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Abstract 

The agemg process 1s associated with sarcopema; a reduction in muscle mass, 

strength and power. Sarcopenia is responsible for diminished physical performance; it 

affects the ability to perform activities of daily living and can severely impact quality 

of life in older age. There is potentially no age group that can benefit more from 

interventions to combat reduced muscle strength and power than an older population. 

Whole body vibration (WBV) is a relatively new exercise intervention. WBV is 

suggested to improve strength and power by stimulating the neuromuscular system 

and inducing reflex muscle contractions. The potential for WBV to be used as a 

strength training intervention for an older population was the rationale behind this 

thesis. 

Study one was an investigation of the effects of eight weeks WB V on a range of 

physical perfonnance measures in a healthy, older population. Forty three, older 

adults (73.5 ± 4.5 yr, 168.2 ± 10.5 cm, 74.5 ± 11.1 kg) were divided into three groups: 

15 to a WBV group (VIB), 13 to an exercise without vibration group (EX) and 15 into 

a control group (CONT). The VIB and EX group interventions consisted of three 

sessions per week for eight weeks. Outcome measures included isokinetic flexor and 

extensor strength of the hip, knee and ankle, one-legged postural steadiness (OLPS), 

sit-to-stand performance (STS), fast walk time and stair mobility. 

Following the eight week intervention, the VIB group significantly improved OLPS 

compared to the EX and CONT groups (p<0.05) . The improvements in OLPS were 
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significantly affected by baseline values, with the largest changes evident for VIB 

participants with a poorer initial score (p<0.01). WBV exercise can improve OLPS in 

a healthy, older population. As improvements in OLPS were related to baseline 

values, WBV as an intervention would appear to serve the most benefit for those that 

exhibit diminished postural control. 

The VIB group significantly improved ankle plantar flexor strength compared to the 

EX and CONT group (18.2%, 5.0%, 0.9%) (p<0.05). The VIB and EX groups both 

significantly improved knee extension strength compared to the CONT (8.1 %, 7.2%, -

2.0%) (p<0.05). There were no effects for hip flexor or extensor strength. The VIB 

and EX groups both showed improved STS (12.4%, 10.2%) and Sm fast walk (3.0%, 

3.7%) compared to the control (p<0.05). There were no effects for stair mobility 

performance. While WBV exercise can be considered a plantar flexor strength 

training intervention, it appears to have a disproportional effect on lower limb 

strength. WB V did not facilitate knee extensor strength or physical performance 

measures to a greater degree than the same exercise program without vibration. The 

comparable change in physical perfonnance measures between the VIB and EX 

groups appears linked to similar gains in knee extensor strength. Further, these similar 

knee extensor strength improvements appears linked to the same body weight squats 

performed by both the VIB and EX groups. 

To explore the disproportional change in lower limb strength found in study one, 

study two was designed to investigate the neuromuscular activation of the ankle, knee 

and hip flexors and extensors during WBV. Ten healthy, older male participants (70.4 

± 4.9 yr, 176.9 ± 7.8 cm, 78.6 ± 12.0 kg) completed a number of static exercises with 
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and without WBV. Activation of the soleus, gastrocnemius, tibialis anterior, vastus 

medialis, rectus femoris, biceps femoris, iliopsoas and gluteus maximus were 

recorded unilaterally with electromyography (EMG). EMG amplitude was normalised 

and analysed with respect to each individual' s maximum isometric strength values. 

The absolute increases in EMG with vibration, above the non-vibration condition, 

were compared between muscle groups and exercise conditions. The increase in 

neuromuscular activity with WBV was significantly larger in the soleus and 

gastrocnemius than muscles higher up the leg (p<0.05). Furthermore, the increase in 

gastrocnemius neuromuscular activity was greatest when participants maintained a 

heel raise position. It appears that WBV should be prescribed as an exercise 

intervention that intends to specifically train the triceps surae musculature. 

The results of study one and two suggested WBV be considered a localised strength 

training intervention for older individuals which predominately targeted the plantar 

flexors. The aim of study three was to examine the efficacy of WBV for a frail , 

elderly population; to validate plantar flexor strength improvement with WBV and 

examine the neuromuscular mechanisms associated with this adaptation. Seventeen 

frail , older participants (88.2 ± 3.6 yr, 166.8 ± 8.2 cm, 71.7 ± 11.4 kg) were divided 

into two groups: ten to a \VBV group (VIB) and seven to a control group (CONT). 

The VIB group undertook ·wBV three times per week for four weeks. Outcome 

measures included isometric and isokinetic plantar flexor strength, single leg balance 

performance and EMG of the gastrocnemius. The EMG signal was analysed for 

amplitude and median power frequency. EMO amplitude was normalised with respect 

to each individual's maximum isometric strength values. 
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WBV had no effects on single leg balance performance in a frail , older population. 

This result is in contrast to study one that found significant improvements in OLPS in 

a population of healthy, older adults. In contrast to study one participants, the frail 

older adults in study three were unable to exercise on the WBV platform without 

firmly grasping the handlebars for support. The difficulty maintaining balance whilst 

undertaking WBV exercise is suggested to be a mediating factor behind the 

improvements in balance observed in study one but not three. 

Following the WBV intervention, the VIB group significantly improved isometric 

( 40.5%) and isokinetic (32.4%) plantar flexor strength compared to the CONT group 

(1 .5%, 2.9% respectively) group (p<0.05). The WBV group displayed a significant 

32.3% increase and a 8.3% decrease in right medial gastrocnemius EMG peak 

amplitude and EMG median power frequency respectively during isometric plantar 

flexion (p<0.05). WBV can be considered an effective training intervention to 

improve plantar flexor strength in frail, older adults. It is speculated that increased 

plantar flexor strength with WBV exercise be explained at least in part by an 

improvement in motor unit synchronisation and efficiency. 

KEYWORDS: Ageing, whole body vibration, exercise, strength training, balance. 
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CHAPTER 1 

1Nl'RODUCT10N 



1.1 Background 

Australia's and most of the world's population is expenencmg a demographic 

transition, with a rapid rise in the total and relative numbers of older persons. The 

median population world-wide aged over 60 years of age will rise from 672 million in 

the year 2005 to 1.2 billion in 2025 (United Nations, 2006). In Australia, the mean life 

expectancy has dramatically increased over the past century, from 57 years in 1910 to 

79.5 in 2001 (ABS, 2004). A male born in 2003 is expected to live to an average of 

77.8 years, a female to 82.8 years, which is an increase of six and four years 

respectively over the last 20 years (ABS, 2003a). In addition to increased life 

expectancy, the absolute proportion of elderly in the population has continued to rise. 

The ageing of Australia's population, both absolute and relative, is expected to 

continue to increase during the next couple of decades. 

Human ageing is a complex process. It is characterised by a number of interacting 

variables that greatly influence the way humans age. The ageing process becomes 

more evident after a person reaches 40 years, with a progressive decline in 

physiological function (Spence, 1999; Spirduso, 1995). The physiological changes 

that occur with age are reported to include a decrease in the following: muscle mass, 

bone mineral density, metabolic activity, maximal heart rate, stature along with an 

increase in adipose tissue. Further, ageing results in reduced function in most of the 

body systems: muscular, immune, central nervous, neuromuscular, endocrine, 

cardiovascular, vestibular, visual and somatosensory (Bemben, 1998; Mazzeo et al., 

1998; Roubenoff and Hughes, 2000; Spence, 1999; Spirduso, 1995; Volpi, Nazemi 

and Fujita, 2004). The interaction of these age-related changes can contribute to a 
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reduction in functional capacity, health and quality of life. 

A reduction in functional ability is a serious health issue encountered in the older 

population. The reduction in muscle mass and associated decrease in strength and 

power is the major factor that leads to functional limitations in the older population 

(Marcell, 2003; Roubenoff, 2001; Roubenoff and Hughes, 2000; Volpi et al., 2004). 

Based on such evidence, physical activity is recommended to maintain or improve 

muscle structure and function. The ability to maintain or improve functional 

independence will impact upon quality of life and could reduce pressure on health 

care services and budgets (Taaffe and Marcus, 2000). 

The decline in functional health is prominent following the age of 60. Beyond this 

sixth decade, i~juries and disabilities become more prevalent and there is a marked 

reduction in physical ability (Daley and Spinks, 2000). A decline in physical activity 

may lead to further reduction in functional performance, whilst a sedentary lifestyle 

may exacerbate losses of muscle function and contribute to frailty (Taylor et al. , 

2004). When decreased physical ability affects the performance of activities of daily 

living (ADL), such as standing from a chair and changing clothes, this affects quality 

of life, perhaps reducing any potential benefits of an extended lifespan. 

The loss in muscle mass that occurs with age is termed 'sarcopenia.' This is directly 

related to a loss in muscle function, strength and power. It has been reported that 

muscle mass decreases approximately 3-8% per decade after the age of 30 (Melton et 

al., 2000). This decrease is even greater with increasing age, approximately 1-2% 

annually after the age of 50 (Sehl and Yates, 2001 ). Sarcopenia is a contributing 
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factor in the physical disability of older age groups and appears to explain a large part 

of the decreased capacity for independent living. As the implications of sarcopenia 

can dramatically affect quality of life, the maintenance or improvement of muscle 

structure and function could certainly contribute to improved health during the ageing 

process. 

Participation in regular exercise has been shown to offset many age-related declines in 

performing ADL. As sarcopenia contributes to decreased muscle function, resistance 

training is almost routinely prescribed to combat the loss in muscle strength. 

Numerous researchers have examined resistance training in the older population. A 

collection of evidence shows that resistance training is an effective intervention 

against sarcopenia because it has the potential to increase muscle mass, strength and 

power (Borst, 2004; Ferri et al., 2003; Ivey et al., 2000; Larsson, 1982). These studies 

demonstrate that older muscle maintains a high degree of plasticity and the 

musculoskeletal losses associated with the ageing process can be minimized or even 

reversed with training (Narici, Reeves, Morse and Maganaris, 2004). For example, 

Fiatarone et al. (1990) reported a significant 174% increase in muscle strength and 9% 

increase in size following eight weeks of high intensity strength training involving 

institutionalized volunteers aged 90 ± 1 years. Despite the benefits from resistance 

training, the majority of older adults do not engage in such physical activity (Sallis, 

2000). Factors influencing this include: fear of gyms, exercise considered not 

appropriate in old age, risk of injury and limited physical ability (Chao, Foy and 

Farmer, 2000; Schutzer and Graves, 2004). There is a clear need to counteract such 

fears, educate the older population about the benefits of resistance training and 

develop exercise modalities that address participation in physical activity. 
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The decline in muscle power with sarcopenia significantly contributes to the risk of 

falling (Newton et al., 2002), which represents a serious health issue in the older 

population (AGS, 2001). Falling is associated with reduced functional capacity, 

disability, mortality and morbidity (Carter, Kannus and Khan, 2001; Kannus, 

Parkkari, Niemi and Palvanen, 2005). The incidence of falls per year is approximately 

30% for individuals over 65 (Tinetti, Speechley and Ginter, 1988) and muscle power 

is as an integral component when examining the risk of falling (Newton et al., 2002). 

It is also a key component of functional tasks relevant to daily living, such as walking 

and climbing stairs (Bean et al. , 2002b ). As such, exercise strategies for the older 

population should be designed to increase muscle power (Evans, 2000). However, the 

majority of training programs for the older population have been relatively low in 

intensity and have paid little attention to power development. A number of 

researchers have demonstrated the ability of older individuals to adapt to a training 

stimulus of an intense nature (Earles, Judge and Gunnarsson, 2001 ; Fielding et al., 

2002; Hakkinen, Kraemer, Newton and Alen, 2001), however issues of compliance 

and risk of injury place questions over its prescription. Despite the benefits associated 

with resistance training, many older adults are not attracted to or able to perform such 

regimes. Seguin et al. (2003) stated that a major problem concerning public health 

with regards to strength training is the number of safe and effective programs 

available for older adults. Evidence pertaining to training methods for the older 

population to improve muscular power and functional performance do appear to be 

lacking. 

Whole body vibration (WBV) has recently emerged as a viable training method to 

improve muscular performance (Cardinale and Bosco, 2003). WBV training involves 
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standing on a platform that oscillates at a high frequency. This vibration stimulus is 

hypothesised to stimulate the neuromuscular system and evoke muscular contractions 

(Delecluse, Roelants and Verschueren, 2003). However, it is important to note that 

WBV as an exercise intervention is not about the vibration effect alone. WBV cannot 

be performed without statically or dynamically supporting ones body mass on the 

vibrating platform. Therefore, is must be noted that what is defined as WBV in this 

manuscript is in fact, 'body weight resistance exercise plus WBV.' Previous reports 

suggest that WBV training has the potential to improve muscular strength and power 

(Bosco et al., 1998; Cardinale and Lim, 2003a; Delecluse et al., 2003; Torvinen et al., 

2002b ). WBV has even been suggested to elicit similar gains in strength as traditional 

resistance training (Delecluse et al., 2003). These findings suggest WBV may be a 

viable training method to improve muscular performance. As an exercise intervention, 

WBV is a relatively recent concept. Its effect on performance and rehabilitation is a 

relatively neglected research topic (Mester, Spitzenfeil, Schwarzer and Seifriz, 1999). 

There is a paucity of research on WBV relative to an older population (Cardinale and 

Bosco, 2003), an issue which is of particular relevance to this manuscript. 

The effects of WBV on muscular performance have raised interest as a potential 

training intervention to combat age related functional decline. This interest has 

contributed to a handful of studies recently investigating WBV effects on muscular 

perfonn.ance in older adults (Bogaerts et al., 2007a; Bogaerts, Verschueren, 

Delecluse, Claessens and Boonen, 2007b; Bruyere et al. , 2005; Roelants, Delecluse 

and Verschueren, 2004b; Runge, Rittweger, Russo, Schiess! and Felsenberg, 2004; 

Russo et al., 2003; Verschueren et al. , 2004). These preliminary studies provide 

s pport for WBV having positive effects on a number of muscular performance 
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variables : lower limb strength, balance and mobility. However, with only a few 

studies and large variations in methodologies it is difficult to make conclusive 

statements about the effects of WBV on muscular performance. The efficacy of WBV 

prescription for improving muscular performance in older adults requires greater 

scrutiny. 

Exercise programs for older individuals need to be accessible in order to improve 

initial usage and adherence. The WBV platform is a relatively contained device that 

could easily be stationed in a family or nursing home. As WBV has been reported to 

increase muscle strength and power, it may reduce risk factors associated with falling 

and improve the performance of functional tasks in the older population. In addition, 

as WBV is considered a safe, simple exercise to perform and appears to be a relatively 

time efficient exercise to undertake, such a method appears ideal for the older 

population. 

1..2 Statement of the problem 

Physical function decreases as a result of the ageing process. A loss of muscle mass 

and problems associated with decreased muscle strength and power can manifest in 

certain situations specific to the older population. For example, a reduction in balance 

or walking ability would affect the capacity for independent living and performance 

of ADL. This decreased ability to perform ADL will impact upon quality of life. 

Previous research has established that there is a clear need for intervention strategies 

to overcome the debilitating effects of the ageing process. 
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While a number of authors have reported improvements in strength and power 

following WBV in young, healthy individuals, there remains a paucity of research 

investigating the effects of this exercise on the older population. Accordingly, there is 

a need for research assessing the specific effects of WBV on muscle strength and 

power, along with the performance of ADL. To the author' s knowledge, no study has 

examined the effects of WBV on hip or ankle flexor and extensor strength in an older 

population. In addition, there have been a number of hypotheses proposed to explain 

performance improvements following WBV, yet the specific mechanisms of such 

training related adaptations are still unclear. 

1.3 Research hypothesis 

Several hypotheses were presented in the current research. These are outlined below: 

1. It was hypothesised that WBV would increase lower limb strength and power in 

an older population. This increase in lower limb strength and power would be 

larger than if the exact same exercise program without vibration was used. 

2. It was hypothesised that simple exercises usmg body weight as resistance 

performed without vibration, such as squats and heel calf raises, would also 

provide a means of improving strength. 

3. It was hypothesised that plantar flex or strength and power would increase to a 
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greater degree with WBV than muscles higher up the leg due to the proximity of 

this muscle group to the vibration stimulus. In this respect, it was also 

hypothesised that hip flexor and extensor strength would exhibit the smallest 

changes in strength and power due to their relative location to the vibration 

stimulus. 

4. It was hypothesised that WBV exercise would lead to improvements in balance 

performance. 

5. It was hypothesised that any improvement in functional measures would be 

related to the lower limb strength and power adaptations with WBV. 

L4 Significance of the study 

The functional and physiological declines observed with senescence have been well 

documented. As the proportion of the ageing population grows, the prevalence of age-

related changes in health and mobility will inevitably increase. In addition, with more 

individuals living longer, it is imperative to determine preventative measures which 

could minimize or prevent age-related functional decline (Daley and Spinks, 2000; 

Seguin and Nelson, 2003). Recently, WBV exercise has been promoted as an 

alternative strength-training method, particularly for the older population. However, 

there is a paucity of research on WBV in this age group. The aim of the current study 

was to investigate the effects of WBV on muscular perfonnance and function in an 

older population and to investigate some of the potential mechanisms that contribute 
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to altered physical capacity. The outcomes of the study should provide valuable 

information regarding WBV exercise and the role that it might play in improving 

lower limb muscle strength in the older population. 

The effects of WBV have been examined by a number of researchers in young, 

healthy individuals, with several positive outcomes defined (Bosco et al., 1998; 

Delecluse et al. , 2003; Roelants, Delecluse, Goris and Verschueren, 2004a; Torvinen 

et al., 2002b ). These positive effects have been related to many areas of human 

physiology, including injury rehabilitation, hormone responses, bone density and 

metabolic power (Bosco et al., 2000; Rittweger, Just, Kautzsch, Reeg and Felsenberg, 

2002b; Rittweger, Schiess! and Felsenberg, 2001; Ward et al., 2004). 

To the author's knowledge, only a handful of published studies have investigated the 

effect of WBV on muscular performance in the older population (Bruyere et al., 2005; 

Roelants et al., 2004b; Runge et al., 2004; Russo et al., 2003; Verschueren et al., 

2004). However, only two of these studies (Bruyere et al., 2005; Runge, Rehfeld and 

Resnicek, 2000) were conducted with an average age of participants greater than 65 

years old, and neither directly assessed muscular performance. Therefore, the current 

study is addressing a new area of research by examining the effects of WBV on 

muscle strength and power. Further, the effects of WBV on the performance of 

functional tasks will be examined. 
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1.5 Delimitations 

The following delimitations were: 

1. The sample size. 

2. The selection of subjects from the same socioeconomic background. 

3. The use of three WBV sessions per week, with a gradual increase in volume and 

intensity. 

4. The use of isokinetic measures to determine dynamic strength and power. 

5. The use of stair climbing/descending as a test of mobility. 

6. The assessment of single leg balance as a test of functional stability. 

7. The use of sit-to-stand test and time-up and go test as functional performance 

measures. 

1.6 Limitations 

The findings were limited by: 

1. The type of participant. The selection criteria limited participants to healthy and/or 

frail population from the local community, greater than 65 and 80 years old 

respectively. 

2. Prior activity level of the participants. 

3. Prior functional and physiological status. 
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1.7 Summary 

The ageing process is associated with a loss in muscular strength and power. This 

age-related physiological decline contributes to a decreased ability to perform ADL, 

greatly affecting lifestyle and quality of life. The decline in muscle structure and 

function increases the risk of falling, further contributing to frailty and disability. The 

preservation of muscle strength and power is therefore seen as integral to health, 

functional capacity and quality of life in the older population. 

Strength training has been consistently shown to improve muscular performance in 

older individuals. Despite this, many individuals are unable to undertake or are not 

attracted to traditional strength training. WBV is a relatively new strength training 

method, shown to improve strength and power in young, healthy individuals. WBV 

has been suggested as a viable training method for the older population. It has the 

potential to improve strength and power and contribute to improved functional 

performance. However, there is a paucity of research on WBV and the older 

population. 
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2.1 Overview 

This review summanses literature which indentifies the functional qualities and 

physiological processes associated with agemg. The specific focus is the 

musculoskeletal system and the potential for training adaptations to improve age-

related physiological decline. The decline in physical function associated with ageing 

is well-known, and these various changes will be outlined and discussed with 

reference to recent research. 

The age structure of the Australian population and other countries shows a shift 

towards an increase in average life expectancy. This increase in human longevity has 

numerous physiological implications. Longevity is associated with a decline in 

functional qualities, general health and consequent quality of life. The physiological 

features of ageing will be examined throughout this review with special reference 

made to the variety of interventions designed to offset these reductions. 

A review of the literature reveals that many of the physiological declines associated 

with ageing are not inevitable. This claim can be sustained in terms of the benefits 

associated with resistance training on the musculoskeletal system of older adults. 

Exercise for the older population is regarded as an invaluable contribution to 

maintaining functional capacity and quality of life. In this respect, the components of 

the musculoskeletal system are discussed. Further, the concept of adaptation to 

exercise in older adults will be examined, with specific emphasis on a relatively new 

training method: whole body vibration (WBV). 
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2.2 The ageing population 

As a consequence of increased life expectancy of the Australian population, and 

indeed that of the world, the ageing-process is receiving increased attention. The 

Australian population is getting older, with a rapid rise in the number of persons aged 

65 years or more. Over two decades, between 1983 and 2003, the proportion of the 

population aged 65 and over increased by 3% to 13% (ABS, 2003b) (Figure 2.1 ). This 

changing age structure is not unique to Australia. Many other countries have 

experienced similar patterns of age distribution. Countries such as Canada, USA, 

Italy, Greece and Japan have all experienced a decrease in population figures for 

persons aged 0-14 years, and an increase in the proportion over 65 (ABS, 2003b). 

This structural ageing has been attributed to two factors: a sustained decline in 

fertility and in mortality (ABS, 2003b ). 

While Australia' s population has aged steadily throughout the last century, 

proportionally the greatest increase has occurred in the number of people aged 85 

years and over (Figure 2. 1 ). Over the past two decades, the proportion of the 

population over 85 year has grown by 165%, compared to a total population growth 

of 29% for the same period (ABS, 2003b ). According to United Nations (UN) and 

Australian Bureau of Statistics (ABS) projections, the populations aged over 65 year 

will continue to experience large proportional increases (ABS, 2001 b ). It is estimated 

that by 2051 , the proportion of Australian' s aged 65 years and over will account for 

roughly 24% of the total population (Figure 2.2). 
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Figure 2.1 - The changing age structure of Australia's population for the period 
between 1983-2003 by age and gender (ABS, 2003b). 
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Figure 2.2 - Population projections for Australia by age group and gender, 1999 -
205 l (ABS, 200 lb). 

The socio-economic costs of supporting an older population are debatable. However, 

most projections forecast a substantial increase in government expenditure. In 2002, 
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the expenditure devoted to the older population was $3.9 billion. The projected 

expenditure for 2031 is expected to be approximately $14.4 billion (ABS, 2001a). If 

these costs rise in line with demographic changes, then the financial cost and burden 

will be enormous. These costs represent a clear need for interventions which might 

limit the rising expenditure on health, particularly as the ageing population trend is 

projected to continue. 

An important issue with regards to ageing is quality of life. The ageing process is 

associated with physiological declines, which affect the performance of ADL and can 

lead to a loss of functional independence (Cunningham, Paterson, Himann and 

Rechnitzer, 1993; Marcell, 2003). While the duration of life has been extended 

compared to several decades ago, a number of diseases and declines in physical 

function may have negative effects on the quality of this extended life. Hence, this 

dissertation will examine age related physical functions and quality of life. 

2.2J. Defining old age 

Ageing is the process of growing old. Humans, however, do not age at the same rate. 

It is difficult to place a boundary on the ageing process, as differences may exist 

between physiological and chronological age (Spirduso, 1995). An individual may be 

considered physiologically younger or older than their chronological age, therefore 

the definition of old age must be clarified. The various age category descriptions 

across the lifespan can be seen in Table 2.1. Throughout this manuscript, the term 

'older' will be used to refer to individuals aged over 65 years. 
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Table 2.1 - Age categories (Spirduso, 1995). 

Description Age (years) Decade 
Infant 0-2 l st 

Child 3-12 l st_ 2nd 
Adolescent 13-17 2nd 

Young adult 18-24 2nd_ 3rd 

Adult 25-44 3rd_ 5th 
Middle-age adult 45-64 5th - 7th 

Young-old 65-74 7th - 8th 
Old 75-84 8th - 9th 

Old-old 85-99 9th - 10th 
Oldest-old 100+ 11th 

2.2.2 The physiological effects of ageing 

The ageing process can be considered multifactorial. This section of the review will 

focus on structural and physiological alterations that are part of the human ageing 

process. 

Body structure and composition 

Advancing age is characterized by noticeable changes in human body structure, 

composition and function. The most obvious visual alterations with advancing age 

concern physical appearance. There are noticeable reductions in stature and skin 

elasticity. Compression of cartilaginous discs between vertebrae and loss of vertebral 

bone results in reduced stature with ageing (Spirduso, 1995). Ageing is accompanied 

by a breakdown of collagen and elastin fibers, with skin becoming thinner, less 

resilient, losing tone and elasticity; all of which contribute to the development of 

wrinkles and the visual ageing of skin (Spirduso, 1995). 
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The skeletal system is compromised of bones and joints. This system plays a vital role 

in posture, movement and ability to perform physical work. In addition, bones are a 

reservoir for minerals, systemic regulating hormones and inflammation-mediated 

factors (Spirduso, 1995). Like many systems of the body, it also exhibits deterioration 

with advancing age. There is a loss in bone tissue, bone strength and decreased 

integrity of articular cartilage (Kiebzak, 1991 ). Age-related bone loss may result in a 

clinical condition known as osteoporosis. This condition increases the risk of bone 

fractures in an older population. Reduced articular cartilage with ageing is also linked 

with osteoarthritis, a chronic condition that affects more than eighty percent of adults 

over sixty-five (Spirduso, 1995). Osteoarthritis is a reduction in cartilage that 

normally covers bone: it reduces friction and shock absorption, increases joint 

stiffness, wear and tear and can result in inflammation and pain (Goldring and 

Goldring, 2007). Such changes in an older population can have a significant impact 

on mechanical integrity, reducing the ability to tolerate those stresses that occur 

during ADL. 

Older adults exhibit noticeable changes in body mass. Body mass is often broken up 

into two components; fat mass and fat free mass. Fat mass is the mass of adipose 

tissue, while fat free mass is the total amount of non-fat components in the body. The 

percentage of fat mass generally increases with age (Spence, 1999). However, the 

distribution of fat mass also changes with age, with adipose tissue tending to 

accumulate in the abdominal region rather than beneath the skin (Spence, 1999). In 

contrast, there is a noticeable loss of fat free mass. Most organs show age-related 

losses in mass, yet the majority of decreased fat free mass occurs in muscles (Spence, 

1999). The reduced ratio of muscle mass to fat mass can negatively affect the capacity 
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to perform ADL (Cunningham et al., 1993; Zoico et al., 2007) and has been 

demonstrated to be a predictor of disability in an older population (Baumgartner, 

2000). 

Muscular function 

There are numerous age-related physiological alterations in the body. However, the 

loss in muscle mass is one of the most striking effects of the ageing process (Volpi et 

al. , 2004). The age-related loss in muscle mass is termed sarcopenia (Marcell, 2003). 

Sarcopenia is derived from the Greek language: 'sarx' meaning flesh and 'penia' 

describing loss. Sarcopenia contributes to a loss in muscle strength, power and 

function. The sequela of sarcopenia contributes to increased frailty, decreased 

capacity for independent living and can reduce quality of life for older adults 

(Marcell, 2003). The etiology of sarcopenia suggests that there are several 

mechanisms contributing to age related loss in muscle mass and strength. These 

include: structural, neural, endocrine and environmental. These mechanisms will be 

explored in detail later in this review. 

A reduction in muscle mass correlates significantly with reduced strength. Muscle 

strength appears to be well maintained until the age of 50 years, however, strength 

appears to decline quite rapidly beyond this age (Larsson, Grimby and Karlsson, 

1979; Lindie et al. , 1997). Decreased muscle strength in advancing age can reduce 

physical activity significantly. As muscle strength is a critical component of walking 

and completing functional activities (Lamoureux, Sparrow, Murphy and Newton, 

2002), large reductions can decrease the ability to perform ADL. The reduction in 
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muscle mass and strength is considered the most influencing factor leading to frailty 

and disability in an older population (Fried et al., 1996). With advancing age, many 

older individuals have insufficient strength to undertake everyday ADL such as house 

work (Jette and Branch, 1981 ). Attempts to limit changes associated with sarcopenia 

could minimize problems with the performance of ADL and assist in the maintenance 

of quality of life for older adults. The myriad of age-related alteration to muscular 

function warrants research into strategies that can minimize or combat such effects on 

agemg. 

As a result of a greater life expectancy, interventions need to be established to assist 

an older population to maintain their qua]ity of life. Perhaps one of the greatest factors 

that impacts on quality of life in an older population is decreased physical function 

(Bemben, 1998; Buchner, 1997; Doherty, 2003; Evans and Campbell, 1993; Janssen, 

Heymsfield and Ross, 2002; Kell, Bell and Quinney, 2001). Hence, there is a need for 

strategies to minimize the deterioration in the physical functions of an older 

population. Commentary on ways to minimize or improve these problems associated 

with sarcopenia (str,ength, power and function) is a centerpiece of this manuscript. 

The mechanisms of sarcopenia as they relate to the physiology of the muscular system 

will be explored in detail in the following sections. 

2.2.3 Alteration of lifestyle patterns with ageing 

Alterations in physical activity patterns are centered around changes in physiological 

functional and a decrease in physical activity. It has been reported that physical 

activity levels decrease with advancing age and that this is directly related to the age-
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related loss in muscle mass, strength and power (Marcell, 2003; Taylor et al., 2004). 

A reduction in muscle strength contributes to changes in people's perception of the 

effort required to engage in physical activity. These changes contribute to the 

avoidance of more physical work, further contributing to additional physiological 

decrements (Marcell, 2003 ). This vicious cycle of sarcopenia and physical activity is 

depicted in Figure 2.3 

Sarcopenia '----> Perception 
of effort 

Exercise 
avoidance 

Physiological 
decrements 

Performance 
decline 

Figure 2.3 -- Vicious cycle of sarcopenia and physical activity (adapted from Marcell 2003). 

