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Abstract 

Raw acceleration can be used as a proxy measure representing external forces experienced at the hip. 

Peak vertical acceleration at the hip was measured (ActiGraph GT3X+ - BT) in 30 premenopausal women 

during common exercises (walking, running, stairs and jumping) and while they went about their normal 

routine (7 days). Accelerations experienced during running and jumping activities were consistently 

≥3.2g, whereas only accelerations during box jumps were greater than the higher recommended threshold 

of ≥ 4.9g proposed to improve bone mineral density in premenopausal women. Peak jerk experienced 

during jumping activities was greater than the recommended threshold of 100g/s. The median number of 

accelerations/day ≥3.2g was 30.4, whereas only 3.5 incidences/day were observed at ≥4.9g. Running and 

jumping resulted in vertical accelerations that met or exceeded the thresholds proposed to be beneficial 

for bone, however, participants rarely experienced high magnitude vertical accelerations during daily life.  

 

 

 

 

 

 

 

 

 

 

 

 
 



 

 
 

Acknowledgements 

Words cannot express my gratitude towards my advisor Dr. Sandra Webber for her abundant 

guidance and constructive feedback towards the completion of my thesis project. I would like to 

offer my sincere appreciation to my internal advisor Dr. Dean Kriellaars and external advisor Dr. 

Phillip Gardiner for their continuous support, attention and expert advice. I would like to thank 

Almighty God, for giving me the required strength and courage throughout my life. I am grateful 

to all the participants who took time to participate in the study in spite of their busy schedules. I 

am thankful to my friends and colleagues for their help and cooperation. Finally, I would like to 

offer my deepest gratitude to my family members for their constant support and encouragement 

throughout my Masters program.  

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Dedication 

I would like to dedicate my thesis to a number of people to whom I am greatly indebted. Without 

them this thesis would not have been written. First and foremost, my parents Aparna Dave and 

Chandravadan Dave who have been a great source of encouragement and inspiration throughout 

my life. I heartily thank them for nurturing me and making me what I am today. Secondly, to all 

my loving family members Payal, Maulik, Rohit, Dhruva, Aditya, Maharshi, Shiven, my mother 

-in-law Jyoti and father-in-law Alpesh who constantly supported and motivated me to work 

harder and do better. Thirdly, to all my teachers throughout my life who educated me and shaped 

my career, without their guidance I would not have made it here. Special mention to my advisor 

Dr. Sandra Webber, who tirelessly worked round the clock, day and night to get the best out of 

me and make this happen. To my friends, who had sleepless nights because of our long 

discussions. Finally, I would like to dedicate this thesis to my lovely wife, Hayati Dave who 

believed in me, took all my frustration and always stood by me whenever I needed it the most.  

 

 

 

 

 

 

 



 

 
 

Table of Contents 

Abstract ....................................................................................................................................... ii 

Acknowledgements .................................................................................................................... iii 

Dedication .................................................................................................................................. iv 

List of Tables ............................................................................................................................. vii 

List of Figures .......................................................................................................................... viii 

List of Appendices ..................................................................................................................... ix 

List of Abbreviations ................................................................................................................... x 

Chapter 1: Introduction ............................................................................................................... 1 

Chapter 2: Literature Review ...................................................................................................... 3 

2.1 Osteoporosis .......................................................................................................................... 3 

2.2 Bone and its Structure ........................................................................................................... 4 

2.3 Peak Bone Mass and Peak Bone Mass Acquisition .............................................................. 5 

2.4 Aging and Bone ..................................................................................................................... 6 

2.5 Nutrition and Bone ................................................................................................................ 8 

2.6 Physical Activity and Bone ................................................................................................... 9 

2.61 Effect of Physical Activity in Children and Adolescents ................................................ 9 

2.62 Effect of Physical Activity in Middle Aged Adults ...................................................... 11 

2.63 Effect of Physical Activity in Older Adults................................................................... 12 

2.7 Muscular Loading and Bone ............................................................................................... 13 



 

 
 

2.8 Animal Literature on Bone Loading ................................................................................... 14 

2.9 Acceleration as a Proxy Measure of Ground Reaction Force ............................................. 16 

2.10 Acceleration Thresholds Proposed to be Beneficial for Increasing Bone Mineral Density

 ................................................................................................................................................... 18 

2.11 Purpose of the Study ......................................................................................................... 24 

2.12 Objectives of the Study ..................................................................................................... 24 

Chapter 3: Methods ................................................................................................................... 25 

3.1 Data Collection .................................................................................................................... 27 

3.2 Data Analysis ...................................................................................................................... 30 

3.3 Statistical Analysis .............................................................................................................. 33 

Chapter 4: Results ..................................................................................................................... 35 

Chapter 5: Discussion................................................................................................................ 50 

Chapter 6: Conclusion ............................................................................................................... 60 

References ................................................................................................................................. 61 

Appendices ................................................................................................................................ 79 

Appendix A – Pilot Data ....................................................................................................... 79 

Appendix B – Self Reported Activity Log ............................................................................ 87 

 

 
 



 

 
 

List of Tables 
 

Table 1: Comparison of Peak Vertical Acceleration Measurements  

                for Activities in Different Studies…………………………………………………23 

Table 2: Demographic Data…………………………………………………………………36 

Table 3: Peak Vertical Accelerations for Activities……………….………………………...37 

Table 4: Peak Jerk for Stairs and Jumping Activities……………………………………….38 

Table 5: Correlations Between Peak Vertical Acceleration and Peak Jerk  

               for Stairs and Jumping Activities………………………………………………….39 

Table 6: Descriptive Statistics for Variables Measured During  

               7-Day Monitoring Period………………………………………………………….48 

 

 

 

 

 

 

 

 

 

 



 

 
 

List of Figures 

Figure 1: Peak Vertical Acceleration for Different Treadmill  

                 Speeds and Stairs Activities……………………………………………………41 

Figure 2: Peak Vertical Acceleration for Stairs and Jumping Activities………………....43 

Figure 3: Peak Jerk for Stairs and Jumping Activities……………………………………45 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

List of Appendices 

Appendix A 

Figure 4: Raw Acceleration Signal of a Box Jump…………………………………………79 

Figure 5: Raw Acceleration Signals of 10 Box Jumps……………………………………...80 

Figure 6: Raw Acceleration Signal of a Scissor Jump………………………………………81 

Figure 7: Raw Acceleration Signals of 10 Scissor Jumps…………………………………...82 

Figure 8: Raw Acceleration Signals of 9 Jumping Jacks……………………………………83 

Figure 9: Raw Acceleration Signals While Walking on a Treadmill  

                 at 4.5km/hr (2.8 mph) ……………………………………………………………84 

Figure 10: Raw Acceleration While Running on a Treadmill  

                 at 11.4 km/hr (7.1 mph) ………………………………………………………….85 

Figure 11: Raw Acceleration Signals While Descending 3 Set of Stairs………………….86 

Appendix B 

Self reported activity log…………………………………………………….......................87 

 

 

 



 

 
 

List of Abbreviations 

ANOVA – Analysis of Variance 

BMI – Body Mass Index 

BT – Bluetooth 

BW – Body Weights 

CPM – Counts per Minute 

Csv – Comma Separated Value 

GRFs – Ground Reaction Forces 

Hz – Hertz 

IQR – Interquartile Quotient 

MVPA – Moderate to Vigorous Physical Activity 

NHANES – National Health and Nutrition Examination Survey 

PARQ+ - Physical Activity Readiness Questionnaire for Everyone 

QCT – Quantitative Computed Tomography 

SD – Standard Deviation 

vGRFs – Vertical Ground Reaction Forces 



 

1 
 

Chapter 1: Introduction 

Canadian physical activity guidelines recommend that children (5 – 11 years) and youth 

(12 - 17 years) should engage in moderate to vigorous activity (MVPA) for at least 60 minutes 

daily (Tremblay et al., 2011). Adults (18 – 64 years) and older adults (above 65 years) should 

accumulate 150 minutes per week of MVPA in bouts of 10 minutes or more (Tremblay et al., 

2011).  Data from the Canadian Health Measures Survey 2012 – 2013 indicate that Canadian 

adults accumulate on average 4 hours and 11 minutes of physical activity per day, of which 3 

hours and 46 minutes account for time spent in light activities, whereas only 25 minutes are 

spent in MVPA (Statistics Canada, 09/06/2015). NHANES (National Health and Nutrition 

Examination Survey) data indicate that only 10% of Americans meet physical activity guidelines 

(Tucker, Welk, & Beyler, 2011). Physical inactivity is one of the most important factors that 

predisposes individuals to osteoporosis (Bass et al., 1998). Around 54 million people are affected 

by low bone mass or osteoporosis in the U.S. and one in every two women and one in every four 

men above the age of 50 years will suffer osteoporotic fractures in their lifetime (National 

Osteoporosis Foundation, (n.d.)). Similarly, according to Osteoporosis Canada, one in five males 

and one in three females will suffer an osteoporotic fracture in their lifetime (Osteoporosis 

Canada, 2014). Development of optimal strategies to prevent osteoporosis is of utmost priority to 

health professionals because of the high prevalence of osteoporosis and osteoporotic fractures. 

The rate of morbidity and mortality is likely to increase due to osteoporosis and osteoporotic 

fractures as the population continues to age (Maclaughlin, Sleeper, McNatty, & Raehl, 2006). 

Research in age- related bone loss has become increasingly popular due to the growing 

relationship between aging and osteoporosis (Demontiero, Vidal, & Duque, 2012).  Therefore, it 
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is important to study this age-related bone loss disease and the multiple factors responsible for 

this disease.  
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Chapter 2: Literature Review 

2.1 Osteoporosis  

Osteoporosis is defined as “a systemic skeletal disorder characterized by low bone mass 

and micro-architectural deterioration of bone tissue, with a consequent increase in bone fragility 

and susceptibility to fracture” (Department of Chemical Chemistry, Glostrup Hospital, 1993). It 

is also defined as a “skeletal disorder characterized by compromised bone strength predisposing 

to increased risk of fractures” (Manolagaas, 2014). At present, there is no cure for the disease 

and the emphasis is on prevention (Hind & Burrows, 2007). Osteoporosis is an age-related 

disorder occurring in both males and females. However, it is more common in postmenopausal 

women compared to older men (Cawthon, 2011). Osteoporosis can occur at any age. However, it 

is more commonly seen after the age of 50 years. Osteoporosis screening and diagnosis can 

occur by various methods such as quantitative computed tomography (QCT), biochemical 

markers of born turnover and dual energy X-ray absorptiometry (DXA); however, DXA is most 

commonly used. If the T-score values are less than -1 and greater than -2.5 standard deviations 

(SD) from the mean the condition is termed  osteopenia, whereas scores less than or equal to -2.5 

SD are diagnosed as osteoporosis (Kanis, 1994). The most common sites of osteoporotic 

fractures are the hip, distal radius, shoulder, and spine (Woltman & den Hoed, 2010).  

It is important to study osteoporosis because the incidence is very high, and the costs to 

the health care system and individuals are also very high. The Canadian Health Care system 

spent 1.2 billion dollars for acute hospitalizations caused by osteoporosis and 3.9 billion dollars 

in 2010 for the total treatment of osteoporosis-related morbidities (Tarride et al., 2012). 

