm. Similar results were observed in the males of the control group. For the male bowlers 

the forearm BMD was less than the control group males, and the side-to-side relative difference 

was 1.48 ± 2.14%, p<0.05 for the male bowlers and 1.56 ± 2.31%, p<0.05 in the controls. The 

males in the control group had no difference between the bowling forearm and non-bowling 

forearm. As for the bowling arm BMD, the male bowlers difference between bowling arm and 

non-bowling arm compared to the male controls (3.81 ± 5.19% and 3.55 ± 2.07, p<0.05 

respectively).    

 Comparison of the bowling forearm to the non-bowling forearm within the group of 

female bowlers, the BMD was significantly greater in the bowling forearm. As with the males, 

similar results were observed in the females of the control group. For the female bowlers the 

forearm BMD was greater than the control group females, and the side-to-side relative difference 

was 4.06 ± 3.11%, p<0.05 compared to the 1.88 ± 2.13%, p<0.05 difference for the female 

controls. The bowling arm BMD for the females bowlers had a less contralateral difference 

compared to the female controls (4.15 ± 2.54% and 4.93% ± 2.07%, p<0.05 respectively).    
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 Within the bowling team, the females exhibited the greatest relative difference in forearm 

BMD compared to the male bowlers and the controls. This can be explained by the difference in 

the approach of the wrist position and bowling ball release between the genders. The male 

bowlers in this study generally maintain a firm wrist during the bowling process and at the end 

during the release of the ball. For the female bowlers in this study, they use the relaxed wrist 

approach when holding the bowling ball and at the point of release. This involves a greater 

amount of forearm flexion which results in extra tension on the bone by the forearm flexors. 

Muscle action is known to be an important part in stimulating the bone remodeling process. This 

key information in regards to the participants‟ bowling mechanics plays an important role in the 

side-to-side difference of the bowling forearm and the non-bowling forearm. From this study, it 

can be determined that ten-pin bowling stimulates the bone remodeling process greater in the 

bowling arm compared to the non-bowling arm. In addition, the bowling mechanics of the athlete 

also plays a key factor in generating a greater response in the bowling arm compared to the non-

bowling arm as a result of the impact force of the bowling ball.  

5.3 Ten-pin Bowling BMD Compared to Other Collegiate Sports 

 Bowling like other sports requires time and dedication to the sport in order to be a good 

athlete. This involves both practice and tournament games. Most sports promote bone 

remodeling which results in an increased BMD. This study has shown that ten-pin bowling at an 

elite collegiate level produces an increased BMD of the bowling arm and forearm compared to 

the non-bowling arm and the control group when separated by gender and group. The results 

from this study are consistent with the findings of the studies mentioned in Table 5.1. However, 

how does the effect of ten-pin bowling on forearm and arm BMD compare to other sports?  
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FIGURE 5.1 Comparison of side-to-side arm BMD relative difference between McClanahan, et 
al., 2002 and Male Bowlers  
 
McClanahan, et al. did a study on BMD of contralateral arms of various male and female sports 

on NCAA Division I athletes (McClanahan et al., 2002).  

The results of their study were used to make a comparison of side-to-side arm BMD 

relative differences of nine different sports to ten-pin bowling by gender (Figure 5.1 & 5.2). Ten-

pin bowling compared to the nine sports studied in McClanahan et al. appears to have the least 

effect on the side-to-side difference of arm BMD for both male and female bowlers. It is 

interesting that bowling did not produce more of a side-to-side difference than soccer and track, 

since both soccer and most track events involve very little arm movement compared to the 

extensive amount of unilateral arm movement involved in the sport of bowling, especially at an 

elite level.  
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FIGURE 5.2 Comparison of side-to-side arm BMD relative difference between McClanahan, et 
al., 2002 and Female Bowlers 
 
5.4 Conclusions 

 This pilot study analyzed the side-to-side difference of the bowling arm compared to the 

non-bowling arm of elite ten-pin collegiate bowlers. From this study, it can be concluded that the 

female ten-pin bowlers had greater side-to-side forearm BMD difference compared to male 

bowlers and the control group. Therefore, the type of release of the bowling ball during the 

delivery phase appears to have an additional effect on the forearm BMD. As observed in the 

female bowlers that predominantly use more wrist flexion in the release compared to the male 

bowlers.  
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5.5 Recommendations for Further Research 