Older individuals tend to live a more sedentary lifestyle than younger, more 

physically able individuals. While the ageing process is associated with many 

physiological alterations that contribute to reduced functional status, these adaptations 

are exacerbated by physical inactivity. Sarcopenia appears to be an inevitable part of 

the ageing process (Roubenoff, 2001 ), however, there is a growing scientific base to 

suggest that age-related deterioration in skeletal muscle can be minimized or 

improved by increasing levels of physical activity (Taylor et al., 2004). The effects of 

physical activity, particularly resistance training, has been shown to induce 

adaptations in muscle size, strength and function in older individuals (Fiatarone et al., 

1990). Despite the potential benefits of an active lifestyle on ageing muscles, few 
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older adults participate in levels of physical activity that may benefit their health 

(Taylor et al., 2004). With reductions in muscle mass and strength along with a lower 

functional status, there is no segment of the population that can benefit more from 

exercise than an older population (Evans, 1999). There is a distinct need for research 

into more programs specifically designed for older adults, as such programs may 

encourage a greater level of participation in physical activity. 

2.2.4 Summary 

Life-expectancy is increasing and older individuals now represent a greater proportion 

of the population. The preceding sections of this review emphasize that the ageing 

process is associated with numerous physiological alterations. A major area for 

concern with advancing age is a deterioration of the muscular system. Reductions in 

muscle mass strength and power significantly affect the ability to perform functional 

activities in later life. Large reductions in muscular strength can lead to a loss of 

functional independence, greatly affecting one's quality of life. The ability to 

maintain and or improve the properties of the muscular system is therefore regarded 

as being of paramount importance for an older population. The following sections 

outline the physiology of the muscular system and then detail the effects of ageing on 

this system. 
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2.3 Functional anatomy and physiology of the muscular system 

In order to understand the mechanisms behind the loss in muscle mass and strength 

associated with ageing, it is important to first explore the physiology of the muscular 

system. The structure of muscle reflects its function: to generate force and produce 

movement. However, the anatomy of the muscular system is complex: having 

numerous components. To understand how muscle generates force, this section of the 

review will discuss the regulation and control of force and adaptability of muscle to 

exercise. 

Although some details in this section may appear to be divorced from the subsequent 

appraisal of exercise and ageing, this explanation of muscle physiology is germane to 

the dissertation. Important background information is reviewed in order to clarify the 

content of subsequent discussions. 

2.3. l Regulation of force and control of movement 

Muscle can go from a relaxed to a contractile state within a few milliseconds. It was 

previously explained that a skeletal muscle contracts in response to a neural stimulus. 

However, this process is not as basic as a simple on and off switch. Muscle 

contractions vary in the degree of force and movement. Therefore, the components 

that regulate these variables need to be examined. Understanding the physiology that 

control muscles force and movement is important in the evaluation and treatment of 

age-related muscular alteration. 
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Motor unit 

A motor unit is all the fibers that a motor neuron innervates (i.e. the supply of nerves). 

When a neural signal transmits along a motor neuron, all the fibers that the motor unit 

innervates respond by contracting (Clamann, 1993). The number of muscle fibers per 

motor unit can vary dramatically in different muscles. The average number of muscle 

fibers per motor unit is approximately one hundred and fifty, however, it can be as 

low as five or as high a few thousand (Clamann, 1993). Muscles with very fine 

movement control such as the eye and fingers have small motor units; whereas 

muscles with less precise movements such as the gluteus maximus and biceps femoris 

have larger motor units. It must also be noted that there is great variation in the size of 

different motor units within the same muscle. As all the fibers that a motor unit 

innervates contract in response to a neural stimulus, having a smaller number of 

muscle fibers per motor unit allows for a greater control of movement. In contrast, 

having a larger number of muscle fibers per motor unit allows for a greater production 

of force. Each muscle contains a wide range of motor units to obtain proportional 

force gradation and smooth movement control (Enoka, 1995). 

The force output of muscle can be modulated over an enormous range. It is generally 

accepted that force output levels are modulated by a combination of motor unit 

recruitment or by altering the amount of activity of individual motor units once they 

are activated (Marieb, 2006). Using these different strategies, the maximal amount of 

force a single motor unit can elicit can vary by a magnitude of approximately fifty 

(Kamen, 2004). 
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The force output of a muscle contraction can be manipulated by the firing frequency. 

When a nerve impulse is delivered to a muscle, it contracts and then relaxes. 

However, if a number of nerve impulses are delivered in quick succession, the muscle 

does not have time to relax completely, resulting in a summation of contractile force 

(Figure 2.4 ). This summation of contractions causes additional muscle shortening and 

therefore increased force output. The strategy for alternating force by altering the 

frequency of stimulation is known as ' discharge rate.' 
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Figure 2.4 - The summation of neural impulses leading to increase force output (Marieb, 
2006). 

Another method of force manipulation relates to contractile force which is controlled 

by the recruitment and surnmation of multiple motor units (Kamen, 2004). This 

control of force by the summation of multiple motor units is called, ' recruitment.' It is 

achieved by increasing the strength of the neural stimulus, recruiting more and more 

motor units serving the muscle. During weak and precise movement, only a small 

number of motor units are recruited. In contrast, during forceful contractions, many 

motor units are recruited. The body ' s ability to produce either a precise movement or 

a forceful contraction is controlled by the excitability of motor units. Motor units are 

recruited in an orderly fashion, described as the 'size principle. ' The smaller motor 

units have a lower excitation threshold and are recruited first, whereas larger motor 

units have a higher excitation threshold and are activated only when a stronger 
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contraction is required (Clamann, 1993). The benefit of different motor unit activation 

thresholds is that it allows for subtle changes in force production by slight alterations 

in the number of motor units recruited. 

Differences in motor units allow for great variation in tension generating capacity 

within and between muscles. Motor units have different properties such as speed, 

strength, metabolic pathways and fatigability (Powers and Howley, 2007). 

Histological evaluation of motor units suggests that they can be distinguished by their 

mechanical properties. Motor units can be classified into fast and slow, fatigable and 

fatigue resistant (Powers and Howley, 2007). All the muscle fibers of a motor unit are 

of the same type. The specific properties of a motor unit reflect its required function. 

Every muscle contains a number of different motor units. Further, the proportion of 

these motor units varies between muscles. These variations are best categorised and 

explained as different muscle fiber types. 

Muscle .fiber types 

Muscle fibers can be distinguished by contraction speed, force generating capacity 

and resistance to fatigue. Human muscle fibers are classified into three general types, 

fast twitch type Ilb and type Ila; and slow twitch type I. As every muscle is composed 

of both fast and slow fibers in different percentages, the specific fiber composition 

plays an important role an individual ' s capacity for perfo1mance in many functional 

activities (Table 2.2). 
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The performance of skeletal muscle is influenced by the contractile properties of 

specific fibers. The contractile properties the three muscle fibers types can be 

distinguished by; 1) maximal force production capacity, 2) speed of contraction and 

3) resistance to fatigue. A muscle fibers capacity for force production is calculated as 

its specific tension and is calculated by dividing the maximal force by its cross-

sectional area. By design, fast twitch fibers have a greater specific tension than slow 

twitch fibers (Table 2.2). A muscle fibers speed of contraction is largely regulated by 

the biochemical factor A TPase. A muscle fiber's resistance to fatigue is calculated as 

the amount of energy used divided by the total force produced (Macintosh, Gardiner 

and McComas, 2006). As slow twitch fibers have biochemical components that assist 

it with the production of ATP via an aerobic pathway, they have a greater resistance 

to fatigue than fast twitch fibers. The contractile characteristics of the three skeletal 

muscle fibers are displayed in Table 2.2. 

Table 2.2 - Characteristics of human skeletal muscle fiber types (Macintosh et al., 
2006). 

Characterjstics 
Number of mitochondria 

Resistance to fatigue 
Predominant energy system 

ATPase activity 
Maximum shortening velocity 

Efficiency 
Specific tension/maximal force production 

Muscle receptors 

Fast Fibers Slow fibers - ------------------------
Type Ilb Type lla Type I 

Low High/moderate High 
Low High/moderate High 

Anaerobic Combination Aerobic 
Highest High Low 
Highest 

Low 
High 

Intem1ediate 
Moderate 

High 

Low 
High 

Moderate 

In order to effectively control movement, the central nervous system (CNS) must 

receive continuous feedback from the muscle. Specifically, the sensory feedback 
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should include information about the tension developed and the length of a muscle. 

Two of the most important muscle receptors are muscle spindles and Golgi tendon 

organs (GTO). 

Muscle spindles provide the nervous system with continuous information about the 

muscle length (Macintosh et al., 2006). In response to a rapid stretch of skeletal 

muscle (such as taping the patella tendon in the knee jerk reflex), muscle spindles 

alert the CNS to changes in muscle length, a response that elicits reflex muscle 

contractions against further stretching. The function of muscle spindles are extremely 

important for reflex responses, coordination of movement and proprioception (Powers 

and Howley, 2007). In addition, muscle spindles appear to play a key role in reflex 

responses to vibration and will therefore be elaborated later in the review (Section 

2.6). 

GTO's provide feedback to the CNS on the tension developed in a muscle. This 

sensory feedback about muscle tension, allow the GTO to influence and help prevent 

excessive force during a muscle contraction. As such, it assists in injury prevention 

and provides feedback for a finer control of skeletal muscle (Powers and Howley, 

2007). 

2.3.2 Adaptability of muscle 

A remarkable aspect of the muscular system is its adaptability. Muscles can adapt to 

the specific demands placed upon it, with changes in neurological and/or contractile 

components. It is well documented that resistance training can contribute to increased 
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muscular strength. A wide range of neurological and myogenic factors contribute to 

increased strength and power and are often observed following resistance training. 

Neurological factors can account for the larger proportion of the initial strength 

improvements, with gradually increasing contribution of myogenic adaptation as 

training continues (Kamen, 2004) (Figure 2.5). The components of Figure 2.5 will be 

explored further under subsequent subheadings, neurological and morphological 

adaptations. 

(Steroids) 

Progress 
Most 

training 
studies 

Strength 

! 
Most serious 

strength trainers 

Figure 2.5 - Relative roles of neural and myogenic adaptations to resistance training (Powers 
and Howley, 2007). 

Neurological adaptations 

L-

Muscular strength has a neural component. It is not surprising then, that strength 

adaptations following resistance training are believed to be accompanied by changes 

30 



within the nervous system (Kamen, 2004). During the initial stages of resistance 

training, rapid gains in strength appear to occur without muscle enlargement. This 

suggests a neural adaptation (Moritani and De Vries, 1979). As discussed previously, 

the neural control of force output levels which a muscle exerts is modulated by a 

combination of frequency of stimulation and the number of motor units. With an 

almost infinite number and combination of firing frequencies and recruitment of 

motor units in humans, there are numerous neural factors that can be used to vary 

force (Enoka, 1995). When resistance training provides a stress to the neuromuscular 

system, it has the ability to adapt to the imposed demands (Enoka, 1995). The neural 

adaptations that have been linked with increased force output include: increased 

neural drive, excitability, synchronization and intramuscular coordination. These 

neural adaptations are considered to be the underlying mechanisms translating to 

initial strength gains. 

One neural adaptation that may explain increased strength after training 1s an 

increased neural drive. When the maximal voluntary force a muscle can exert is 

achieved below the intrinsic capacity of the muscle, increased strength may be 

achieved through an increased neural drive to the motor units (Duchateau, Semmler 

and Enoka, 2006). In line with this rationale, improvements in strength have been 

linked with an increased neural drive recorded via electromyography (EMG) (Kamen, 

2005; Moritani and De Vries, 1979). 

In theory, the more motor units that are recruited, the larger force output. Typically, 

motor units within a muscle are activated asynchronously. This technique allows 

some muscle fibers to maximally contract and others to rest or recover, a strategy to 
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minimize fatigue (Enoka, 1997). If motor units are recruited simultaneously, this may 

augment the force output and specific training has been reported to increase motor 

unit synchronization (Milner-Brown, Stein and Lee, 1975). 

A muscle prime mover is referred to as an agonist. During a contraction of an agonist 

muscle, there is an opposing muscle, an antagonist, which r~sisted the motion of the 

agonist movement. This intramuscular coordination of the agonist and antagonist acts 

to ensure joint integrity. However, a large co-contraction of the antagonist can reduce 

the force output of the agonist' s desired motion during a concentric muscular 

contraction. Therefore, any reduced co-activation of the antagonist to an agonist 

contraction may serve to increase the force output. This notion is a generally accepted 

training-related adaptation linked with increased muscle strength in exercise science 

(Evans, 1995). Carolan and Cafarelli (1992) reported that increased knee extension 

strength (32.8%) following eight weeks training was associated with a rise in vastus 

lateralis (agonist) activity without a concurrent rise in biceps femoris (antagonist) 

activity. 

Morphological adaptations 

Increased muscle size and cross sectional area is generally regarded as an adaption 

likely to occur following long-term resistance training. Most studies suggest that this 

adaptation in muscle size becomes significant after approximately eight weeks of 

regular training (Folland and Williams, 2007). A larger muscle is the result of 

increased cross sectional area of fibers, and is termed 'hypertrophy'. Muscle fiber 

hypertrophy with strength training is well documented. Resistance training for six-
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months on the triceps brachii result in type I and II fiber hypertrophy by 27 and 33% 

respectively (MacDougall, Elder, Sale, Moroz and Sutton, 1980). Similarly, resistance 

training for fourteen weeks resulted in a 16% increase in fiber area of the vastus 

lateralis (Aagaard et al. , 2001 ). Further, strength increases following this resistance 

training program were significantly correlated with increased muscle volume 

(Aagaard et al. , 2001 ). The associated strength gains with hypertrophy are generally 

linked with greater cross bridge numbers, which assist in greater overall force 

production (Folland and Williams, 2007). 

2.3.3 Summary 

The production of muscle force and movement is influenced by numerous factors 

including a neural and myogenic component. In response to imposed stresses, the 

muscular system is able to adapt, with alterations in neural and myogenic 

components. This adaptability is the foundation behind the prescription of resistance 

training for increasing muscular strength and power. Unfortunately, the plasticity of 

muscle also translates to reversibility with disuse and ageing (Boonyarom and Inui, 

2006). Physiological alterations that are part of the ageing process have a profound 

effect on degradation of the muscular system (Boonyarom and Inui, 2006). An 

understanding of the specific alterations to the muscular system that occur with ageing 

may facilitate the prescription of techniques to reduce its effects. Therefore, the next 

section of this review will examine the effects of ageing on the functional and 

physiological performance of the muscular system. 
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2.4 Effects of ageing on the functional and physiological 
performance of the muscular system 

The muscular system experiences significant changes across the human lifespan. One 

of the most noticeable changes with ageing is a loss in muscle mass and an associated 

loss in strength. This loss in muscle mass and strength with age is termed 'sarcopenia' 

(Evans, 1995). Sarcopenia results in diminished muscle function, which directly 

affects mobility, physical capacity and increases the risk of falling (Buchner and de 

Lateur, 1991; Janssen et al., 2002; Tinetti et al., 1988). All these factors can lead to a 

loss of functional independence and comprise quality of life (Kell et al., 2001). 

Furthermore, the degree of sarcopenia and muscle strength an1ong the elderly can 

serve as a significant predictor of all-cause mortality (Metter, Talbot, Schrager and 

Conwit, 2002). Therefore, it has become critically important to identify intervention 

strategies that can maintain muscle strength in the older population. To understand the 

effects of intervention strategies on the muscular system, it is of primary importance 

to first understand mechanisms that contribute to age·-related loss in muscle strength. 

Several mechanisms contribute to the decline in strength with increasjng age. Figure 

2.6 represents the relationship between a number of these mechanisms and age-related 

strength loss. These various mechanisms and their influence on physiological and 

functional performance in the older population will be discussed. 

34 



MuscJe 
atrophy 

Altered musc.1e 
contractiltty 

t "" 
+ 

Reduced number 
of motor units 

t 
Changes in the 
nervous system 

Loss of muscle, 
stre,ngth with 

Increasing age 

t 
-......... Decreased physical 

activity level 

AlteTed enzyme 
activity levels 

t 
,....__ Endoer,ine 

changes 

Figure 2.6 - Multiple factors that cause loss of muscle strength with increasing age (adapted 
from Vandervoort (2002). 

2.4.1 Muscle atrophy 

Muscle atrophy is a decrease in the total mass of a muscle. Muscle mass and strength 

appear to peak around the mid-twenties (Lexell, Taylor and Sjostrom, 1988). Between 

a person's mid-twenties and fifth decade, muscle mass is fairly stable, with most 

studies reporting only modest declines (Janssen, Heymsfield, Wang and Ross, 2000; 

Lexell et al., 1988). However, after the fifth decade there is a marked decrease in 

muscle mass in the order of 1 % per annum (Frontera et al., 2000; Lexell et al., 1988; 

Sehl and Yates, 2001; Vandervoort and McComas, 1986) (Figure 2.7). Sarcopenia is 

the loss in muscle mass with ageing, a factor directly related to diminished muscle 

function in older adults (Janssen et al., 2002). In fact, recent research has suggested 

that reduced muscle mass can account for more than 90% of strength diminution with 

ageing (Frontera et al., 2000). The strong relationship between sarcopenia and 
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strength is evident because force is directly related to the total muscle mass and cross-

sectional area (CSA) . 
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Figure 2.7 - Maximal voluntary torque of ankle dorsi flexor and plantar flexor muscles in 
males and females of different ages (Vandervoort and McComas, 1986). 
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The reduction in muscle mass and CSA with ageing can be primarily explained 

through a decline in muscle fiber size and quantity (Figure 2.8 and 2.9). Early 

research had indicated that type II fibers were lost to a greater degree than type I 

fibers with ageing (Larsson et al., 1979), however, the majority of studies do not 

support this contention. The reduction in fiber numbers occurs equally among both 

types of muscle fibers (Klitgaard et al., 1990; Lexell et al., 1988; Sato et al., 1984). 

There does appear to be a selective atrophy of type II fiber area, for example, Lexell 

et al. (1988) found type II fibers had a larger (26%) reduction in CSA when compared 

to type I fibers in older versus younger adults. This relatively greater reduction in 

CSA of type II fibers directly affects muscle contractile characteristics. The greater 

reduction in CSA of type II fibers corresponded to a reduced absolute peak power 
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output (Widrick, Trappe, Costill and Fitts, 1996). While deficits in strength have long 

been recognized as explanations for physical functional impairments in the elderly, 

the reduction in power outputs also has significant implications for reduced mobility 

and functional status (Evans, 2000). The decrease in muscle mass and fiber count in 

type I and II fibers both contribute to a reduced CSA and leads to a loss in voluntary 

strength. 
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Figure 2.8 - Relationship between age and total number of fibers (Lexell et al., 1988). 

The greater a muscle ' s CSA, the greater its capacity for force output. As such, the 

examination of strength is often normalized for maximum force output divided by the 

whole muscle or fiber CSA. However, when CSA is taken into consideration with 

force output and ageing, the declines in strength are considerably greater than the 

declines in CSA in elderly versus a younger population (Overend, Cunningham, 

Paterson and Lefcoe, 1992). This reduced force per CSA is lower in the elderly 

because of a partial replacement of muscle fibers with fat and connective tissue 
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(Overend et al. , 1992). An increased amount of non-contractile material can be 

considered to reduce the overall muscle quality . 
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Figure 2.9 - Relationship between age and muscle area (Lexell et al., 1988). 

2.4.2 Neuromuscular changes 

Muscle motor units 

A 'motor unit' consists of motor neurons and all the muscle fibers it innervates. The 

stimulation of a motor neuron initiates the muscle fibers to contract. In a young, 

healthy person, motomeurons and motor units are maintained by a cycle of 

denervation and reinnervation. Denervation is the removal of the nerve supply, 

whereas innervation is the connection of nerves to a motor unit. Aged muscle appears 

to demonstrate reduced nerve innervation. This reduced denervation/innervation ratio 
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with age leads to a reduction in the number of functional motor units (Brown, 1972; 

Campbell, McComas and Petito, 1973). A number of studies have identified a 

reduction in the number of motor units with age (Brown, 1972; Campbell et al. , 1973; 

Doherty, Vandervoort, Taylor and Brown, 1993 ; Tomlinson and Irving, 1977). This 

loss of motor units does not occur in a linear fashion. The total number of motor units 

remains reasonably constant up to 60 years of age (Campbell et al., 1973; Tomlinson 

and Irving, 1977). However, after 60 years of age there is a marked decline in the 

number of motor units (Campbell et al., 1973; Tomlinson and Irving, 1977). While 

age-associated reductions in contractile strength are predominantly the result of 

decreased fiber number and CSA, they can also be partially explained by reduced 

nerve innervation and loss of motor units (Doherty et al., 1993). 

Aged muscles retain some sprouting and innervation capacity, albeit not sufficient to 

maintain motor unit numbers. Motor units are lost as a result of the ageing process. 

Remaining motor units increase in size as a result of collateral sprouting and 

reinnervation of surviving denervated muscle fibers (Doherty et al., 1993 ). This 

reinnervation process leads to a greater number of muscle fibers per motor unit. 

However, collateral reinnervation of remaining motoneurons cannot fully compensate 

for the total denervation observed in the elderly, with some muscle fibers becoming 

pem1anently denervated (Luff, 1998). This process is a significant factor contributing 

to muscle atrophy and correlated to reduced strength (Doherty et al., 1993; Lexell et 

al., 1988). 
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2.4.3 Altered contractile capacity 

The decline in muscle fibers with age reduces maximal muscle force and power 

output. While decreased muscle contractile mass can largely explain these declines 

with ageing, there are also alterations to muscle contractility: elderly individuals have 

significantly longer time to peak tension and relaxation responses following evoked 

muscle twitches compared to a younger population (Vandervoort and McComas, 

1986) (Figure 2.10). These contractile alterations result in a reduced maximal 

shortening velocity and decreased power output in aged muscle fibers (Krivickas et 

al., 2001 ). This loss in power output can have a detrimental effect on older adult's 

ability to produce force rapidly, thereby amplifying the impact of muscle weakness on 

the mobility-related ADL (Cho, Scarpace and Alexander, 2004). 
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Figure 2.10 - Prolongation of muscle twitches of ankle plantar flexors (Vandervoort and 
McComas, 1986). The results are expressed as contraction time of plantar flexor muscles. • , o 
= males and females respectively; ----, - = linear regression of male and female contraction 
times of plantar flexors with advancing age. 
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The slower contraction velocity observed in aged muscle may be partially explained 

by a reduced proportional contribution of fast twitch fibers (Vandervoort and 

McComas, 1986). Another possible contributing factor to reduced shortening velocity 

is a compromised release and uptake of calcium from the sarcoplasmic reticulum. As 

the amount of calcium released from the sarcoplasmic reticulum is attenuated in aged 

fast twitch muscle fibers, this may manifest into reduced muscular power (Delbono, 

O'Rourke and Ettinger, 1995). This mechanism has also been credited with decreased 

maximal force in animals (Gonzalez, Messi, Zheng and Delbono, 2003). 

2.4.4 Endocrine changes 

The ageing process is also associated with a variety of hormonal changes which 

influence the capacity of the muscular system to produce force. The main endocrine 

changes with ageing are a gradual decrease in testosterone and growth 

hormone/insulin-like growth factor (IGF-1) concentrations (Corpas, Harman and 

Blackman, 1993; Morley et al. , I 997). These changes have metabolic affects which 

can alter muscle mass and function. However, with a number of conflicting studies 

and research that has been inconclusive, the contribution of changing hormones levels 

with age and sarcopenia is still relatively unclear. 

Testosterone is the primary and most potent anabolic hormone. Testosterone is a 

muscle building hormone, which can increase protein synthesis, muscle mass and 

strength (Urban et al., 1995). As such, decreased testosterone levels have been 

proposed as a contributing factor in the loss of muscle mass. Serum testosterone levels 

appear to peak during the third decade of a person's life and then show a gradually, 
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progressive decline with age (Lamberts, van den Beld and van der Lely, 1997) (Figure 

2.11). 
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Figure 2.11 - Mean free testosterone index (the ratio of serum total testosterone to sex 
hormone- binding globulin levels) during the lifespan of healthy men (Lamberts et al ., 1997). 

The decline in serum testosterone has been associated with numerous physiological 

changes. However, the physiological and cfa1ical significance of age-associated 

decreased serum testosterone levels remain unclear (Matsumoto, 2002). This is partly 

because serum testosterone levels have large variations between individuals and can 

remain within somewhat normal limits in healthy aged men (Gray, Berlin, McKinlay 

and Longcope, 1991 ). While some studies have reported positive correlations between 

testosterone levels and muscle mass/strength in older adults (Baumgartner, Waters, 

Gallagher, Morley and Garry, 1999; van den Beld, de Jong, Grobbee, Pols and 

Lambe1is, 2000), others have not (Abbasi et al., 1998; Taaffe, Cooper, Holloway, 

Duret and Marcus, 1999). A definitive relationship between decreased testosterone 

and reduced muscle mass with age has not been established. As age-related 

physiological alterations are multifactorial, finding strong correlations between serum 
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testosterone and physiological change is difficult (Matsumoto, 2002). The theories 

relating to reduced hormonal activity and muscle loss with age are based on normal 

ageing closely resembling the effects of isolated hormonal deficiency. As such, 

testosterone replacement therapy has been proposed as an intervention for sarcopenia. 

A few studies have reported an increase in muscle mass and strength with testosterone 

replacement therapy in older adults (Ferrando et al., 2002; Urban et al., 1995). While 

sarcopenia is not simply a product of testosterone deficiency (Lamberts et al., 1997), 

it appears that a decline in testosterone with age, may contribute at least in part, to 

sarcopenia (Matsumoto, 2002). 

Another hormonal change linked with ageing is a gradual decline in activity of the 

growth hormone/IGF-1 axis (Figure 2.12). This is regarded as an axis because growth 

hom1one mediates most of its anabolic effects through the synthesis of IGF-1. In 

addition, with reduced growth hormone secretion during ageing, there is a parallel and 

progressive fall in circulating IGF-1 levels for both sexes (Corpas et al. , 1993). 

Growth hormone is considered an important anabolic hormone for stimulating muscle 

growth and repair (Goldspink, 1999). For women in particular, growth hormone is 

considered the primary blood-borne muscle building stimulant (Kraemer et al., 1991). 

Therefore, a decline in growth hormone with ageing has been proposed to account for 

the decrease in protein synthesis. 

Decreased muscle mass observed in the elderly has been linked with reduced growth 

hormone secretion (Rooyackers and Nair, 1997; Rosen, 2000). In support of this view, 

growth hormone supplementation has been shown to increase lean body and muscle 

mass in the elderly (Marcus et al., 1990; Rudman et al. , 1990; Schwartz, 1995). 
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However, the significance of growth hormone decline is debatable. More recently, 

Roubenoff et al. (1998) found an inverse relationship with growth hormone secretion 

in postmenopausal women: those that had the lowest 24-hour growth hormone 

secretion had the highest body cell mass, rather than the lowest. Part of this confusion 

relating to the significance of decreased growth hormone secretion is because the 

metabolic action and interaction of various hormones are not fully understood 

(Rooyackers and Nair, 1997; Sheffield-Moore and Urban, 2004). Given the anabolic 

nature of growth hormones, it can be suggested that a decline could facilitate 

sarcopenia, at least in part. Yet the extent of this age-related change contributing to 

reduced muscle mass remains to be elucidated. 
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Figure 2.12 - Insulin like growth factor changes in healthy women (left) and men (right) 
during the ageing process (Lamberts et al. , 1997). 

2.4.5 Decreased physical activity 

Another major contributing factor to sarcopenia is decreased physical activity. There 

is clear evidence that reduced physical activity can exaggerate the degenerative loss of 

skeletal muscle that occurs naturally with ageing (Kuta, Parizkova and Dycka, 1970; 

Pollock et al. , 1997). As physical activity tends to decline with age (Taylor et al., 
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2004), muscles appear to be deprived of an important environmental stimulus to 

maintaining its mass and function (Roubenoff and Hughes, 2000). However, this 

reduction in physical activity cannot completely explain sarcopenia. Sarcopenia is 

present even in physically active older adults (Pearson et al., 2002). Evidence 

suggests that biological ageing is composed of genetic variables and many 

environmental factors such as physical activity (Singh, 2002). However, as muscle 

mass, strength, power and function can all be improved with increased physical 

activity (Fiatarone et al., 1990), its prescription for an older population appears 

invaluable. To date, exercise, specifically resistance training, is the most effective 

intervention to combat the effects of sarcopenia (Borst, 2004 ). 

2.4.6 Summary 

There i ' considerable evidence of muscular degeneration with agemg. The most 

evident alteration to the muscular system with advancing age is sarcopenia, which 

results in a reduced capacity for muscle strength a.nd power output. Numerous 

variables influence sarcopenia, such as hormones and permanent loss in motor 

neurons. While sarcopenia is viewed as a normal part of the ageing process, it is an 

older individual's level of physical activity or inactivity which has profound effects 

on the degree of sarcopenia. As physical activity can combat the deleterious affects of 

sarcopenia, the specific details of such interventions in older individuals needs to be 

explored. 
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2.5 Exercise and the older population 

2.5.1 The role of exercise for the older p'opulation 

The participation in regular exercise has numerous physiological benefits for the older 

population. Exercise can lead to improved cardiovascular function, reduced adiposity, 

reduction in chronic disease risk factors, increased muscle mass, strength, power and 

endurance. Improvements in these variables not only contribute to superior health, but 

can dramatically impact functional independence in old age. Furthermore, older 

individuals who regularly participate in some sort of physical activity report a greater 

life satisfaction and quality of life compared to their sedentary peers (Rosenberg, 

1986; Ruuskanen and Ruoppila, 1995). Participation in regular exercise has the 

potential to counteract many negative physiological alterations associated with ageing 

by as much as fifty percent (Smith and Gilligan, 1983). Figure 2.13 shows evidence of 

physiological benefits of regular exercise. An interesting feature of this figure is that 

phys·ca.lly active older individuals in their late 60's possess a physiological health 

status similar to a sedentary individual in their late 20's. Given the physiologica] 

benefit s of exercise, its prescription and promotion should be a high priority for all 

older individuals. 

The participation in regular exercise also plays a pivotal role in maintaining the ability 

to undertake ADL in older individuals. The ageing process and reductions in physical 

activity are linked to a loss of strength, balance, and flexibility, all factors that 

contribute to a loss of functional independence (Schroeder, Nau, Osness and 

Potteiger, 1998). These factors impede greatly on an older individuals ' quality of life. 

The inclusion of exercise training and any associated improvement in strength and 
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power can effectively reduce the work output required to perform ADL and 

undoubtedly have a positive impact on quality of life (Mazzeo et al., 1998). 
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Figure 2. I 3 - A comparison of general level of physiological function between active and 
sedentary individuals across the lifespan (adapted from McArdle, Katch & Katch (200 l ). 