Osteoporosis treatment accounts for 1.3% of Canada’s overall healthcare budget (Tarride et al., 

2012). The indirect costs due to osteoporotic fractures are also high; 3,123,298 work days 
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(equivalent to 12,013 full-time employment years) were lost by individuals aged 50 – 69 years in 

2010 (Tarride et al., 2012).  

2.2 Bone and its Structure  

As osteoporosis is a bone disorder, it is necessary to understand the overall structure and 

development of bone. Bone is a porous structure made up of osteocyte cells, vessels and crystals 

of calcium compounds (Hadjidakis & Androulakis, 2006). Bone consists of a matrix of fibres of 

collagen hardened with calcium and other minerals. The outer section of bone is a tough ring 

known as cortical bone; however, the inner section is made of intersecting plates like a 

honeycomb network and is called trabecular bone. The appendicular human skeleton consists of 

126 bones; the axial skeleton consists of 74 bones, and the auditory ossicles contain six bones 

making a total of 206 bones in a human skeleton (Clarke, 2008). Cortical bone comprises 80% of 

the skeleton compared to the trabecular bone that makes up 20% of the skeleton (Hadjidakis & 

Androulakis, 2006). The ratio of trabecular bone and cortical bone differs in different bones and 

skeletal sites (Clarke, 2008). Osteoporosis affects both trabecular and cortical bone.  

The structure of bone continuously changes throughout life. The process responsible for 

changing a bone’s overall shape and size in response to physiological influences and mechanical 

forces is termed modeling (Clarke, 2008). In adults, remodeling of bone occurs more frequently 

than modeling. Remodeling occurs when new bone formation takes the place of old bone to 

maintain the strength of bone. The remodeling of bone is a continuous process; it begins at birth 

and continues until death (Clarke, 2008). The formation of bone occurs in three phases – 

production of the osteoid matrix, maturation of the osteoid matrix and the mineralization of the 

bone (Hadjidakis & Androulakis, 2006). Osteoblast cells are responsible for the formation of 

new bone, whereas osteoclastic cells resorb the old bone. In homeostatic equilibrium, 
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osteoblastic and osteoclastic activities are balanced (Frost, 1990). An imbalance between the 

osteoclastic and osteoblastic activities leads to changes in the structure of bone. 

2.3 Peak Bone Mass and Peak Bone Mass Acquisition 

Peak bone mass is defined as the ″amount of bony tissue present at the end of skeletal 

maturation″ (Bonjour, Theintz, Law, Slosman, & Rizzoli, 1994). It is also defined as the 

“greatest amount of bone mass achieved during life at a skeletal site” (Heaney et al., 2000; 

Matkovic et al., 1994). Previous studies have focussed on bone loss in the geriatric population. 

However, it is also important to understand how bone is gained during childhood and 

adolescence to determine resistance to fractures later in life. Peak bone mass is an important 

factor that can influence how likely one is to develop osteopenia and/or osteoporosis and the age 

of onset of changes in bone in later years. The cross-sectional area of bone differs in males and 

females due to differences in bone mass (Cooper & Melton, 1992; Mora & Gilsanz, 2003). Peak 

bone mass and bone mass acquisition vary in different individuals due to hormonal factors, 

genetics, environmental factors, physical activity levels, ethnic differences and lifestyle factors.  

Various hormones affect the normal attainment of bone mass in individuals. For example, 

individuals with hypogonadotropic hypogonadism attain less bone mass during puberty, hence 

have lower bone mineral density values in adulthood (Finkelstein et al., 1987). Girls with regular 

menses have higher lumbar bone mineral density than amenorrheic girls (Hergenroeder, 1995). 

Growth hormone deficiency in children (Boot, Engels, Boerma, Krenning, & De Muinck Keizer-

Schrama, 1997) and excessive production of thyroid hormone (Mora et al., 1999) also hinder 

normal bone mass acquisition. Smith et al. (1973) determined that attainment of bone mass at 

maturity is affected by inheritance factors.  The effect of physical activity on bone mass is 

described in detail later in this paper. Sedentary lifestyles, use of tobacco and excessive alcohol 
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consumption also negatively affect bone mass acquisition and maintenance of bone mass 

(Gordon-Larsen, Adair, & Popkin, 2002; Turner et al., 1992; Turner, 2000). The timing of the 

occurrence of the development of peak bone mass over one’s lifetime varies in individuals and 

between different bone sites. The axial skeleton attains peak bone mass by the end of the second 

decade of life (Mora & Gilsanz, 2003), whereas peak bone mass attainment in the appendicular 

skeleton varies from 17 years to 35 years (Gordon, Halton, Atkinson, & Webber, 1991; Halioua 

& Anderson, 1990; Matkovic et al., 1994). Although there is some variability in the age of peak 

bone mass acquisition, research has demonstrated with certainty that with advancing age a 

number of physiological changes occur which can potentially lead to osteoporosis in later life. 

2.4 Aging and Bone 

Aging is defined as “the time-dependent loss of somatic function leading to increased 

vulnerability to environmental challenge and a growing risk of disease and death” (Tung & 

Iqbal, 2007). Aging leads to structural, functional and compositional deterioration of bone which 

can lead to the development of osteoporosis (Demontiero, Vidal, & Duque, 2012). As one ages, 

the equilibrium between bone formation and bone resorption becomes progressively negative 

(Manolagaas, 2014) because osteoclastic activities increase compared to osteoblastic activities, 

which results in the loss of bone mass. The volumetric bone mineral density in cortical bone is 

reduced by increased porosity and resorption activities (Heaney et al., 2000; Parfitt, Mundy, 

Roodman, Hughes, & Boyce, 1996). Smaller bones with equivalent bone mineral density (BMD) 

as larger bones are more fragile compared to larger bones because they have a thinner cortex and 

smaller diameter (Khosla & Riggs, 2005). Bone loss occurs more quickly in females compared to 

males with advancing age (Nordin et al., 1998). Menopause usually occurs between 41 – 60 

years of age (Kato et al., 1998) and results in hormonal changes that negatively affect female 
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bone mass. Bone loss in post-menopausal women typically occurs at the rate of 5% per year for 

first few years after menopause followed by loss of 2 – 3% per annum (Bellantoni, 1996). The 

risk of fractures in women increases four times for every 20-year increase in age (Hui, Slemenda, 

& Johnston, 1988). In comparison, bone loss in older men occurs at a rate of 1 – 2% per annum 

(Looker et al., 1997).  

 With advancing age, changes in bone mineral density occur in both men and women, 

however, it is very distinct in both sexes. The sex steroids play an important role in inducing 

bone loss. In males, the androgens play a pivotal role to maintain the equilibrium of bone. 

Androgen deficiency may lead to low bone mass along with hypogonadotropic hypogonadism 

(Manolagas, 2010). Although testosterone is the main sex steroid hormone in men, levels of 

estradiol play a pivotal role in the maintenance of bone mineral density. The estradiol level (a 

form of estrogen) is lower in males compared to females. Therefore, bone loss due to the 

reduction of estradiol with age is more apparent in women compared to men (Khosla, Melton, 

Atkinson, & O'Fallon, 2001; Szulc et al., 2001). In women, menopause leads to an 85% decrease 

in serum estradiol and a 74% decrease in estrone levels that regulate bone mineral density 

(Khosla, Atkinson, Melton, & Riggs, 1997). Aging is also associated with a reduction in 

production of growth hormone in men and women by approximately 14 % (Rosen, Donahue, & 

Hunter, 1994). Reduced growth hormone further decreases the production of serum IGF- 1 

which is strongly associated with bone mineral density and hip fractures (Boonen et al., 1999; 

Rosen et al., 1994). The age-related decline in growth factors also negatively influences bone 

formation by osteoblast differentiation (differentiates mesenchymal cells into pre-osteoblasts and 

osteoblasts which lead to deposition of bone matrix) and function (Syed & Ng, 2010). Another 

hormone that affects bone strength is cortisol. Older adults exposed to increased levels of cortisol 
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though medications are also prone to osteoporosis (Manolagaas, 2014). Along with the role of 

hormones, nutritional intake with aging also affects bone mineral density in the elderly 

population. 

2.5 Nutrition and Bone 

In older adults, food intake may be decreased due to decreased energy requirements. This 

leads to decreased intake of necessary nutrients required for the protection of bone health. There 

are many nutrients that have a role to play in preserving bone health such as such as calcium, 

vitamin D, proteins, magnesium, copper and zinc (Bonjour, Gueguen, Palacios, Shearer, & 

Weaver, 2009). Calcium is an important nutrient required for the formation of bone. About 99% 

of the body’s calcium is found in the skeleton (Palacios, 2006). Numerous reviews and 

intervention studies have illustrated that high calcium intake levels have protective effects on 

bone, reducing bone loss and fracture risk (Heaney, 2000). Vitamin D is thought to be essential 

for calcium absorption although it has not been proven consistently in epidemiologic studies 

(Tucker, 2009). Proteins are the essential components of collagen which regulates hormonal and 

growth factors required for bone synthesis. Magnesium is an important component of the bone 

matrix which provides strength to the structure of bone (Tucker, 2009). Lysyl oxidase enzyme 

which provides mechanical strength to the bone by cross-linking collagen fibrils contains copper 

(Palacios, 2006). Decreased level of zinc and its excessive secretion in the urine is associated 

with osteoporosis (Atik, 1983; Relea et al., 1995). Other essentials nutrients such as vitamin k, 

vitamin c, potassium, manganese, fluoride and iron also contribute to the formation of bone and 

strengthening the structure of bone. These nutrients have a strong influence on building bone 

mass, preventing fractures and decreasing bone resorption (Palacios, 2006).  
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2.6 Physical Activity and Bone   

 Physical activity is defined as “any bodily movement produced by skeletal muscles that 

requires energy expenditure” (Caspersen, Powell, & Christenson, 1985). Researchers agree that 

physical activity plays a pivotal role in the attainment of bone mass (Barry & Kohrt, 2008; Fu et 

al., 2011; Moayyeri, 2008) and in preventing the loss of bone  that can lead to osteoporosis 

(Bassey & Ramsdale, 1995; Heinonen et al., 1996; Wolff, van Croonenborg, Kemper, Kostense, 

& Twisk, 1999). The mechanostat theory states that greater bone mass can be attained when the 

bone is exposed to mechanical stimulation because bone mass adjusts to fit the level of 

mechanical stimulation (Branca, 1999). Researchers recommend regular physical exercise to 

counter reduced bone mass and decreased muscle strength related to aging. Regular physical 

activity also serves as an alternative to pharmacologic therapy and is cost effective compared to 

medical treatment for osteopenia and osteoporosis (Cosman et al., 2014). Optimal exercise 

strategies to prevent osteoporosis and preserve bone health are not yet well defined (Barry & 

Kohrt, 2008; Tobias et al., 2014); however, numerous studies have investigated the effects of 

aerobic, weight bearing, resistance, and high impact activities on bone health (Allison et al., 

2015; Marques, Wanderley et al., 2011; Marques, Mota et al., 2011). 