 This study raised further questions about understanding the effect of bowling on BMD, as 

well as the need for published peer-reviewed literature on the sport of bowling at all levels. For 

further research into the effects of bowling on BMD, it would be suggested to investigate more 

specifically the mechanics of the bowling ball release on forearm BMD. In addition, this author 

would recommend expanding this study by adding more variables that may or may not be 

influencing the BMD of the bowling arm, to determine if bowling alone is enough activity to 

induce an osteogenic effect on bones. Such variables would include analyzing the nutrition of the 

bowlers. Nutrition is known to have an influence on BMD. Weightlifting regimens would be 

another variable to look at. It may include a control group of bowlers who only bowl with no 

supplemental workouts and an experimental group that bowls and includes supplemental 

workouts. These variables would be tested in a longitudinal study.  

Another recommendation would be to expand this type of research on ten-pin bowling 

and BMD to determine if bowling has an effect on leg and hip BMD. Analyzing BMD of the 

legs could be used to determine the effect of the slide leg compared to the follow-through leg. 

Further research on ten-pin bowling and BMD would be beneficial to determine the osteogenic 

effect of ten-pin bowling on BMD. This could be used to encourage the popularization of the 

sport of bowling at a younger age when building BMD is most critical. 
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APPENDIX A 

 

 

 

 

 

 

 

 

 

ASSESSMENT OF BONE DENSITY AND MUSCULAR STRENGTH IN THE 

DOMINANT AND NON-DOMINANT ARMS OF ELITE COLLEGE BOWLERS 

 

Informed Consent Form 
 

PURPOSE: You are being invited to participate in a research study that will assess bone health and 
muscular strength in college bowlers. This research study will be conducted at Wichita State University 
by Dr. Jeremy Patterson and Graduate Research Students Bryce Winklepleck and Ashley Fryman. 
Approximately 24 members of the WSU Bowling Team will be enrolled. 

Strength training has been shown to have a positive influence on athletic performance in many 
different sports and has been shown to increase bone mineral density. However, there are very few studies 
assessing bowlers and your sport presents unique mechanics (highly repetitive single arm swings with 
weight) that may result in an increased bone density in your bowling arm. Additionally, we will perform 
follow-up testing to assess the effects of the Bowling Team strength training program that you will 
participate in throughout the season. 
  
You do not have to participate in this research study. It is important that before you make a decision to 

participate, you read the rest of this form. You should ask as many questions as needed to understand 

what will happen to you if you participate in this study. 

PROCEDURES: If you decide to participate in this study, you will be asked to sign this consent form 
that allows us to gather information from you and perform the bone scan and strength test described 
below. A full-body DXA unit (Hologic QDR 4500) will be used to quantify muscle, fat, bone mineral 
content, and bone mineral density of the whole body and forearm. You will lie down on the bed of the 
scan machine (DXA) for approximately 8 minutes while the scan arm passes over you several times 
taking images of your bones. Testing will occur in the Human Performance Laboratory at Wichita State 
University. All participants will begin with their height and body weight measurement. Due to the low 
radiation dose all female participants will be administered a pregnancy test. In the event of a positive test 
that participant will not be allowed to participate in the study. The upper body strength tests will also be 
completed in the Human Performance Laboratory, using both the dominant and non-dominant arm. An 
assessment device called an isokenetic dynameter will be used to measure your muscular strength and 
muscular endurance. You will perform a pushing and pulling motion that will allow the arm to be extened 
and retracted. The second set of exercises will include a fast paced motion with a high repetion count 
(20), which will test muscle endurance. There will be four sets of individual exercises (2 practice sets and 
2 test sets) and between each set a 30-60 second rest will accure. This modified exercise will assess the 
strength and endurance of your muscles surrounding the shoulder joint. 
 
Total testing time will take approximately 30 minutes to complete. 
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APPENDIX A (continued) 
 

DISCOMFORT/RISKS: There exists the possibility of certain changes that may occur during the DXA 
assessment. The parts of your body that will receive the most radiation exposure 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 procedure is equivalent to a uniform whole-body exposure of 0.1 
mrem, with the exposure being 2.4-4.8 mrem per hip (femur) and spine scan. The typical radiation 
exposure from a normal chest x-ray is 30 mrem. Although you will have 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 with other everyday risk. We also 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 an x-ray, let us 
know. If you have recently undergone CT (Computerized Tomography), PET, fluoroscopic, or nuclear 
medicine studies within the past year, you cannot obtain DXA assessment. If you are currently pregnant, 
or receive a positive pregnancy test prior to assessment, you cannot obtain a DXA assessment. Other 
changes during DXA assessment may include but are not limited to motion sickness (lightheadedness, 
nausea) due to the mechanical movement of the DXA machine or muscle discomfort due to body 
position. 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.  