2.5.2 Muscular adaptation to exercise 

Muscle strength adaptations 

90 

Resistance training is prescribed to overload the neuromuscular system, leading to 

adaptations in strength. Improvements in muscle strength with resistance training are 

believed to be feasible regardless of age (Kell et al. , 2001). In a pioneering study, 

eight weeks of high-intensity resistance training in elderly (86-96 years) 

institutionalized individuals contributed to an average 174% increase in knee extensor 

strength (Fiatarone et al., 1990). These gains in strength were accompanied by a 9% 

increase in quadriceps muscle size (Fiatarone et al., 1990). This study demonstrates 
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that the capacity for muscle strength and hypertrophy adaptations is possible, even 

among the very oldest of an older population. Similar gains in strength have also been 

reported by Frontera et al. (1990); with 107% increase in maximum knee extension 

strength and 28% increase in vastus lateralis mean fiber area following twelve weeks 

resistance training in an older population (60-72 years). A review of twenty studies 

examining strength adaptations and muscle fiber size in older populations summarized 

that strength increased by an average of 67.1 %, type I and II fibers increased 29.4% 

and 36.6%, respectively, after resistance training that varied between 9-52 weeks 

(Hunter, McCarthy and Bamman, 2004). It appears that aged skeletal muscle still has 

the capacity to adapt to resistance training, with significant gains in both strength and 

size. 

The mechanisms for increased strength in older adults are still not entirely 

understood. Some evidence suggests that increased circulating hormones from 

resistance training contribute to hypertrophy induced gains in strength (Singh et al., 

1999). Others suggest that strength adaptations can be partially explained through 

increased maximal motor unit firing frequency (Enoka, 1997; Leong, Kamen, Patten 

and Burke, 1999). Many mechanisms have been identified and it is likely that a 

number of different mechanisms contribute to increased strength with resistance 

training in old age. 

Muscle power adaptations 

Power is one parameter of muscle function that is extremely important for the 

performance of ADL, such as walking up a flight of stairs or rising from a chair. As 
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such, the functional decline in muscle power, which occurs more rapidly than that of 

strength has far reaching consequences (Metter et al. , 2002). Fortunately, several 

studies have shown that resistance training can improve power production capacity in 

older individuals (Ferri et al. , 2003 ; Fielding et al., 2002; Hakkinen et al. , 2001; 

Newton et al. , 2002). Gains in strength with resistance training correlate with changes 

in power, however, power is a highly specific muscle function. As muscle adaptations 

reflect the specific demands placed upon it, the greatest improvements in power are 

achieved by incorporating high-velocity contractions (Newton et al., 2002). While 

increased strength may counteract many components of sarcopenia, the preservation 

of power is essential in older adult's ability to perform ADL (Evans, 2000). 

Therefore, training interventions for older populations should incorporate exercises 

that improve power. It should also be considered, that in a frail elderly population, 

high velocity movements could be a considered a contraindication; therefore, there is 

also a need for investigations into alternative training regimes that can increase power 

without high velocity movements. 

Many of the mechanisms attributable to increased strength are also components of 

greater power in the older population, such as hypertrophy. However, the specific 

nature of muscle power is also reflected in specific adaptations which are linked to 

power gains in older adults . These include: a relatively greater hypertrophy of type II 

fibers (Hunter et al., 2004 ); improved recruitment of high threshold motor units 

(Leong et al., 1999); earlier motor unit activation; and improved release of calcium 

from the sarcoplasmic reticulum (Godard, Gallagher, Raue and Trappe, 2002). 

Independent of the mechanisms responsible for power adaptations, it is evident that 
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with appropriate training, older adults maintain the ability to improve their muscle 

power and therefore offset many age-related declines in physical function. 

Functional performance adaptations 

Functional capacity consists of the ability to perform ADL. The decline in muscle 

mass, strength and power associated with ageing carries significant consequences 

related to functional capacity (Mazzeo et al. , 1998). The effects of sarcopenia can be 

so severe that it can limit the ability to perform even the simplest ADL. For example, 

many elderly person' s loss in muscle function limits their ability to get up from a 

chair, walk up stairs or even maintain personal hygiene (Lynch, 2004). The inability 

to perform ADL transfers to a loss of functional independence and reduced quality of 

life; factors that further contribute to disability, morbidity and all cause mortality 

(Janssen et al. , 2002; Metter et al. , 2002). To combat reduced functional capacity with 

ageing, exercise, specifically resistance training, has often been prescribed to increase 

strength and power. Resistance training has contributed to an improved ability to 

perform tasks of mobility in older populations (Fiatarone et al., 1990; Lamoureux, 

Sparrow, Murphy and Newton, 2003). However, many functional tasks are highly 

specific in nature. Therefore, it is important that any intervention for older individuals 

should either be specific to the targeted functional activity, or have good transference 

to improve these AD L. 

Sarcopenia is especially noticeable in the lower limbs. This disproportional effect on 

the muscular system of older adults can lead to impairments in mobility (Vandervoort, 

2002). As there is a strong relationship between leg strength and power with habitual 
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walking speed in an older population (Fiatarone et al., 1990), the prescription of 

resistance training would appear to be justified. Fortunately, the decline in functional 

tasks in older adults such as mobility has been shown to be offset by resistance 

training (Fiatarone et al., 1990; Lamoureux et al., 2003; Symons, Vandervoort, Rice, 

Overend and Marsh, 2005). While there is strong support for incorporating resistance 

training to improve functional ability in the older population, there is still debate as to 

its effectiveness over other exercise interventions. This is because the primary 

purpose of resistance training is to improve strength and power. As the performance 

of functional tasks is more complex, purely attempting to improve strength violates 

the priinciple of training specificity (Morrissey, Harman and Johnson, 1995). 

Therefore, a number of researchers have used functional exercises to improve ADL 

(Bean et al., 2002a; De Vreede et al. , 2004; Hiroyuki, Uchiyama and Kakurai, 2003). 

While there may be debate into the most effective intervention to improve the many 

specifi ADL, it is highly unlikely that one training method can improve all attributes 

of functional performance. The overall effectiveness of an intervention should be 

evaluated with respect to its benefits. A major goal of any intervention should be to 

minimize impaired mobility and other features of reduced performance which result 

from sarcopenia. 

Reduction in falls risk 

Falls risk is considered one of the most serious and common problems facing older 

individ als. The severity of fall related complications are associated with hip 

fractures, premature nursing home admission, morbidity and mortality (AGS, 2001). 

Falls are an interaction of multiple risk factors: muscle weakness, impaired mobility 

51 



and diminished balance (Buchner, 1997; Maki, Holliday and Topper, 1994). There are 

many more risk factors related to falls, such as visual deficit, history of falls or 

environmental factors. However, an important variable in the most significant falls 

risk factors just identified, are those that can be improved through exercise. 

Falls risk is multifactorial. However, improvements in any of the modifiable risk 

factors such as muscle weakness, impaired mobility or diminished balance, should 

contribute to a reduction in the overall risk of falling (Buchner, 1997; Hornbrook et 

al. , 1994). To date, one of the best therapeutic approaches to combat falls involves 

exercise. It has been demonstrated that exercise programs specifically targeting 

improvements in muscle strength/power, mobility and balance can significantly 

decrease the incidence of falls (Barnett, Smith, Lord, Williams and Baumand, 2003; 

Rubenstein et al., 2000; Suzuki, Kim, Yoshida and Ishizaki, 2004). Improvements in 

any of t hese variables can reduce the overall falls risk; however, the best approach for 

effective fall prevention involves interventions targeting the multiple causes of falls 

(AGS, 2001). Therefore, a key goal for the older population should focus on 

improvements in as many of these falls risk factors as possible. In addition, regular 

assessment of factors associated with falls is essential for identifying older individuals 

at risk and prescribing an appropriate intervention. 

There is a vast body of literature examining falls risk in older adults. However, it is 

beyond the scope of this thesis to discuss it in detail. For a more in depth perspective 

of falls risk in old age, the reader is referred to a review article published by the 

American Geriatrics Society (AGS, 2001 ). 
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2.5.3 Muscular function assessment 

Age-related alterations in muscle have a profound impact on older adult' s ability for 

force production and functionality. In order for older adults to maintain muscle 

strength and the ability to perform ADL, it is essential that these attributes are able to 

be accurately measured. Furthermore, the ability to measure muscle strength and 

function are of critical importance when evaluating the impact of potential exercise 

interventions for an older population. 

Muscle strength and power assessment 

Muscular strength and power is of paramount importance in the performance of ADL. 

Their assessment can be used for diagnostic purposes or to evaluate the effects of 

training interventions. Muscle capacity for force production can be assessed during 

isometric or dynamic contractions. The assessment of isometric contractions measures 

the amount of tension a muscle can generate in a fixed joint position. The assessment 

of dynamic contractions (isotonic) on the other hand measures the force produced 

through a joint range of motion. Another type of dynamic contraction assessment is 

isokinetic. Isokinetic assessment measures the maximal force and angular movement 

at a fixed velocity. Dynamic contractions can be assessed during concentric 

contractions, when the muscle shortens; or eccentric contractions, when the muscle 

lengthens. The assessment of both isometric and isokinetic muscle contractions can. be 

made using a dynamometer. 
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Isometric dynamometry is the strength output during a maximum voluntary 

contraction (MVC) without a change in joint angle. Another variable in an isometric 

strength test is rate of force development (RFD) during the initial period of a MVC 

(0-200msec). RFD has been used by many researchers as a measure of power 

(Aagaard, Simonsen, Andersen, Magnusson and Dyhre-Poulsen, 2002; Pryor, Wilson 

and Murphy, 1994 ). However, there are many who argue against the assessment of 

isometric strength and RFD. It is argued that isometric strength and power assessment 

bears little resemblance to dynamic activities because there is no limb displacement 

(Murphy and Wilson, 1996). Proponents of isometric assessment argue that the 

measurement has a high level of control and is correlated to some dynamic 

performances (Hakkinen, Alen and Komi, 1984). As isometric test correlations to 

performance are debatable, it has been suggested that one should use dynamic 

measurements to assess performance in dynamic activities (Murphy and Wilson, 

1996). 

Strength and power assessment by isokinetic testing 1s argued to better reflect 

muscular performance in functional activities. The proposed advantages of isokinetic 

assessment are: that muscle force can be measured through a joints full range of 

motion; it may be measured at specific velocities; it enables comparisons between 

agonists and antagonist; and it permits the quantification of torque, work and power 

(Perrin, 1993). There are still many who question isokinetic assessment' s sensitivity 

to measure the effects of training. The detractors principally argue that the isolated 

joint assessment in absence of acceleration does not reflect the movement and loading 

during functional activities (Abernethy, Wilson and Logan, 1995). 

54 



All forms of strength and power assessment have supporters and detractors; however, 

there are many different qualities of muscle strength and power. As the motor patterns 

of functional activities are complex, it is erroneous to suggest that all forms of 

strength and power assessment will be correlated to their performance, or will be 

sensitive to their adaptation (Abernethy et al. , 1995). While correlations in strength 

and power measurements to functional performance are variable, it must be noted that 

all forms of dynamometry and muscular assessment have logical validity. That is, 

they measure strength and power (Abernethy et al., 1995). As test/re-test reliability of 

isometric and isokinetic measurements are generally reported to be high (Abernethy et 

al. , 1995), dynamometry can be viewed as an important assessment tool in an 

examination of muscular strength and power. However, as no single assessment 

modality can provide insight into all forms of muscular performance, it is suggested 

that a battery of tests be conducted to provide a better insight into diagnosing or 

evaluating muscular performance. This is specifically relevant for diagnosing or 

evaluating muscular perfonnance during various ADL in an older population. 

Functional muscular assessment 

The loss in muscle mass, strength and power with ageing represents major alterations 

that negatively affect muscular performance. However, it is the associated decline in 

ability to perform ADL that has profound effects on functional independence and 

quality of life in later years. As activities such as walking and balance have very 

specific motor control patterns, the efficacy of assessment should also closely reflect 

this specificity (Morrissey et al., 1995). Falls are another major health concern in an 

older population. The assessment of falls risk is important when evaluating the 
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efficacy of exercise programs. The complex and multifactorial causes of falls has lead 

researchers to implement a number of different clinical tests to predict falls risk (Chiu, 

Au-Yeung and Lo, 2003; Cho et al., 2004; Shumway-Cook, Brauer and Woollacott, 

2000). Generally though, falls risk tests have components of mobility and balance 

assessment. As many of the falls risk tests are also functional measures, their 

assessment and evaluation is often intertwined. Some of these tests include but are 

not limited to: timed walking, mobility with directional changes (timed-up and go 

test) and ability to maintain stance in response to postural challenges (sit-to stand test 

and balance). 

Rising from a chair or getting out of bed can be a difficult activity for an older adult 

(Alexander, Schultz, Ashton-Miller, Gross and Giordani, 1997). It has been reported 

that the ability to sit down and stand up from a chair is influenced by lower-limb 

strength, proprioception, balance and confidence (Lord, Murray, Chapman, Munro 

and Tiedemann, 2002). As such, the sit-to-stand (STS) test is commonly used as a 

functional performance measure, which has also been linked with falls risk (Lord et 

al., 2002; Nevitt, Cummings, Kidd and Black, 1989). The STS test involves the time 

taken to rise from a chair a set number of times or counting the number of repetitions 

undertaken in a given time period. Previous research has reported that the STS test 

displays discriminative and concurrent validity. The STS test can differentiate 

between subjects with and without balance disorders (Whitney et al., 2005). Given the 

numerous variables that influence the STS test, its assessment has obvious clinical 

value. 

56 



The operational definition of 'mobility' is defined in this manuscript as the ability to 

move from one place to another. Several factors influence mobility, however, the 

most important variables influencing mobility are suggested to be balance and gait 

(Maki et al., 1994; Tinetti et al., 1988). The ability to walk without assistance is 

critical for older individuals to maintain functional independence and prevent 

disability. Gait speed over short distances has been found to be a powerful predictor 

of adverse outcomes such as disability and dependency (Woo, Ho and Yu, 1999). A 

maximum gait velocity of 0.8 ml second or less is reported to be correlated to previous 

falls (Montero-Odasso et al. , 2004). The assessment of gait velocity may serve as an 

effective clinical tool for detecting mobility impai1ment (Montero-Odasso et al. , 

2004). Another surrogate mobility assessment is a timed-up and go test (TUG). The 

TUG test is the time taken for an individual to stand up from a chair, walk three 

meters, turn around, walk back and sit down. This test reflects typical gait and balance 

maneuvers performed as part of everyday life. The time taken to complete the TUG 

test is strongly correlated to functional mobility and is sensitive to indentify 

individuals at risk of falls (Podsiadlo and Richardson, 1991; Shumway-Cook et al., 

2000). Given the simplicity of the TUG test and reported validity, it is not surprising 

that this test is commonly used to screen and assess the effects of interventions for an 

older population. 

Ageing is associated with the deterioration of the muscular, neural and senso1y 

systems, each of which affect postural control and balance (Lord and Ward, 1994). 

Balance, a rather ambiguous term, is described broadly in the literature as the ability 

to maintain an upright posture in a weight carrying position without falling (Benjuya, 

Melzer and Kaplanski, 2004 ). As balance is a risk factor in falls (Tinetti et al., 1988) 
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and an important determinant of functional independence, a key goal of functional 

programs for the older population should focus on improvements in balance. 

However, the most appropriate method to assess balance is complex. Balance can be 

measured in numerous ways such as: dynamic or static; one or two legged; eyes open 

or closed; different bases of support or simply the ability to respond to postural 

disturbances. Like most methods of functional assessment, it is likely that each 

individual test has its merits and limitations. The assessment of any balance measure 

will undoubtedly provide valuable information about physical function in an older 

population (Shubert, Schrodt, Mercer, Busby-Whitehead and Giuliani, 2006). 

There are numerous functional performance measures to assess physical function in 

an older population. As every functional performance activity is unique, the 

assessment of physical function does not reflect independent variables such as 

strength or balance, but measures the highly specific interactions of these factors on 

performing ADL (Buchner, 1997). Therefore, the method of functional assessment 

should also reflect the specific attributes of that population and the hypotheses being 

tested in an intervention. 

Electromyography 

Muscular force improvements are linked with both neural and hypertrophy 

mechanisms. When muscular force increases in absence of any hypertrophy, these 

changes are typically associated with neural adaptations. One method to assess neural 

changes in muscular force is surface electromyography (EMG). EMG is the method 

of measuring neural activity associated with contracting muscle. As muscle 
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contraction is a complex and highly variable process, the information derived from 

EMG information cannot be used to evaluate all neural mechanisms of muscular 

force, so the information derived from EMG should be considered within its 

constraints. However, EMG can be used can be used to evaluate motor unit activity 

relationship to muscle tension. Neural changes measurable through EMG that are 

related to strength changes include: increased activation, altered firing frequency and 

decreased co-contraction of antagonists. 

There are two main descriptors of an EMG signal : amplitude and frequency. The 

maximum amplitude of an EMG signal is recorded in millivolts (m V). While different 

contraction types have different voltage/force relationships, most investigations report 

a linear relationship with EMG amplitude and increasing force during isometric 

muscle contractions (Milner-Brown and Stein, 1975; Moritani and deVries, 1978). 

Each individual ' s EMG amplitude is unique and can therefore not be compared 

between different persons. In order to analyse changes in EMG amplitude over time, 

it is normalised to a percentage of an individual's maximum voluntary contraction 

(MVC). The other descriptor of an EMG signal is the frequency composition. As 

muscle force can be controlled by the frequency of the neural stimulus, increased 

force output following an intervention may be partially explained by an altered motor 

unit recruitment patterns (Duchateau et al., 2006). As such, frequency analysis of the 

EMG signal can provide important information about the recruitment of motor unit 

types. The intramuscular coordination of the agonist and antagonist can also influence 

the force output of the desired motion. As such, measuring the EMG amplitude of the 

agonist and antagonist muscles before and following an intervention can be used to 

examine whether an increased expression of agonist force is related to a reduction in 
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antagonist con-contraction (Carolan and Cafarelli, 1992). These findings indicate how 

basic EMG assessment can supplement investigation into muscle function following 

training interventions. 

2.5.4 Summary 

Participation in regular exercise has numerous physiological benefits for older adults. 

Aged muscles can respond and adapt to stresses similar to that experienced by a 

younger population. It has been consistently demonstrated that resistance training can 

offset many age-related physiological changes related to sarcopenia. In addition, 

resistance training has been shown to also improve physical function such as mobility, 

balance and reduced falls risk. The benefits of resistance training for older individuals 

are substantial. Despite these benefits, most older adults do not participate in 

resistance training (Taylor et al., 2004). It appears invaluable to promote resistance 

training for older populations, however, there is also a distinct need to increase the 

number of safe and effective resistance training _programs available to older adults 

(Seguin and Nelson, 2003). Such programs may supplement resistan.ce training, 

improve participation in exercise, and further assist in preventing functional 

impairments resulting from ageing. 
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2.6 Whole body vibration exercise 

2.6.1 Background 

The use of mechanical vibration has generated interest in exercise science as a 

potential training intervention to improve the strength and power of skeletal muscles. 

Vibration applied directly to a muscle belly can elicit a 'tonic vibration reflex' (TVR) 

(Bishop, 1974). The TVR is a reflex contraction resulting from vibration stimulated 

change in muscle length that is detected by muscle spindles (Eklund and Hagbarth, 

1966; Matthews, 1966). This length detection change by muscle spindles is mediated 

to the spinal cord by Ia afferent fibers , which innervates alpha-motoneurons: a stretch-

reflex loop that leads to reflex muscle contractions (Figure 2.14) (De Gail, Lance and 

Neilson, 1966; Martin and Park, 1997). 

Spindle 
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~---_______-/ 
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Figure 2.14 - The reflex arc in the elicitation of the tonic vibration reflex (adapted from 
(Johnston, Bishop and Coffey, 1970) 
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The TVR response elicited by vibration can be quite varied and is influenced by a 

number of factors. Some of these factors influencing the strength of the TVR include: 

the location of applied vibration and the initial length of the muscle (Bishop, 1974). A 

TVR can be elicited by vibrating the muscle or the tendon. As a rule the strongest 

TVR occurs when vibration is applied directly to the tendon, as it is in series with the 

muscle and provides a longitudinal stretch (Eklund and Hagbarth, 1966). However, if 

the amplitude of vibration is high, this TVR also occurs when applied to muscle 

bellies (Eklund and Hagbarth, 1966). The strength of the TVR is also affected by the 

initial passive length of the muscle, with a longer initial muscle length leading to a 

stronger TVR (Eklund and Hagbarth, 1966). However, a TVR is less dependant on 

initial muscle length than muscle tension. A submaximal isometric voluntary muscle 

contraction increases fiber tension and spindle sensitivity, thereby facilitating the 

TVR (Burke, Hagbarth, Lofstedt and Wallin, 1976). 

It is well established that vibration applied directly to a muscle or its tendon can 

increase muscle activity by eliciting reflex contractions (Mester et al., 1999). The 

TVR has been elicited from every human skeletal muscle with the exception of facial 

and tongue muscles (Eklund and Hagbarth, 1966). The TVR can increase strength of 

contractions and muscle activity during submaximal contractions (Eklund and 

Hagbarth, 1966). These results have been used to suggest that eliciting a TVR may be 

a useful means of facilitating strength in weak muscles. In a clinical setting, the TVR 

has been used as a rehabilitation tool to restore motor function in the upper 

extremities of stroke patients (Bishop, 1975). 
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Vibration is an oscillation that is defined by frequency and amplitude. Frequency is 

the number of oscillatory cycles occurring per second, measured in hertz (Hz). 

Amplitude is the displacement from a zero value during one period of an oscillation. 

As an exercise intervention, vibration can be applied via two methods. It can be 

applied directly or indirectly to the muscles being targeted. With the indirect 

application of vibration, energy is transmitted from the source through the body until 

it reaches the target muscle (Luo, McNamara and Moran, 2005). For example, 

exercising on a platform that generates vertical sinusoidal vibrations transmits this 

energy from the source through the musculature of the lower limbs. This method of 

vibration application has been termed whole-body vibration (WBV). There are two 

methods to apply the vibration stimulus via a platform; rotational and vertical (Figure 

2.15). While the use of direct vibration to stimulate individual muscles has been used 

for a number of decades (De Gail et al., 1966; Eklund and Hagbarth, 1966; Hagbarth 

and Eklund, 1965), the use of WBV as an exercise intervention is a relatively recent 

concept (Cardinale and Bosco, 2003). The prescription of WBV is loosely based on 

the TVR reported with direct vibration stimulation of tendons and muscles. While it is 

still unclear if WBV training also elicits a TVR, several studies have reported 

increased muscle activity in the lower limbs with WBV (Abercromby et al., 2007a; 

Cardinale and Lim, 2003b; Roelants, Verschueren, Delec]use, Levin and Stijnen, 

2006). WBV appears to have a strong effect on the neuromuscular system. As such, 

WBV has been prescribed to facilitate neuromuscular strength and power 

enhancement (Delecluse et al., 2003). However, with WBV as an exercise 

intervention m its infancy, its effectiveness and efficacy on neuromuscular 

performance enhancement is still unclear. 
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Figure 2 .15 - Whole body vibration exercise. Left is rotational WBV; Right is vertical WBV 
(Abercromby et al. , 2007b ) . 

Vibration effects on the human body have been examined extensively and 

documented for many years because of the associated negative side effects. Chronic, 

uninterrupted exposure to vibration, usually resulting from an individual ' s occupation, 

can be severely detrimental to health, with risk to the spinal column, peripheral, 

digestive, reproduction, and vestibular i;;ystems as well as other organs (Seidel and 

Heide, 1986). As chronic exposure to vibration can be detrimental to health, the 

International Organization of Standardization (ISO., 2631-1: 1997) quantified 

guidelines for vibration dosage to limit potentially harmful doses. On the other hand, 

recent research suggests that low doses of WBV may be of benefit to physiological 

systems. WBV exercise may provide a positive stimulus to the neural (Roelants et al., 

2006), muscular (Bosco et al. , 1999b ), skeletal (Rubin et al. , 2004) and endocrine 

systems (Bosco et al., 2000). However, as a major human physiological system, it is 

the musculature reaction to WBV exercise that should be a major focus of future 

investigations (Mester et al. , 1999). 
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The performance enhancing effects of WBV are difficult to decipher. WBV has been 

reported to have positive (Delecluse et al., 2003) or no effect on performance (de 

Ruiter, Van Raak, Schilperoort, Hollander and de Haan, 2003b). The discrepancies 

between studies and difficultly interpreting the effectiveness of WBV appears to be 

attributable to the numerous prescription variables and different research 

methodologies (Luo et al., 2005). WBV prescription can be influenced by frequency, 

amplitude, exercise training type, body positions, intensity and volume. In addition, 

WBV has acute and chronic effects, both of which differ in their outcomes. A greater 

understanding of each prescription variable and their interactions is important for the 

prescription of WBV. 

WBV was originally applied in an attempt to improve blood circulation. Russian 

athletics coaches Nazarov and Spivak (1987), first applied it to help their athletes 

train. T,ater research used WBV as a means of improving muscular strength. Issurin et 

al. (1994) used superimposed vibrations during weight training to increase muscle 

recruitment to a greater degree than conventional resistance training. Preliminary 

research focused on the use of WB V to enhance strength in sporting contexts. 

However, its potential influence on strength in the lower limbs has led to suggestions 

that WBV may be a revolutionary training modality for the older population. WBV 

may serve as an alternative therapeutic intervention for the older population to combat 

sarcopenia and associated loss in strength and functional performance. Preliminary 

research has reported that WBV training could be a feasible and effective way to 

increase strength in the older population (Verschueren et al., 2004). However, there is 

a distinct need for research into the efficacy of WB V training for this population. 
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2.6.2 Acute physiological effects of whole body vibration 

Acute metabolic and physiological effects of whole body vibration 

The effects of WBV exercise have been shown to elicit a number of different acute 

metabolic and physiological responses. These include effects on oxygen uptake, 

hormone profile, lactate levels, skin blood flow, heart rate and blood pressure. In a 

study by Rittweger et al. (2002a), acute WBV was shown to increase oxygen 

consumption to a greater degree than the same exercise without vibration. This 

increase in oxygen uptake with WBV was comparable to energy expenditure during 

moderate walking (Rittweger et al., 2002a; Zamparo, Perini, Orizio, Sacher and 

Ferretti, 1992). As oxygen consumption can be used as an estimation of energy 

metabolism, this finding illustrates that WBV should be considered a type of exercise. 

With WBV considered a type of exercise, research has attempted to investigate 

whether its effects are similar to other forms of training. It has previously been shown 

that short term intensive exercise such as jumping and weight lifting can evoke 

hormonal responses (Bosco et al., 1996; Kraemer et al. , 1991). Acute WBV exercise 

has also been reported to evoke increases in plasma levels of testosterone, growth 

hormone and decreased concentration of cortisol (Bosco et al. , 2000). While the 

effects of hormone response to acute WBV exercise are inconclusive (Di Loreto et al., 

2004), any induced hormonal response resulting from an acute session of WBV could 

play a significant role in triggering long term training effects (Kraemer, Fleck and 

Evans, 1996; Viru, 1994). 
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The effects of vibration on blood circulation have been investigated with respect to its 

negative effects of high frequency (> 80 Hz) occupational vibration. High frequency 

occupational vibration has been linked with decreased blood flow, in conditions such 

as 'vibration white finger' and 'vibration-induced Raynaud's phenomenon' (Noel, 

2000; Stoyneva, Lyapina, Tzvetkov and Vodenicharov, 2003). On the other hand, 

only a modest amount ofresearch has investigated low frequency vibration(< 80 Hz), 

such as WBV exercise, and its effects on blood circulation. WBV exercise has been 

reported to induce changes in peripheral circulation, with increases in relative blood 

volume of quadriceps and gastrocnemius muscles (Kerschan-Schindl et al., 2001; 

Lohman III, Petrofsky, Maloney-Hinds, Betts-Schwab and Thorpe, 2007). This has 

often been noted as erythema (Kerschan-Schindl et al. 2001; Rittweger, Beller and 

Felsenberg 2000). Importantly, theses changes in blood circulation with acute WBV 

occurred with an absence of the negative side effects associated with long term high 

frequency vibration exposure (Kerschan-Schindl et al., 2001 ). Increased skin blood 

flow has been explained by the vasodilation of small blood vessels, a response linked 

to 'WB V induced reflex muscle contractions in the lower limbs and localized 

mechanical stimulation of the skin (Kerschan-Schindl et al. 200 l; Rittweger et al. 

2000). As the ageing process is associated with decreased microcirculation of the 

lower extremities, WBV may be an alternative intervention for the older population to 

increase blood flow to the calf musculature. 

The promotion of WBV as an exercise intervention for older individuals leads to 

questions regarding its level of cardiovascular stress. WBV appears to be a mild form 

of exercise for the cardiovascular system. In young healthy subjects, WBV to the 

point of exhaustion (muscular fatigue) resulted in mild cardiovascular effects; a slight 
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elevation in heart rate (98 to 128 bpm), systolic blood pressure (114 to 142 mmHg) 

and blood lactate (3.5 to 4.4 mM) (Rittweger, Beller and Felsenberg, 2000). The level 

of WBV cardiovascular stress has also been examined in heart transplant recipients. 

Heart rate (98 to 121 bpm), blood pressure (136/90 to 158/93 mmHg) and lactate 

levels (1.2 to 2.0 mM) displayed mild increases ·during exhaustive WBV in heart 

transplant recipients, results consistent with those reported in young healthy 

participants (Crevenna et al., 2003). High intensity cardiovascular exercise is often a 

contradiction for a large number of elderly persons. Therefore, WBV exercise may 

serve as an alternative intervention to individuals who are unwilling or unable to 

participate in high levels of cardiac stress. 

It has been suggested that WBV represents a mild cardiovascular stress. The fatigue 

experienced during WBV is not the result of insufficient cardiac output. Fatigue 

resulting from exhaustive WBV occurs in the neuromuscular system (Rittweger et al., 

2000). Rittweger et al. (2000) found that recovery from fatigue following WBV 

occurred after twenty seconds, and stated that this was related to neural causes of 

fatigue. This finding is in line with WBV being considered a strong neuromuscular 

training stimulus. 

Acute effects of whole body vibration on neuromuscular performance 

As an exercise intervention, WBV prescription has largely been based on stimulating 

the neuromuscular system, attempting to evoke a TVR similar to that exhibited with 

mechanical vibration applied directly to a muscle belly or tendon. To date, there have 

only been a handful of studies that have investigated neuromuscular activity via EMG 
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during WBV (Abercromby et al., 2007a; Cardinale and Lim, 2003b; Roelants et al., 

2006; Torvinen et al., 2002c). Cardinale and Lim (2003b) reported that WBV applied 

at 30 Hz and 10 mm amplitude, performed with a 100° knee flexion, increased 

EMGnns of the vastus lateralis by 34% above the same isometric position without 

vibration. Another study suggested that WBV applied at 35 Hz and amplitude of 2.5 

mm, performed with knee angles ranging from 90-125°, increased leg muscle activity 

(rectus femoris, vastus lateralis, vastus medialis and gastrocnemius) which ranged 

from 12.6% to 82.4% of MVC. However, these previous studies may have 

overestimated the effects of WBV on lower limb muscle activity as they did not filter 

out motion artifact from the EMG signal (Abercromby et al., 2007a). As only a 

handful of studies have investigated the concurrent neuromuscular responses to WBV, 

and with majority of theses not filtering out vibration related motion artifact, there is a 

need for future research into the effects of WBV on lower limb muscle activity. Such 

research should employ appropriate signal treatment similar to Abercromby et al. 