2.61 Effect of Physical Activity in Children and Adolescents 

Skeletal development during childhood and adolescence is crucial for bone health in later 

life (Barry & Kohrt, 2008). Bone fragility and fracture rates related to loss of bone mass with 

aging can be reduced by maximizing bone mass acquisition during childhood and adolescence 

(Behringer, Gruetzner, McCourt, & Mester, 2014). Behringer et al. (2014) conducted a meta-

analysis of intervention studies investigating the effect of weight-bearing activities on bone 

mineral density and bone mineral content in children and adolescents. The meta-analysis 
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included 27 studies with participants 17 years of age and younger who took part in interventions 

including weight bearing exercises such as jumping, gymnastics, skipping, and running as well 

as plyometric and resistance exercises. A total of 2985 subjects, 1757 females (experimental 

group = 868, control group = 815) and 847 males (experimental group = 440, control group = 

337) were included in the meta-analysis that found that weight-bearing activities during 

childhood and adolescence enhanced bone mass acquisition and promoted bone health during 

growth years compared to the control participants who did not take part in specific exercise 

training.  

 The finding that weight bearing activities promotes bone health has been supported by 

many cross-sectional, retrospective and intervention studies (Hind & Burrows, 2007). Hind and 

Burrows (2007) conducted a review of randomized and non-randomised intervention trials 

assessing the effects of weight bearing activities on bone mineral accrual in children and 

adolescents. A total of 22 trials that used weight bearing activities as an intervention in 

prepubertal (n=9 trials), early pubertal (n=8 trials) and pubertal (n=5 trials) were reviewed. The 

duration of the interventions in the included studies ranged from 3 – 48 months and sample sizes 

ranged from 10 to 65 in each group. Interventions included resistance training, gymnastics, and 

games as well as dancing and jumping exercises. Results of the review were similar to previous 

findings that weight bearing activities facilitated bone mineral acquisition in children and 

adolescents who underwent the intervention. Bone parameters (bone mineral density and bone 

mineral content) were greater in the intervention groups compared to control groups by 0.9 – 

4.9% in prepubertal children, 1.1 – 5.5% in early pubertal children and 0.3 – 1.9% in pubertal 

children (p<0.05 for all comparisons).  
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2.62 Effect of Physical Activity in Middle Aged Adults 

Regular exercise has also been shown to increase bone mass in adults and prevent the 

loss of bone mass in older age. A review by Bolam et al. (2013) investigated the effect of 

physical exercises on bone mineral density in middle-aged men (45 years of age and older) and 

older men. The review included eight studies (randomized and non-randomised controlled trials). 

Interventions included walking, resistance training, tai chi, impact loading (jumping exercises) 

and combinations of these interventions (Bolam, van Uffelen, & Taaffe, 2013). Of the eight trials 

selected for the review, participants were supervised for the intervention program in four studies. 

Bone mineral density was assessed at the total hip, lumbar spine, femoral neck, Ward’s triangle 

and the proximal femur. Six of the eight intervention studies found substantial gains in bone 

mineral density at the femoral neck, trochanter, Ward’s triangle and lumbar spine in the exercise 

group compared to control group, whereas the remaining two studies included in the review did 

not report any significant changes in either group. The authors of the review summarized that 

regular resistance training and impact loading exercises can be an optimal strategy to prevent 

osteoporosis in middle-aged and older men. 

Studies in women have shown different results depending on menopausal status. Bassey 

et al. (1998) conducted a randomised controlled trial in premenopausal women (n=25 in exercise 

group and n=30 in control group) and post-menopausal women (n=70 in exercise group and 

n=54 control group) to determine the effect of high impact exercises (50 jumps per day, 6 days a 

week, average 8.5 cm jump height) on bone mineral density. Bone mineral density was measured 

at five to six months in both the pre and post-menopausal women and then again after 12 months 

in the post-menopausal group.  The results of dual energy x-ray absorptiometry (DXA) scans in 

the premenopausal women showed a 2.8% increase in femoral bone mineral density after five 
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months in the intervention group compared to no change in the control group. They further 

quantified the rate of loading during the jumping tasks in the premenopausal exercise 

participants and found that it approximated 43 body weights/second (BW/s). No changes were 

seen (at six months or 12 months) in either the control or intervention groups in the post-

menopausal women. These findings demonstrate that the effect of high impact exercises in older 

women differs depending on menopause status.  

2.63 Effect of Physical Activity in Older Adults 

Increased bone mineral density has been demonstrated in response to different exercise 

interventions in older adults.  Gomez-Cabello et al (2012) conducted a large systematic review to 

investigate the effects of walking, aerobic exercises, strength training, multicomponent training 

and whole body vibration techniques on bone mass in elderly men and post-menopausal women 

aged 50 years and older. Seventy-four studies were included in the review. Studies with a control 

group and bone mineral content or bone mineral density outcomes measures on the whole body, 

lumbar spine, hip, femur, forearm or Ward’s triangle were included in the review. Diagnostic 

techniques used to measure bone mineral density or bone mineral content included quantitative 

computed tomography (pQCT), broadband ultrasound attenuation, and stiffness index or speed 

of sound. Additional criteria for inclusion were randomized or non-randomized trials 

investigating the effect of an exercise program on bone mass with or without coexistent 

treatments. Most of the exercise programs in the intervention groups were supervised. The 

review found that walking did not provide sufficient load to the bone (was not sufficient to 

improve or maintain bone mineral density) in older adults. However, strength training performed 

three times per week for 2- 3 sets per session for 4- 6 months was sufficient to maintain or 

improve bone-related variables in older adults. The benefits of the training program are 
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maximized if continued for a year or more. Building on these results, the Osteoporosis Canada 

initiative “Too Fit to Fracture” recently developed new guidelines for individuals with 

osteoporosis and osteoporotic vertebral fractures (Giangregorio et al., 2014). The guidelines were 

developed by expert researchers and clinicians from the U.S., Australia, Finland and Canada 

(Giangregorio et al., 2014).  The guidelines recommend individuals diagnosed with osteoporosis 

or previous osteoporotic fracture engage in a multicomponent exercise program that includes a 

individuals participate in aerobic training, but not at the cost of compromising resistance or 

balance training. 

2.7 Muscular Loading and Bone 

Studies by Beck et al. (2009), Burr et al. (1997) and Turner et al. (2003) show that 

compared to external forces (i.e. ground reaction forces (GRFs)) muscles exert a greater 

magnitude of force on the bone. Bone mass, size, strength and, cross-sectional areas of 

surrounding muscles around bones are all interrelated (Kontulainen, Hughes, MacDonalds, 

Johnston, 2007). Based on the assumptions of the Mechanostat theory by Harold Frost; the 

strength, size and mass of bone are strongly influenced by muscular loading (Bass, Eser, & Daly, 

2005). This effect is lost during immobilization (unloading effects). The existence of this site-

specific relationship between muscle and bone has been illustrated in studies by previous 

researchers (Kontulainen et al., 2007; Madsen, Schaadt, Bliddal, Egsmose, & Sylvest, 1993; 

Schonau et al., 1996) but it is not true in all anatomical sites (Madsen et al., 1993; Pocock et al., 

1989). Madsen et al., (1993) showed that quadriceps strength is a significant predictor of 

proximal tibial as well as distal forearm bone mineral density in women. Biceps strength has also 

been shown to be a significant predictor of bone mineral density at the hip and spine in women 
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which suggests that there is also a general relationship between muscle mass and bone strength 

(Pocock et al., 1989; Snow-Harter et al., 1990).  

At present, the methods for quantifying skeletal loads (in vivo strain) resulting from 

muscular forces is not clearly established, but muscular cross-sectional area can be used to index 

skeletal loads. However, using muscular cross-sectional area has its limitations because of 

factors such as different muscle fibre types, pennation angles of muscle fibers and the influence 

of neural control on bone development (Kontulainen et al., 2007). While further research is 

required to study the effects of muscular forces on bone, there is a substantial body of evidence 

that demonstrates that external forces (ground reaction forces) positively influence bone mineral 

density. Studies conducted using animal models show that not only the magnitude of forces 

imparted on the bone but also the strain rate is an important factor in loading the bone. 

 

2.8 Animal Literature on Bone Loading 

The effect of biochemical stress on bones depends on the type of forces exerted on them. 

For example, Robling et al. (2001) showed that dynamic loading applied to ulnae of male rats 

stimulated appositional bone growth, whereas static loading suppressed appositional bone 

growth. This demonstrated that bone is not simply responsive to strain magnitude, but that 

dynamic cyclic loads are required to initiate adaptive responses (Burr, Robling, & Turner, 2002).  

Moseley et al. (1998) used an ulnar bending model to demonstrate that the formation of bone is 

influenced more by strain rate rather than strain magnitude. Strain rate is defined as the rate of 

deformation of bone with respect to time when a load is applied (Butler, Grood, Noyes, & 

Zernicke, 1978). Strain magnitude can be defined as the amount of relative change in bone 

length (Khan, Mckay, Kannus, Bailey, & Bennell, 2001). Turner et al. (1994) used four-point 
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tibial bending to show that bone formation rate increases significantly with an increase in the 

frequency of loading when strain magnitude is held constant. While studies have shown that 

strain rate, magnitude and frequency influence bone formation, studies have also shown that the 

response of bone saturates very quickly. Umemeura et al. (1997) illustrated that the response on 

the bone was limited after only a few cycles of strain were applied.  As an another example, 

Rubin and Lanyon (1984) demonstrated that 36 strain cycles were equally effective in promoting 

bone formation as 1800 strain cycles when they were applied to the ulnar shaft of roosters at the 

same strain magnitudes. Rubin and Lanyon (1985) conducted a study in 30 turkeys. They 

observed the effect of 100 consecutive loading cycles per day, applied at 1 Hz, for 8 consecutive 

weeks on bone mineral density of the ulna. Results showed that loss in the bone mineral density 

was associated with the peak strain < 0.0005 units whereas, the peak strain equivalent to 

0.001units maintained the original bone area and peak strain > 0.001 successfully led to new 

bone formation. As the saturation of bone occurs very quickly it is important to allow a recovery 

period between loading intervals for the bone to regain its mechanical sensitivity. Robling et al., 

(2000) also used a four-point tibial bending model (medial and lateral bending of tibia in frontal 

plane and anterior and posterior bending of tibia in sagittal plane) on rats to investigate bone 

saturation and recovery. The results demonstrated that a period of recovery between cycles of 

loading optimized the adaptive response of the bone. Interventions in animals have shown that 

even just a few strain cycles are sufficient to induce an adaptive response in bone. Measurement 

of strain magnitude and strain rate in animals is a common procedure; however, in humans, they 

can only be directly measured in cadavers. Therefore, during activity, the vertical ground 

reaction force is often used as a proxy measure of strain magnitude and peak loading rate as a 
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proxy measure of strain rate (Bassey & Ramsdale, 1995; Bassey, Rothwell, Littlewood, & Pye, 

1998). 