The muscular strength test is an exercise test, and you may experience fatigue, muscle soreness, 
dizziness, and/or shortness of breath. Signs and symptoms for stopping the strength and endurance tests 
include: anginal pain, marked dyspnea, apprehension, mental confusion or lack of co-ordination, facial 
pallor or sweating. Any time during the test, you can stop the test. The testing will be conducted under 
direct supervision of research personnel, who will instruct you on exercise technique. A warm-up before 
testing and a cool-down following will also be directed to reduce the chances of injury or discomfort. 

In the unlikely event of a medical emergency, staff will be trained to respond appropriately. 
Procedures for the notification of Emergency Medical Services will be formalized in writing and these 
procedures will be practiced by the research personnel 
 

BENEFITS:  The DXA assessment will provide information pertaining to your bone mineral content, 
bone mineral density and body composition. The information received is not intended to diagnose 
osteopenia, osteoporosis, and/or obesity. It is suggested that you share the information obtained from you 
DXA assessment with your primary care physician if you are concerned with your results. You will be 
given an additional copy of all assessment information for this purpose. The strength testing will be 
beneficial for you and your coach to assess the in-season strength training program that is part of your 
overall team conditioning.  
The information gained in this study will be particularly beneficial to exercise professionals, medical 
professionals, and the bowling community. This is an original study that has the potential to report an 
outcome that would be very beneficial to the general public and have a significant contribution to the 
scientific field.  
 
CONFIDENTIALITY: Any information obtained in this study in which you can be identified will remain 
confidential and will be disclosed only with your permission.   
 
COMPENSATION OR 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  
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APPENDIX A (continued) 
 
Office of Research Administration, Wichita State University, Wichita, KS 67260-0007, telephone (316) 978-
3285. 
 
REFUSAL/WITHDRAWAL:  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 can contact me: Dr. Jeremy A. Patterson, 
office #112, Heskett Center, telephone (316) 978-5440. 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 at 
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 B 
IRB No.  _________ 

Expedited?_______   
Reviewer‟s Initials  _______ 

Date to Reviewer ___________ 
 

Wichita State University Institutional Review Board (IRB) 

for the Protection of Human Subjects 
  

  

 Application for Approval of Research Involving Human Subjects 

  
 

Double click gray boxes to enter information. Please check spelling, punctuation, and grammar before 

submitting. 

 

Name of Principal Investigator(s): Jeremy Patterson 
(For a student project, Principal Investigator must be a WSU faculty member; 
student is listed as Co-Investigator.) 
 

Departmental/Program Affiliation of PI: ______HPS_______Campus Box:  _16__ Phone  
___5440____  
E-mail  ___jeremy.patterson@wichita.edu________ 
 
Name(s) of Co-Investigator(s):  _Bryce Winklepleck and Ashley Fryman__________________ 
 
Co-Investigator(s) is/are:  ____ Faculty Member __X__Graduate Student  _____  
Undergraduate Student 

Other, please specify_____________________________________________________________ 
 
Type of Project:  ___ Class Project   ___ Capstone Project ___ Thesis or Dissertation __ __ 

Funded Research  __X_ Unfunded Research    ___ Secondary Data Collection/Analysis   

___ Program Evaluation 

If student project, address of student: 2710 N. Glendale 

Title of Project/Proposal:  ____ Assessment of bone density and muscular strength in the 
dominant and non-dominant arms of elite college bowlers 
 
Expected Completion Date:____July 2010____    Funding Agency (if applicable):  ________ 
 
Please attach additional sheets, if necessary, with numbers of responses corresponding to those 

listed below. 