(2007a) to remove motion artifact from the EMG signal. 

The acute effects of WBV on neuromuscular performance are defined in this 

manuscript as the adaptations that occur immediately post a single WBV training 

session. An early study that used a variation on WBV, using indirect vibration applied 

during an isometric bicep curl, found significant acute increases ( ~8%) in average arm 

power (post 5 minutes) output that was explained by improved neural efficiency 

(Bosco, Cardinale and Tsarpela, 1999a). Neuromuscular performance enhancements 

in strength and power have also been shown with WBV exercise. Acute WBV applied 

intermittently for a total of ten minutes contributed to increased leg extensor force and 

power output (~6.3%) compared to an opposite control leg (Bosco et al., 1999b). 
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Similarly, acute WBV applied for a total of ten minutes was shown to increase 

vertical jumping ability immediately (Bosco et al., 1998). These results suggest that 

WBV provides a strong stimulus to the neuromuscular system. With improvements in 

neuromuscular performance immediately after acute WBV exercise, enhancements 

have been attributed to the range of neural factors that determine neuromuscular 

performance. These include: motor unit recruitment, inter- and intramuscular 

coordination, synchronization and feedback responses. 

Not all studies have found acute increases in strength or power following WBV. De 

Ruiter et al. (2003a) reported that WBV applied for five minutes led to reduced 

maximal voluntary contraction (MVC) of knee extensors to 93% 90 seconds post 

stimulus. This reduction in MVC remained significantly depressed (2-4%) for three 

hours post WBV. Reports from Torvinen et al. (2002c) also showed discrepancies in 

neuromuscular performance, with WBV applied for four minutes at an amplitude of 2 

mm having no effects on performance. In contrast, the same four minute protocol 

applied at an amplitude of 4 mm contributed to an acute improvement in MVC knee 

extension strength and jumping performance (Torvinen et al. , 2002c). To date, the 

differences in WBV protocols and discrepancies in methodologies make it difficult to 

ascertain the acute effects of WBV on neuromuscular performance. These differences 

in WBV protocols are explored below in section 2.6.4 in relation to its prescription for 

chronic gains in strength and power. 

There appear to be a number of acute metabolic and physiological responses to WBV. 

While there are discrepancies between studies, the number of positive acute effects 
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following WBV provides some insight into mechanisms which may explain chronic 

adaptations to WBV exercise. 

2.6.3 Chronic effects of whole body vibration on neuromuscular performance 

WBV exercise may elicit long term improvements in neuromuscular performance 

(Rehn, Lidstrom, Skoglund and Lindstrom, 2006). The prescription of WBV for long 

term improvements in strength and power is based on acute studies which show this 

exercise to be a strong stimulus to the neuromuscular system. A summarized review 

of WBV studies is displayed in Table 2.3 (Rehn et al., 2006). 

To date, the majority of studies have investigated the chronic effects of WBV exercise 

on leg extension strength and jumping performance. In a twenty-four week study 

involving young, untrained females that examined WBV against a resistance training 

and control group, isometric and dynamic knee extensor strength increased 

significantly for both the WBV (16.6%, 9% respectively) and resistance training 

(14.4%, 7% respectively) group (Delecluse et al., 2003). The enhanced strength 

following WBV training was comparable to the moderate resistance training group. 

As strength gains following WBV were comparable to resistance training and greater 

than a control group, it was stated that such improvements were the result of a strong 

neuromuscular stimulus, not attributable to a placebo effect (Delecluse et al., 2003). 

Support for WBV as a strong training stimulus to promote chronic improvement in 

neuromuscular performance has also been reported following 10 days of WBV. Bosco 

et al. ( 1998) reported that 10 days WBV facilitated significant improvements in jump 

height (12%) and power output (6.1 %) compared to a control group. 

71 



Despite some supportive evidence for usmg WBV effectively to improve 

neuromuscular performance in the long term, not all research has agreed with this 

claim. De Ruiter (2003 b) reported that 11 weeks WBV had no effect on knee extensor 

muscle strength or counter movement jumping in healthy, young subjects. Further, no 

facilitatory effects of WBV were noted in sprint-trained athletes for knee extensor and 

flexor strength, vertical jump, sprint start and running velocity following five weeks 

training compared to a control group (Delecluse, Roelants, Diels, Koninckx and 

Verschueren, 2005). While the above studies show discrepancies between reported 

effectiveness of WBV, it must be noted that direct comparison between these studies 

is extremely difficult. It is likely that reported discrepancies may be explained by the 

differences in vibration protocols and methodology. 

Despite discrepancies between the reported effectiveness of WBV, supporting 

evid nee that WBV can positively influence the neuromuscular system is still strong 

(Table 2.3). While differences in vibration protocols may help explain discrepancies 

between studies, the reported effectiveness of WBV exercise as a training modality 

may also be influenced by the type of population used as participants. In young, 

healthy or well trained populations, static squatting plus increased muscle activity 

resulting from the vibration stimulus is likely to only generate relatively low force 

levels and muscle activity (Cardinale and Lim, 2003b) compared to their maximum 

voluntary capacity (Cardinale and Wakeling, 2005). In contrast, an older population 

that exhibits a deteriorated neuromuscular system may benefit from WBV exercise to 

a greater degrees than younger, healthier counterparts (Cardinale and Wakeling, 

2005). A review of literature reveals a clear need for research on the chronic effects of 

vibration, particularly on the older population. 
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Table 2.3 - WBV effects on muscular performance. 

Author and Year Groups Subjects Vibration prescription Length Specification of muscle Results on muscle performance 
variables Eerformance 

Bosco et al., Two groups: ~ /6=14 26Hz Ten Counter movement and Power output, height of best jump and mean 
(1998) l)WBV 20.2 years old 10mm Days continuous jumping jump height in continuous jumping 

2) Control Physically Static exercises perfmmance. significantly improved (6-12%) in WBV 
active 7 times per week group. 

Sets/Reps: 5x l .5min 
Cochrane et al., Two groups: 6=16 26Hz Nine Counter movement jump, No significant difference between groups. 
(2004) l)WBV 23.9 years old llmm days concentric squat jump, 

2) Control Physically Static exercises sprint tests and agility 5-
active 2 times per week 0-5 test 

Sets/Reps: 3xlmin 
Delecluse et al., Four groups: ~=76 35-40Hz Twelve Isometric and dynamic Static (17%) and dynamic (9%) knee extensor 
(2003) l)WBV 21.4 years old 2.5-5mm weeks strength assessed by a strength increased significantly with WBV. 

2) RES Untrained Static and dynamic exercises dynamometer. Ballistic Strength gains comparable to resistance group. 
3) Placebo 3 times per week strength and counter Counter movement jump enhanced 7.6% with 
4) Control Sets/Reps: 3-20min movement jumping WBV compared to other groups. No 

performance. improvement in ballistic strength. 
Delecluse et al., Two groups: 6=18 35-40Hz Five Isometric and dynamic No change in isometric and dynamic muscle 
(2005) l)WBV 21.4 years old 2.5-5.0mm weeks knee strength assessed by strength. No significant difference in maximal 

2) Control Sprint trained Static and dynamic a dynamometer. Counter knee extension velocity. No significant 
athletes exercises. 3 times per week. movement jump difference in jump height. 

Sets/Reps: 3-6x30-60sec performance. 
De Ruiter et al., Two groups: 6=12 30Hz Eleven Maximum isometric No improvement ofMVC. No change in jump 
(2003b) l)WBV 19.9 years old 8mm weeks force, rate of force height compared with control group. 

2) Control Students Static squats development, counter 
3 times per week movement jump 
Sets/Reps: 5-8xlmin perfmmance. 

Roelants et al., Three groups: ~=48 35A0Hz Twenty Isometric and dynamic A significant strength gain in both WBV and 
(2004a) l)WBV 21.3 years old 2.5-5mm four strength assessed by a fitness groups compared with a control. WBV 

2) Fitness Untrained Static and dynamic exercises weeks dynamometer. was comparable to standard fitness training. 
3) Control 3 times per week 

-....J 
Sets/Reps: 3-20min 

w 
WBV, group performing whole body vibration exercise; RES, group performing resistance training. 



Table 2.3 cont. 

Author and Year Groups Subjects Vibra tion prescription Length Specification of Results on muscle performance 
variables muscle 

~erformance 
Ronnestad (2004) Two groups: c3'= 16 44Hz Five Maximum squat Maximum squat and counter movement jump 

1) WBV+squats 21-40 years old 3mm weeks ( 1 RM) on smith increased significantly within each group. No 
2) Squats Recreationally Smith machine split leg machine. Counter Facilitatory effects of superimposed WBV with 

resistance trained squats movement jump squats. 
2-3 times per week performance. 
Sets/Reps: 3-4x6-10 

Salvarani et al., Two groups : ~=3, c3'=17 30Hz Two Isometric Increased muscle strength among WBV group 
(2003) 1) WBV 26-29 years old Amp not reported weeks contraction of knee (28%). 

2) Isometric Reconstructed Static squats extensors measured 
training anterior cruciate 7 times per week by load cell. 

ligament Sets/Reps: 5x 1 min 
Savelberg et al., Fom groups: N = 28 Gender 20, 27 or 34Hz Four Maximum Knee extension moment improved in weaker 
(Savelberg, Keizer 1) WBV (20Hz) unfu'10Wn 5-9mm weeks isometric knee subjects, ranging from 10 to 50%. No effects on 
and Meijer, 2007) 2) WBV (27Hz) 30-27 years old Static squats extension strength moment-angle were observed for stronger subjects. 

3) WBV (34Hz) University 3 times per week moment-angle Vibration frequency and muscle length dming 
4) WBV (20Hz students Sets/Reps: 3/4x l-2min assessed by a vibration did not affect this joint moment gain. 
+ low squat) dynamometer. 

Torvinen et al. , Three groups: ~=35, c3'=21 25-40Hz Four Maximum A 10.2% improvement in jump height. A 3.7% 
(2002b) l)WBV 24 .3 years old 2mm months isometric knee improvement in knee extensor strength after 2 

2) Control Untrained Static and dynamic extensor strength months, however this diminished by the end of the 
exercises and cpunter 4-month intervention. 
3-5 times per week movement jump 
Sets/Reps: 1 x4min performance. 

Torvinen et al., Three groups: ~=35 , a=21 25-45Hz Eight Maximum A 7.8% net benefit in vertical jump height for 
(2003) l)WBV 19-38 years old 2mm months isometric strength WBV group. Isometric leg extensors strength did 

2) Control Untrained Static and dynamic of leg extensors, not improve. 
exercises vertical counter 
3-5 times per week movement jump 
Sets/Re2s: lx4min performance. 

-....) WBV, group performing whole body vibration exercise. ~ 



WBV is being promoted as a potential intervention to improve the neuromuscular 

system in older adults. As such, a number of recent studies have investigated its 

effects on muscular performance in this age group (Table 2.4). These include, 

investigating the effects of WBV on knee extensor strength, jumping performance, 

balance, muscle mass and mobility performance measures. A majority of studies 

provide supportive evidence for WBV having a positive influence on muscle 

perfom1ance in older populations (Table 2.4). However, not all these studies could 

replicate positive findings. Reports that WBV had no effect on muscle force (Russo et 

al. , 2003), did not change isokinetic knee extension strength (Bautmans, Van Hees, 

Lemper and Mets, 2005) and only influenced certain components of balance 

(Bogaerts et al., 2007b ). These findings illustrate that conclusive support for WBV 

prescription is still unresolved. 

The majority of interest for WBV prescription has revolved around long term strength 

and power improvements. As the ageing process is associated with a loss in muscle 

strength~ power and mass, WBV may provide a therapeutic intervention to reduce, 

maintain or offset these losses. 
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Table 2.4 - The effects of WBV in an older population. 

Author and Year Groups Subjects Vibration prescr iption Length Specification of Results on muscle performance 
variables muscle 

Qerformance 
Bautmans et al., Two groups: Si2= 15, o=9 30-50Hz Six Timed-up and go test, WBV group significantly improved timed-up 
(2005) l )WBV 77 .5 years old 2-5mm weeks Tinetti test, dynamic and go and Tinetti test compared to control. 

2) Control Institutionalised Static squats leg extension No significant differences were noted for 
elderly. 3 times per week strength. WBV or Control for dynamic leg extension 

Sets/Reps: 1-3 x3 Osec-1 min strength. 
Bogaerts et al. , Three 0=s2 35 & 40Hz Twelve Muscle strength, Isometric muscle strength, jump performance 
(2007a) groups: 67.7 years old 2.5-5 .0mm months power and mass and quadriceps muscle mass significantly 

l) WBV Healthy, older Static and dynamic exercises assessed by isokinetic improved in both the WBV (9.8%, 10.9%, 
2) Fitness population 3 times per week dynometer, counter- 3.4%) and fitness group (13.1%, 9.8%, 3.8%) 
3) Control Sets/Reps: 4-11x30sec- lmin movement jump and respectively. 

Computerised 
Tomography scan 

Bogaerts et al. , Three Sj2=75, 0=86 35 & 40Hz Twelve Balance assessed by WBV and Fitness group were associated with 
(2007b) groups : 67. 1 years old 2.5-5.0mm months dynamic reduced falls frequency on a moving platform 

1) WBV Healthy, older Static and dynamic exercises computerised when vision was disturbed. WBV may 
2) Fitness population 3 times per week posturography contribute to improvements in some aspects of 
3) Control Sets/Reps: 4-11 x30sec- 1 min postural control. 

Bruyere et al ., Two groups: Si2 =31, 0= 11 10 & 26 Hz Six Tinetti test, timed-up WBV group significantly improved gait score 
(2005) l)WBV 81 .9 years old 3-7mm weeks and go test, SF 36 and balance according to Tinetti test. SF 36 

2) Control Nursing home Static squats health screen health screen improved with WBV compare to 
residents 3 times per week questionnaire control. Timed-up and go test decreased by 11 

Sets/Reps: 4xlmin seconds in the WBV group. 
Cheung et al., Two groups: Sj2=69 20Hz Three Balance assessed by WBV contributed to enhancements in limits of 
(2007) l) WBV 72.4 years old Amp not reported - foot months limits of stability and stability test: improved movement velocity 

2) Control Post-menopausal position 1-3 functional reach test and directional control. 
Healthy, older Static squats 
population 3 times per week 

Sets/Reps: lx3min 

.....) WBV, group performing whole body vibration exercise. °' 



Table 2.4 cont. 

Author and Year Groups Subjects Vibration prescription Length Specification of Results on muscle performance 
variables muscle 

~erformance 

Roelants et al. , Three ~=89 35 & 40Hz Twenty- Isometric and Isometric and dynamic knee extensor 
(2004b) groups: 58-74 years old 2.5-5 .0mni four dynamic strength. strength increased 15 and 18 .4 % 

l ) WBV Post-menopausal Static and dynamic weeks Assessed by a respectively for WBV. WBV gains in 
2) RES Healthy, older exercises dynamometer. strength where comparable to resistance 
3) Control population 3 times per week Counter movement training group. Jumping performance 

Sets/Reps: 2-3x8-20RM (3- jump performance. increased 19.4% with WBV and 12.9% in 
30min) resistance training group. 

Runge et al. , Two groups: ~=1 1 , 0'=23 27Hz Two Sit-to-stand test: five Significant 18% increase in chair rising. 
(2000) 1) WBV 67 years old 7-14mrn months repetitions as quickly Improvements were interpreted as an 

2) Control Healthy, older Static squats as possible increase in muscle power. 
population 3 times per week 

Sets/Reps: 3x2min 
Russo et al ., Two groups : ~=29 12 & 28Hz Six Muscle power and Muscle power increased by 5% following 
(2003) 1) WBV 60.7 years old Amp - not repo1ted months force assessed from WBV. No effects of muscle force. 

2) Control Post-menopausal Static squats jumping perfom1ance 
Healthy, older 2 times per week 
population Sets/Reps: 3xl min 

Verschueren et al. , Three ~=70 35 & 40Hz Six Isometric and Isometric and dynamic knee extensor 
(2004) groups : 64.2 years old 2.5-5mm months dynamic strength. strength increased 15 and 16% respectively 

I) WBV Post-menopausal Static and dynamic Assessed by a for WBV. WBV gains in strength where 
2) RES Healthy, older exercises dynamometer. comparable to resistance group. 
3) Control population 3 times per week 

Sets/Reps: 2-3x8 --20RM (3-
30min) 

WBV, group performing whole body vibration exercise; RES, group performing resistance training; RM, repetitions. 
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Supportive evidence for WBV facilitating improvements in strength in the older 

population is mounting (Bogaerts et al. 2007 a; Roelants, Delecluse and Verschueren 

2004). However, the investigations into the effects of WBV on strength have almost 

exclusively been investigated on leg extensors (Cardinale and Wakeling, 2005). As the 

WBV stimulus is applied at the foot and transferred through numerous muscles in the 

lower limbs, research is required to examine the effects on strength in muscles other than 

leg extensors. In particular, as the gastrocnemius muscle activity has been shown to 

increase up to five times the baseline value without vibration (Delecluse et al. , 2003), the 

influence of WBV on plantar flexion function is an area requiring investigation 

(Cardinale and Wakeling, 2005). It is clear that more studies need to be conducted into 

the effects of WBV on the influence of strength variables in the lower limbs. 

As exhibited in Tables 2.3-4, there are a growing number of studies repo11ing increased 

strength following chronic WBV training. Despite WBV being promoted as a 

neuromuscular stimulus and training method, the long term neuromuscular adaptations to 

WBV have not been explored and are unknown. EMO anaiysis presents a unique method 

of investigating the neuromuscular effects and explaining strength adaptations following 

a long te1m WBV training program. There is a clear need for future research to study 

neuromuscular responses following chronic WBV. 

Improved muscle strength is an important adaptation following any intervention in an 

older population. However, unless this improved strength leads to changes in functional 

performance and improvements in their ability to complete ADL, its efficacy may be 

questionable. In a young, untrained population, WBV training did not transfer to 

improvements in sprint or agility functional performance measures (Cochrane et al., 
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2004 ). In contrast, research in the older population has generally reported improvements 

in functional performance measures. WBV training has contributed to improvements in 

timed-up and go test, sit-to-stand performance and qualitative measures of gait (Table 

2.4) (Bautmans et al. 2005; Bruyere, Wuidart, Di Palma, Gourlay, Ethgen, Richy and 

Reginster 2005; Runge, Rehfeld and Resnicek 2000). As dynamic activity can be highly 

specific in nature, the transference of strength and power training modalities to functional 

perfo1mance is often poor (Wilson, Lyttle, Ostrowski and Murphy, 1995). Therefore, the 

effectiveness of WBV training in older adults should not be based solely on 

improvements in strength and power, but on changes in functional performance. 

Including such measures in future WBV research will provide valuable information into 

i~s therapeutic effects and improve the justification for its use. 

In addition to the deterioration of the muscular system, ageing is also associated with 

declines in the neural and sen ory systems, each of which affect postural control and 

balance (Lord and Ward, 1994). As balance is a risk factor in falls (Tinetti et al., 1988; 

and an important determinant of functional independence, a key goal of functional 

programs for the older population should focus on improvements in balance. As an 

emerging exercise intervention, WBV has aroused interest in its potential effect of 

balance. In a young, healthy population, WBV training had no effect on balance 

(Torvinen et al. 2002b; Torvinen et al. 2003). However, in an older population, Runge et 

al. (2000) reported that improved STS performance (18%) following WBV was partly 

related to better balance. A recent clinical study has concurred, suggesting that WBV 

training can improve balance in an older population (Bruyere et al., 2005). However, 

another recent one-year study on WBV and balance control in a healthy older population 

reported that this intervention only improved ce1iain attributes of balance (Bogaerts et al., 
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2007b ). WBV training contributed to improvements in sway energy following a postural 

disturbance with toes down and reduced falls frequency on a moving surface with eyes 

closed, yet had no effect on falls frequency on a moving surface with eyes open or sway 

energy following a postural disturbance with toes up (Bogaerts et al. , 2007b ). The effects 

of WBV on balance performance are still unclear. 

Understanding the chronic effects of WBV on neuromuscular performance has great 

relevance for its prescription to older individuals. To date, the majority of research has 

been conducted on younger adults with an emphasis on WBV improving athletic 

performance. While recent findings provide support for the claims that WBV improves 

muscle performance in older adults, there is a need for studies which assess its specific 

effects. 

2.6.4 WBV prescription variables 

The beneficial effects of WBV on short and long term changes in neuromuscular 

performance appear dependent on a number of prescription variables. WBV training 

effects on strength and power development appear dependant on amplitude, frequency, 

joint kinematics, intensity and volume (Luo et al., 2005). To date, every review on WBV 

training reiterates that an optimal protocol is still unclear (Issurin 2005; Jordan, Norris, 

Smith and Herzog 2005; Luo et al. 2005). Discrepancies between studies are often linked 

to differences in WBV protocols and methodologies. There is a distinct need to examine 

the inter-dependencies of each WBV prescription variable in order to prescribe the best 

program based on an understanding of findings reported in current literature. 
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Amplitude 

As mentioned previously, amplitude is the displacement from a zero value during one 

period of an oscillation. In WBV platforms, amplitude is typically measured in 

millimeters (mm) and reported as the peak-to-peak displacement. The acute effects of 

WBV examined with the same 4 minute protocol but different amplitudes, 2 mm 

(Torvinen et al. , 2002c) and 4 mm (Torvinen et al. , 2002a), gives some insight into the 

relative response of different vibration amplitudes on muscle activity. The larger 

amplitude ( 4 mm) induced significant decreases in mean power frequency of muscle 

activity following the stimulus (-18.8%), indicating fatigue (Torvinen et al. , 2002a). In 

contrast, the smaller amplitude (2 mm) did not significantly affect any of the muscle 

activity parameters (Torvinen et al. , 2002c). These results suggest that the larger 

amplitude induced a greater stress and therefore produced a greater level of muscle 

fatigue . The residual effects on strength and jumping performance were also influenced 

by amplitude. Only the larger amplitude (4 mm) induced significant gains in strength and 

jump height foliowing a 4 min bout of WBV compared to a placebo group (Torvinen et 

al., 2002a). The larger vibration amplitude appears to activate the muscles to a greater 

degree, a result that could explain facilitated gains in neuromuscular performance. 

Reviews on \VBV exercise that have integrated these results suggest that amplitude 

should be of sufficient magnitude to activate the muscle being targeted (Cardinale and 

Wakeling 2005 ; Luo et al. 2005). While chronic studies with the same protocols and 

different amplitudes have not explored this concept, the results of acute studies are likely 

to apply to long-term adaptations. 
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Frequency 

A wide range of frequencies have been used in WBV studies. In the studies detailed in 

Tables 2.3 and 2.4, frequencies ranged from 10-50 Hz. As these studies used different 

amplitudes and exercise protocols, it is difficult to determine the effects that are 

specifically related to frequency. Only one WBV study has specifically investigated the 

influence of different vibration frequencies, 30, 40 and 50 Hz, reporting that the highest 

muscle activity was found at 30 Hz (Cardinale and Lim, 2003b ). It was suggested that 

this frequency (30 Hz) elicited the highest reflex muscle contraction response (Cardinale 

and Lim, 2003b ). Research examining directly applied vibration concur with finding that 

30 Hz can elicit a large increases in muscle activity (Jackson and Turner, 2003). Jackson 

and Turner (2003) directly applied vibration to the muscle belly of the rectus femoris at 

30 Hz and 120 Hz, finding significantly greater muscular fatigue and reduction in 

strength at 30 Hz than at 120 Hz. This result was associated with greater muscle activity 

and attenuation of vibration at 30 Hz only (Jackson and Turner, 2003). \Vhen attempting 

to use WBV as a training modality, frequency should be set to elicit the greatest increase 

in muscle activity, potentially inducing more muscle fatigue; a physiological response 

that is linked with long term adaptations in strength and power (Luo et al., 2005). While 

the prescription of frequency of oscillation to induce maximal performance adaptations is 

imp01iant, WBV should first be prescribed on grounds of safety. Mester et al. (1999) 

suggest that frequencies below 20Hz should be avoided as the muscular system is unable 

to dampen its transmission, a prescription variable that may induce side effects. This 

concept is clearly illustrated in Figure 2.16, displaying the transmission of vibration 

energy to the upper body and muscle activity for frequencies below 20 Hz. Transmission 
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of vibration energy was measured as the gravitational force acceleration relative to the 

Earth' s gravity (g). 
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Figure 2.16 - Transmission factors and EMG-activity of vastus medialis at various frequencies (Mester et 
al. , 1999). The transmission factor is the acceleration of the upper body measured as the gravitational 
force relative to the Earth,s gravity (g). 

At the other end of the spectrum, high frequencies during WBV have been extensively 

studied for their dangerous effects on humans. Exposure to WBV above 40 Hz can 

induce complex pathological changes (Seidel and Heide, 1986). As such, frequencies 

greater than 40 Hz have been classed: 'beyond the exposure limit' by International 

Organisation of Standarisation (ISO. 2631-1: 1997; Seidel and Heide 1986). Taking into 

account the increased muscle activity and fatigue at 30 Hz, plus the issue of safety below 

20 Hz and above 40 Hz, it appears that \VBV frequencies should be prescribed between 

these two limits (20-40 Hz). 
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Type of exercise and joint kinematics 

The majority of research has investigated the neuromuscular response to vibration 

directly applied to a muscle, not indirectly applied vibration such as in WBV. With 

vibration that is applied directly to a muscle belly or tendon, the neuromuscular response 

is isolated to a target muscle. In contrast, indirectly applied vibration (WBV) travels from 

the source through part of the body to the target muscle. Indirectly applied vibration is 

said to be able to stimulate many muscle groups at the same time (Issurin et al., 1994 ). 

One form of indirect vibration that involves exercising on an oscillating platform has 

been termed 'whole body vibration' , apparently because it may stimulate and train a 

number of muscles in the lower limb at the same time. However, the transmission of 

vibration through the body is regulated by a range of structures and mechanisms. The 

transmission of vibration is influenced by: bone, cartilage, synovial fluid, soft tissue, 

joint kinematics and muscle activity (Cardinale and Wakeling, 2005). Direct vibration 

has an advantage because it stimulates the target muscle without attenuation. With WBV 

however, it is unclear how joint kinematics during different types of exercises influence 

the transmission and attenuation of vibration energy. 

The attenuation of vibration through the body by increased muscle activity is a strategy 

referred to as "tuning." In response to vibration, the body attempts to reduce damaging 

transmission to soft tissues, absorbing it by means of activating muscle (Boyer and Nigg, 

2004). It is suggested that activated muscle improves the dampening coefficient of 

vibration, with cross bridge cycling (muscle contractions) the important part of the 

dampening process (Ettema and Huijing, 1994). As such, activated muscle in response to 

vibration can dampen this mechanical energy so that tissue oscillations are almost 
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eliminated (Wakeling, Nigg and Rozitis, 2002). While it is possible that muscles are 

activated to minimize vibration, whether this concept occurs during WBV exercise is still 

unknown. 

It is not clear if certain exercises with their different joint kinematics are more effective 

in evoking additional muscle activity than others. Numerous exercises have been 

reported to be utilized during WBV. Some of these include: static and dynamic squats, 

lunges, standing with legs locked out and calf-raises. While static squats are the most 

commonly prescribed activity, there is no consistency in the depth of squat utilized. For 

example, some knee angles reported in literature include: 90°, 100°, 110°, 125°, 140°, 

160° or 175° (where 180° knee angle is considered a straight leg) (Abercromby et al., 

2007a; Bosco et al., 1998; Bosco et al., 1999b; de Ruiter et al., 2003b; Roelants et al., 

2006). Furthermore, there is little justification for the prescribed activities and limited 

research into their effectiveness. Reflex muscle contraction resulting from vibration is 

detected and influenced by muscle spindles (Eklund and Hagbarth, 1966; Matthews, 

1966). As the sensitivity of muscle spindles is higher in stretched muscle and pre-

activated muscle (Burke, Hagbarth, Lofstedt and Wallin 1976a; Burke, Hagbarth, 

Lofstedt and Wallin 1976b), different exercises and positions should theoretically affect 

the neuromuscular response to WBV. Abercromby et al. (2007a) reported that knee angle 

did effect neuromuscular responses during WBV. It was found that the greatest 

neuromuscular response occurred with larger knee angles (161.5° compared to 145°) in 

the vastus lateralis and gastrocnemius (Figure 2.17). However, while greater reflex 

induced muscle activity occurred at small knee angles (161.5°), this position generally 

had a smaller overall level of activation than larger knee angles (145°) for the vastus 

lateralis . Another study that examined the neuromuscular response during two squat 
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positions, 90° and 125° was unable to show a significant difference between these two 

positions (Roelants et al., 2006). Optimal exercises and joint positions to maximize 

neuromuscular response to WBV are still unclear. 

To date, the majority of studies on WBV training have prescribed generic-type exercises 

for WBV without a justification for their inclusion, hence the need to examine the 

efficacy of different exercises for WBV training. Previous investigations into the 

neuromuscular responses of different WBV exercises have been inconclusive. 

Furthermore, these studies have been limited to a small number of muscle groups and 

younger populations (Abercromby et al. 2007; Roelants et al. 2006). Future research 

should examine all the major muscles in the lower limb and quantify the level of 

transference up the leg. There is also a need for future research to specifically examine 

the neuromuscular response of different exercises for older individuals. 
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Figure 2.17 - Mean ± standard error of filtered, untransformed EMGrms for concentric and isometric 
contractions of the gastrocnemius and vastus lateralis during whole body vibration and with no vibration 
(baseline). • Concentric baseline; o concentric vibration; .6. isometric baseline; b. isometric vibration. * 
Vibration significantly greater than baseline (p S 0.05). Adapted from Abercromby (2007a). 
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Intensity and Volume 

WBV exercise intensity is largely determined by amplitude and frequency. In addition, 

joint position, muscle spindle sensitivity and type of contraction also appear to affect the 

load (load: i.e. the combination of intensity and volume). WBV volume is the total 

duration of the time spent exercising on the platform. A certain WBV load is important in 

order to obtain a positive training effect (Mester, Kleinoder and Yue, 2006). A recent 

review on WBV exercise suggests that a higher WBV intensity and volume may achieve 

larger enhancements of strength and power (Luo et al., 2005). It is unclear as to what 

intensity the frequency, amplitude and duration of a training session should be prescribed 

at in order to achieve positive effects without causing negative side-effects (Mester et al. , 

2006). Many more WBV studies are required to address this need for a clear and 

definitive prescription rationale. 