2.9 Acceleration as a Proxy Measure of Ground Reaction Force  

Vertical ground reaction forces (vGRFs) strongly influence the bone development and 

regulation by mechanical loading of the skeleton (Rauch & Schoenau, 2001). GRFs, peak 

loading rates also influence bone health (Bassey & Ramsdale, 1995; Bassey et al., 1998). vGRFs 

are typically measured using force plates. However, force plates are not feasible for measuring 

GRFs associated with physical activity in free-living conditions. For these latter types of 

activities, activity monitors that include accelerometers can be used to estimate GRFs. Activity 

monitors are capable of capturing short bouts of activity in high resolution, making them optimal 

for the assessment of activities beneficial to bone (Heikkinen, Vihriala, Vainionpaa, 

Korpelainen, & Jamsa, 2007). They are non-intrusive, small portable devices, which makes them 

ideal for assessing activities over long durations. Activity monitors worn at the hip detect 

acceleration at the hip, whereas force plates measure vGRFs and peak loading rates at the heel or 

ankle. For the purpose of this study, the monitor was positioned over the right hip to measure 

acceleration experienced while performing different activities. Bone loss related to osteoporosis 

is more prominent in the proximal femur compared to other bones.  Also, loading experienced by 

the body falls in line with the vertical vector when positioned at the hip. Forces attenuate while 

traveling from the ankle to the hip, therefore, positioning the monitor at the hip gives a more 

accurate indication of forces experienced there compared to measuring vGRFs at the ankle/heel.  

Although activity monitors are most commonly used to measure activity intensity in 

counts per minutes, they can also be used to estimate GRFs from raw measures of acceleration 

using Newton’s second law of motion (F = ma) (Pouliot-Laforte, Veilleux, Rauch, & Lemay, 
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2014). Recently developed activity monitors can determine the temporal aspects of dynamic 

loading as they can measure raw acceleration in three dimensions at frequencies up to 100 Hz 

(Rowlands & Stiles, 2012).  Some authors have shown that vGRFs estimated from acceleration 

(measured with an activity monitor) using the formula - 

vGRFs (kN) = ((a (g) * 9.807(m/s2)) * Body Mass (kg)) / 1000 

correlate strongly with vGRFs recorded by a force plate. Pouliot-Laforte et al. (2014) 

investigated the association between vGRFs estimated by the ActiGraph GT3X+ activity monitor 

and simultaneously measured with a force plate in healthy children and children with 

osteogenesis imperfecta. The results showed a correlation of r = 0.97 for multiple two-legged 

hopping, r=0.96 and r = 0.97 for multiple one-legged hopping for the left and right legs 

respectively, r= 0.96 for the single two-legged jump and heel rise test and r = 0.99 for the chair 

rise test. 

Raw acceleration has been shown to correlate well with vGRFs in adults (Rowlands & 

Stiles, 2012; Stiles, Griew, & Rowlands, 2013). Stiles et al. (2013) investigated relationships 

between vGRFs and peak vertical acceleration from the hip and wrist-worn accelerometers in 

premenopausal women. Forty-seven participants aged 39.2 ± 5.6 years were selected for the 

study. The participants were asked to perform walking (slow, fast and while carrying a bag), 

floor sweeping, running (slow and fast), and jumping (low <5cm, high >5cm, and 20 cm box 

drops). The results of the study showed statistically significant positive correlations between 

peak acceleration and vGRFs (for all movements: hip r > 0.8, wrist r > 0.7, p < 0.001). The 

correlations between peak acceleration and peak loading rates were r > 0.7 (p < 0.001) at the hip 

and r > 0.57 (p < 0.001) at the wrist. Rowlands & Stiles (2012) also investigated the relationship 

between raw acceleration and the variables of GRFs (average resultant force and peak loading 
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rate) in adults using accelerometers worn at the hip and wrist in 5 males and five females. The 

participants were asked to perform slow walking, brisk walking, slow running, fast running and 

box drop activities. Peak acceleration from GENEA and ActiGraph GT3X+ monitors correlated 

well with average resultant force and peak loading rate, which were r > 0.82 (p < 0.05) at the hip 

and r > 0.63 (p<0.05) at the wrist. The fact that strong correlations have been demonstrated 

between raw acceleration and GRFs shows that activity monitors provide an estimate of vGRFs 

in adults and children.  

2.10 Acceleration Thresholds Proposed to be Beneficial for Increasing Bone 

Mineral Density 

Vainionpaa et al. (2006) used activity monitors as an assessment device to determine the 

acceleration value proposed to be beneficial for bone health. They conducted a randomized 

controlled trial in premenopausal women for 12 months. One hundred and twenty premenopausal 

women (60 in the control group and 60 in the experimental group) aged 35 – 40 years were 

recruited for the study. However, the final analysis included data from 64 participants (30 in the 

control group and 34 in the exercise group) because of participant drop-out and missing data. 

The intervention consisted of a 60-minute exercise program conducted three times per week 

involving step patterns, stamping, jumping, running and walking supervised by a physiotherapist. 

Participants also performed a daily home program involving exercise patterns similar to what 

was included in the supervised sessions. The results of the study showed that the daily number of  

accelerations meeting or exceeding 3.9g (4.9g – 1g due to effects of gravity) was significantly 

and positively correlated with greater bone mineral density. Positive bone mineral density 

changes were observed at the femoral neck (p<0.01), Ward’s Triangle (p<0.05 – 0.01), and the 

trochanter (p<0.01 – 0.001). Similar changes also occurred at the lumbar spine (L1 level) 
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associated with acceleration levels of 5.4 g and greater. The intervention group averaged 78 

accelerations that met or exceeded 4.9g per day compared to an average of 18 daily incidences in 

the control group. Based on these results they concluded that fewer than 100 accelerations per 

day at a magnitude greater than 4.9 g are required to improve bone mineral density in 

premenopausal women. In a subsequent paper, one of the researchers suggested that only 60 

incidences/day (>4.9g) are required to improve bone mineral density in premenopausal women 

(Jamsa, Ahola, & Korpelainen, 2011).  They also suggested that peak jerk of 100 g/s improved 

bone mineral density at the hip (Jamsa et al., 2011). In another study (previously described in 

this proposal), Bassey et al., (1998) concluded that a loading rate of 43 BW/s was beneficial for 

bone health. Stiles et al. (2013) conducted a cross sectional study to investigate the relationship 

between vGRFs and peak vertical acceleration. They determined the magnitude of peak 

acceleration captured by commerically available accelerometers that were associated with the 

loading rate of 43BW/s proposed by Bassey et al. (1998) to be beneficial to bone. They found 

that an acceleration value of 2.2 g (3.2 – 1g due to the effect of gravity) measured by the GT3X+ 

worn on the hip was associated with the loading rate of 43BW/s.  

Niu et al. (2010) conducted a workplace intervention study to determine the impact of 

stretching and high-impact exercise on bone mineral density in healthy premenopausal women 

over 12 months. The participants (25 – 50 years) were randomly allocated to the balance and 

stretching exercise group and the high impact exercise group (stretching, vertical jumps, versatile 

jumps). The versatile jumps were two-footed jumps with arm swing in the counter movement 

direction and landing on the feet with flexed hips, knees and ankle. Participants of both groups 

were instructed to attend at least 3 video guided exercise sessions a week.  The exercise program 

for the high impact exercises group was modified monthly increasing the number of vertical 



 

20 
 

jumps to 50 jumps in the first three months and after 6 months the jump height was increased by 

10 cm. The participants of both groups were instructed to wear the monitor for all waking hours 

for one week every three months of the intervention. Lumbar spine and femoral neck bone 

mineral density significantly increased in the high impact exercise group compared to the 

stretching exercise group. Bone mineral density increase results were confirmed by comparing 

the differences in DXA scans taken at the baseline level and at the end of the intervention period. 

Hannam et al. (2016) performed a cross sectional study to determine vertical 

accelerations experienced during aerobic classes designed to produce high impacts in older 

adults. The exercise session lasted for 45 minutes, including 15 minutes of warm up and 10 

minutes of cool down. The participants were asked to perform seven repetitions of step ups on 

and off the bench, jacks, alternate leg mambo, spotty dogs, double hamstring curl, knee lifts and 

march spring foot on spot activities (Hannam, Deere, Worrall, Hartley, & Tobias, 2016). The 

exercises were performed initially at the lower intensity and progressed to higher intensities only 

if the participants were comfortable. Sprints on the spot, hops and jumping were introduced to 

make the activities more challenging. External factors such as lighting, heating, tempo and genre 

of music played were modified to encourage higher impacts. Aggregate peak vertical 

accelerations experienced by males and females were very similar, however, maximum g scores 

(vertical acceleration values) were higher in males for all 7 components compared to females. 

Peak vertical acceleration values recorded by participants during the high impact aerobic 

activities involving rapid displacement of the centre of mass in an upward direction were 

approximately 4g. The average vertical acceleration experienced by participants for all seven 

activities was 3.6g. 



 

21 
 

The acceleration threshold proposed by Vainionpaa et al., (2006) i.e., 4.9g was primarily 

used for analysing data in this study, however the data were also analysed using the loading 

threshold of 3.2g estimated by Stiles et al., (2013). The loading threshold of 4.9g was considered 

primary over values proposed by Bassey et al (1998) (43 BW/s) and Stiles et al., (2013) (3.2g) 

because Vainionpaa et al., (2006) conducted an intervention study using accelerometers 

positioned over the right hip similar to the current study (Bassey et al., 1998; Stiles et al ., 2013; 

Vainionpaa et al., 2006), measured GRF (in g) directly and was supported by DXA scan results. 

The loading threshold proposed by Stiles et al. (2013) i.e., 3.2g was considered secondary in 

spite of using a similar assessment device and a similar design to the current study because they 

mathematically determined the peak vertical acceleration cut point associated with a loading rate 

previously found to be beneficial to bone (43BW/s from Bassey study). The recommendations of 

Bassey et al., (1998) were not considered fit for the study because they measured GRFs at the 

ankle using a force platform as a proxy measure to assess loading at the hip. 

In summary, osteoporosis is an age-related disorder most commonly seen in 

postmenopausal women. Physical activity is one of the most important factors that can influence 

the timing of onset of osteoporosis and osteoporotic fractures. High impact loading activities or 

activities with high peak loading rates positively affect bone mineral density in youth and 

middle-age. Although force platforms are considered as a gold standard to measure vGRFs, raw 

acceleration measured by activity monitors can be used as a proxy to measure vGRFs. Although 

the exact acceleration threshold required to elicit positive changes in  bone mineral density is not 

known, and varies depending on the bone of interest, previous studies suggest that activities 

associated with vertical accelerations ranging from 3.2g (Stiles et al., 2013) to 4.9g and greater 

(Niu et al., 2010; Vainionpaa et al., 2006) or loading rates approximating 43BW/s (Bassey et al., 
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1998) have the potential to increase bone mineral density in premenopausal women. To date a 

number of researchers have measured acceleration using activity monitors during common 

activities like walking, jogging, jumping etc. The following table includes a list of studies that 

used activity monitors as an assessment tool and reported vertical acceleration values produced 

during different physical activities. 
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Table 1: Comparison of Peak Vertical Acceleration Measurements for Activities in Different Studies 

Study Type of 

Activity 

Monitor 

and Hz 

Site 

Monitor 

Worn 

Slow 

Walking 

Fast 

Walking 

Jogging/ 

Slow 

Running 

Fast 

Running 

Low 

Jumps 

High 

Jumps 

Jumps with 

Counter 

/Movement 

Jumps 

Without 

Counter 

/Movement 

Box/ 

Drop 

Jumps 

Jamsa et al 

(2006) 

SCA- 320 

(400 Hz) 

Right iliac 

crest 

0.8g 

(0.7-1.2g) 

(5km/hr) 

      -- 3.2 g  

(2.0–4.6 g) 

 (9km/hr) 

4.2 g  

(2.9–5.2 g)  

(13km/hr) 

 -- -- 4.4 g  

(1.9–6.5 g)  

4.6 g  

(2.1–6.4 g) 

5.6 g  

(3.8–

9.9 g) 

(40 cm 

box) 

Vainionpaa 

et al (2006) 

Newtest 

accelerometer 

(400 Hz) 

Right iliac 

crest 

0.7 g 

(3 km/hr) 

0.9 g 

(5 km/hr) 

3.0 g 

 (9 km/hr) 

4.3 g 

(13km/hr) 

-- -- 4.4 g 4.6 g 5.6 g 

Rowlands 

et al. 