 
1. Describe the research in non-technical language. 
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APPENDIX B (continued) 
 

The proposed study, is a unique assessment of an elite category of athletes that are significantly 
under represented in the exercise science/sports medicine literature. This study will assess the 
effects of bowling and strength training on the dominant and non-dominant arms of college 
bowlers. Strength training has a direct effect on athletic performance in many different sports 
and has been shown to increase bone mineral density. There is minimal research proving the 
effects of this type of conditioning on bowling performance. The WSU Bowling Team won 
National Titles for Men‟s and Women‟s Teams in 2009 and are the top ranked program in the 
country. Each member of the team practices daily with 100-300 repetitions (shots) of the same 
movement with a heavy weight that is bared onto a single arm. Thus, the mechanics of the sport 
at this elite level may result in physiological and anatomical adaptations, these may be able to be 
assessed through the initial assessment (baseline). Additionally, the WSU Bowling Team has a 
strength and conditioning program in place for the duration of their upcoming season, and effects 
of the training can be assessed through follow-up testing (endpoint). The purpose of this study is 
to gain knowledge of body composition, bone density, and strength within the dominant and non-
dominant arms before and after a bowling season, and correlate the results with bowling 
performance. 
 
2. Describe the benefits of the research to the human subjects, if any, and of the benefits to 

human or scientific knowledge. 
 
Participants in this study will benefit from greater knowledge and understanding of their overall 
health through assessments of their body compositions and muscular strength and endurance.  
  
The information obtained from this study will be of benefit to exercise professionals and the 
bowling community.  This study has the potential to report an outcome that would be beneficial 
to the general public and have a significant contribution to the scientific body of knowledge. Of 
particular interest is bone mineral density levels in their bowling arm compared to the non-
bowling arm. 
 
 
3. Describe the subjects, how the subjects are to be selected, how many are to be used, and 

indicate explicitly whether any are minors (under age 18 per Kansas law) or otherwise 
members of "vulnerable" populations, including, but not limited to, pregnant women, 
prisoners, psychiatric patients, etc. 

 
24 subjects (12 male; 12 female) from the WSU Bowling team will be recruited under the 
direction of Jeremy Patterson and Bryce Winklepleck on a volunteer basis to participate in this 
study. All members of the WSU Bowling team are over the age of 18 years. Each particapant 
will sign a consent form approved by WSU IRB .  Participants in the study will have made the 
final team cut and are members of the Bowling „A‟ Team. Current health status of the participant 
has been predetermined by mandatory team physical exams by a licensed practitioner and 
deemed physically fit. 
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APPENDIX B (continued) 
 
4. Describe each procedure step-by-step, including the frequency, duration, and location of 

each procedure. 
 
Volunteer participants will complete an informed consent form approved by both the WSU IRB 
and by the WSU Bowling Team Head Coach prior to the commencement of the study. 
Assessments of body composition, with a dual energy x-ray absorptiometry (DXA) system, and 
muscular strength and endurance through the use of isokinetic dynamometry will be conducted 
prior to the start of the bowling season (baseline; Oct-Nov) and at the conclusion of the bowling 
season (endpoint; Apr-May).  
  
Bone Densitometry Test (DXA) 

Participants will undergo one bone densitometry test and this will be completed in the Human 
Performance Lab (214 Heskett Center) at WSU. A full-body DXA unit (Hologic QDR 4500) will 
be used to quantify muscle, fat, bone mineral content, and bone mineral density of the whole 
body. The participant will also be measured for height and body weight. Due to the low x-ray 
emission of the DXA machine, as a precautionary measure the pre-menopausal female 
participants will be administered a pregnancy test. In the event of a positive test, the participant 
will not be allowed to continue with the study. The participants will then be scanned using the 
full body and forearm mode. The estimated test time is 10 minutes per scan.  
 
Isokinetic Dynamometry 

Bilateral skeletal muscle strength and endurance for elbow extension / flexion will be assessed 
using an isokinetic dynamometer (BIODEX®; System 4 Pro, New York, NY, USA) with 
microprocessor, which will be calibrated for torque and angular velocity according to 
manufacturer protocols. Limb position and a torque correction for limb weight are calibrated 
prior to each movement pattern. Limb and torso alignments and machine settings will be 
recorded at the time of baseline and replicated for endpoint. Full range of movement within the 
constraints of the equipment was prescribed for each movement pattern in order to eliminate 
errors that could be caused by participants who failed to complete full repetitions. Standard 
instructions will be issued with regard to both the technique and the maximal effort required 
during each test. The patients then practice the movement patterns just prior to each trial. If 
smooth curves for torque are not obtained during practice, they are required to repeat these after 
a brief rest. Strength of the elbow extensors and flexors are measured as the peak angular force 
(torque, Nm) generated during three maximal continuous repetitions at 60º.sec-1 angular velocity. 
Following two minutes of rest, endurance is determined as the total angular work (joules) 
achieved during the middle 16 of 20 consecutive maximal repetitions at 240º.sec-1. A recovery 
period of two minutes was allowed between each of the two (ie. elbow strength and elbow 
endurance) maneuvers 
 