2.6.5 Summary 

\VBV is a relatively new exercise intervention. Since 1998, there has been a steady 

increase in literature that has reported on the effects of WBV on muscular performance. 

It appears that WBV exercise can be a therapeutic intervention with a number of positive 

physiological responses. However, several questions remain unanswered regarding WBV 

and physiological adaptation. WBV prescription and research has largely been conducted 

on younger individuals to investigate its use in athletic performance. The use of WBV as 

an intervention to combat sarcopenia and the decline in muscular performance in an older 

population has been limited to a few investigations. In particular, questions relating to the 

use of WBV to train different muscle groups in the lower limbs; its effects on functional 
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performance and falls risk factors; specific prescription variables that can facilitate 

muscular adaptations in an older age group; and its use in different older age group 

categories, such as healthy and strong, weak and frail remain unanswered. A series of 

studies undertaken for this dissertation will attempt to resolve these issues. 
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3.1 Overview 

The aim of study one was to investigate the effects of WBV exercise on components of 

ADL in an older population. This was undertaken using a random comparative design, 

analyzing the effects of WBV on strength, power and functional performance measures. 

3.2 Participants 

Forty-five healthy, older individuals aged 66-85 yr (males n=24, 73 .8 ± 4.5 yr, 175.7 ± 

6.7 cm, 80.1 ± 9.7 kg) (females n=21 , 73.1 ± 4.6 yr, 159.5 ± 6.3 cm, 68.1 ± 8.9 kg) were 

recruited from the local area via flyers and personal communication. All participants 

were involved in low intensity exercise (walking) at least three times per week lasting a 

minimum of twenty minutes. While considered active, participants were not involved in 

any structured exercise regime, and were therefore classified as being untrained. 

Eligibility for participation required that participants were not engaged in regular strength 

training. Participants were also excluded if they had any of the following: hip or knee 

joint replacement, metabolic or neuromuscular disease, debilitating osteoporosis, acute 

hernia or medical condition that would be a contraindication to participation. It was a 

requirement that medical clearance be obtained prior to participation. Every participant 

completed a pre-activity medical and physical activity questionnaire (modified Health 

screen), informing the researchers of previous or current conditions and detailing their 

current participation in various activities (Appendix 1 ). Each gave written informed 

consent (Appendix 2) to participate in the research, which was approved by the 

University of Technology, Sydney Human Research Ethics Committee. All tests were 
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conducted on site at the Human Performance Laboratory at the Kuring-Gai campus of the 

University of Technology, Sydney. 

To examine the effects of WBV exercise on components of ADL in the older population, 

participants were stratified by gender and allocated into one of three groups via simple 

randomization (Beller, Gebski and Keech, 2002) using a computer generated sequence. 

This consisted of: fifteen to a WBV group (VIB), fifteen in the exercise without vibration 

group (EX) and fifteen into the control group (CONT). The VIB and EX groups 

undertook exactly the same body weight resistance exercises. The only difference 

between these groups was that VIB participants performed exercises on a vibration 

platform. The EX group also performed these exercises on a platform, but without any 

vibration stimulus. The CONT group did not participate in any training intervention. 

Forty-five participants were recruited. However, two participants in the EX group 

withdrew two weeks into the study for reasons unrelated to the exercise program. Their 

results have been omitted. 

The sample size for the cun-ent study was determined a priori using measures of effect 

size (ES) and based upon a number of findings reported in relevant literature. This 

estimated ES was based on strength improvements following WBV in an older 

population (Roelants et al. , 2004b; Verschueren et al., 2004). An 80% level of confidence 

for eliminating a type II error was desired, hence, power was set at 0.8. With an effect 

size of 0.65 expected, the minimum sample for such an analysis was deemed to be 12 

(Kraemer and Thiemann, 1987). Therefore, to cater for possible dropouts, 15 participants 

in each group represented a sufficient quantity to enable the results to be meaningful. The 

study included men and women participants in each group. The recruitment continued 
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until the required numbers were met. 

The participants were informed that testing would be used to evaluate a number of 

physiological and functional measures. Testing sessions were offered free of charge, with 

a transport service offered to and from the Human Performance Laboratory. In this way, 

no potential participants were excluded for financial or travel reasons. The testing 

procedures were explained in detail, with adequate time available for feedback or 

questions. 

3.3 Testing procedures 

The pre-intervention data collection for study one took place over two days, separated by 

a minimum of 72 hours. This ensured that participant's could recover prior to 

undertaking the second day of testing. Two familiarization sessions for all tested 

variables were conducted in the week prior to pre-intervention data collection. 

Pa1iicipants had their height recorded on a stadiometer (Holtain, UK) and their body 

mass recorded using a set of electronic, calibrated scales (A&D Mercury, Sydney). A 

warm-up was performed prior to each testing session, consisting of five-minute walking 

at the participants chosen speed. On day one, participants were assessed for balance, a 

timed-up and go test and sit-to-stand performance. On day two the stair 

climbing/descending and isokinetic strength tests were conducted. 

The eight week training period has been shown to be a sufficient duration to improve a 

range of performance variables in an older population (Bruyere et al., 2005; Roelants et 
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al., 2004b; Runge et al., 2000; Verschueren et al., 2004). The control group did not 

complete any intervention and were asked to continue their normal daily routines. All 

tests were conducted a week prior to and within one week of the training intervention 

completion. A two day buffer was implemented following the last training session to 

ensure the outcome measures were the results of long-term changes. 

3.3.1 Balance 

Balance was assessed as one-legged postural steadiness (OLPS), analyzing the patterns 

of ground reaction force variability. A number of every day motor tasks such as turning, 

climbing stairs, walking and dressing require the ability to switch from two-to one-leg 

support. Prior to OLPS testing, subjects were allowed three practice trials for each leg. 

The starting position involved subjects standing on two force plates with feet shoulder 

width apart, weight evenly distributed and eyes forward. The researcher informed the 

subjects with an auditory cue when to commence standing freely on one leg. The subjects 

were instructed to stand for as long as possible (up to 15 s) during OLPS, attempting to 

keep arms by the body for the task perfo1mance. However, any compensatory arm 

movements did not disqualify participants from continuing in the trial. A touchdown by 

the non-stance leg on the force platform was included in the analysis. The participants 

were informed that a touchdown by the non-stance leg was acceptable, yet should be 

corrected immediately. A touchdown on the force platform contributes to the force 

variability, which is consistent with using variability of the signal to quantify postural 

steadiness (Goldie, Evans and Bach, 1992). An auditory cue was also given at 15 s to 

interrupt the test. Three consecutive trials of OLPS were completed for both legs. 

Between-trial comparisons were examined immediately for consistency, with additional 
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trials conducted until three comparable OLPS measures were obtained. When required, 

up to five trials were performed. 

The ground reaction forces were measured on a three-dimensional 400x600 force plate 

(Kistler, Winterthur, Switzerland). Two orthogonal forces: medial/lateral and vertical 

were measured. As the initial weight transfer occurred laterally, anterior/posterior forces 

could be disregarded (Jonsson, Seiger and Hirschfeld, 2004). The force plate consisted of 

four 40kN three-dimensional strain gauges, which were calibrated prior to testing using 

known masses. To ensure capture of baseline data, the recording of ground reaction 

forces started 5 s before participants started OLPS and 5 s after completion. Force data 

analogue to digital was sampled at 100 Hz from the strain gauges and recorded to a 

computer for later analysis. 

To enable comparisons between subjects, the amplitude of each force signal was 

normalized for body mass, expressed as a percentage of body weight (%BW). The 

variability of forces during OLPS was analysed as the mean and standard deviation of 

these force signals during five intervals. The five intervals were measured as: 1) 0-0.49 s; 

2) 0.5-0.99 s; 3) 1-4.99 s; 4) 5-9.99 s; 5) 10-15 s. Such an analysis technique has been 

presented by Jonsson et al. (2004). The measurement of ground reaction force during 

OLPS is seen as a sensitive assessment of postural steadiness (Goldie, Bach and Evans, 

1989; Hanke and Rogers, 1992). Re-test reliability has been previously reported as 0.78 

for vertical and 0. 79 for lateral force variability respectively (Goldie et al., 1992). 
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3.3.2 Timed-Up and Go Test 

The Timed Up and Go test (TUG) measures speed during several functional maneuvers 

such as walking, turning and sitting. TUG has been used as a sensitive and specific 

measure to determine functional mobility in older adults and used to discriminate 

between fallers and non-fallers (Shumway-Cook et al. , 2000). Subjects were seated in a 

43.2 cm chair without arms, with their back flush against the backrest. The chair was 

secured to the floor to limit movement. The TUG test involves standing up from a chair, 

walking 3 m as quickly and as safely as possible, crossing a line marked on the floor, 

turning around and then walking back to sit back in the chair. 

The time taken was calculated accurately using pressure pads secured to the centre of the 

seat. Turning time: the time to tum around at the 3 m mark was measured by two timing 

light gates (Swift Performance Equipment, Goonellabah, N.S.W.) placed at 2.5 m. The 

researcher gave a verbal cue to initiate the test. The times for three trials were recorded, 

with two minutes rest between each set. The means of the two best trials were used for 

analysis. 

3.3.3 Sit-to-Stand Test 

The purpose of the STS test was to assess lower body strength in the elderly. Jones et al. 

( 1999) reported that the STS test was a suitable performance measure of strength in an 

older population. The sit-to-stand test (STS) involved the time taken to rise from a chair 

five times, as fast and safely as possible. This test was administered on a chair without 

arms and a seat height of 43.2 cm. The chair was fixed to the ground to limit movement 
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during the test. A standardised position was used for each subject that included: being 

seated in the middle of the chair, back straight, arms folded across the chest and feet 

shoulder width apart. Subjects were informed by the researcher when to start and stop. A 

correct chair-stand response involved the body erect and straight upon standing and 

completely seated when in the initial starting position. A demonstration of the correct 

procedure as well as one practice trial for proper form by the subject was always 

performed prior to each test. If an incorrect STS was observed, an additional trial was 

conducted. A total of three trials were performed with two minutes rest in between each 

trial. The mean of the best two trials were used for analysis. The total time was measured 

using pressure pads fixed to the seat, with results recorded and calculated on a computer 

following each trial. Previous reports suggest that the STS test has a high re-test 

reliability (ICC 0.89) (Lord et al., 2002). 

3.3.4 Fast walk test 

Short distance walking speed has been used by a nur.nber of researchers to evaluate the 

effectiveness of an intervention on functional mobility in aged adults (Graham, Ostir, 

Fisher and Ottenbacher, 2008). The fast walk test required participants to walk as fast as 

possible over 10 m. The time taken was calculated using timing gates (Swift Performance 

Equipment, Goonellabah, N.S.W.) positioned at Sm and I Om intervals from the stai1 line. 

The starting position involved feet placed together, 30cm behind the first timing gate. 

Once set, participants were allowed to commence the test at their own discretion. It was a 

requirement of the walking test that one foot be kept in contact with the group at all 

times. Three fast walk trials were performed, with a two-minute rest period between 

trials. The mean of the two best trials were used for analysis. 
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3.3.5 Stair Climbing and Descending 

Stair climbing and descending is seen as one of the most challenging ADL in the older 

population (Startzell, Owens, Mulfinger and Cavanagh, 2000). The stair locomotion task 

involved participants climbing and descending five-steps (17.8 cm high and 27.9 cm 

deep) with a one meter landing (Figure 3.1). The test involved the time taken for 

participants to complete this task twice. Stair climbing and descending was assessed by a 

video camera (50Hz) placed 2 m parallel to the stairs. A high powered light was used to 

illuminate the staircase. The time taken was assessed from the initial foot strike on stair 

one through to the final step off. The total time was then calculated by multiplying the 

number of frames by 1/50 Hz (0.02 s). Participants were asked to undertake the course as 

quickly and safely as possible. Prior to assessment, two practices were allowed. A total of 

four trials were conducted, with a 2 minute rest period between subsequent efforts. 

0.28m lm 

• .. • 
0.18m 

0.89m 

3.24m 

Figure 3.1 -Diagram of stairs used for stair mobility assessment. 
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3.3.6 Strength and Power 

Bilateral strength and power of the hips, knees and ankles was determined using a Cybex 

II (Lumex, Inc., Ronkonkoma, NY, USA) isokinetic dynamometer. Maximum isokinetic 

strength was measured as a torque. Maximum isokinetic power was calculated from time 

required to produce the work and measured in Watts. A standardized warm up of four 

sub-maximal muscle contractions was performed prior to each isokinetic test velocity. 

The angular velocity for the hip and knee was 60°·sec-1, with the ankle joint tested at 

30°·sec-1
. Tests were performed in the following order: 1) knee; 2) ankle; and 3) the hip. 

Isokinetic testing involved four cyclic (uninterrupted) maximal repetitions, performed 

twice. Maximum muscle strength and power were recorded for the two sets and then 

reported as an average. In between trials, a one minute rest period was imposed. 

Participants were instructed before each trial to contract specific muscles as fast and as 

hard as possible. Verbal encouragement was given during the test. 

Isokinetic testing of the hip, knee and ankle flexors and extensors involved standardized 

body positioning. For all isokinetic tests, participants were strapped securely at the waist 

and chest. Each participant was instructed to fold the arms across the chest for each 

contraction to minimise any contribution of the upper body. Two stoppers were 

positioned to control the starting and end positions for each joint. For each participant, 

specific set up measures at pre-test were recorded and used at the mid and post-testing 

occas10ns. 

To test hip flexor and extensor strength, subjects lay in a supine position with the leg 

placed at 90° flexion and the opposite leg supported in an extended position. The 
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dynamometer arm was secured 5 cm superior to the patella. Hip flexor and extensor 

strength was measured from a neutral 0° position to 90° flexion. 

Knee flexor and extensor strength was assessed in the Cybex chair with the back 

positioned at 100°. The knees hung over the edge of the chair, with the lateral femoral 

condyle of the tested leg aligned with the axis of rotation of the dynometer. The 

dynamometer arm was secured 5 cm superior to the medial malleolus. Knee flexor and 

extensor strength was measured from 85° to 10° of flexion. 

Ankle plantar and dorsi flexor dorsi strength was measured with subjects lying in a prone 

position. Knees were fully extended and stabilized. The tested foot was fixed to the 

dynamometer footplate, with the ankle maintained at 10° dorsi flexion. The lateral 

malleolus was aligned with the dynamometer axis of rotation. The tested leg was secured 

with a Velcro strap 5 cm inferior to the patella. Ankle flexor and extensor strength was 

measured from 10° dorsi flexion to 20° plantar flexion. 

The Cybex was calibrated prior to testing, using known masses placed on the lever ann. 

A gravity conection factor (additional torque created by the mass of limb) was 

detennined by measuring the mass of the limb through its range of motion before each 

test. To enable comparisons between subjects, isokinetic strength and power values were 

normalized relative to body weight (N·m·kg-1
; Watts·kg-1

) . The procedures for isokinetic 

testing were based on a review ofliterature outlined in Penin (1993). 
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3.3. 7 Training program 

To investigate the effects of WBV on a range of strength, power and functional 

performance measures in an older population, eight weeks WBV exercise (VIB group) 

was compared to the same program performed without vibration (EX group). In addition, 

the VIB and EX groups were compared to a control group (CONT). Both the VIB and 

EX groups performed exercises on a platform (height, 0 .18 m; width, 0. 72 m, depth, 0. 51 

m), with and without vibration respectively. Handlebars were available on these 

platforms if participants required their use. However, participants were encouraged to 

perform the specified exercises without the assistance of handlebars. The exercise 

program for the VIB and EX group consisted of two four week blocks: 1) standing with 

bent knees (SWBK) (static squats), which were performed to a maximum depth of 100° 

knee flexion and, 2) dynamic lower limb exercises (DLLE), which involved dynamic 

squatting (80% of the total time) and then calf-raises (20% of the total time) (Table 3.1). 

The rationale for this exercise program was to incorporate and evaluate previous 

protocols (static (Bosco et al., 1999a; Runge et al. , 2000) and dynamic (Bosco et al., 

1998; Verschueren et al., 2004). Initially, each participant was required to squat to the 

maximal depth with which they could attain (up to 100° knee flexion). As the program 

continued, each participant was encouraged to progress deeper to a squat depth of l 00° 

knee flexion. Resistance was provided by the vibration stimulus and through body weight 

exercises. Both treatment groups were required to employ specific body positions: 

standing with the heel just off the ground ( ~ 1-2 cm) and never fully extending at the hips 

when squatting. Undertaking WBV training whilst standing with weight on heels or legs 

locked out increases the transfer of vibration to the upper body (Crewther, Cronin and 

Keogh, 2004; Wakeling and Nigg, 2001). To avoid vibration transfer to the organs and 
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eye balls (Mester et al., 1999) and discomfort from the stimulus shaking the head 

(Crewther et al. , 2004), the current study employed two specific body positions (standing 

with the heel just off the ground and never fully extending at the hips when squatting) . 

These positions were employed to maximise dampening and minimise transfer to the 

upper body. 

Training frequency was three times per week, with at least one day of rest between 

sessions. The outcome measures were made prior to (before randomization), following 

four weeks and post eight weeks training. At the beginning of each testing and training 

session, a 5 min walking warm-up was performed. All participants completed a 

familiarisation session for each test prior to the study' s commencement. 

Vibration Protocol 

The VIB participants were exposed to vertical sinusoidal WBV using a Galileo Sport 

platform (Novotec, Pforzheim, Germany) (Figure 3 .2). 

Figure 3.2 - Galileo vibration platform. 
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The methodology considerations of WBV training protocols are diverse, with the effect 

of vibration dependant upon: amplitude, frequency, training type, intensity and volume. 

This issue of optimal vibration protocol was discussed in detail in the review of literature. 

A review by Luo et al. (2005) on vibration training effect and strength and power 

development suggests: that amplitude needs to be of a sufficient magnitude and 

frequency must be based on muscle activation. The frequency used for this study was set 

at 26 Hz (Bosco et al., 1998; Bruyere et al., 2005), with peak-to-peak amplitude ranging 

from 5-8 mm. The training intensity and volume increased according to the overload 

principle. Training volume progressed by systematically increasing the duration of 

vibration sessions. WBV training intensity was increased by progressively raising the 

amplitude and incorporating dynamic lower limb exercises. This progressive overload is 

displayed in Table 3.1. 

Table 3.1 - Study one training volume and intensity. 
-----------

Sets WBV Duration Rest Amplitude Frequency Exercise 

(sec) (sec) (mm) (Hz) 

Pre-testing 

Week 1 6 45 45 5 26 SWBK 

Week2 6 50 50 5 26 SWBK 

Week3 6 55 55 6 26 SWBK 

Week4 6 60 60 6 26 SWBK 

Mid-testing 

Weeks 6 65 65 7 26 DLLE 

Week6 6 70 70 7 26 DLLE 

Week 7 6 75 75 8 26 DLLE 

Week8 6 80 80 8 26 DLLE 

Post-testing 

(SWBK, standing with bent knees; DLLE, dynamic lower limb exercises) 
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During WBV training, subjects were asked to report any complications or adverse side 

effects. If subjects had trouble balancing they were able to hold onto the framework of 

the Galileo apparatus. Shoes were required during all vibration treatments. Every training 

session was closely monitored by an exercise physiologist to ensure procedures were 

fo llowed exactly and performed safely. 

The Borg 15-category rate of perceived exertion (RPE) scale was used to monitor 

training intensity (Appendix 3). Participants were asked to report their RPE score 

following the fourth exercise set during every training session. 

3.4 Reproducibility of measurements 

Intraclass correlations coefficients (ICC s) and technical error of measurement 

percentage (TEM%) were used to detem1ine the inter-day reliability of the dependant 

measures. Data from sixteen participants (on= 9, ¥ n = 7; 73.8 ± 5.3 yr, 72.8 ± 13.2 kg, 

168.9 ± 11.8 cm) were included for analysis. All participants were familiarized with the 

testing procedures prior to the reliability assessment. Inter-day reliability was assessed on 

two separate occasions over a one week interval. There were no significant differences 

between the left and right sides. For the purposes of clarity, just the results of the right 

leg have been presented for isokinetic strength measures and OLPS. All the dependent 

measures exhibited high re-test reliability. The intra-day reliability of the dependant 

measures are displayed in Table 3.2. 
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Table 3.2 - Intra-day reliability of the dependant measures. 

ICC TEM% 

Timed-up and go test 0.84 2.96 

Turning time 0.80 3.41 

Fast Walk 0.91 1.88 

Sit to stand test 0.92 2.13 

Hip flexor strength 0.96 6.05 

Hip extensor strength 0.91 6.44 

Knee flexor strength 0.98 4.26 

Knee extensor strength 0.98 3.29 

Ankle plantar flexor strength 0.92 4.96 

Ankle dorsi flexor strength 0.99 3.69 

One-legged postural steadiness 0.87 11 .29 

3.5 Data analysis 

All data was examined using SPSS version 12.0. Descriptive statistics were calculated 

for all variables and reported as a mean ± standard deviation (SD). Prior to training, a 

one-way analysis of variance (ANOVA) was used to determine whether differences 

existed between groups for all test results. Upon completion of the experiment, the data 

was examined for normality of distribution and examined for between and within group 

differences using a 3 (group) x 3 (test) AN OVA with repeated measures. Where 

applicable, post hoc between-group differences were performed on the delta scores with a 

one-way ANOVA. Delta scores were calculated by subtracting the mid and post-test 

results against those obtained at the pre-test occasion. To examine the WBV training 
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effect between muscles of the lower limb, a treatment group x muscle group x time 

interaction was assessed with an ANOVA. For all procedures, significance was accepted 

at the alpha level of 0.05 . 
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4.1 Overview 

Study one was an investigation of a controlled eight week WBV training program on a 

number of performance and physiological measures in a healthy, older population. 

Measures of the SF-36v2 health screen questionnaire, TUG test, turning time, fast 

walking, STS, stair locomotion, single leg postural steadiness and isokinetic 

strength/power of the hip, knee and ankle flexors and extensors were assessed. To 

evaluate the effectiveness of WBV training, the sample was divided into three groups. 

These consisted of a WBV training group (VIB), an exercise without vibration group 

(EX) and a control group (CONT). All testing parameters were assessed prior to, 

following four weeks and upon completion of eight weeks training. 

The raw results for each test over time (means and standard deviations), are presented in 

Tables 4.2-4. l 0. Where noticeable effects are evident, graphs representing the percentage 

change from pre-test were also included. It is important to note that these graphs have 

been included as visual representations of the grouped percentage changes rather than the 

mean scores, and therefore do not include error bars. To improve clarity, the emphasis is 

placed on between-group comparisons. Within-group statistics were presented only when 

it was deemed applicable. When a reduction in performance measures is considered an 

improvement, such as fast walking and balance force measurements, the percentage 

changed results were inverted and reported as positive values. 

A one-way ANOVA revealed no significant differences between the groups on any 

variable at pre-testing. The results of both training interventions showed no gender 

differences for any of the testing variables. Therefore, results for male and female 
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participants were combined and analyzed together. Analysis of the VIB and EX training 

demonstrated several alterations of a similar magnitude. However, there were two 

significant effects between the VIB and EX group revealed through a repeated measures 

ANOVA, with differences for the amount of change in ankle plantar flexor strength and 

power and OLPS. Several significant differences were evident at the mid- and post-

testing occasion for the VIB and EX group when compared to the CONT. The main 

results are presented and discussed in order: 1) physical characteristics, 2) isokinetic 

strength and power, 3) functional performance measures and 4) OLPS performance. 

4.2 Physical characteristics 

The mean values for age, height and body mass for all groups are presented in Table 4.1. 

There were no differences for any of the physical variables between any groups at the 

pre-test. Furthem10re, no differences were evident in any group following the training 

period. 

Table 4.1 - Physical characteristics for all participants. 

VIB EX CONT 

n = 15 n = 13 n = 15 

Age (yT) 74.3 ± 5.04 73.1±4.1 73.1±4.6 

Height (cm) 167.5 ± 10.9 168.7 ± 10.6 168.3 ± 10.3 

Body mass (kg) PRE 75.3 ± 12.6 75.9 ± 8.9 72.5 ± 11.8 

POST 75.3 ± 13.3 75 .7 ± 8.5 72.4 ± 12.0 

Values are mean ± SD. VIB, group performing vibration exercise training; EX, group performing exercise 
without vibration training; CONT, control group. 
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4.2.1 SF-36v2 Health Survey 

The SF-36v2 health survey is a multi-scale profile used to assess physical and mental 

health. The mean scores for each component are 50 ± 10, which is a norm-based 

aggregate of the general population. There were no differences between groups prior to 

the training period for any of the variables. No changes were displayed at the completion 

of the training program. The pre-post SF-36v2 health screen data is displayed in Table 

4.2. 

4.3 Adherence to training 

Adherence to the training program was high, with 99 ± 1 % and 99 ± 1 % completion for 

the VIB and EX groups re pectively. There were two participant drop outs, both from the 

EX group. The two EX group participants dropped out voluntarily in the first weeks of 

training because of a holiday and an ill family member. The drop outs were not related to 

the training program. There were no reports of adverse side effects for either training 

modality. Slight itching of the calves was reported following the first couple of WBV 

exercise sessions. This phenomenon subsided quickly after training and was not reported 

in subsequent training sessions. 
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Table 4.2 - SF-36v2 Health Survey. 

VIB EX CONT 

n = 15 n = 13 n = 15 

Physical Function PRE 52.1±4.2 52.5 ± 4.5 51.2 ± 5.9 

POST 52.5 ± 3.5 52.2 ± 5.5 50.9 ± 5.3 

Role Physical PRE 53.6 ± 5.6 53.3 ± 5.2 55.3 ± 3.0 

POST 54.6 ± 4.5 52.7±5.1 54.6 ± 4.0 

Bodily Pain PRE 56.2 ± 58.1 54.5 ± 6.6 53.8 ± 8.1 

POST 57.8 ± 8.0 53 .7 ± 8.2 54.1±7.6 

General Health PRE 54.3 ± 5.9 53 .8 ± 6.3 50.5 ± 8.6 

POST 54.6 ± 7.0 54.9 ± 6.2 50.2 ± 7.6 

Vitality PRE 60.4 ± 5.2 57.6 ± 5.1 56.3 ± 6.5 

POST 61.5 ± 6.0 57.6 ± 5.0 56.3 ± 6.3 

Social Function PRE 56.9 ± 0.0 56.4 ± 1.5 53.7 ± 5.5 

POST 56.9 :t: 0.0 56.0 ± 2.0 54.5 ± 5. 1 

Role Emotional PRE 54.3 ± 2.9 52.3 ± 6.6 52.8 ± 5.9 

POST 55 .1 ± 1.6 53.8 ± 3.0 52.5 ± 5.9 

Mental Health PRE 57.9 ± 5.8 56.1 ± 4.7 54.8 ± 5.2 

POST 59.8 ± 4.4 56.1±4.8 56.4 ± 5.3 

Physical Component Summary PRE 53 .0 ± 4.7 53 .2 ± 4.9 52.2 ± 6.4 

POST 53.4 ± 4.9 52.4 ± 5.5 51.7 ± 6.1 

Mental Component Summary PRE 58.1±3.3 55.9 ± 4.8 54.9 ± 5.0 

POST 59.5 ± 3.2 56.7 ± 3.2 56.3 ± 5.3 

Values are mean± SD. VIB, group performing vibration exercise training; EX, group perfom1ing exercise 
without vibration training; CONT, controi group. 
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The Borg 15-category 6-20 RPE scale was used to monitor training intensity. Participants 

were asked to report their RPE score following the fourth exercise set during every 

training session. There were no significant differences in the reported RPE between VIB 

and EX group for all but one training occasion. The only significant difference in RPE 

occurred in week 5, session 13 (F 1 ,26=4.5 , p<0.05) (Figure 4.1 ). This corresponded to the 

change in training program, from static to dynamic exercises. The difference in RPE 

quickly returned to similar values, with no difference between the groups in the 

following exercise sessions. 
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Figure 4.1 - Mean RPE scores for VIB and EX training. # Significant difference compared to EX group 
(p<0.05) . 
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4.4 Isokinetic strength and power tests 

Strength and power of the hip, knee and ankle flexors and extensors were assessed via an 

isokinetic dynamometer. The results are presented as the peak torque and power, 

expressed as a relative value(% body weight). Bilateral strength and power was assessed. 

However, as there were no significant differences between right and left hand sides, the 

data has been averaged for the purposes of clarity. 

4.4.1 Hip flexor and extensor strength and power 

Hip flexor and extensor strength and power did not display any between-group 

differences at any testing occasion. The results of hip flexor and extensor values at each 

testing occasion are displayed in Table 4.3. 

4.4.2 Knee fl.exor and extensor strength and power 

Knee flexor and extensor strength and power displayed a number of significant 

differences between groups from pre to. mid-test and pre to post-test occasions (Table 

4.4). The VIB group displayed significant differences for knee flexor and extensor torque 

and power from pre-mid tests compared to the CONT group (p<0.05). The significant 

differences from pre to mid-test include knee: flexor torque (F2,39=3.7, p<0.05), extensor 

torque (F2,39=5.5, p <0.05), flexor power (F2,39=6.2, p<0.05) and extensor power 

(F2,39=5.5, p<0.05) . 
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Table 4.3 - Hip flexor and extensor strength and power. 

VIB EX CONT 

n = 15 n= 13 n = 15 

Hip flexor torque (N·m·kg-1
) PRE 141.1 ± 30.8 137.4 ± 47.9 139.6 ± 28.3 

MID 141.0 ± 29.0 140.5 ± 44.9 140.4 ± 24.9 

POST 146.5 ± 28.7 143 .0 ± 46.0 141.5 ± 25.5 

Hip flexor power (Watts·kg-1
) PRE 82.3 ± 20.0 81.3 ± 30.9 83.1±17.7 

MID 82.7 ± 18.9 82.0 ± 27.2 83.7 ± 15.6 

POST 85.5± 17.0 82.5 ± 28.1 84.1 ± 15.7 

Hip extensor torque (N·m·kg-1) PRE 170.0 ± 40.2 169.3 ± 62 .2 173 .7 ± 43 .7 

MID 172.0 ± 42.6 169.5 ± 58.5 175.8 ± 40.5 

POST 177.4 ± 42.0 176.2 ± 58.6 176.2 ± 43.6 

Hip extensor power (Watts·kg- 1
) PRE 104.7 ± 23.8 100.6 ± 43.4 107. l ± 30.3 

MID 106.6 ± 24.6 99.8 ± 43.4 107.6 ± 30.0 

POST 107.8 ± 26.1 103 .6 ± 41.5 107.8 ± 29.5 
-----·----·--~-·----· 

Values are mean ± SD. VIB, group perfonn1ng vibration exercise training; EX, group perfmming exercise 
without vibration training; CONT, control group. 