(2011) 

ActiGraph 

GT3X+ 

(100 Hz) 

Right Hip 1.6 g 

(self-

selected) 

2.0 g 

(self-

selected) 

4.8 g 

(self-

selected) 

5.4 g 

(self-

selected) 

3.8 g 

(2 – 5 

cm) 

4.5 g 

(10 – 15 

cm) 

-- -- 5.0 g 

(35 cm 

box) 

Stiles et al. 

(2013) 

ActiGraph 

GT3X+ 

(100 Hz) 

Right Hip 1.4 g 

(95 

steps/min) 

1.6g 

(115 

steps/min) 

2.8 g 

(130 – 140 

steps/min) 

3.2g 

(145 – 160 

steps/min) 

2.7g 

(2 – 5 

cm) 

3.5g 

(>5cm) 

-- -- 3.8 g 

(20 cm 

box) 
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2.11 Purpose of the Study 

The purpose of the study was to examine peak vertical acceleration experienced during 

common activities and exercises to determine whether engaging in these activities exposes 

premenopausal women to the range of loading thresholds proposed to be beneficial for bone, and 

to determine the incidences of meeting or exceeding these loading thresholds during everyday 

life. 

2.12 Objectives of the Study   

1. To measure and rank peak vertical accelerations experienced at the hip using 

ActiGraph GT3X+BT while participants walked and ran on a treadmill (4.5 km/h, 5.6 

km/h, 8.8 km/h and 11.4km/h), ascended and descended stairs, and engaged in box 

jumps, scissor jumps and jumping jacks. 

2. To measure and rank rate of change of acceleration (jerk – a proxy measure of 

loading rate) associated with peak vertical accelerations identified from the stairs and 

jumping activities completed in lab.  

3. To quantify the number of peak vertical accelerations per day that exceed the 

following two acceleration thresholds: 3.2g and 4.9g.   
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Chapter 3: Methods  

Ethics    

This study was approved by the University of Manitoba Health Research Ethics Board 

(H2015:115). 

Design  

Cross-sectional design. 

Recruitment  

Thirty premenopausal women 30 – 50 years of age were recruited for the study. The 

study was advertised at the University of Manitoba (around Bannatyne Campus and at the Main 

Campus Active Living Centre) using posters (paper posters and on monitor screens at the Active 

Living Centre). Interested participants contacted the principal investigator Dr. Sandra Webber 

via email or via phone. Potential participants for the study were screened using the Physical 

Activity Readiness Questionnaire for Everyone (ParQ+) (Canadian Society for Exercise 

Physiology, Sept, 2011). 

Inclusion Criteria  

Women between the ages of 30-50 years of age familiar with physical activity (i.e., 

capable of completing the types of exercises included in the laboratory testing) who self-reported 

experiencing regular menses over the past 12 months were eligible to participate. 
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Exclusion Criteria  

Individuals suffering from any acute or chronic illness that would prevent them from 

participating in the study were not selected. The ParQ+ (Canadian Society for Exercise 

Physiology, Sept, 2011) was used to screen for acute and chronic illnesses. 

Tools 

The ActiGraph GT3X+BT activity monitor (ActiGraph, Pensacola, FL, 4.6 cm x 3.3 cm 

x 1.5 cm, 19 grams, +/- 8g detection range), was used to measure raw acceleration and activity 

counts associated with the seven-day activity data. The ActiGraph GT3X+ has been shown to be 

valid and reliable to monitor physical activity and sedentary behaviour under laboratory and free-

living conditions (Aadland & Ylvisaker, 2015; Lee, Williams, Brown, & Laurson, 2015). The 

ActiGraph GT3X+BT was initialized at a sampling rate of 100 Hz using ActiLife analysis 

software (version 6.12.0). When the GT3X+BT is perfectly positioned in an upright position the 

y axis measures vertical acceleration. However, because the monitor is rarely positioned in a 

pure vertical position when strapped to a person, it was practically impossible to measure true 

acceleration in only the vertical plane. For the remainder of this document, whenever the term 

“vertical acceleration” is used, it is meant to represent acceleration measured in the y axis which 

was primarily in the vertical direction but not solely in this direction. Height and weight were 

measured using a standard weighing scale (Seca – Model 829) and a stadiometer (Seca – 

CE0123). A treadmill (Vision Express – T9700S) was used for testing participants at different 

walking and running speeds.  
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3.1 Data Collection   

Data collection occurred in two components (a session in the lab and 7-day monitoring). 

To determine any possible influence related to the Hawthorne effect, 15 of the 30 participants 

underwent the 7-day monitoring first, while the other fifteen did the lab testing first. During the 

first meeting (lab or home), the participants were given the Information and Consent Form 

approved by University of Manitoba Health Research Ethics Board. No testing was conducted 

until the consent form had been signed. The monitor was arranged on a belt so that it was worn 

on the anterior axillary line over the right hip for both 7-day monitoring and lab testing purposes. 

 In order to understand the complex raw acceleration signal, we collected pilot data using 

both an ActiGraph GT3X+BT activity monitor and an accelerometer that displayed acceleration 

in real time. We videotaped the encounter so that we could replay the movements in slow motion 

and match the acceleration signal to the different components of the movements (e.g., trunk 

flexion, toe off, heel strike). Figure 4 and Figure 6 in Appendix A show raw vertical acceleration 

measured by an ActiGraph GT3X+BT activity monitor worn on the right hip during a single 

repetition of box jump and stride jump. Figures 5, 7, and 8 in Appendix A display vertical 

acceleration measured during a series of box jumps, stride jumps and jumping jacks. Figures 9 

and 10 represent vertical acceleration produced during walking and running at 4.5 km/hr and 

11.4 km/hr speeds respectively. Figure 11 in Appendix A shows raw vertical acceleration 

measured while a participant descended three sets of stairs (7 stairs in each set). 

7-Day Monitoring 

Participants were given an ActiGraph GT3X+-BT activity monitor, elastic belt and an 

activity tracking sheet (to keep track of the time the monitor was worn each day, the time and 
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nature of any moderate-to-vigorous activity, the type of footwear worn, and to note any times 

that the individual carried a load for more than a few minutes). They were instructed to wear the 

monitor for 7 consecutive days during their waking hours while they went about their normal 

routine. Participants completing the 7-day monitoring first brought the monitor back with them 

when they attended their lab visit. Participants completing the lab visit first were given a paid 

Express Post envelope and instructions to mail the monitor and activity tracking sheet back to the 

researchers after the 7-day monitoring was complete.  

Lab Testing Procedure 

On attending the lab, height and weight were measured first. The participant was asked to 

remove their shoes and stand still with heels together and both heels touching the back base of 

the stadiometer with a slight chin tuck. The head plate of the stadiometer was adjusted according 

to the participant’s height. Measurement to the nearest mm was noted. For measuring weight, the 

participant was asked to stand still on the scale with their shoes removed and no extra load in 

their pockets. The weight to the nearest 0.1 kg was noted. Foot dominance was noted by asking 

the participant which foot they would use to kick a ball. Practice walking, jogging and running 

on the treadmill was provided for approximately 20 seconds at each speed. The participant was 

then asked to put the monitor on the anterior axillary line at the right hip using an elastic strap 

around the waist. After the practice session, the participant walked at 4.5 km/h and 5.6 km/h for 

two minutes each followed by jogging at 8.8 km/h and running at 11.4 km/hr for forty- five 

seconds each. After the treadmill session, the participant was asked to ascend and descend three 

sets of seven stairs at their usual walking speed (first step with the right leg forward for 

consistency). They were asked to stand still for 10 seconds before starting to ascend the stairs 
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and paused for a few seconds before climbing the 2nd and 3rd sets of stairs. The same procedure 

was followed for descending stairs. After completing the stairs, the participant completed the 

jumping session (10 jumping jacks and 20 stride jumps). The participant practiced 5 – 6 jumping 

jacks and stride jumps at a pre-set metronome pace (120 beats/min) before the start of the trial. 

The starting position for jumping jacks was with both feet together, and for the scissor jumps 

with the right leg forward. After the practice session, the participant was asked to do 10 jumping 

jacks, and 20 stride jumps (10 on each leg) at 1 jump/s with 2 rest beats (1 sec) between jumps. 

Finally, the participant did 10 box jumps from a 20 cm box. They were instructed to pause for 

two seconds between successive jumps. The start time and the stop time for each activity was 

noted. Adequate rest between each trials was provided if required. 
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3.2 Data Analysis  

The data collected by ActiGraph GT3X+BT monitors for both sessions (lab and 7-day 

monitoring) were downloaded using ActiLife analysis software (version 6.13.0).  

Lab Testing 

 The downloaded file (agd) was converted into a Microsoft comma separated value file 

(csv) using the ActiLife software and opened in Microsoft Excel. The csv file provided raw 

acceleration in the X (horizontal), Y (vertical) and Z (anterior/posterior) axes. Time periods 

recorded on the data collection sheets for different activities were matched in the Excel file. Data 

for each activity were copied and pasted into SigmaPlot (version 11.0). For each repetition of 

stairs and jumping activities tested in the lab, peak vertical acceleration (Y axis) and peak jerk 

were determined using raw acceleration and jerk plots. The acceleration with the greatest 

magnitude associated with each repetition (point “d” (see Figures 4 and 6 in Appendix A)) 

represented the peak vertical acceleration in the raw acceleration plot. To calculate peak jerk, the 

first derivative of the acceleration signal was calculated. The instantaneous peak jerk that 

preceded each peak vertical acceleration (representative of the greatest slope in the acceleration 

signal) was used to represent peak jerk. For stairs activities, the middle set of ascending and 

descending stairs (7 reps) were analysed to determine the mean peak vertical acceleration and 

mean peak jerk associated with ascending and then descending stairs for each participant. For 

jumping activities, peak vertical acceleration and peak jerk were identified for all repetitions. 

Peak vertical acceleration for the treadmill activities (4.5 km/h, 5.6 km/h, 8.8 km/h and 

11.4km/h) was determined using a custom developed program in R statistical software (version 

3.2.2) and R studio statistical software (version 0.99.491). The data for treadmill activities were 

filtered to determine the number of peak vertical accelerations above different thresholds based 
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on a visual assessment of the acceleration graph. The total number of steps taken during each 

bout on the treadmill was identified from the csv file produced by ActiLife software. The number 

of steps was then matched to the number of acceleration peaks identified in R studio software. If 

they were similar (± 15) steps, then it was assumed that the peak vertical accelerations identified 

at that threshold represented the steps taken at that treadmill speed and the average peak vertical 

acceleration peak was calculated from those step repetitions for that speed. This procedure was 

followed for all four speeds for all participants. Finally, the group’s peak mean acceleration and 

group’s peak jerk (except treadmill activities) were reported for all lab activities. 