5. Describe any risks or discomforts (physical, psychological, or social) and how they will 

be minimized. 
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APPENDIX B (continued) 
 
Bone Densitometry Test (DEXA):  The Hologic QDR 4500 system uses a low level of x-rays 
with two different energies to measure fat and lean tissue. Due to the low level of x-rays, each 
female participant will be administered a pregnancy test. In the full body mode used in this 
study, it also estimate bone mineral content and bone mineral density. Technique factors for the 
QDR 4500 are determined automatically for each type of scan and cannot be altered by the 
operator. The devices emit low radiation doses and present minimal exposure to both patient and 
the operator. Use of this equipment for research purposes has been previously approved by the 
Kansas Department of Health and Environment and the WSU IRB.  
 
Signs and symptoms for stopping the strength and endurance tests include: anginal pain, marked 
dyspnea, apprehension, mental confusion or lack of co-ordination, facial pallor or sweating. 
Considering this is an exercise test, participants may experience fatigue, muscle soreness, and 
shortness of breath. Any time during the test, the participant can stop the test.The isokinetic 
dynomometer testing will be conducted in the Human Performance Laboratory (214 Heskett 
Center) under direct supervision of research personnel. Personnel supervising the test will have 
Professional Rescuer Certification with direct acess to an AED and emergency phone for futher 
medical attention.  
 
All particapants will complete an informed consent approved by WSU IRB. 
 
Proper technique will be taught for testing, emphasizing warm-up, exercise test, and cool-down. 
 
Research personnel will be present during testing and research personnel will be trained to 
recognize signs of exercise intolerance. 
 
In the unlikely event of a medical emergency, staff will be trained to respond appropriately. 
Procedures for the notification of Emergency Medical Services will be formalized in writing and 
these procedures will be practiced by the research personnel. 
 
 
6. Would subjects undergo these or similar procedures (medical, psychological, educational, 

etc.) if they were not taking part in this research?  __  Yes  _X__  No  
 

7. Describe how the subject‟s personal privacy is to be protected and confidentiality of 
information guaranteed (e.g. disposition of questionnaires, interview notes, recorded 
audio or videotapes, etc.). 

The protocols will have been approved by The Wichita State University Institutional Review 
Board. Any time during the study the participant may withdraw their consent to participate 
without prejudice towards them. Such withdrawal can be for any reason the individual chooses. 
  
The results of the study will be kept absolutely confidential. Results will be 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. Electronic data 
will by stored on a password protected desktop computer and any hard copies of data will be  
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APPENDIX B (continued) 
 
stored in a locked filing cabinet and maintain all standards of security set forth by HIPPA 
regulations. 
 
 
8. Describe the informed consent process and attach a copy of all consent and/or assent 

documents.  These documents must be retained for three years beyond completion of the 
study.  Any waiver of written informed consent must be justified. 

An informed consent document is justified due to the participant population and the type of 
testing involved. Current health status of the participant has been predetermined by mandatory 
team physical exams by a licensed practitioner and deemed physically fit. The participant will be 
fully briefed prior to the study on all procedures to be used and any discomfort that may be 
expected. The participant will be given the opportunity to ask questions regarding the consent 
form. The principal investigator, co-investigator and the participants will be available to answer 
these questions verbally.  
  
Informed consent will be obtained prior to the commencement of the study. The participant will 
read and sign an Informed Consent Form approved by the WSU IRB. 
 

 
9. Attach all supporting material, including, but not limited to, questionnaire or survey 

forms and letters of approval from cooperating institutions. 
 
 

The Principal Investigator agrees to abide by the federal regulations for the 

protection of human subjects and to retain consent forms for a minimum of three 

(3) years beyond the completion of the study. If the data collection or testing of 

subjects is to be performed by student assistants, the Principal Investigator will 

assume full responsibility for supervising the students to ensure that human subjects 

are adequately protected. 
 
 

___________________________________________________    ___________________ 
Signature of Principal Investigator      Date 

 
 

___________________________________________________    ___________________ 
Signature of Co-Investigator       Date 

 