There were also a number of significant differences between groups from pre to post-test 

occasions including knee: flexor torque (F2,39=5.5, p <0.05), extensor torque (F2,39=12.5, 

p <0.05), flexor power (F2,39=7.7, p <0.05) and extensor power (F2,39=13.2, p <0.05) . 

Specifically, the VIB group displayed significant improvements from pre-post testing 

compared to the CONT group for knee flexor and extensor torque and power (p<0.05). 

The EX group displayed significant improvements for knee extensor torque and power 

from pre-post testing compared to the CONT group (p<0.05). The percentage changes 

from the pre-test occasion for knee flexor and extensor strength and power are displayed 

in Figures 4.2-4.5. 
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Table 4.4 - Knee flexor and extensor strength and power. 

VIB EX CONT 

n = 15 n = 13 n = 15 

Knee flexor torque (N·m·kg-1
) PRE 101.7 ± 23.6 105.9 ± 34.9 104.9 ± 30.3 

MID 106.4 ± 25.1 * 109.3 ± 35.2 104.7 ± 28.1 

POST 111.6 ± 26.5 * 112.4 ± 36.1 104.9 ± 30.0 

Knee flexor power (Watts·kg-1
) PRE 67.6 ± 17.3 69.8 ± 24.7 69.7 ± 18.7 

MID 71.5 ± 17.9 * 71.3 ± 25 .0 68.3 ± 16.9 

POST 75.8 ± 18.5 * 74.2 ± 25.0 69.3 ± 17.8 

Knee extensor torque (N·m·kg- 1
) PRE 162.2 ± 32.6 165.3 ± 44.2 162.3 ± 35.5 

MID 168.9 ± 29.3 * 169.5 ± 44.4 162.0 ± 34.3 

POST 175.1 ± 33.2 * 176.4 ± 45.4 * 159.2 ± 35 .7 

Knee extensor power (Watts·kg- 1
) PRE 109.9 ± 20.4 110.6 ± 29.4 108.7 ± 26.4 

MID 115.2 ± 19.3 * 112.2 ± 29. l 107.5 ± 23.8 

POST 121.6 ± 21.0 * 119.2 ± 30.0 * 106.9 ± 26.4 

Values are mean± SD. VIB, group perfom1ing vibration exercise training; EX, group perfom1ing exercise 
without vibration training; CONT, control group. * Signjficant difference compared to CONT pre-test 
(p<0.05). 

114 



12 

10 

:::'2. 
~ 

en 8 
<D 
+;' 
~ 
0.. 

E 6 _g 
<D 
CJ) 
c 
ro 

4 .c 
0 
<D 
CJ) 
ro c 
<D 2 ~ 
<D 

0.... 

0 

-2 -

Pre-Test Mid-Test 

* 

__._VIB 

-.-EX 
• • •CONT 

Post-Test 
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all groups (lines are group mean percentage changes). * Significantly greater change compared to CONT 
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4.4.3 Ankle dorsi flexor and plantar flexor strength and power 

Ankle dorsi flexor strength and power showed no group or time interactions. There were 

a number of significant differences evident for ankle plantar flexor strength and power 

between groups from the pre to mid-test and pre to post-test occasion (Table 4.5). The 

significant differences from pre to mid-test include ankle: plantar flexor torque 

(F2,39=l 0.6, p<0.05) and plantar flexor power (F2,39=12.4, p<0.05). Specifically, the VIB 

group displayed significant differences for ankle plantar flexor strength and power from 

pre-mid testing compared to the EX and CONT group (p<0.05). 

There were also a number of significant differences between groups from pre to post-test 

occasions including: ankle plantar flexor torque (F2,39=36.1, p <0.05) and power 

(F2,39=33 .8, p <0.05 ). Specifically, the VIB group displayed significant differences for 

ankle plantar flexor torque and power compared to the EX and CONT group (p<0.05). 

The percentage changes from the pre-test occasion for ankle plantar flexor strength and 

power are displayed in Figures 4.6-4.7. 
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Table 4.5 - Ankle dorsi flexor and plantar flexor strength and power. 

VIB EX CONT 

n = 15 n = 13 n = 15 

Ankle dorsi flexor torque (N·m·kg-1) PRE 35.7 ± 7.8 36.0 ± 9 .0 37.7 ± 5.7 

MID 35.7 ± 6.8 35.6 ± 9.0 38.2 ± 6 .1 

POST 36.2 ± 7.4 35.8 ± 8.7 37.3 ± 5.4 

Ankle dorsi flexor power (Watts·kg-1
) PRE 12.5 ± 28 .5 12.3 ± 34.4 13.1 ± 23 .7 

MID 12.3 ± 26.0 12.1 ± 34.9 13.5 ± 23.5 

POST 12.5 ± 26.9 12.3 ± 30.1 13.2 ± 22.3 

Ankle plantar flexor torque (N·m·kg- 1
) PRE 103 .2 ± 21.7 102.1 ± 28.2 107.5±17.3 

MID 111.0 ± 22.7 #* 102.8 ± 28.2 106.8±18.7 

POST 122.0 ± 21.8 #* 107.2 ± 27.3 108.5 ± 19.4 

Ankle plantar flexor power (Watts·kg-1
) PRE 31.8 ± 7.2 31.5 ± 9.1 33 .1±6.1 

MID 35.0 ± 7.3 #* 31.5± 10.7 33.1±8.l 

POST 38.3 ± 7.2 #* 33.1±10.0 33.3 ± 6.5 
----------------

Values are mean± SD. VJB, group performing vibration exercise training; EX, group performing exercise 
without vibration training; CONT, control group. * Significant difference compared to CONT pre-test 
(p<0.05). #Significant difference compared to EX pre-test (p<0.05). 
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4.5 Muscle strength interactions 

To examine the specific training effect of WBV on different muscles in the lower limbs, 

the strength changes of the hip, knee and ankle flexors and extensors over eight weeks 

training were assessed in the VIB group only (n = 15). At the completion of the eight 

week WBV training intervention, a number of significant torque dependant training 

effects were evident between muscles of the VIB group (F1,26=29.0, p<0.01). The ankle 

plantar flexor torque change was significantly greater than the amount of change of 

torque for the knee and hip flexors and extensors (p<0.01). There were no significant 

differences between knee flexor and extensor versus hip flexor and extensor torque 

within the VIB group. The changes in lower limb torque following the training 

intervention are displayed in Figure 4.8. 

Similar to muscle torque responses, a number of power dependant training effects were 

evident between muscles of the vibration group (F1•26=l 9.6, p <0.05). Within the VIB 

group the change in ankle plantar flexor power was significantly greater than the knee 

and hip flexors and extensors (p<0.05). A significant change between knee extensor 

power and hip flexor power was evident (p<0.05). There were no significant differences 

between knee flexor versus hip flexor and extensor power or knee extensor versus hip 

extensor power. 
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4.6 Functional performance measures 

4.6.1 Timed up-and-go test 

A significant difference was evident from pre- to post-test occasion for the TUG test, 

between the VIB and CONT group (F2,39=4.0, p<0.05) (Table 4.6). No differences were 

evident for turning time at any testing occasion. The percentage changes from the pre to 

post-test occasions for TUG test are displayed in Figure 4.9. 

Table 4.6 - Timed up-and-go test. 

VIB EX CONT 

n= 15 n= 13 n= 15 

TUG time (s) 
PRE 5.19 ±0.39 5.29 ± 0.66 5.09 ± 0.64 

MlD 4.97 ± 0.30 5.14 ± 0.66 5.08 ± 0.72 

POST 4.89 ± 0.29 * 5.04 ± 0.47 5.04 :j: 0.66 

TUG turning time (s) 
PRE 1.37 ± 0.15 1.39±0.19 1.36 ± 0.18 

MID 1.35 ± 0.12 l .37 ± 0.20 1.36 ± 0.20 

POST 1.33 ± 0.12 1.35 ± 0.17 1.33 ± 0.23 

Values are mean± SD. VIB, group performing vibration exercise training; EX, group perfonning exercise 
without vibration training; CONT, control group. TUG, timed-up-and-go test. * Significantly greater 
change compared to CONT pre-test (p<0.05). 
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Figure 4.9 - Mean individual percentage change following the training period for TUG test for all groups 
(lines are group mean percentage changes). * Significantly greater change compared to CONT pre-test 
(p<0.05). 

4.6.2 Fast walk test 

Analysis of the fast walk test was performed using the time taken to travel 5 m and 10 m. 

There was one significant difference in 10 m walking time evident at the mid-test 

occasion between the VIB and CONT group (F2,39=4.5, p<0.05) (Table 4.7). At the post-

test occasion, a significant difference betweens groups was evident for both 5 m 

(F2,39=3.9, p<0.05) and 10 m (F2,39=4.4, p<0.05) walking performance. Specifically, the 

VIB group was significantly different compared to the CONT group over 5 m and 10 m 

time at the post-test occasion (p<0.05). The EX group was significantly different to the 

CONT group over 5 m at the post-test occasion (p<0.05). The percentage changes from 

the pre to post-test occasion for fast walking 5 m and 10 m time are displayed in Figures 

4.10 and 4.11 respectively. 
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Table 4.7 - The fast walk test. 

VIB EX CONT 

n = 15 n = 13 n = 15 

Fast walk 5m time (s) 
PRE 2.37 ± 0. 19 2.46 ± 0.23 2.3 8 ± 0.23 

MID 2.33 ±0.17 2.42 ± 0.21 2.3 7 ± 0 .23 

POST 2.30 ± 0.15 * 2 .37 ± 0 .22 * 2.38 ± 0 .23 

Fast walk I Om time (s) 
PRE 4.52 ± 0.45 4 .60 ± 0.56 4.49 ± 0.64 

MID 4.38 ± 0.40 * 4.51±0.51 4.47 ± 0 .62 

POST 4.30 ± 0.40 * 4.42 ± 0.54 4.45 ± 0.59 

Values are mean ± SD. VIB, group performing vibration exercise training; EX, group performing exercise 
without vibration training; CONT, control group. * Significantly greater change compared to CONT pre-
test (p<0.05). 
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Figure 4.10 - Mean percentage change for 5 m fast walk following the training period for all groups. 
(lines are group mean percentage changes). * Significantly greater change compared to CONT pre-test 
(p<0.05). 
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Figure 4.11- Mean percentage change for 10 rn fast walk following the training period for all groups 
(lines are group mean percentage changes). * Significantly greater change compared to CONT pre-test 
(p<0.05). 

4.6.3 Sit-to-stand test 

To investigate S TS performance, the time taken to stand up and sit down five times was 

recorded. There were a number of significant between group differences evident for STS 

performance from the pre to mid-test (F239= 16.9, p<0.05) and pre to post-test occasion 

(F 239=24.8 , p<0.05) (Table 4.8). Specifically, the VIB and EX group changes in STS 

performance at the mid-test and post-test occasion were significantly different to the 

CONT group (p<0.05). The percentage changes from the pre to post-test occasion for 

STS time are displayed in Figure 4.12. 

125 



Table 4.8 - Sit to stand test. 

WBV EX CONT 

n = 15 n = 13 n = 15 

STS time (s) 
PRE 9.91 ± 0.80 9.95 ± 0.83 9.82 ± 1.15 

MID 9.12 ± 0.88 * 9.38 ± 0.96 * 9.80±1.21 

POST 8.69 ± 0.79 * 8.93 ± 0.99 * 9.73 ± 1.21 

Values are mean ± SD. VIB, group performing vibration exercise training; EX, group performing exercise 
without vibration training; CONT, control group. * Significantly difference compared to CONT pre-test 
(p<0.05). 
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Figure 4.12 - Mean percentage change for STS test following the training period for all groups (lines are 
group mean percentage changes). * Significant difference compared to CONT pre-test (p<0.05). 
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4.6.4 Stair mobility 

There were no significant differences between groups for the stair mobility test at any 

testing occasion. The results for stair mobility time for each group are displayed in Table 

4.9. 

Table 4.9 - Results from stair mobility performance for all participants. 

WBV EX CONT 

n = 15 n= 13 n = 15 

Stair mobility time (s) 
PRE 8.09 ± 0.91 8.37 ± 1.44 8.18 ± 1.52 

MID 8.01±0.84 8.35 ± 1.52 8.17 ± 1.59 

POST 7.91 ± 0.84 8.21±1.37 8.11 ± 1.65 

4. 7 One-legged postural steadiness 

Analysis of OLPS was performed using five time intervals: 1) 0-0.49 . , 2) 0.5-0.99 s, 3) 

1-4.99 s, 4) 5-9.99 sand 5) 10-15 s. Data was recorded in vertical and lateral planes, 

expressed as the variation of force relative to each participant weight. Prior to the training 

period, no significant differences were observed between groups for any variable of 

OLPS (Table 4.10). Data was recorded for both legs. However, as there was no limb 

dependant training effect, for the purposes of clarity just the results for the right leg are 

presented. In addition, to simplify the large data output and analysis, OLPS has been 

examined using a 2x3 repeated measures ANOVA between the pre-post test means of the 

VIB, EX and CONT groups. 
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Analysis of postural steadiness results at the completion of eight weeks training revealed 

significant improvements for the VIB group compared to the EX and CONT groups 

(Table 4.10). The VIB group displayed significant changes compared to the EX and 

CONT group for vertical forces at intervals 3-5 ((3) F2,39=8.0, EX: p<0.05, CONT: 

p<O.O l ; (4) F2,39=8.7, EX: p<0.01, CONT: p<0.01 ; (5) F2,39= l l.l, EX: p <O.Ol , CONT: 

p<0.001) and lateral forces at intervals 3-5 ((3) F2,39=7.2, EX: p <0.05, CONT: p<0.01; 

(4) F 2,39=l l.8, EX: p<0.01, CONT: p <0.001; (5) F2,39=15.5, EX: p<0.001, CONT: 

p <0.001). The VIB group also displayed a significant change compared to the CONT for 

vertical forces at interval 2 ((2) F2,39=6.4, CONT: p <0.01). There were no significant 

changes between the EX and CONT group pre- post-training. The OLPS percentage 

change for vertical and lateral force variability from the pre to post-test occasion are 

displayed in Figures 4.13 and 4.14 respectively. 

When examining the pre-post test changes, it was evident that VIB group participants did 

not all improve to a similar degree. To assess within-group differences, VIB participants 

were ran,.1<ed according to initial OLPS scores then divided into two groups using a 

median split technique. Seven participants were placed in a "relatively superior" and 

eight in a "relatively inferior" postural steadiness group. Using delta scores from the pre-

post test occasion and the relative ranking of initial balance as a between subject factor, a 

one-way ANOVA revealed significantly larger changes were evident for those with a 

poorer initial one-legged postural steadiness score at vertical force intervals 4-5 

(F1,13=8.4, p <0.05; Fi ,13=17.3, p <0.01) and lateral force intervals 4-5 (F1,13= 15.2, 

p <0.01; F1,13=17.7,p <O.Ol) (Figure 4.15). 
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Table 4.10 - One legged postural steadiness results for the vibration, exercise and control groups. 

Time Intervals (s) VIB- Vertical EX - Vertical CONT- Vertical VIB - Lateral EX- Lateral CONT - Lateral 

n = 15 n= 13 n = 15 n = 15 n = 13 n = 15 

(1) 0-0.49 PRE 1.40 ± 0.58 1.51 ± 0.44 1.41±0.51 1.00 ± 0.35 0.97 ± 0.22 0.98 ± 0.28 

POST 1.23 ± 0.57 1.46 ± 0.45 1.42 ± 0.43 0.92 ± 0.34 0.92 ± 0.20 1.00 ± 0.26 

(2) 0.5-0 .99 PRE 1.34 ± 0.51 1.48 ± 0.60 1.53 ± 0.76 1.04 ± 0.42 1.00 ± 0.28 1.00 ± 0.28 

POST 1.13 ± 0.41 * 1.41 ± 0.63 1.52 ± 0.69 0.90 ± 0.35 1.03 ± 0.35 1.00 ± 0.28 

(3) 1-4.99 PRE 1.49 ± 0.68 1.56 ± 0.77 1.48 ± 0.69 1.33 ± 0.72 1.21 ± 0.61 1.12±0.71 

POST 1.04 ± 0.40 *# 1.47±0.80 1.49±0.75 0.92 ± 0.37 *# 1.13 ± 0.63 1.14 ± 0.70 

(4) 5-9.99 PRE 1.52 ± 0.75 1.46 ± 0.76 1.57 ± 0.78 1.31 ± 0.68 1.13 ± 0.59 1.14 ± 0.68 

POST 1.04 ± 0.47 *# 1.38 ± 0.71 1.52 ± 0.83 0.86 ± 0.36 *# 1.07 ± 0.69 1.10 ± 0.59 

(5) 10-15 PRE 1.61 ± 0.86 1.37 ± 0.77 1.57 ± 0.91 1.52 ± 0.82 1.14 ± 0.64 1.21 ± 0.71 

POST 1.04 ± 0.41 *# 1.29 ± 0.76 1.56 ± 0.93 0.89 ± 0.33 *# 1.05 ± 0.68 1.20 ± 0.75 

Values are mean ± SD. Results are the vertical and lateral force variability expressed as a percentage of body mass.* Significant change compared to CONT group (p<0.05). 
# Significant change compared to EX group (p<0.05). 
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Figure 4.13 - One-legged postural steadiness vertical force variability percentage change. * Significant 
change compared to CONT group (p<0.05). # Significant change compared to EX group (p<0.05). 
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Figure 4.15- Individual one-legged postural steadiness vertical force variability percentage changes for 
VIB group. * Significant between group difference. 

4.8 Summary of significant findings following the training period 

A number of significant between group effects were evident following the eight week 

training period. A summary of these significant between group differences are 

represented by shaded squares, displayed below in Table 4.11. 
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Table 4.11 - Summary of significant between group interactions. 

Between group effects 

Time 
Period VIBvs. EX VIBvs.CONT EX vs.CONT 

TUG test Pre-Mid 
Pre-Post 

Turning time Pre-Mid 
Pre-Post 

Fast walk Sm Pre-Mid 
Pre-Post 

Fast walk 10m Pre-Mid 
Pre-Post 

STS test Pre-Mid 
Pre-Post 

Stair mobility Pre-Mid 
Pre-Post 

Hip flexor torque Pre-Mid 
Pre-Post 

Hip flexor power Pre-Mid 
Pre-Post 

Hip extensor torque Pre-Mid 
Pre-Post 

Hip extensor power Pre-Mid 
Pre-Post 

Knee flexor torque Pre-Mid 
Pre-Post 

Knee flexor power Pre-Mid 
Pre-Post 

Knee extensor torque Pre-Mid 
Pre-Post 

Knee extensor power Pre-Mid 
Pre-· Post 

Ankle dorsi flexor torque Pre-Mid 
Pre-Post 

Ankle dorsi flexor power Pre-Mid 
Pre-Post 

Ankle plantar flexor torque Pre-Mid ~ ._ .. " \. <. • ' ... <. / ... • " "' • 1:"'" : ;.,.. ... •• :~ 

Pre-Post ~ . , . . 
Ankle plantar flexor power Pre-Mid l • • . • . ••• .:. 

Pre-Post .•I ,.. 

,'! ' i 

OLPS: vertical 0.0-0.49 Pre-Post 
OLPS: vertical 0.5-0.99 Pre-Post 
OLPS: vertical 1.0-4.99 Pre-Post 
OLPS: vertical 5.0-9.99 Pre-Post 

OLPS: vertical 10.0-15.0 Pre-Post 
OLPS: lateral 0.0-0.49 Pre-Post 
OLPS: lateral 0.5-0.99 Pre-Post 
OLPS: lateral 1.0-4.99 Pre-Post ~:·-~ >•/ ~ I'~ :·~~ -.:·~ • ,i·::" ::~ -..:··~t :~~; ~>;, ~. ;~:>~::i~~·;;~~~~, 

OLPS: lateral 5.0-9.99 Pre-Post 
'"" . . ~ . f 
~ , I > ~ ' ~ • ' • 

OLPS: lateral 10.0-15 .0 Pre-Post ~~::.~ ~ ~~~ ~~;~;~~~.~~a:~:~~-~~~3J~~~:~~~;~~;~~~!1~~;;~~~ 
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5.1 Overview 

It is well documented that the ageing process is associated with sarcopenia: a decline in 

muscle mass, strength and power. Sarcopenia affects many aspects of physical function, 

including mobility and balance, as well as increasing the risk of falling (Lauretani et al., 

2003; Tinetti et al. , 1988). Large reductions in muscle mass can lead to the loss of 

functional independence, greatly affecting the quality of life for older adults (Kell et al. , 

2001). Fortunately, many age-related declines in functional performance can be offset 

with resistance training (Fiatarone et al., 1990; Seynnes et al. , 2004). Exercise programs 

that can minimize or combat the loss in muscle mass, strength and power can have 

significant implications on how older adults function. 

An alternative exercise modality, WBV, has recently emerged as a potential training 

intervention that could positively influence the muscular system in older individuals. 

WBV induced reflex muscle contractions are suggested to have the potential to increase 

strength (Delecluse et al., 2003) and it has been reported that WBV induced comparable 

strength gains to moderate intensity resistance training in an older population (Roelants et 

al. , 2004b; Verschueren et al. , 2004). Despite these positive findings, a lack of knowledge 

still exists about the effectiveness of WBV on improving strength and functional 

performance, particularly in an older population. 

The aim of study one was to specifically examine the effects of WBV on strength and 

functional performance measures in an older population. Study one was an investigation 
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into the effects of eight weeks training with WBV (VIB group) and the same exercises 

without vibration (EX group). A third group was included as a non exercising control 

group (CONT). Numerous performance tests were implemented prior to, after four weeks 

and following the eight week training period. The tests included measures of isokinetic 

strength and power of the hip, knee and ankle flexors and extensors, TUG, turning time, 

STS, fast walking, stair mobility and OLPS. It was hypothesised that WBV training 

would facilitate strength gains, resulting in larger improvements compared to unloaded 

exercise without vibration. Further, it was hypothesised that WBV training would 

enhance performance in functional and mobility measures to a greater extent than 

exercise without vibration. 

To analyse the effects of WBV training on various performance measures, the following 

discussion will be separated into three main sections. These are: 5.2) isokinetic strength 

and power; 5.3); functional performance measures; and 5.4) one-legged postural 

steadiness. These specific sections reflect the contents of three artic1es published from the 

results of study one (Rees~ Murphy and Watsford, 2007; Rees, Murphy and Watsford, 

2008a; Rees, Murphy and W atsford, 2008b ). 

5.1.1 Physical characteristics 

The physical characteristics of age, height and weight were comparable between groups 

at each testing occasion (Table 4.1) (page 108). An important independent variable in the 

current study was that the participants were considered to represent a healthy, older 
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population. The SF-36v2 health survey was used to assess participant characteristics. 

This survey has been shown to be a valid and reliably instrument to assess physical and 

mental health-related components (Jenkinson, Wright and Coulter, 1994; Walters, Munro 

and Brazier, 2001 ). The results of the SF-36v2 demonstrated that all participants could be 

classified as both mentally and physically healthy (Table 4.2). The results illustrate that 

the participants in the current study can be analysed and discussed with reference to a 

cohort from a healthy, older population. 

5.2 Isokinetic strength and power 

A major goal of study one was to examine the effects of WBV on lower limb strength 

and power in a healthy, older population. The results indicated that strength and power 

gains following eight weeks of WBV were larger for ankle plantar flexors than knee and 

hip flexors and extensors (Tables 4.3·-4.5 and Figures 4.2-4.8). These measures illustrate 

that WBV induced different increases in lower limb strength, with significantly larger 

gains observed in plantar flexor strength and power compared to more proximal leg 

musculature. The finding that WBV induced larger gains in ankle plantar flexor strength 

when compared with knee or hip flexors and extensors is in accordance with previous 

research demonstrating vibration applied at the foot predominantly recruits the calf 

musculature to dampen the stimulus (Blattner et al., 2006). 

This is the first study to investigate the effects of WBV exercise on muscle strength and 
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power of the three lower limb joints in the older population. The results suggest that the 

effect of WBV on muscle properties is disproportional. WBV training resulted in greater 

ankle plantar flexor strength and power changes than that of the knee and hip flexors and 

extensors (Tables 4.3-4.5 and Figures 4.2-4.8). The differences in ankle plantar flexor 

compared to knee or hip flexor and extensor strength and power changes within the VIB 

group may be explained by WBV induced reflex muscle contractions. WBV can 

stimulate a number of muscle groups of the lower body at the same time. However, the 

muscle group closer to the vibration platform will attenuate more of the vibration 

stimulus than musculature higher up the leg (Roelants et al. , 2006), thus eliciting a 

greater training response. It has been reported that 4 minutes WBV induced reflex muscle 

activity in the ankle plantar flexors to a higher degree than that of knee extensors (soleus 

21.6% and gastrocnemius 35.2%) (Torvinen et al. , 2002a). Therefore, it is reasonable to 

infer that the current differences in strength and power changes between lower-limb 

musculature in the VIB group may be the result of greater WBV induced muscle activity. 

The suggestion that WBV improved plantar flexor strength to a greater degree than knee 

extensor strength because of its relative proximity to the vibration platform raises a 

question to why there was not a corresponding change in dorsi flexor strength (Table 4.5) 

(page 1] 8). However, the EX group also displayed no changes in dorsi flexor strength 

fol lowing the training program. Therefore, it may be suggested that the training program 

may not have stressed th is muscle group or that the measurement was not able to detect 

subtle changes in dorsi flexor strength. As this phenomenon of different strength gains 

between opposing muscles of the ankle following WBV is the first to be reported, it is 

137 



suggested that future researchers examine the mechanisms of such differences. 

WBV can be separated into two training stimuli, the reflex muscle contraction induced by 

vibration and the body weight exercise performed on the platform. Previous research has 

reported that strength gains following WBV were associated with the reflex muscle 

contractions and not the body weight exercises (Delecluse et al., 2003). In a twelve week 

study involving young, healthy females, Delecluse et al. (2003) found a 9% increase in 

dynamic knee extensor strength following WBV training and 7% for standard resistance 

training: both significant when compared to a placebo and control group. The vibration 

induced knee extensor strength improvements found in the present study are comparable 

to the results of Delecluse et al. (2003), 7 .9% and 6. 7% in the VIB and EX respectively 

(Table 4.4). However, the present study could not differentiate knee strength gains 

between the VIB and EX group. This suggests that improvements were attributable to the 

body weight exercises. 

A number of studies have shown that WBV exercise resulted in improved knee extensor 

strength that was comparable to gains with moderate resistance training (Delecluse et al., 

2003; Roelants et al., 2004a; Roelants et al., 2004b). In a placebo controlled study 

(Delecluse et al., 2003), knee extensor strength improvements following WBV were 

associated with reflex muscle activity and not the body weight exercises. The current 

study also demonstrated improvements in knee extensor strength following WBV, yet 

these gains were not significantly larger than a group performing the same body weight 

exercises without vibration. lt is plausible, that a much larger sample size may have been 
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able to detect a statistically significant difference between the VIB and EX group for 

knee flexor and extensor variables. Retrospectively however, the results of the current 

study appear to suggest that any significant interaction for knee flexor or extensor torque 

between a VIB and EX group would be relatively small. Even with a larger sample size, 

it is unlikely that knee flexor and extensor changes between the VIB and EX group would 

be large enough to be considered a clinically significant difference between these training 

interventions. However, such a suggestion was outside the scope of this study. More 

research is needed to examine knee flexor and extensor strength adaptations between a 

vibration and exercise without vibration training intervention and its clinical significance. 

In contrast to studies previously mentioned (Delecluse et al. , 2003 ; Roelants et al. , 2004a; 

Roelants et al. , 2004b ), an eleven week WBV study involving a young, healthy 

population~ reported no improvements in knee extensor strength (de Ruiter et al., 2003b). 

The discrepanc ies between the current study and those mentioned above may be 

explained through a difference in methodology. Notwithstanding participants' 

characteristics, Delecluse et al. (2003) included additional exercises such as deep squat, 

wide stance squat, one-legged squat and lunge which may have employed a greater 

intensity in the WBV training group. Secondly, these additional dynamic exercises may 

have facilitated the delivery of vibration to musculature that would not have been 

stimulated to the same degree under traditional standing with bent knees or squatting. By 

incorporating activities that may be able to specifically target muscle groups higher up 

the leg, the potential for WBV training to improve performance would appear to be 

enhanced. This notion is in line with the emphasis on the specificity of training. As the 
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ageing process is associated with deterioration in muscle strength, improvements in knee 

and hip muscle strength similar to those observed in the ankle plantar flexors with WBV 

could potentially benefit mobility and functional performance in an older population. 

Future studies need to examine WBV and the adaptation to different exercise protocols 

including varying postural positions. 

The maximal plantar flexor torques expressed in absolute terms for the VIB group at the 

pre-test occasion were 90 ± 21 N·m and 65 ± 18 N·m for males and females respectively. 

These results were similar to those previously reported in a healthy, older population 

matched group for males (94 ± 27 N·m) and females (60 ± 15 N ·m) (Thelen, Schultz, 

Alexander and Ashton-Miller, 1996). The VIB group displayed an 18% improvement in 

plantar flexor strength following the eight week WBV training program (Table 4.5) (page 

118). This improvement jn plantar flexor strength for the heaJthy, older participants 

caused them to approach absolute torque values similar to that reported in a healthy, 

younger population (Thelen et al., 1996). At the post test, the VIB group plantar flexor 

torque values were within one standard deviation of a younger population for males (124 

± 32) N·m; VIB, 107 ± 21 N·m) and females (85 ± 27 N·m; VIB, 75 ± 17 N·m), 

indicating a clinically significant improvement in plantar flexor strength. It must be 

acknowledged that there were methodological differences between these studies, 

therefore, direct comparison between results should be treated with due caution. 

Plantar flexor strength and power appears to be an important determinant of functional 

performance in older adults. Previous research has reported that plantar flexor strength 
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plays a major role in habitual gait velocity (r = 0.53 p< 0.001) and maximal gait velocity 

(r = 0.47; p<0.005); in addition, plantar flexor power was suggested to be an independent 

predictor of chair and stair climbing performance in community-dwelling older women 

(Suzuki, Bean and Fielding, 2001). As plantar flexion strength plays an important role in 

mobility and balance in the older population (Kerrigan, Todd, Della Croce, Lipsitz and 

Collins, 1998; Onambele, Narici and Maganaris, 2006; Suzuki et al. , 2001 ), greater ankle 

plantar flexor strength following WBV training can be considered an important 

adaptation. With plantar flexor muscles displaying significant reductions in structure and 

strength with age (Simoneau, Martin and Van Hoecke, 2005), WBV may serve as a 

supplement to other training methods in mediating its functional decline. 