7 Day Monitoring 

The data were assessed for wear and non-wear time using Troiano 2007 wear time 

validation parameters in ActiLife software (marked as non-wear if the vertical counts per 

minutes = 0 for 60 minutes or more, with spike tolerance < 2 minutes). Minimum wear time per 

day was set to 600 minutes. Troiano 2007 wear time validation parameters have been shown to 

be valid for adults 18 years of age and older (Troiano et al., 2008). The data were considered 

valid if the participants accumulated at least 4 valid days in 7 days. Wear time validation 

information generated by ActiLife was matched with each participant’s self-reported activity log. 

The wear time validated data were then scored using Freedson Adult 1998 cut points in ActiLife 

software. Freedson Adult 1998 cut points are the most widely used and accurate cut points for 

predicting MVPA in adults (Trost, Loprinzi, Moore, & Pfeiffer, 2011). Freedson Adult (1998) 

cut points classify the activity as sedentary (0 – 99 counts per minute (CPM)), light (100 – 1951 

CPM), moderate (1952 – 5724 CPM), vigorous (5725 – 9498 CPM) and very vigorous (9499 - ∞ 

CPM) (Freedson, Melanson, & Sirard, 1998) . Variables such as time spent in MVPA in minutes, 

time spent in light physical activity in minutes, steps per day, and bouts of MVPA per day were 
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reported. Further, the downloaded (agd) file was converted into a Microsoft comma separated 

value file (csv) using the ActiLife software and was further analyzed using R statistical software 

(version 3.2.2) and R studio statistical software (version 0.99.491) (because Microsoft Excel was 

not capable of opening the number of cells created from downloading 7 days of data collected at 

100 Hz). Peak vertical accelerations were identified using a custom-developed program in R. 

The number of peak vertical accelerations detected ≥ the two thresholds (3.2g and 4.9g) were 

reported for the 7-day monitoring period. In addition, the proportion of all peak vertical 

accelerations (≥4.9g) that occurred during self-reported moderate to vigorous physical activity 

was determined. 
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3.3 Statistical Analysis 

The statistical analysis of the data was completed using Sigma plot software (version – 

11.0). The relationships between variables were considered significant if the p values were less 

than 0.05. 

Lab Testing 

 Normality for demographic data, peak vertical acceleration data and peak jerk data for the 

lab activities was determined and appropriate descriptive statistics (either mean ± SD (standard 

deviation) or median (IQR, interquartile range)) were calculated. For inferential statistics, a one-

way ANOVA (analysis of variance) was performed to look for differences in peak vertical 

acceleration between the treadmill activities and ascending/descending stairs. One-way 

ANOVAs were performed to look for differences in peak vertical acceleration and peak jerk 

between stairs and jumping activities. Tukey’s posthoc test was performed to locate differences 

that were found using the one-way ANOVA tests. Pearson correlation coefficients were 

calculated to determine relationships for the lab activities (treadmill, jumping, stairs) between 1) 

body mass index (BMI) and peak vertical acceleration 2) body mass and peak vertical 

acceleration, and 3) peak vertical acceleration and peak jerk (for jumping and stairs only). 

7 Day Monitoring 

Normality of the data was assessed, and appropriate descriptive statistics (either mean ± 

SD or median (IQR)) were reported for the participants. The number of peak vertical 

acceleration instances ≥3.2 and ≥4.9g per day were determined. To check for the Hawthorne 

effect, unpaired t – tests were conducted to compare the number of incidences of peak vertical 

accelerations ≥3.2 and ≥4.9g and minutes of MVPA during the 7-day monitoring between the 
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two groups based on the order of testing (lab testing/7-day monitoring or 7-day monitoring/lab 

testing). The relationship between the number of steps per day and the number of peak vertical 

accelerations ≥3.2g and ≥4.9g were investigated using Spearman rank correlation coefficients. 

The criteria we used for determining if a participant met the recommended Canadian Physical 

Activity Guidelines included engaging in MVPA for 150 minutes/week in bouts of 10 minutes or 

more. The relationship between total minutes of MVPA per day and the number of acceleration 

peaks ≥4.9g was investigated using Spearman rank correlation for the participants who met the 

recommended Canadian Physical Activity Guidelines. This relationship was also determined for 

the participants who did not meet the recommended guidelines. In addition, Spearman rank 

correlations were also run for both groups using the lower threshold of ≥3.2g. Pearson 

correlation coefficients were used to determine the relationship between minutes of self-reported 

MVPA per day and GT3X+ observed minutes of MVPA per day. Self-reported moderate to 

vigorous physical activity in minutes were calculated by summing the minutes recorded in the 

activity log maintained by participants during the 7-day monitoring period (see Appendix B).  
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Chapter 4: Results 

Demographics for all participants are described in Table 2. Mean and standard deviation 

were reported for the variables that passed the normality test, whereas median and interquartile 

range were reported for data that were not normally distributed. Peak vertical accelerations for 

all lab activities are given in Table 3. For treadmill activities, data from two participants were 

excluded from the final analysis due to improper placement of the monitor on one participant and 

monitor malfunction in the other, whereas data for one participant were excluded from the 

jumping and stairs analyses due to malfunctioning of the monitor.  Peak jerk for stairs and 

jumping activities are presented in Table 4. Peak jerk for treadmill activities could not be 

determined because it was not possible to determine peak vertical acceleration for each step 

taken at different speeds during treadmill activities. Correlation coefficients between peak 

vertical acceleration and peak jerk are demonstrated in Table 5 for stairs and jumping activities.  
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Table 2: Demographic Data 

 

Variables Mean ± SD or Median (IQR) Minimum Value Maximum Value 

Age 

(years) 

39.63 ± 5.49 30 48 

Height 

(cm) 

166.47 ± 6.31 148.15 176.60 

Weight 

(kg) 

68.45 ± 10.04 51.80 91 

BMI 

(kg/m2) 

24.29 (4.45) 19.18 35.13 

BMI = Body Mass Index 
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Table 3: Peak Vertical Accelerations (g) for Lab Activities. 

Activity Mean ± SD or 

Median (IQR) 

Minimum Value Maximum Value 

4.5 km/h  

(n = 28) 

1.54 (0.09) 1.39 1.83 

5.6 km/h 

(n = 28) 

1.74 ± 0.11 1.47 2.00 

8.8 km/h 

(n = 28) 

3.00 ± 0.60 1.99 4.19 

11.4km/h 

(n = 28) 

3.61 ± 0.82 2.47 5.89 

Ascending stairs 

(n = 29) 

2.40 (1.04) 1.40 3.89 

Descending stairs 

(n = 29) 

2.47 ± 0.55 1.58 3.93 

Jumping Jacks 

(n = 29) 

4.66 ± 0.78 3.28 6.11 

Scissor Jumps 

(n = 29) 

4.73 ± 0.79 3.23 6.65 

Box Jumps 

(n = 29) 

4.97 ± 0.78 3.09 6.28 
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Table 4: Peak jerk (g/s) for Stairs and Jumping Activities. 

Activity Mean ± SD or 

Median 

(IQR) 

Minimum Value Maximum Value 

Ascending stairs 

(n = 29) 

53.41(50.36) 7.87 215.37 

Descending stairs 

(n = 29) 

52.65 ± 22.80 16.21 106.71 

Jumping Jacks 

(n = 29) 

124.61 ± 41.32 49.12 213.77 

Scissor Jumps 

(n = 29) 

136.44 ± 46.15 66.95 262.70 

Box Jumps 

(n = 29) 

183.81 ± 58.31

  

70.67 293.22 
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Table 5: Correlations Between Peak Vertical Acceleration (g) and Peak Jerk (g/s) for Stairs 

and Jumping Activities. 

Comparison Correlation Coefficient p value 

 Jumping Jacks 

(n = 29)  

r = 0.84 <0.001 

Scissor Jumps 

(n = 29) 

r = 0.72 <0.001 

Box Jumps 

(n = 29) 

r = 0.72 <0.001 

Ascending stairs 

(n = 29) 

ρ = 0.88 <0.001 

Descending stairs 

(n = 29) 

r = 0.83 <0.001 

 r = Pearson correlation coefficient 

ρ = Spearman rank correlation coefficient 
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The results of the one-way ANOVA comparing peak vertical acceleration among the four 

treadmill speeds and stairs activities are presented in Figure 1. The bars in the vertical bar plots 

represents standard deviation of peak vertical acceleration values experienced during that 

activity. No statistically significant differences were found between peak vertical accelerations 

associated with the two stairs activities or the two walking speeds (i.e. 4.5km/h & 5.6 km/h). 

However, peak vertical accelerations for both of the stairs activities were significantly different 

than those recorded during all the treadmill walking, jogging and running speeds. Accelerations 

associated with the jogging speed (8.8 km/h) were statistically different from both the walking 

speeds (i.e. 4.5km/h & 5.6 km/h) and the running speed (11.4 km/h). Peak vertical acceleration 

was highest for the running speed among all treadmill speeds and stairs activities. 
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Figure 1:  Peak Vertical Acceleration (g) for Different Treadmill Speeds and Stairs 

Activities 
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The one-way ANOVA results comparing peak vertical acceleration for stairs and 

jumping activities are given in Figure 2. There was a statistically significant difference in peak 

vertical acceleration measured during stairs and jumping activities. However, no differences 

were found between ascending and descending stairs activities or between jumping activities.  
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Figure 2: Peak Vertical Acceleration (g) for Stairs and Jumping Activities. 
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Peak jerk for stairs and jumping activities are demonstrated in Figure 3. There were no 

statistically significant differences between peak jerk results recorded during 1) ascending stairs 

and descending stairs and 2) jumping jacks and scissor jumps. However, jumping activities 

elicited higher peak jerk compared to stairs activities. Among jumping activities box jumps 

recorded the highest peak jerk values compared to jumping jacks and scissor jumps.   
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Figure 3: Peak Jerk (g/s) for Stairs and Jumping Activities. 
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Based on data collected over 7 days, the median number of peak vertical accelerations 

≥3.2 g was 30.4 per day (IQR 117.7) with a range from 0.6 to 1124.4 per day, whereas the 

median number of peak vertical accelerations ≥4.9g was 3.5 per day (IQR 29.3) with a range of 0 

to 258.2 per day. Eleven participants accumulated 60 incidences, and 8 participants accumulated 

100 incidences of accelerations ≥ 3.2g/day, whereas only 2 participants accumulated more than 

60 (and also > 100 incidences) of accelerations ≥4.9g/day. Table 5 contains the descriptive data 

for variables measured during the 7-day monitoring period. The participants wore the monitors 

for 7 valid days (0.00) (median(IQR), range 4-7 days). The average wear time for the activity 

monitor was 13.7 ± 81.7 hours per day. Eight participants met the recommended Canadian 

physical activity guidelines, out of which only 3 participants accumulated more than 60 (and also 

> 100 incidences) of accelerations ≥3.2g/day.  Only one of these participants accumulated more 

than 60 (and >100 incidences) of accelerations ≥4.9g/day. Three of the 30 participants were 

obese whereas 11 were overweight based on their BMI data. Two of the 11 overweight 

participants met the recommended Canadian Physical activity guidelines but did not reach the 

threshold of even 60 instances ≥ 3.2g. Three of the overweight participants who did not meet the 

physical activity guidelines accumulated 60 incidences ≥ 3.2g and one of them accumulated 100 

incidences of acceleration level ≥ 3.2g, whereas none of them accumulated either 60 or 100 

incidences of acceleration level ≥ 4.9g/day. None of the three obese participants met the 

recommended Canadian physical activity guidelines or accumulated > 60 incidences of 

accelerations ≥3.2g/day and ≥4.9g/day. Ninety-four percent of the peak vertical accelerations 

≥4.9g occurred during self-reported MVPA (determined from the participants’ activity logs) 

during the 7-day monitoring period. Time in bouts/day (MVPA) was determined from the file 

produced by ActiLife software while scoring the data. For those participants who did not have 7 
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valid days, total time in bouts was divided with the number of valid days, then multiplied by 7 

and further divided by 7 in order to determine time in bouts /day.  
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Table 6: Descriptive Statistics for Variables Measured During 7-Day Monitoring Period. 