Improvements m muscular performance following WBV are typically based on 

neuromuscular enhancement (Bosco et al., 1998; Cochrane and Stannard, 2005). 

Traditionally, strength improvements following a training intervention can be explained 

by a combination of both neural and morphological adaptations (Folland and Williams, 

2007; Moritani, 1993; Moritani and De Vries, 1979). The potential for chronic neural or 

morphological enhancement with WBV training would provide a rationale for the 

increased plantar flexor strength observed in the current study. However, due to the 

equipment required and large costs involved in examining specific neural and or 

morphological adaptations, these variables were not assessed. The assessments of neural 

and morphological adaptations were outside the scope of this study. The specific 

contribution of mechanisms explaining increased strength following WBV in the older 

population awaits further investigation. Regardless of the mechanisms, it was clear that 
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WBV contributed to the improved plantar flexion strength in a group of healthy, older 

adults. As the older population exhibit reduced plantar flexor strength compared to their 

younger counterparts (Simoneau et al., 2005), WBV may serve as an effective therapeutic 

intervention to combat and/or counteract reduced plantar flexor strength. 

lsokinetic strength and power summary 

Eight weeks WBV training produced a significant improvement in plantar flexor strength 

and power in a healthy, older population. Following the training period, improvements in 

knee flexor and extensor strength and power between the VIB and EX group showed no 

significant differences. Therefore, the observed improvements in knee strength variables 

in both the VIB and EX groups can largely be attributed to the body weight specific 

exercises performed. The strength gains following vibration training appear to be higher 

in the lower limb and decreasing through the knees and hips. Therefore, different WBV 

exerc.i•"'e protocols should be investigated in order to specially target muscles higher up 

the leg. 

5.3 Functional performance measures 

Another primary purpose of study one was to examine the effects of WBV and exercise 

without vibration training on a battery of muscle performance and mobility measures in a 

healthy, older population. These tests included TUG, turning time, STS, 1 Om fast walk 
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and stair mobility performance. Previous researchers have often implemented these 

various tests to assess physical function in older populations (Montero-Odasso et al., 

2004; Podsiadlo and Richardson, 1991; Shubert et al., 2006; Vincent et al., 2002). As a 

decline in muscle strength with ageing is associated with reduced physical performance, 

the outcomes of these functional measures following WBV will be discussed with 

reference to the strength adaptations described previously in section 5.2. 

The riesults illustrate that improvements in the TUG, fast walking and STS performance 

after t raining were comparable between the VIB and EX group. WBV training was not 

more effective than unloaded exercise at improving these specific performance measures. 

The ecline in muscular strength with ageing is associated with decreased mobility and 

impaired perfotmance of functional activities (Brown, Sinacore and Host, 1995). The 

VIB group exhibited a significant facilitatory effect for plantar flexor strength, an 18% 

improvement above the pre test which was compared to a 5% improvement for the EX 

group. In comparison, there were no significant differences for knee flexor and extensor 

strength gains between the VIB and EX group. As the flexor and extensor muscles of the 

knee and hip would influence mobility and performance measures to a greater degree 

than the ankle plantar flexors, the comparable improvements between the VIB and EX 

group appears to reflect strength gains in these muscles. 

An important component of exercise prescription for older individuals is understanding 

the in fluence of specific muscles to mobility and functional performance. Previous 
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research has shown hip extensor strength as the maJor action responsible for gait 

characteristics in elderly men (Burnfield, Josephson, Powers and Rubenstein, 2000). In 

other research, knee extensor strength and power were found to be significantly 

associated with the performance of gait, STS and stair climbing in an older population 

(Bean et al. , 2002b ). As such, the prescription of strength training for functional 

movement should specifically target these muscle groups. While a few studies have 

investigated the effects of WBV on knee strength in the older population (Roelants et al., 

2004b; Verschueren et al. , 2004), no other authors have looked at its effect on ankle and 

hip flexors and extensors. Given the similarities in knee and hip strength gains between 

the VIB and EX group, it is not surprising to also observe comparable improvements in 

TUG, STS and fast walking (Tables 4.6-8). The exercise protocol used in the current 

study may provide an explanation for the resultant performance changes. The WBV 

platfom1 transmits a vibration wave to the lower body that js dissipated distal-proximal 

by the musculature. As it is well documented that vibrations can have a negative effect on 

human health (Seidel and Heide~ J 986), coupled to previous repo1ts stressing the 

importance of minimising its transfer to the upper body (Mester et aL, 1999), the current 

study employed specific body positions to maximise dampening in the lower extremities. 

The two body positions that were employed were: a plantar flexion contraction to ensure 

heels were slightly raised, and that the knees and hips were never to be extended 

completely. The body position can significantly alter the transfer of vibration to the 

proximal body segments (Crewther et al. , 2004). It is therefore plausible that 

incorporating different body positions may result in greater transfer of vibration to 

musculature higher up the leg, which may in tum influence knee and hip flexor and 
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extensor strength gains with WBV. Future WBV interventions should try to implement a 

protocol that can target muscles higher up the leg. 

Only a handful of studies have been published examining the effects of WBV in an older 

population (Bautmans et al., 2005; Bruyere et al., 2005; Roelants et al., 2004b; Runge et 

al., 2000; Russo et al., 2003; Verschueren et al., 2004). Similar to the current study, 

Bautmans et al. (2005) examined WBV compared to the same exercise without vibration, 

demonstrating a three second improvement in TUG time for the WBV group. Yet, when 

other results from Bautmans et al. (2005) are analysed, an overall picture of WBV 

performance enhancement is less clear. In agreement with results of this study, Bautmans 

et al. (2005) also reported improvements in isokinetic knee extensor strength for both the 

WBV group and exercise without vibration group, with no significant differences 

between these groups. It could be argued that older participant characteristics could 

explain the similar performance gains between the VIB and EX group in the current 

study. As- the older population exhibits reduced strength in comparison to the young 

population, they would appear to have greater potential for performance enhancement. 

These lower initial strength scores may explain the comparable knee strength gains in 

both the VJB and EX group. However, it must be acknowledged that WBV did facilitate 

superior plantar flexor strength gains in the current study. 

An improvement in ankle plantar flexor strength following WBV training can be 

considered an important adaptation for an older population. This muscle group exhibits a 

significant decline in strength with the ageing process (Simoneau et al. , 2005). In the 
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older population, distal muscle groups are also considered to be more susceptible to the 

ageing related motor unit loss then more proximal musculature (Galea, 1996). As ankle 

plantar flexor strength plays an important role in mobility and balance in the older 

population (Kerrigan et al., 1998; Onambele et al., 2006; Suzuki et al., 2001 ), WBV may 

serve as a supplement to other training methods in mediating functional decline. 

However, in the current study, when the VIB group was compared to the EX group, the 

increase in plantar flexor strength with WBV training did not reveal significant 

performance enhancements in the TUG, fast walk and SRS tests conducted. WBV may 

have potential to improve mobility and functional performance in older adults, however 

more research is required to examine the relationship between increased plantar flexor 

strength and various functional tasks. 

There is a paucity of infom1ation examining the effect of WBV on mobility and more 

complex skills. There have been reports that WBV training does not have an effect on 

shuttle run (Torvinen et al., 2002b ), sprinting speed (Deleduse et aJ. , 2005) or agility 

performance (Cochrane et al., 2004). In contrast, other studies have reported WBV 

positively influenced TUG (Schuhfried, Mittermaier, Jovanovic, Pieber and Paternostro-

Sluga, 2005), Tinetti test (Bautmans et al. , 2005; Bruyere et al. , 2005) and balance 

(Torvinen et al. , 2002a). These variations may be explained through variations in the 

complexity of the task, or that transfer to functional performance reflects the nature of the 

activity undertaken during WBV. Stimulating the muscles while performing an activity 

that is similar to the measured performance test should result in a greater transfer. STS 

performance closely reflects the squatting training undertaken, and demonstrated large 
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improvements in both training groups following two months training (VIB: 12.4%; EX: 

10.2%; CONT: 0.9%). This is in agreement with Runge et al. (2000) who observed an 

18% increase with two months static WBV training compared to a non-exercising 

control. The improvements in the various mobility and muscle performance measures in 

the present study may indicate a transfer effect, mediated through the specific motor 

pattern employed during training (static and dynamic squats). While STS performance 

closely min-ors the training interventions, smaller changes in turning time or stair 

climbing appear to reflect training specificity, where there is less transfer during more 

complex tasks. If WBV training is to transfer to improved functional performance it 

should employ protocols that reflect the nature of that activity. As mobility is an essential 

component to functional independence in the elderly, future WBV protocols should be 

varied and based on the specificity principle. 

Resistance training programs can improve strength and power in the older population 

(Fiatarone et al., 1990). As both VIB and EX group participants reported that the 

unloaded static and dynamic exercises performed were somewhat hard (RPE of N 12-13) 

(Figure 4.1 ), it is reasonable to attribute some of the strength changes after training to the 

activity performed. On one occasion, a significant difference in RPE was evident, yet this 

returned to comparable values the next training session. The higher RPE in the VIB 

group con-esponded to the incorporation of dynamic squats and calf raises; described by 

participants as the extra difficulty in maintaining balance. Similarities in RPE have also 

been found following squatting with and without exhaustive WBV (Rittweger, 

Mutschelknauss and Felsenberg, 2003). The effects of WBV are influenced by numerous 

147 



factors including: amplitude, frequency, exercises performed, intensity and volume. To 

date, every WBV review article reiterates that an optimal WBV protocol is still unclear 

(Issurin, 2005; Jordan, Norris, Smith and Herzog, 2005 ; Luo et al. , 2005). There is a 

distinct need for future studies to address this paucity of information. The outcomes of 

such work will enable more effective prescription and a greater understanding of the 

efficacy of WBV, particularly on its use as a rehabilitation tool to combat functional 

decline in older individuals. 

Summary of functional performance measures 

WBV training did not increase TUG time, fast walking or STS performance to a 

significantly greater extent than the exercise without vibration group. However, the gains 

in knee flexor and extensor strength for both the VIB and EX group appear to account for 

the observed improvements in the various functional performance measures compared to 

the CONT group. It is the exercise protocols undertaken which contributed to the 

reported knee strength gains and the transfer to dynamic muscle performance and 

mobility measures. WBV may have the potential to facilitate mobility in an older 

population. However, more research is needed to examine various exercises and vibration 

protocols that may transfer to improved functional performance measures. 
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5.4 One-legged postural steadiness 

Clinical balance tests offer a simple measure of functional performance and postural 

stability for the older population. Previous research reported an average of 10.5% 

improvement in body balance following six months WBV exercise in postmenopausal 

women (Verschueren et al., 2004). Similarly, one year's WBV training in healthy older 

men and women has been shown to reduce sway energy by an average of 8.5% (Bogaerts 

et al., 2007b ). This study supports such findings, demonstrating an average of 24.9% and 

27.5% improvement in vertical and medial/lateral OLPS respectively following eight 

weeks WBV exercise (Table 4.10 and Figures 4.13-14). While a comparison of these 

values reveals differences in the percentage changes following WBV exercise, it must be 

acknowledged that these studies used very different forms of balance assessment. The 

current study examined the force variability for one-legged stance compared to a two-

legged postural sway test and balance during unexpected postural disturbances. 

Collectively, these results provide strong evidence that WBV exercise can improve 

balance in an older population. 

The assessment of OLPS can be characterised into two distinct phases: dynamic and 

static. The dynamic phase is represented by the shift in weight, intervals 1-3 (Table 4.10), 

reflecting the postural adjustment required to regain standing balance (Jonsson et al. , 

2004). This dynamic phase can be seen to reflect the postural adjustments used during 

standing balance such as the weight transfer to one leg during gait. This is followed by a 

static phase, intervals 4-5 , requiring the maintenance of postural equilibrium in a one-
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legged stance (Jonsson et al., 2004). This static phase can be seen to reflect postural 

equilibrium during quiet standing or balance control whilst dressing. The results from 

study one suggest that the VIB group improved to a greater degree in the static phase than 

the dynamic phase (Table 4.10). While significant improvements between the VIB and 

EX/CONT groups were noticeable at interval 3, the 4 seconds of force variability 

measured would appear to assess a larger component of static balance, the claim that the 

WBV training program performed in the current study improved static one-legged 

balance. 

Comparisons between the older and younger population consistently demonstrate that 

balance is impaired with the ageing process. As such, the older population should have a 

greater potential to improve balance. This analogy has been proposed by Torvinen et al. 

(2003 ), who reported that eight months WB V training did not have an effect on postural 

sway in young adults. As younger, healthy adults exhibit normal musculoskeletal 

properties) there is less potential for physiological adaptation whic.h could lead to 

improved balance (Torvinen et al., 2003 ). In the present study, when the VIB group were 

classified into two classes according to one static interval of initial balance, high 

(relatively poor) versus low (relatively good) force variability, the participants with 

poorer initial OLPS exhibited a significantly greater improvement compared to VIB 

group members who had better initial performance (Figure 4.15). This finding has 

important practical applications: those with very poor balance, such as the elderly, are 

more likely to benefit from a WBV exercise intervention than their younger, healthier 

counterparts. 
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WBV exercise has been prescribed with the intention of enhancing neuromuscular 

performance (Luo et al., 2005). This neuromuscular performance enhancement is based 

on reports of increased muscle activity with WB-V exercise (Cardinale and Lim, 2003b; 

Roelants et al., 2006). Such muscle contractions could have the potential to improve 

neuromuscular properties (Bosco et al., 1999a), and influence the control and execution 

of functional movements such as those required in balance (Carroll, Riek and Carson, 

2001 ). It is suggested that the causes of diminishing balance with ageing reflects younger 

adults having much richer proprioceptive ability than older adults (Benjuya et al., 2004; 

Lord and Ward, 1994). As WBV exercise is reported to stimulate the sensory receptors 

and afferent neural pathways, improved OLPS may be the result of a greater reliance, and 

more efficient use of proprioceptive feedback. However, it must be noted that increased 

muscle activity and neuromuscular adaptation are separate entities. Further research is 

needed before any specific mechanism can be reported, and future WBV research should 

integrate the study of neural adaptations to elucidate the mechanisms of improvement. 

Explanation of improved balance foJlowing WBV training may be attributed to better 

muscle reflex and neuromuscular control. However, observations also suggest that the 

VIB group experienced a secondary facilitatory training effect. VIB participants did not 

remain in a stable position during the training on the platform: they were vibrated from 

the centre of the platform to either the front or rear. This vibration induced movement 

increased with larger ampiitudes. Reports from the VIB participants suggest that the 

inability to maintain a stable stance was the most difficult component of WBV exercise. 
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It is not unreasonable to claim that WBV exercise provided a specific facilitatory effect 

on balance motor performance. Improvements in motor performance through practicing 

similar movement patterns can enhance neural control in the older population (Connelly, 

Carnahan and Vandervoort, 2000). The WBV training program reflects the practicing and 

learning of a motor skill, balance control, and can be considered a primary factor 

responsible for improvements in OLPS. Schuhfried et al. (2005) support this assumption 

that WBV exercise can lead to the rearrangement of a motor control strategy through 

practice. However, this presents a questionable paradigm concerning changes related to 

improvements in balance: whether WBV training and neuromuscular adaptation can be 

predominantly explained by reflex muscle contractions or through practicing a similar 

motor pattern. Answers to this issue require further exploration. 

Postural control can be characterised into two muscular compensation strategies: those of 

the ankle and of the hip (Horak and Nashner, 1986). In comparison to their younger 

counterparts, older adults display a number of postural control differences. Some of these 

include: decreased ankle sensory information, greater reliance on co-contraction of ankle 

muscles (Benjuya et al., 2004), and a larger contribution of hip muscle activation to 

accommodate postural requirements (Amiridis, Hatzitaki and Arabatzi, 2003). In 

contrast, younger adults can rely predominantly on increasing the muscle activity of the 

ankle to control a static stance (Amiridis et al. , 2003). Over-reliance of hip muscle 

activity to accommodate static posture in the elderly is considered the result of 

insufficient ankle muscle strength to counteract changes m the moment of inertia 

(Amiridis et al., 2003). While the hip and ankle musculature both provide postural 
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compensation, the musculature closer to the platform is likely to receive a greater degree 

of the stimulus. Greater muscle activity has been reported in the gastrocnemius than the 

quadriceps during WBV training (Roelants et al., 2006). As reduced ankle neuromuscular 

quality appears to be a component which differentiates balance control between young 

and elderly adults (Amiridis et al., 2003), a strong neuromuscular stimulus to the calf 

may provide a mechanism for improved function. Vibration-induced neuromuscular 

performance has been attributed to an improved motor unit recruitment, synchronisation, 

discharge rate, as well as greater efficiency and coordination of agonists and antagonists. 

Although not measured in this study, the suggestion that neural adaptations are a 

consequence of WBV training is in line with suggestions from previous research 

(Delecluse et al. , 2003 ; Roelants et al., 2004b). 

A number of potential adaptations have been proposed for improved OLPS foJl.owing 

eight weeks WBV training. As the deterioration of the neural, sensory and muscular 

systems with ageing affects postural control and balance (Laughton et al., 2003; Lord and 

Ward, 1994), it is conceivable that observed improvements in OLPS may be explained by 

improvements in any or all of these mechanisms. Specific adaptations were not measured 

in the current study~ the results of which do present a clear need for future research into 

the effects of long-term WBV exercise. The specific contribution of different 

neuromuscular adaptations should be a focus of such research. 

The results of study one provide support for the efficacy of WBV exercise in the healthy, 

older population. It was well tolerated, with no reports of adverse side effects. 
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Considering OLPS is a risk factor in falls, WBV exercise may have a positive influence 

on static balance control and reduce susceptibility to falling. This study acknowledges 

however, that OLPS is not a sole predictor in the risk of falls. Similarly, it is felt that 

WBV exercise does not represent a single entity in improving the functional performance 

among an older population but may be an additional, valuable form of intervention. As 

standing balance is an essential component of many ADL, such as walking and changing 

clothes, WBV exercise could complement other exercise interventions aimed at 

benefiting the safety and mobility of the elderly. WBV exercise would appear to be 

beneficial for a clientele who have a noticeable deterioration of static postural control. 

Summary of one-legged postural steadiness 

WBV training can improve OLPS performance in a healthy, older population. The data 

also illustrates that WBV training provided significantly greater benefit to those with 

poorer initial balance. It is proposed that enhanced OLPS following WBV can be 

partially explained by the practicing of balance control on an unstable base of support. 

5.5 Summary 

WBV training can improve ankle plantar flexor strength and power in a healthy, older 

population. Knee flexor and extensor strength improvements following WBV training 

were not significantly different from the exercise without vibration group. Therefore, 
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knee flexor and extensor strength changes can be attributed to the unloaded static and 

dynamic squats performed. Comparisons of hip, knee and ankle flexor and extensor 

strength between the VIB and EX group illustrate that the WBV performance enhancing 

effects were greatest for ankle plantar flexors. 

It was hypothesised that WBV training would facilitate improvements in functional 

performance to a greater degree than exercise without vibration. However, while WBV 

significantly increased a number of functional performance measures, WBV training did 

not facilitate performance of functional measures (1 Om fast walk, STS, TUG, turning 

time or stair locomotion) compared to the EX group. In both the VIB and EX groups, 

STS performance exhibited larger percentage gains when compared to other functional 

measures following the training period; this is suggested to reflect a specific transfer from 

the static and dynamic squatting exercises undertaken. Similarities in improved 

functional performance measures between the VIB and EX groups following the training 

period can be attributed to comparable knee strength and power adaptations. 

The findings of the current study indicate that WBV training has a profound effect upon 

OLPS. The results also highlight that the effects of WBV was most beneficial to 

individuals who presented with poorer initial balance scores. Improvements in OLPS are 

suggested to be related to practicing balance control on an unstable base of support 

during WBV. As balance control shows deterioration with the ageing process, WBV may 

serve as an intervention to combat such declines . 
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The prescription of WBV training is hypothetically based on the reflex muscle 

contraction which it induces; that these may facilitate improvements in muscular 

performance. In the current study, a WBV induced facilitatory effect on performance was 

only observed for ankle plantar flexor strength and power and OLPS as compared to non-

vibration exercise. The results from study one highlights some specific areas for future 

research . These include investigations into: the development of optimal training protocols 

which can specifically target particular muscle groups; the examination of neural and 

mechanical muscular adaptations with long-term WBV; and the investigation of WBV in 

a cohort with a noticeable deterioration in muscular strength and balance, such as a frail 

elderly population. 
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CH'APTER 6 

METHODS -
STUDYTWO 
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6.1 Overview 

The design for study two was based on the results of study one, which found larger 

strength gains in the calf musculature compared to the knee musculature following WBV 

training. These results suggested that vibration induced muscle contractions were likely 

to be affected by the proximity of the muscles to the platform and the specific body 

positions employed. Specific body positions employed can affect the transmission of 

vibration from the platform through the muscles of the lower limbs. As such, a brief 

exploratory study into potential mechanisms and training prescription variables with 

WBV for an older population was conducted. Muscle activity in the lower limbs while 

undertaking WBV training was examined in various body positions. The outcomes from 

this study are used to reflect on the between muscle groups strength adaptations observed 

in study one and to prescribe a more effective WBV exercise protocol for an older 

population in study three. 

6.2 Research hypothesis 

The present study aimed to examine a number of hypotheses . Firstly, it was hypothesised 

that the vibration stimulus would increase muscle activity to a greater degree in muscles 

closer to the platform than those further up the leg: specifically, the triceps surae 

musculature would exhibit larger relative increases in muscle activity compared to other 

muscles of the lower limb. A secondary aim of the present study was to evaluate the 

158 



effect of a vibration stimulus on muscle activation in different body positions. It was 

hypothesised that different body positions would result in either greater dampening or 

transfer of the vibration stimulus. 

6.3 Significance of the study 

The effects of vibration training are dependant on numerous variables. These include: 

amplitude, frequency, intensity, volume, method of application and training type 

employed. To date, most review articles examining vibration training reiterate that an 

optimal protocol is still unclear (Issurin, 2005; Jordan et al., 2005; Luo et al. , 2005). 

WBV is considered an indirect method of application, as the magnitude of the amplitude 

and frequency delivered to the muscle js applied at the foot and propagated through the 

soft tissue. As such, different body positions will influence the dampening characteristics 

of different muscles during WBV (Crewther et al., 2004; Rubin et al., 2003). Study two 

aimed to gain knowledge of one vibration prescription variable, the type of training 

employed on the platform. Therefore, the results from study two should contribute to 

more effective prescription for WBV. 

Numerous exercises have been reported to be utilized during WBV. An example of some 

of these include: static and dynamic squats, lunges, standing with legs locked out and 

calf-raises. While static squats are the most common activity, there is no consistency in 

the depth of squat utilized. For example, different squats depths reported in literature 
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include: 90°, 100°, 110°, 125°, 140°, 160° or 175° (where 180° knee angle is considered 

a straight leg) (Abercromby et al., 2007a; Bosco et al., 1998; Bosco et al., 1999b; de 

Ruiter et al., 2003b; Roelants et al., 2006). Furthermore, there is a paucity of justification 

for the prescribed activities or research into their effectiveness. Roelants et al. (2006) 

examined muscle activity of the lower limb during different body positions: high squat, 

low squat and one legged squat. It was reported that the attenuation of the vibration in the 

gastrocnemius was greater than compared to the vastus medialis, vastus lateralis and 

rectus femoris (Roelants et al., 2006). Yet, it was also reported that high and low squat 

body position with WBV did not translate to measureable differences in muscle activity 

(Roelants et al., 2006). One criticism of Roelants et al. (2006) study was that it was 

limited to only three exercises and four muscle groups. As such, there is need for further 

research on this area. Furthermore, no study has examined muscle activity and the effects 

of different body positions during WBV in older adults. Therefore, this research is un ique 

and will contribute towards a better understanding of the efficacy of vibration training for 

older individuals. 

6.4 Delimitations 

Study two was delimited to: 

1. The use of surface electromyography (EMG) to reflect vibration induced 

reflex muscle contractions. 

2. The constant use of lower limb muscles during the testing period due to the 
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number of exercises performed. 

6.5 Limitations 

The findings of this study were limited to: 

1. The size of the sample. 

2. The selection of participants from within the same . . soc10-econom1c 

background. 

3. The use of average EMGnns for assessment of the comparison of vibration 

induced muscle dampening. 

4. The duration of the testing period. 

6.6 Participants 

Ten healthy, older male volunteers (70.4 ± 4.9 yr; 176.9 ± 7.8 cm; 78.6 ± 12.0 kg) were 

recruited from the local area via flyers and personal communication. Logistical issues 

such as expected time commitment for testing were explained in detail. A transport 

service was offered to and from the testing sessions so as not to exclude any participants 

for financial or travel reasons. Exclusion criteria from the study were: age < 65 yrs; any 

neurological, musculoskeletal, or other chronic disease; a recent fracture or bone injury. 

Each participant gave informed written consent to participate (Appendix 4) and provided 
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clearance from a medical practitioner. The study and its procedures were approved by the 

Human Research Ethics Committee at the University of Technology, Sydney (UTS 

HREC REF No. 2007-54A). 

6. 7 Treatment Protocol 

Participants were exposed to sinusoidal vibration, with frequency set at 26 Hz and 

amplitude at 6 mm peak-to-peak using a Galileo Sport vibration platform (Novotec, 

Pforzheim, Germany). Foot placement positions were marked onto the platform to ensure 

consistent placement between trials. All vibration testing was performed without shoes to 

ensure there was no variance in the amount of cushioning provided. 

To examine the neuromuscul.ar response to WBV, EMG was collected from eight muscle 

sites: t]bialis anterior, gastrocnemius, soleus, rectus femoris, vastus medialis, biceps 

femoris, iliopsoas and gluteus maximus. These muscles were selected as they represent 

the prime movers of the ankle, knee and hip flexion and extension movements (Marieb, 

2006). 

Prior to testing neuromuscular activation during WBV, muscle activity was measured 

during isolated maximal voluntary isometric contractions (MVC) (Table 6.1). All 

isometric MVC were performed on a Biodex System 3 dynamometer (Shirley, NY). The 
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maximum muscle activity obtained during isometric MVC was used as a reference value. 

All magnitude EMG measurements were expressed as a relative percentage of MVC. 

Table 6 .1 - Joint angles during isolated maximum voluntary contractions. 

Maximum voluntary contraction test Ankle angle Knee Angle Hip Angle 
(degrees) (degrees) (degrees) 

Ankle plantar flexion 110° 160° goo 

Ankle dorsi fl exion 110° 160° goo 

Knee flexion 110° 135° 90° 

Knee extension 110° 90° 90° 

Hip flex ion 110° 1go0 1go0 

Hip extension 110° 180° 160° 

EMG was measured with and without the vibration stimulus whilst undertaking seven 

static exercises. Posture was controlled for every exercise by standardised joint angles 

using a goniometer. Every participant completed a familiarization session for the specific 

exercises and vibration stimulus prior to testing. The static exercises and their specific 

joint positions are displayed in Table 6.2. Every static exercise was held for 20 seconds. 

All exercises were performed in a random order. Further, this was also randomized for 

each condition; for example, with and without vibration. In between each exercise and 

set, a one minute rest period which involved participants being seated was imposed to 

unload the muscles (Roelants et al., 2006). 
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Table 6.2 - Joint angles for each exercise condition. 

Exercise Ankle angle Knee Angle Hip Angle 
(degrees) (degrees) (degrees) 

Standing upright 110° 180° 180° 
Standing Straight plus plantar flexion 140° 180° 180° 

High Squat 110° 160° 170° 
Medium Squat 100° 135° 140° 

Medium Squat plus plantar flexion 135° 135° 140° 
Low squat 90° 110° 120° 

Lunge 100° 100° 120° 
One legged-squat 110° 160° 170° 

6.8 Electromyography 

6.8.1 Electrode placement 

The placement of electrodes was based on procedures outlined by Perotto et al. (2005). 

Each muscle site was measured and palpated for electrode placement accuracy. ln 

addition, when required, consideration was given fo r individual body dimensions. The 

electrode placement for each muscle is described with reference to anatomical landmarks. 

The procedures involved in electrode placement for each muscle are described below. 
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Gastrocnemius - lateral head 

One handbreadth below the popliteal crease on the lateral mass of the calf. This position 

corresponded to a line from the head of the fibula to the heel. The functional test for 

electrode positioning involved the participant plantar flexing the foot with knees 

extended. 

Figure 6.1 - Gastrocnemius electrode placement represented by the X (Perotto et al. , 2005). 

Sole us 

Distal to the belly of the gastrocnemius, medial and anterior to the Achilles tendon (AT) 

on the lateral aspect of the soleus. The fimctional test for electrode positioning involved 

the participant plantar flexing the foot with knee positioned at 90°. 

Figure 6.2 - Soleus electrode placement represented by the X (Perotto et al. , 2005). 
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Tibialis anterior 

Four fingerbreadths below the tibial tuberosity and one fingerbreadth lateral to the tibial 

crest. This position corresponded to a line from the head of the fibula to the heel. The 

functional test for electrode positioning involved the participant dorsi flexing the foot 

with knee extended. 

Figure 6.3 - Tibialis anterior electrode placement represented by the X (Perotto et al., 2005). 

Vastus medialis 

Four fingerbreadths proximal to the superiomedial angle of the patella. The functional 

test for electrode positioning involved the participant lifting the heel from a plinth 

position with knee extended. 

Figure 6.5 - Vastus medialis electrode placement represented by the X (Perotto et al., 2005). 
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Rectos femoris 

Midway between the superior boarder of the patella and the anterior superior iliac spine. 

The functional test for electrode positioning involved the participant flexing the hip with 

the knee extended. 

Figure 6.4 - Rectus femoris electrode placement represented by the X (Perotto et al. , 2005). 

Biceps femoris - long head 

The midpoint line between the fibula head and ischial tuberosity. To find this insertion 

point, the participant lays prone with knees extended. The functional test for electrode 

positioning involved the patient flexing the knee. 

Figure 6.6 - Biceps femoris electrode placement represented by the X (Perotto et al., 2005). 
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Iliopsoas 

Two fingerbreadths lateral to the femoral artery and one fingerbreadth below the inguinal 

ligament. To find this insertion point, the participant lays in a supine position. The 

functional test for electrode positioning involved the participant flexing the thigh with the 

knee flexed greater than 90°. 

Figure 6.7 - Iliopsoas electrode placement represented by the X (Perotto et al., 2005). 

Gluteus maximus 

One to three inches midway between the greater trochanter and sacrum. To find this 

insertion point, the participant lays in a prone position. The functional test for electrode 

positioning involved the patient extending the hip with the knee flexed. 