Activity Mean ± SD or 

Median (IQR) 

Minimum Value Maximum Value 

Light Activity/day 

(min) 

284.4 ± 61.6 128.2 398.0 

Total MVPA/day 

(min) 

30.4 (19.6) 3.2 97.7 

Number of MVPA 

bouts/day  

(10 min or more) 

0.6 (0.7) 0.0 2.9 

Time in MVPA 

bouts/week  

(min) 

85 (115) 0.0 497 

Time in MVPA 

bouts/day 

(min) 

13.1 (16.9) 0 71 

Steps/day 7336.3 (3832.0) 3473.6 18554.9 

MVPA – Moderate to vigorous physical activity. 
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Pearson correlation coefficients were non-significant (p >0.05) for 1) BMI and peak 

vertical acceleration (lab activities) and 2) body mass and peak vertical acceleration (lab 

activities). For 7-day data, Spearman rank correlations between steps per day and the number of 

peak vertical accelerations 1) ≥3.2g per day & 2) ≥ 4.9g per day were found to be non-significant 

with p = 0.13 and p = 0.26 respectively. To check for the Hawthorne effect, three separate 

unpaired t tests were conducted to look for differences in 1) total minutes of MVPA and the 

number of peak vertical accelerations 2) ≥3.2g & 3) ≥ 4.9g for the participants who did the lab 

testing followed by 7-day monitoring and vice versa in reverse order. No significant differences 

in MVPA (p = 0.40) or the number of peak vertical accelerations above the thresholds were 

observed between the groups (p = 0.49 for ≥3.2g and p = 0.90 for ≥4.9g). Pearson correlation 

coefficients were not significant for 1) MVPA in minutes and the number of peak vertical 

accelerations at or above the higher threshold (≥ 4.9g) and 2) MVPA in minutes and peak 

vertical accelerations at or above the lower threshold (≥3.2g) for the participants who met the 

Canadian Physical Activity Guidelines. Similar results were obtained for the participants who 

did not meet the guidelines. The relationship between self-reported MVPA & monitor reported 

MVPA was determined using a Pearson correlation coefficient. A moderate to strong 

relationship (r = 0.75 at p< 0.05) was found between self-reported MVPA and monitor reported 

MVPA. 
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Chapter 5: Discussion  

 The purpose of the study was to examine peak vertical accelerations experienced during 

day-to-day activities and common exercises and to determine whether engaging in these 

activities exposed premenopausal women to loads at or above thresholds (3.2g and 4.9g) 

proposed to be beneficial to bone. The number of daily incidences of accelerations experienced 

that met the proposed loading thresholds (3.2g and 4.9g) was also determined. Results 

demonstrated that engaging in jumping activities exposes premenopausal women to loading at or 

above the proposed threshold of 4.9g and that the recommended threshold of 3.2g can be 

achieved by engaging in jogging and running. Jumping activities also expose premenopausal 

women to peak jerks ≥ 100 g/s  (Jamsa et al., 2011) proposed to improve bone mineral density at 

the hip. The number of daily incidences of vertical accelerations that met or exceeded the 

proposed loading thresholds was lower than the recommended number of 100 incidences per day 

(Vainionpaa et al., 2006) and 60 incidences per day (Jamsa et al., 2011). The study participants 

managed only 3.5 incidences per day where peak accelerations were ≥4.9g whereas the number 

of times peak vertical acceleration met or exceeded 3.2 g was approximately 30. 

 The participants in our study were relatively active, based on the fact that they 

accumulated a total of 30.4 (19.6) minutes of MVPA per day reported by the GT3X+-BT activity 

monitor. The participants did not accumulate these MVPA in bouts of 10 minutes or more, 

therefore they did not meet the recommended Canadian Physical Activity guidelines. However, 

there are some studies which suggest that individual MVPA minutes are equally beneficial for 

health as accumulating MVPA in bouts of 10 minutes (Fan et al., 2013; Jefferis et al., 2016; 

Strath, Holleman, Ronis, Swartz, & Richardson, 2008; Wolff-Hughes, Fitzhugh, Bassett, & 

Churilla, 2015). The total MVPA accumulated by the participants over of course of 7 days 
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averaged more than 210 minutes, easily surpassing the recommended 150 minutes per week. 

Some of the MVPA noted in activity logs maintained by participants included time engaged in 

bicycling, shovelling, skiing, resistance training and other upper extremity activities. Even 

though the sporadically accumulated MVPA minutes were substantial and greater than 150 

minutes per week, our results demonstrated that participants did not acquire a large number of 

peak vertical accelerations ≥3.2g and/or ≥4.9g per day which suggests that many of the moderate 

or vigorous physical activities chosen by participants did not generate high vertical accelerations. 

As the GT3X+-BT activity monitor is designed to measure acceleration (as a proxy measure of 

external forces experienced at the hip), internal muscular forces that are also known to be 

beneficial to bone (Bass et al., 2005) were not measured. However, we acknowledge that these 

internal forces on the bones around the hip that occur during bicycling and resistance training 

etc. would also be beneficial to bone. 

 The results of this study can be compared with some of the results reported by 

Vainionpaa et al. (2006). Vainionpaa et al. (2006) performed an intervention study in 

premenopausal women and studied them for 12 months. The intervention group followed a 

training program under the supervision of the same physiotherapist three times a week. The 

training program was modified every two months to make it more challenging by incorporating 

higher jumps and drops. Peak vertical acceleration was obtained for the activities performed 

during the exercise program for the intervention group. In the current study the participants were 

only tested once for the predefined activities. Peak vertical acceleration values obtained in the 

exercises used by Vainionpaa et al. (2006) and the current study were similar for some activities 

and different for some activities. Peak vertical acceleration values were higher for walking 

activities (1.5g for 4.5 km/h and 1.7 for 5.6km/h) in the current study than reported by 
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Vainionpaa et al. (2006) likely because the walking speeds (0.7 g for 3 km/h and 0.9g for 5km/h) 

tested in their study were lower. Jogging and running activities obtained similar results in both 

studies. However, the results for box jumps were slightly higher in Vainionpaa et al (5.6g) 

compared to the current study (5.0g). The differences in peak vertical acceleration values for box 

jumps may be because the jump heights used for data collection were not identical. Boxes 

ranging from 10-30cm in height were described as being used in the Vainionpaa study.  

 Vainionpaa et al. (2006) also observed the daily number of incidences of vertical loading 

at the hip at different acceleration levels ranging from 0.3 to 9.9g in data that were collected over 

12 months. The current study monitored accelerations at two different acceleration levels (≥3.2g 

and ≥4.9g) over 7 days. Loading threshold of 3.9g proposed by Vainionpaa et al. (2006) 

corresponds to 4.9g in the current study because they subtracted 1g due to the effect of gravity. 

The range of acceleration levels presented by Vainionpaa et al (2006) were not exactly the same 

as the range of accelerations levels presented in the current study. Acceleration levels presented 

in Vainionpaa et al (2006) were 2.5g – 3.8g for lower loads and 3.9g – 9.2g for the higher loads, 

whereas for the current study, the acceleration levels were ≥ 3.2g (lower loads) and ≥ 4.9g 

(higher loads). The intervention group in Vainionpaa et al. accumulated more peak vertical 

accelerations at both the higher and lower loads compared to their control group and compared to 

the participants of the current study. The fact that participants in the intervention group were 

exposed to more peak vertical accelerations at greater levels is understandable because these 

participants engaged in a 60 min exercise program three times a week consisting of step patterns, 

jumping, stamping, running and walking and they wore the activity monitors during all waking 

activities including the exercise sessions. In addition, they were asked to perform similar 

exercises for 10 min per day in their home program. It should also be noted that Vainionpaa et al 
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(2006) reported the mean, instead of the median number of daily instances of peak vertical 

accelerations at higher and lower loads even though their data were highly skewed. Vainionpaa 

et al reported that their intervention group attained more than 200 daily instances of peak vertical 

accelerations at lower loads (2.5g – 3.8g) and 75 daily instances at higher acceleration levels 

(3.9g –9.2g). Their control group accumulated more than 75 instances of peak accelerations at 

lower loads (2.5g – 3.8g) and 18 incidences of higher loads (3.9g – 9.2g) daily. This can be 

compared to mean data for participants of the current study who attained 180 instances of peak 

vertical accelerations at lower loads (≥ 3.2g) and 29 incidences at higher loads (≥4.9g) daily. 

Stiles et al. (2013) performed a cross sectional study to classify activities beneficial to 

bone using an accelerometer similar to this study. However, the purpose of Stiles et al. (2013) 

was to characterize the relationship between peak vertical accelerations and GRFs. Further, they 

determined acceleration cut points associated with the loading threshold of 43 BW/s (that was 

established as being beneficial to bone in the study by Bassey et al. (1998)). Stiles et al. (2013) 

measured vertical accelerations at the hip while participants walked at different pre-defined 

cadence levels while walking, jogging and running. Metronome counts were used to maintain a 

uniform cadence between trials for all participants. Peak vertical acceleration values measured 

during walking, jogging and running activities in the current study were very similar to those 

reported in Stiles et al. (2013). In order to study the effect of mass on peak vertical acceleration, 

Stiles et al. (2013) compared accelerations measured during slow walking and slow walking 

carrying a 2 kg shopping bag at the same cadence (95 steps per minute) for both the activities. 

No major differences in peak vertical accelerations were observed between the two activities. 

Despite using the same box height (20cm) for the box jumps in Stiles et al. (2013) and our study, 

peak vertical acceleration values were higher in the current study (5.0g) than Stiles et al. (2013) 
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(3.8g) study. The discrepancy in results may be because the participants in Stiles et al. (2013) 

were asked to land on a force plate compared to participants in the current study who landed on a 

tile floor. Peak vertical acceleration values for other jumping values were also different in the 

studies likely because different activities were assessed. Stiles et al. (2013) measured two footed 

vertical jumps with short excursions (2-5 cm) and long excursions (>5cm) instead of jumping 

jacks and scissor jumps. The short excursions (2 -5 cm) and long excursions (>5cm) were 

performed continuously for 20s on a force plate, whereas the jumping jacks and scissor jumps in 

our study were performed on a tile floor with a rest of two metronome beats (one second) 

between successive jumps. Vertical acceleration is highly dependent on jumping and landing 

technique so it is not surprising that values would vary when different tasks were employed to 

assess acceleration during jumping.  

Niu et al (2010) used accelerometers to determine peak vertical acceleration experienced 

during high impact exercises and the number of incidences of peak vertical acceleration at 

different acceleration levels. The number of incidences at different acceleration levels (ranging 

from 0.3g to 7.8g) for the control group and the intervention group were presented in four 

different periods. Each period represented the results of daily incidences measured at different 

acceleration levels at the end of 3 months for 12 months of intervention. The results were similar 

for both the groups at the end of first two periods, whereas the high impact exercise group 

accumulated more incidences of high accelerations than the stretching group during the last two 

periods. The daily number of instances of vertical accelerations at different acceleration levels 

presented by Niu et al. (2010) are comparable with the results of the current study. The daily 

instances of peak vertical accelerations attained at lower loads (≥3.2g) by the stretching group 

were lower compared to participants of the current study, whereas the results were very similar at 
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higher loads (≥4.9g). This may be because peak vertical acceleration experienced during 

stretching and balance activities were not sufficient to elicit vertical acceleration of ≥3.2g. The 

high impact exercise group accumulated greater incidences of lower loads and higher loads 

compared to the participants of the current study, which is understandable as they were part of an 

intervention that included jumping activities. 

Hannam et al. (2016) conducted a study in older adults to determine vertical accelerations 

experienced at the hip while performing aerobic activities designed to produce high impacts. The 

highest vertical accelerations measured in participants during exercise classes were 5.3g. The 

average peak vertical acceleration experienced by the participants while performing high impact 

aerobic activities was 3.6g. This was attained during high impact aerobic activities that involved 

jumping in vertical directions. The exercises and the target population chosen by Hannam et al. 

(2016) were not similar to the current study, however these results support our findings in that 

high impact jumping activities exposed individuals to acceleration levels proposed to be 

beneficial to bone. On the contrary, the same group of authors in another study reported that 

older people rarely experience vertical accelerations greater than 2g during habitual physical 

activity (Deere et al., 2016). This may be because these individuals rarely incorporate running 

and jumping in their habitual physical activity (Deere et al., 2016). The findings of Hannam et al. 

(2016) indicate that high impact jumping activities can expose older adults to acceleration levels 

proposed to be beneficial to bone, but that they rarely experience these levels during their 

everyday life. 

To the best knowledge of the author, this was the first study of its kind to investigate the 

relationship between 1) peak vertical acceleration and peak jerk for stairs and jumping activities, 

2) BMI and peak vertical acceleration for lab tested activities, 3) BMI and peak jerk for lab 



 

56 
 

tested activities, 4) body mass and peak vertical acceleration for lab tested activities, 5) body 

mass and peak jerk for lab tested activities, 5) steps per day and the number of incidences of 

peak vertical accelerations at lower loads (≥3.2g) and higher loads (≥4.9g), and 6) MVPA and 

the number of incidences of peak vertical accelerations ≥3.2g and ≥4.9g. Non-significant 

relationships were found for the above mentioned variables, except for the relationship between 

peak jerk and peak vertical acceleration for stairs and jumping activities. Peak jerk and peak 

vertical acceleration were strongly and positively correlated with each other. The lab tested 

activities were rank ordered based on the peak vertical acceleration experienced at the hip 

measured in study participants. Among all tested activities, box jumps recorded the highest peak 

vertical acceleration followed by scissors jumps, jumping jacks, 11.4 km/h, 8.8 km/h, descending 

stairs, ascending stairs, 5.6 km/h and 4.5 km/h. However, the results of peak vertical acceleration 

for these activities should be interpreted with caution because no statistical differences were 

observed between 1) 4.5 km/h and 5.6 km/h, 2) ascending and descending stairs and 3) jumping 

jacks, scissor jumps and box jumps. The results of peak jerk were similar to the results of peak 

vertical acceleration for stairs and jumping activities, except accelerations detected during box 

jumps were statistically different from those recorded during jumping jacks and scissors jumps.  

 A major limitation of the study involved relying on previous studies (Stiles et al., 2013; 

Vainionpaa et al., 2006) for acceleration levels proposed to be beneficial to bone in 

premenopausal women. Although we were interested in measuring vertical accelerations at the 

hip, we acknowledge that the y axis of the activity monitor did not always maintain a perfectly 

vertical position which meant that we did not always measure acceleration in a completely 

vertical direction. Accelerations in horizontal and antero-posterior directions were not examined. 

Considering the fact that the participants accumulated more than 200 minutes of MVPA per 
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week, it is likely that they engaged in different types of movements during MVPA that may have 

included high accelerations in different planes (not just vertical). Therefore, resultant 

acceleration (x2+y2 +z2) may have been more appropriate to examine all accelerations 

experienced at the hip. However, vertical acceleration was used as a reference in this study 

because previous studies reported thresholds for the vertical axis (y-axis). It should also be noted 

that the current study was conducted during winter months in Canada, therefore many 

participants engaged in winter activities like shovelling, skiing, stationary bike, weights, hockey 

and yoga and the types of activities that they engaged in may have been different at other times 

of the year (e.g., people may run outdoors more in warmer weather).  The participants were 

asked to remove the monitor when performing any activities that involved direct contact with 

water, therefore the peak vertical accelerations experienced during these activities could not be 

measured.  

Visual analysis of the raw acceleration data of activities performed in the lab revealed 

that we may have under sampled the data (100 Hz) compared to studies by Vainionpaa et al. 

(2006) and Jamsa et al. (2011) which used the sampling rate of 400 Hz to collect data. However, 

Stiles et al. (2013) used the same sampling rate of 100 Hz to collect data in their study. If the 

sampling rate was too low the activity monitor might not have captured some important 

acceleration peaks experienced at the hip while participants were performing activities. Further 

analysis of the data revealed that the acceleration peaks detected by the monitor on occasion may 

have been up to 0.5g lower than the actual acceleration peaks experienced at the hip. If we 

consider that accelerations experienced during the lab activities may have been 0.5 g higher than 

we reported (in Table 3) then jogging and running on the treadmill at 8.8 km/h would have met 

the recommended lower acceleration threshold of ≥3.2g, and jumping jacks and scissor jumps 



 

58 
 

would have met the recommended higher acceleration threshold of ≥4.9g. For the 7- day 

monitoring data, a reanalysis was conducted to determine the number of acceleration/day ≥4.4g 

(representing ≥4.9g considering we may have been under sampled by 0.5g). The daily incidences 

of acceleration peaks ≥ 4.4g were 86.63 ± 177.40 (mean ± SD) and 10.14 (75.93) (median 

(IQR)). Seven participants accumulated more than 60 (and also >100 incidences) of accelerations 

≥ 4.4g/day, only three of these seven participants met the recommended Canadian physical 

activity guidelines.   

As discussed earlier, the study relied heavily on work by Vainionpaa et al (2006) and 

Stiles et al (2013) for acceleration levels proposed to be beneficial for bone in premenopausal 

women. The results of these studies should be interpreted with caution due to their limited 

sample sizes. Both the studies (Vainionpaa et al (2006) and Stiles et al (2013)) presented 

different acceleration levels proposed to be beneficial for bone. The results of Vainionpaa et al 

(2006) were supported by changes in bone mineral density as measured by DXA scans, whereas, 

Stiles et al. (2006) used mathematical modeling based on the results of Bassey et al. (1998) 

(loading threshold of 43BW/s improved bone mineral density in premenopausal women 

confirmed by DXA scan results) and did not test the threshold directly. Both the proposed 

acceleration levels (≥3.2g and ≥4.9g) were shown to be effective in their respective studies. 

However, further research is needed to confirm the acceptable loading threshold or range of 

loading thresholds that are effective in improving bone mineral density at the hip in 

premenopausal women. 

Further research is required in older men and women to determine loading thresholds that 

improve bone mineral density in this segment of the population and safe ways to conduct 

beneficial exercises. Bassey et al (1998) examined the effect of jumping for 12 months (and 
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extended it to 18 months in few participants) in order to determine the loading rate beneficial for 

bone in postmenopausal women. However, the intervention failed to induce any changes in bone 

mineral density in these older women even after 18 months. Researchers have concentrated more 

on women, because osteoporosis is more common in women compared to men, however, men 

are also prone to osteoporosis. In fact, the mortality rate due to osteoporotic hip fractures is 

higher in males compared to women (Osteoporosis Canada, 2014). Therefore, future research in 

this area should include more male participants. Large scale intervention studies with larger 

sample sizes are required to determine an acceptable loading threshold or a range of loading 

thresholds that benefit bone. The effect of adaptation on bone at these acceleration levels should 

also be studied over time. Researchers should also concentrate on developing an exercise regime 

or program that can help individuals achieve recommended acceleration levels and the required 

number of incidences that increase bone mineral density and delay the onset of bone loss.   
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Chapter 6: Conclusion 

  Vertical accelerations experienced at the hip vary significantly depending on the 

technique used to perform the activity. Based on the findings of the current study, we conclude 

that engaging in jumping activities and running at higher speeds can expose individuals to 

acceleration levels that are recommended to be beneficial for bone. It is also recommended that 

people modify these activities at regular intervals to avoid limitation of responsiveness of the 

bone. Peak vertical acceleration values measured during running and jumping activities exposed 

participants to the acceleration level of ≥3.2g, whereas among all lab tested activities, only box 

jumps met the higher recommended threshold of ≥4.9g. Therefore, it is recommended that 

premenopausal women should incorporate jumping activities in their regular exercise routine to 

positively influence bone mineral density. Study participants failed to accumulate 100 incidences 

of peak vertical accelerations per day at the recommended acceleration levels proposed to benefit 

bone. The daily instances ≥3.2g were 30.4, whereas the number ≥4.9g was 3.5. These results 

indicate that habitual physical activity performed by premenopausal women in their everyday 

lives is not sufficient to optimally affect bone.  They should engage more in high impact 

activities, specifically jumping activities in order to accumulate required daily instances at 

recommended acceleration levels. 
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Appendices 
 

Appendix A – Pilot Data 

Figure 4: Raw Acceleration Signal of a Box Jump 

 

Note: a = Trunk Flexion, b = Hip Flexion, b - c = Knee Flexion, c – d = Time in air, d = Foot    

impacts the ground  
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Figure 5: Raw Acceleration Signal of 10 Box Jumps 
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Figure 6: Raw Acceleration Signal of a Scissor Jump 

 

Note: a = Trunk Flexion, b = Hip Flexion, b - c = Knee Flexion, c – d = Time in air, d = Foot 

impacts the ground 
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Figure 7: Raw Acceleration Signal of 10 Scissor Jumps 
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Figure 8: Raw Acceleration Signal of 10 Jumping Jacks 
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Figure 9: Raw Acceleration Signal While Walking on a Treadmill at 4.5km/hr (2.8 mph) 
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Figure 10: Raw Acceleration While Running on a Treadmill at 11.4 km/hr (7.1 mph) 
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Figure 11: Raw Acceleration Signal While Descending 3 Sets of Stairs 
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Appendix B – Self Reported Activity Log 

 

 