~ 
"'.'\~~ 

·.·.~~ 

Figure 6. 8 - Gluteus maximus electrode placement represented by the X (Perotto et al. , 2005). 
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6.8.2 Data collection and treatment 

Surface EMG was recorded from the soleus, gastrocnemius (lateral), tibialis anterior, 

vastus medialis, rectus femoris, biceps femoris, iliopsoas and gluteus maximus on the 

dominant leg. Bipolar surface electrodes (l.lcm interelectrode distance), interfaced with 

an amplifier (Delsys, Boston, USA) were fixed longitudinally over the each specific 

muscle belly (Figures 6.1-6.8). Signals were amplified (xl 000), bandpass filtered (high-

pass filter, 20 Hz; low-pass filter, 450 Hz) and sampled at 1000 Hz. The participant's skin 

was prepared by shaving, lightly abrading and wiping with isopropyl alcohol for each 

nominated site. A reference electrode was placed on the styloid process of the Ulna. The 

impedance of each electrode was measured with respect to the reference electrode. As 

high skin impedance can produce artifact in the EMG output (Goodwin et al., 1999), any 

electrode with an impedance greater than 5 kQ was removed, with skin preparation 

repeated until the measured impedance was within the appropriate range. 

EMG was collected over a twenty second period. The raw EMG signal was converted to 

an average root-mean-square (EMGnns), calculated over 150 ms windows around every 

data point using the Delysis analysis software. The average EMGnns for each muscle was 

then converted to a percentage of the MVC. The difference in EMGrms expressed as a 

percentage of MVC between the WBV and non-vibration condition was used in the 

analysis. For example, a result of 10 represents a I 0% increase in activation as a result of 

WBV relative to MVC. An example of converting the raw EMG signal to a relative 

percentage of MVC is displayed in Appendix 5. The reliability of EMG measurements 
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with vibration has previously been reported to be high, with coefficient of variation (CV) 

ranging from 0. 73 to 0.93 (Bosco et al., l 999a). 

Data processing of EMG signals whilst on the vibration platform were examined using 

Delsys EMGworks version 3.1 (Delsys, Boston, USA). Spectral analysis of EMG data 

was performed by dividing each signal into overlapping segments, which were then 

windowed using a 1024 sample Hanning window. The mean frequency content of each 

segment was computed using a Fast Fourier Transform with sections overlapping by 

1000 samples. Inspection of these results for each muscle indicated the presence of 

motion artifact at the vibration frequency (26 Hz), and to a lesser degree at integer 

multiples of the excitation frequency. From this spectral analysis, it was clear that EMG 

signal power at 26 Hz and associated harmonic frequencies exceeded all other 

freq uencies (Figure 6.9) . To el iminate motion artifact, digital band-stop filters (17th order 

Chebyshev) were implemented at the vibration frequency (± l Hz) and at integer 

multiples of this frequency to 450 Hz. This was to ensure the removal of all motion 

artifacts in the EMG signal. 

Previous research has stated that applying the band-stop filters will also remove some of 

the true motor-unit firing, therefore reducing the reported neuromuscular response to 

WBV (Abercromby et al. , 2007a). However, not applying the filter will result in an 

overestimation of muscle activation and a misinterpretation of the neuromuscular 

response to WBV. This filtering approach for the reporting of neuromuscular response to 

WBV has previously been used by Abercromby et al. (2007a). A comparison of the EMG 
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signal power with and without the band-stop filter illustrates the successful removal of 

the vibrat ion artifact (Figure 6.9). 
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Figure 6.9 - Peak spectral density of the Vastus Medialis EMG signal during WBV - The lines represents 
filtered and unfiltered data at the excitation and harmonic frequencies. Note power peaks at 26 Hz and its 
harmonics. 

6.9 Testing procedure 

The testing session first involved the measurement of muscle activity during isometric 

MVC for the hip, knee and ankle flexor and extensors. Isometric MVC were performed 

for five seconds. A total of four MVC were conducted, with a one minute rest period 

between contract ions. 
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To assess the influence of WBV on lower limb muscle activity, participants held a 

number of static body positions with and without WBV (Table 6.2) (page 164). Three 

sets of each specific body position were performed. Each static body position was 

performed in a random order. Further, this was also randomized for each condition: with 

and without vibration. In between each exercise and set, a one minute rest period which 

involved participants being seated was imposed to unload the muscles (Roelants et al. , 

2006). 

The static body positions being assessed all involved specific instructions and postures 

(Table 6.2) . Every participant completed a familiarization session for the specific 

exercises and vibration stimulus prior to testing. EMG recordings were measured over a 

20 second period. In the exercise without vibration condition, these recordings started 

when the participant obtained the correct body position. During each of the specific 

exercises (Table 6.2) with vibration condition, EMG recordings started 5 seconds prior to 

and ended 5 seconds post vibration stimulus. The vibration stimulus for all exercises 

occurred for 20 seconds at a frequency of 26 Hz and amplitude of 6 mm. The time 

intervals reported for testing are similar to those previously reported by Roelants et al. 

(2006). The EMG data was examined for each condition and trial. 
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6.10 Data analysis 

All EMGnns data was expressed as a percentage of EMGnns during MVC for each site. 

The dependant variables for all statistical procedures were the percentage of EMGnns 

(EMGnns%) activation during WBV above the EMGrms% activation of the matching non-

vibration condition. A one-way ANOVA was used to examine the effect of WBV on 

EMGnns% in comparison to the non-vibration condition. Specifically, a one-way ANOV A 

was used to examine the neuromuscular response to WBV between muscle groups; and 

secondly to examine the neuromuscular response of each muscle with WBV across 

different exercise conditions (postural positions). All data was examined using SPSS 

version 15. Descriptive statistics are reported as means and standard deviations (SD). For 

all procedures, significance was accepted at the alpha level of 0.05 . 
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7 .1 Overview 

Study two involved the examination of muscle activity during a number of static 

exercises with and without a WBV stimulus. The study was conducted with ten healthy, 

older males. Participant completed a range of static exercises, which included : standing 

upright; standing with plantar flexion; high squat; medium squat; medium squat with 

plantar flexion; low squat; one-legged squat and lunge. All exercises were performed in a 

random order with and without the WBV stimulus. Measures of muscle activity were 

assessed over twenty seconds. The average EMGrms was recorded for each specific 

muscle during every exercise. 

In order to normalize data and allow comparison between muscle groups, all EMG was 

processed in a specific manner. This data treatment is outlined in detail on page 171 

(methods) and in Appendix 5. The dependant variables for all statistical procedures were 

EMGrms% activation during WBV above EMGnns% activation of the non-vibration 

condition. A one-way ANOVA was used to examine the effect of WBV on EMGm1s% in 

comparison to the non-vibration condition. Statistical procedures revealed a number of 

significant findings. There were significant interactions for the neuromuscular activation 

between different muscles and within each muscle across exercises. Another important 

finding was the report of some side effects during WBV training. These results will be 

detailed below under their respective sub-headings. 
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7 .2 Physiological Characteristics 

The mean values for age, height and body mass are presented in Table 7 .1. 

Table 7 .1 - Physical characteristics for all participants. 

Age 

Height 

Weight 

Participants, n = 10 (J 

70.4 ± 4.9 

176.9±7.8 

78.6 ± 12.0 

Values are mean± SD. 

7.3 Negative response to vibration stimulus 

The present study examined a number of different static exercises which can be 

performed on a vibration p1atform. One of these exercises involved participants standing 

upright with straight legs. This position has previously been prescribed by Rubin et al., 

(2003) who examined the feasibility of WBV as an anabolic stimulus for osteoporosis 

(Rubin et al., 2003) and by Hannan et al., (Hannan et al., 2004) who investigated 

compliance levels of WBV over a 6 month period in elderly individuals. As WBV is 

being promoted as a potential tool for enhancing physical performance and stimulating 

bone development (Crewther et al., 2004), and is often simultaneously investigated for its 

effects on both these parameters (Torvinen et al., 2003; Verschueren et al., 2004), it was 

felt that this standing upright position warranted investigation. However, it was during 

this specific activity (standing upright) that a few participants reported negative responses 
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from the vibration stimulus. A few participants complained of discomfort and back pain. 

As a result of these complaints, the exercise of standing upright on the platform was 

removed from data collection and analysis. No side-effects were reported during the other 

exercise conditions. The consequences of these reactions to WBV training will be 

reviewed in the discussion. 

7.4 Increased neuromuscular activation as a result of vibration 

between muscles during the same exercise 

Neuromuscular activity with WBV above the non-vibration condition was measured in 

eight lower limb muscles (soleus, gastrocnemius, tibialis anterior, vastus medialis, rectus 

femoris , biceps femoris, iliopsoas and gluteus maximus). This section of the results 

evaluates the difference in neuromuscular activity between these eight lower limb 

muscles during each unique static exercise. For example, the difference in relative (to 

MVC) neuromuscular activity of the gastrocnemius compared to the vastus medialis 

during the high squat position. 

When considering the neuromuscular enhancement with WBV above the non-vibration 

condition, a one-way ANOV A indicated a number of significant between-muscle group 

effects within most exercise conditions. All exercise conditions except for the medium 

squat revealed significant differences in the amount of activation between muscle groups 

during the same exercise (p<0.05). The respective ANOVA F-statistics for each activity 
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were: standing plus plantar flexion (F7,72=8.5), high squat (F7,72=3.4), medium squat plus 

plantar flexion (F7,n=3.0), low squat (F7,n=2.2), one legged squat (F7,72=2.2) and lunge 

(F7,72=2.8) (p<0.05). The specific within-exercise, between-muscle group interactions are 

displayed in Table 7.2. This table should be interpreted in rows; examining the different 

muscle dependent neuromuscular responses during the same exercise condition. 

7.5 Average change in neuromuscular activation between muscles 

across all exercise conditions as a result of vibration 

One hypotheses of the present study was that regardless of body positions, the triceps 

surae musculature would exhibit larger relative increases in muscle activity compared to 

other muscles of the lower limb. To evaluate this, the increase in EMGrms with WBV 

above the non-vibration condition was averaged for all individual muscle across all 

exercise positions. For example, the increase in muscle activity with WBV in the 

gastrocnemius across all static exercises, was compared to the same average increase in 

muscle activity across all exercise conditions in the vastus medialis. A one-way ANOV A 

examining the average amount of neuromuscular activation for each muscle across all 

exercise conditions revealed significant between muscle group effects (F7,72=8.8, 

p<0.001). The neuromuscular response of the gastrocnemius and soleus in response to 

WBV was significantly greater than the tibialis anterior, vastus medialis, rectus femoris, 

biceps femoris, iliopsoas and gluteus maximus (p<0.05). The neuromuscular response of 

the vastus medialis to WBV was significantly greater than the tibialis anterior, biceps 
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femoris, iliopsoas and gluteus maximus (p<0.05). The neuromuscular response of the 

rectus femoris to WBV was significantly greater than the gluteus maximus (p<0.05). The 

averaged neuromuscular response for each individual muscle is displayed in Figure 7 .1. 

*#tt¥§ 
*#tt¥§ 

Soleus Gastrocnemius Tibialis Anterior Vastus Medialis Rectus Femoris Biceps Femoris lliospoas Gluteus 
Maximus 

Figure 7.1 - Mean increase in neuromuscular activity for each individual muscle collapsed across body 
positions with WBV (columns are averaged EMGrms expressed as a percentage of MVC). * Significantly 
greater change in neuromuscular activation compared to tibialis anterior (p<0.05). # Significantly greater 
change in neuromuscular activation compared to vastus medialis (p<0.05). t Significantly greater change 
in neuromuscular activation compared to rectus femoris (p<0.05). t Significantly greater change in 
neuromuscular activation compared to biceps femoris (p<0.05). ¥ Significantly greater change in 
neuromuscular activation compared to iliopsoas (p<0.05). § Significantly greater change in neuromuscular 
activation compared to gluteus maximus (p<0.05). 
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Table 7 .2 - Changes in neuromuscular activation relative to MVC during WBV above the non-vibration condition. 

SOLE US GASTROC- TIBIAL IS VASTUS RECTUS BICEPS ILIO- GLUTEUS 

NEMIUS ANTERIOR MEDIA LIS FEM ORIS FE MORIS PSOAS MAXIMUS 

Standing in Planta r Flexion 8.1 ± 3.o #H¥§ 9.8 ± 3.5 Q#*tt¥§ 2.5 ± 0.6 4.4 ± 2.2 § 3.4 ± 1.7 2.6 ± 2.4 1.7 ± 2.2 0.7 ± 0.4 

High Squat 7.5 ± 3.9 ¥§ 7.7 ± 3.8 ¥§ IO.I± 12.5 7.3 ± 1.9 § 5.2 ± 1.3 3.3 ± 2.2 2.5 ± 1.8 1.9 ± 1.9 

Medium Squat 7.1 ± 4.2 7.2 ± 3.6 0.6 ± 20.8 5.2 ± 2.0 4.5 ± 2.0 3.5 ±2.7 2.8 ± 2.2 0.8 ± 1.0 

Medium Squat and Plantar 8.1±3.0 t¥§ 9.9 ± 3.3 *ti¥§ 4.9 ± 15.2 4.7±2.1 3.9 ± 1.1 1.8 ± 1.6 2.7 ± 1.8 0.5 ± 1.0 Flexion 

Low Squat 5.8 ± 3.7 *¥§ 5.0 ± 2.0 *¥ § -2.4 ± 13 .7 3.7±1.5 * 3.1±1.2 2.2 ± 2.1 2.5 ± 2.0 2.2 ± 1.2 

One-legged Squat 7.8 ± 3.8 *¥§ 7.2 ± 3.0 *¥§ 0.1 ±15 .1 6.3 ± 2.4 * 4.8 ± 1.9 2.6 ± 2.0 2.6 ± 2.0 1.9 ± 1.0 

Lunge 6.7 ± 2.9 #*t¥§ 6.0 ± 2.1 #¥§ 2.7 ± 5.8 3.5±2.1 4.2 ± 3.0 2.5 ± 1.5 2.5 ± 1.5 2.4 ± 2.7 

Values are mean ± SD. Values are EMGrms expressed as a percentage of MVC compared to the non-vibration condition. To examine the effect of WBV between 
muscles during the same static exercise, the table should be examined in rows. n Significantly greater change in neuromuscular activation compared to soleus. * 
Significantly greater change in neuromuscular activation compared to tibialis anterior (p<0.05). # Significantly greater change in neuromuscular activation 
compared to vastus medialis (p<0.05). t Significantly greater change in neuromuscular activation compared to rectus femoris (p<0.05). t Significantly greater 
change in neuromuscular activation compared to biceps femoris (p<0.05). ¥ Significantly greater change in neuromuscular activation compared to iliopsoas 
(p<0.05). § Significantly greater change in neuromuscular activation compared to gluteus maximus (p<0.05) . 



7.6 Increased neuromuscular activation as a result of vibration 

between exercises for each individual muscle group 

Neuromuscular activity with WBV above the non-vibration condition was measured 

across seven static exercise conditions (standing plus plantar flexion, high squat, medium 

squat, medium squat plus plantar flexion, low squat, one legged squat and lunge). This 

section of the results evaluates the differences in neuromuscular activity between static 

exercise positions for each individual muscle. For example, the difference in relative 

neuromuscular activity of the gastrocnemius during a high squat compared to a low squat 

position. 

A second aim of the present study was to evaluate WBV in different body positions. It 

was hypothesised that different body positions would affect the degree of neuromuscular 

activation whilst training on a vibration platform. To test these hypotheses, the 

neuromuscular activation with WBV above the non-vibration condition for each muscle 

was compared across the different static body positions with a one-way ANOV A. 

A one-way ANOV A revealed a significant body position effect on neuromuscular 

activation for the gastrocnemius (F10,99=3.0, p<0.05) (Figure 7 .2) and vastus medialis 

(Fio,99=3.6, p<0.05) (Figure 7.3). Only the significant effects are displayed in figures (7.2 

and 7.3), with raw data presented in Table 7.2. The increase in neuromuscular activation 

for the gastrocnemius was significantly greater during standing plus plantar flexion and 

medium squat plus plantar flexion compared to the low squat and lunge (p<0.05). The 
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mcrease m neuromuscular activation for the vastus medialis was significantly greater 

during high squat and one-legged squat compared to standing plus plantar flexion, low 

squat and lunge (p<0.05). In addition, the increase in neuromuscular activation for the 

vastus medialis during the high squat was significantly greater than medium squat and 

medium squat plus plantar flexion (p<0.05). 

*# *# 

Standing in High Squat Medium Squat Medium Squat Low Squat One Legged 
Plantar Flexion plus Plantar Squat 

Flexion 

Figure 7.2- Mean increase in neuromuscular activity for the gastrocnemius across body positions (columns 
are EMGrms expressed as a percentage of MVC above the non-vibration condition). * Significantly greater 
neuromuscular effect compared to the same muscle during lunge. # Significantly greater neuromuscular 
effect compared to the same muscle during low squat. 
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Standing in 
Plantar Flexion 

*#Qtt 

High Squat Medium Squat Medium Squat 
plus Plantar 

Flexion 

Low Squat One Legged 
Squat 

Figure 7.3 - Mean increase in neuromuscular activity for the vastus medialis across body positiOns 
(columns are EMGrms expressed as a percentage of MVC above the non-vibration condition). * 
Significantly greater neuromuscular effect compared to the same muscle during lunge. # Significantly 
greater neuromuscular effect compared to the same muscle during low squat. Q Significantly greater 
neuromuscular effect compared to the same muscle during medium squat plus plantar flexion. t 
Significantly greater neuromuscular effect compared to the same muscle during medium squat. t 
Significantly greater neuromuscular effect compared to the same muscle during standing in plantar flexion. 

7. 7 Summary of significant findings 

A number of significant effects were evident for the neuromuscular activation between 

muscles and across exercise conditions. A summary of these significant results are 

displayed below. 
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Negative effects of vibration 

• Even though the testing was not completed for standing upright (no knee or ankle 

bend) on a vibration platform, as the few participants that initially undertook this 

position reported discomfort, this is being reported as a significant finding . 

Standing upright on a vibration platform was reported to result in a number of 

negative side effects such as; general discomfort, blurred vision, headaches, 

toothaches and back pain. 

Between muscle group effects during vibration exercise 

• The increased muscle activity with WBV above the non-vibration condition was 

significantly greater in the gastrocnemius and soleus muscles than muscles higher 

up the leg (vastus medialis, rectus femoris, biceps femoris, iliospoas and gluteus 

maximus) (p<0.05). 

• The averaged increased muscle activity with WBV above the non-vibration 

condition was significantly greater in the vastus medialis than muscles higher up 

the leg (iliospoas and gluteus maximus) (p<0.05). 
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Muscle activity for different exercise conditions during vibration 

• The increase in gastrocnemius muscle activity with WBV above the non-vibration 

condition was significantly greater during standing in plantar flexion and medium 

squat plus plantar flexion than both low squat and lunge conditions (p<0.05). 

• The increase in vastus medialis muscle activity with WBV above the non-

vibration condition was significantly greater during the high squat condition than 

medium squat and low squat conditions (p<0.05). 
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8.1 Overview 

Study two examined neuromuscular activation with WBV above non-vibration conditions 

in the lower body. The majority of previous studies appear to have included different 

exercise for WBV without a valid justification for their prescription. This investigation is 

the first to objectively examine the neuromuscular response of eight lower limb muscles 

and different exercises in association with WBV for an older population. The results of 

study two are presented with respect to two main hypotheses: 1) that WBV would 

increase muscle activity to a greater degree in muscles closer to the platform; and 2) that 

different body positions would result in either greater dampening or transfer of the 

vibration stimulus. These hypotheses are discussed under the subheadings: 

'Neuromuscular activation between distal and proximal muscle of the lower limbs 

resulting from vibration', and 'Vibration induced neuromuscular activation between static 

body positions.' The conclusion will outline the practical applications from the results of 

study two. 

8.2 Neuromuscular activation between distal and proximal muscles of 

the lower limbs resulting from vibration 

It was hypothesised that the vibration induced increases in neuromuscular activity would 

be largest in the triceps surae when compared to muscles higher up the leg. The results 

support this hypothesis . The gastrocnemius (6.6%) and soleus (6.3%) both displayed 
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significantly larger neuromuscular activation responses to WBV than muscles higher up 

the leg (range 1.3-4.l % ) (Table 7.2 and Figure 7. I). This finding is supported by previous 

studies that reported larger activation in the gastrocnemius compared to the vastus 

lateralis in young participants (Abercromby et al., 2007a; Roelants et al., 2006). Despite 

the present study showing the soleus and gastrocnemius eliciting a greater neuromuscular 

response with WBV than more proximal muscles, the majority of previous studies limited 

their investigations to the leg extensors, neglecting potential effects on plantar flexors 

(Cardinale and Wakeling, 2005). The greater neuromuscular activation in the triceps 

surae compared to the knee extensors observed in this study, supports the findings of 

study one, which also found similar interactions in distal to proximal strength following 

eight weeks WBV (Rees et al. , 2008a). Specifically, study one reported that eight weeks 

of WBV training improved plantar flexor strength, with this increase significantly greater 

than strength changes in the knee and hip flexors and extensors (Rees et al. , 2008a). The 

neuromuscular enhancement in the soleus and gastrocnemius in comparison to more 

proximal muscles, suggests that WBV prescription should be largely aimed at training 

plantar flexors . 

Vibration is considered a stress to the human biological system. Increased muscle activity 

resulting from vibration, i.e. muscle tuning, is suggested to serve as a protective 

mechanism, by dampening the transmission of potentially damaging vibration to soft-

tissue (Wakeling and Nigg, 200 I; Wakeling et al. , 2002). It is therefore plausible that the 

proximity of the muscles to the vibration platform would affect the magnitude of muscle-

tuning and the degree of neuromuscular activation required to dampen the vibration 
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mechanical energy. This suggests that the triceps surae should exhibit greater 

neuromuscular response to WBV than the more proximal muscles of the thigh, regardless 

of the exercises performed. The results from the present study support a proportional 

neuromuscular response based on the proximity of the muscle to the vibration platform 

(Figure 7 .1 ). 

8.3 Vibration induced neuromuscular activation between static body 

positions 

Vibration induced reflex muscle contractions are influenced by the sensitivity of muscle 

spindles, which is higher in stretched muscle and pre-activated muscles (Burke et al., 

1976). Further, ankle and knee joint compliance will affect the transmission of vibration 

forces to the muscles (Crewther et al., 2004). As such, different body positions should 

influence the amount of neuromuscular activation induced through WRV. It was 

hypothesised that the degree of knee bend whilst receiving vibration would influence the 

neuromuscu]ar response in ankle plantar flexors and knee extensors. 

With respect to the gastrocnemius, a relatively large knee bend resulting in angles of 110° 

and 90° during the low squat and lunge respectively, resulted in reduced neuromuscular 

activation compared to standing plus plantar flexion and medium squat plus plantar 

flexion positions (Table 7 .2). As the gastrocnemius is a prime mover of plantar flexion in 

a knee extension position, it is not surprising that vibration induced reflex muscle 
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contractions were greater at this knee angle. It can also be said that in comparison to other 

body positions, the two involving a degree of plantar flexion had the largest increase in 

gastrocnemius muscle activity with WBV (1. standing straining with plantar flexion and; 

2. medium squat plus plantar flexion). As pre-activated muscles can influence vibration 

induced reflex muscle contractions (Burke et al., 1976), employing a body position with a 

degree of plantar flexion appeared to facilitate WBV induced gastrocnemius 

neuromuscular activation. Future prescription of WBV body positions should prescribe a 

heel raised position to facilitate training the plantar flexors. 

The degree of knee flexion also had an influencing factor on WBV induced 

neuromuscular activation. A small knee bend (knee angle of 160°) resulted in greater 

neuromuscular activation of the vastus medial is than larger knee bends of medium squat, 

low squat and lunge (135-90°). This resu lt is supported by previous research that reported 

a greater neuromuscular response of the vastus laterals during a high squat compared to 

low squat position (Abercromby et al., 2007a). These results can be partially explained 

through knee joint compl iance. The mechanical impedance to vibration energy is affected 

by knee angle, with greater transmission reported during low squats and upright stance 

compared to half-squats (Abercromby et al. , 2007b ). A degree of viscoelasticity is 

required to dampen energy. Accordingly, a large knee bend would theoretically increase 

the joint stiffness. Therefore, a large knee bend may result in greater transmission of 

vibration forces and a reduced capacity to dampen vibrations via muscle tuning. 

This conclusion of the knee bend relationship to muscle tuning would also provide 
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support for comparable knee extension strength changes between the VIB and EX group 

in study one (Table 4.4 and Figure 4.4) (Rees et al., 2008a). As squat depth in study two 

was taken to a knee angle of 100°, this position may have reduced the capacity for WBV 

induced muscle tuning, thereby reducing the training stimulus for knee extensors. Based 

on the results of the present study and that of previous research (Abercromby et al. , 

2007b ), it is suggested that a relatively small knee bend be prescribed for use with WBV 

exercise. Such a knee angle should allow for greater vastus medialis neuromuscular 

activity through muscle tuning and reduce the transmission of vibration energy to the 

upper body. 

The prescription of WBV as an exercise intervention is loosely based on an increased 

neuromuscular activity in the targeted muscles. Mechanical vibration applied to a single 

muscle belly or tendon can stimulate muscle spindles (Lance, Burke and Andrews, 1973). 

This activation of muscle spindles facilitates an activation of alpha-motomeurons, 

eliciting reflex contractions in that muscle, known as a tonic vibration reflex (TVR; 

(Hagbarth and Eklund, 1965). While WBV prescription has been based on eliciting 

greater neuromuscular activity, it is sti ll unknown if TVR actually occurs with WBV. 

Despite greater neuromuscular activity recorded in muscles with WBV compared to non-

vibration conditions in the present study, factors other than TVR could also account for 

these increases. These include postural control mechanisms and increased gravitational 

load. The ability to maintain balance whilst training on a vibration platform would 

provide a stress to muscles, by increasing the demands for postural control (Rees et al. , 

2008b ). Additionally, a larger gravitational load resulting from WBV could also increase 
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neuromuscular demands. These differing mechanisms may also result in differing chronic 

adaptations among participants. Further research is required to examine specific 

mechanisms of neuromuscular responses and physiological adaptations to WBV. 

WBV as an exercise intervention to improve strength is a relatively new concept, 

particularly for older individuals. The effects of WBV have largely been reviewed with 

respect to occupational exposure and their negative side effects. Chronic exposure to 

WBV can be severely detrimental to health, with risk to the spinal column, peripheral, 

digestive, reproduction, and vestibular systems as well as other organs (Seidel and Heide, 

1986). Therefore, potential benefits of WBV exercise must be weighed against any 

negative side effects. Some negative side effects were reported in this study (on two 

subjects) during a standing upright body position (knees and hip positioned to 180°). 

These were general discomfort, blurred vision, headaches, toothaches and back pain (and 

resulted in the removal of this position from the study design). The standing upright 

stance limited vibration energy dampening, resulting in acceleration of the upper body 

and head. Mechanical vibrations applied at the foot do not necessarily represent the 

transmission of vibrations higher up the body, since muscle tuning and joint compliance 

may both serve as protective mechanisms to dampen vibration transmission. Accordingly, 

the side effects during upright stance (knees and hip positioned to 180°) with WBV were 

not reported by participants for other body positions. As potential negative side effects 

associated with WBV can be assessed by measuring upper body and head acceleration 

(Griffin, 1996), the prescription of exercises for WBV should be based on employing 

body positions that increase the absorption of vibration in the lower limb muscles and 
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limit the transmission of vibration energy to the head. An upright stance with knees 

locked out (Abercromby et al., 2007b) and heels in contact with the platform (Wakeling 

et al., 2002) results in vibrations travelling to the upper body and head. Therefore, it is 

recommended that the future prescription of exercises for WBV involve a degree of knee 

bend and plantar flexion. 

8.4 Conclusion 

The practical applications resulting from study two suggest that WBV prescription (with 

the parameters used in this investigation) should be viewed as a training method which 

predominantly targets the plantar flexors than more proximal musculature. Future 

prescription of WBV body positions should employ a degree of plantar flexion when the 

goal is to train the plantar flexors. As the degree of knee bend influenced WBV induced 

vastus medialis activation, exercises should be prescribed with a smaller (,._, 160°) rather 

than a larger (,...., 11 0°) knee bend. Knee joint angle also influences the transmission of 

vibration energy to the upper body. Standing upright on a WBV platfonn should be 

avoided to minimise the transfer of vibration energy to the upper body and head. The 

prescription of WBV exercises should be centered around body positions that minimise 

transfer to the upper body. As such, it is recommended that all future WBV exercises 

involve some degree of knee bend and raised heels off the platform. 
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9.1 Overview 

The design and participant selection for study three was based upon the results of studies 

one and two. Study one found an increase in plantar flexion strength following WBV 

training along with selected performance enhancements. It was also evident that strength 

gains with WBV were disproportional. Gains in strength were larger in ankle plantar 

flexors than muscles higher up the leg. These findings lead to the investigation of WBV 

effects on the neuromuscular activation in eight lower limb muscles across a range of 

different exercises. The results of study two illustrated that vibration induced increases in 

plantar flexor muscle activity (gastrocnemius and soleus) were greater than muscles 

higher up the leg, even using different body positions thought to enhance activation of the 

proximal musculature. Study one revealed performance changes in the plantar flexors 

following 8 weeks of training and study two supported this result with greater induced 

muscle activity for the calf during WBV stimulus. Hmvever, the mechanisms of strength 

adaptation in this muscle grnup with vibration are still unknown. Therefore, the major 

aim of study three was to replicate the plantar flexor strength changes with WBV 

observed in study one; and then examine possible neural adaptations that may explain 

these changes. 

Another major result from study one was that one-legged postural steadiness improved 

with eight weeks WBV. These improvements in postural steadiness however were 

disproportional within the WBV training group. This disproportional change indicated 

that WBV may be of greater benefit to those with deteriorated balance. Using this 
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rationale, another major aim of this study was to investigate the effects of WBV training 

in a frailer, older population. 

9.2 Research hypothesis 

It was hypothesised that four weeks WBV training would improve plantar flexor strength 

in a frail , older population. In addition, these gains in plantar flexor strength with four 

weeks of WBV would be greater than those reported in study one because of a lower 

level of initial strength. It was further hypothesised that such strength improvements may 

be partially explained by neural adaptations. Neural adaptations would include an 

increased neural drive to the gastrocnemius as measured by peak EMGnns activation. 

Based on the postural steadiness improvements in study one, it was also hypothesised that 

WBV training would improvement single leg balance performance. 

9.3 Significance of the study 

Relatively few studies have examined the effects of WBV training in a healthy older 

population, with several positive outcomes described including: increased strength, 

balance and functional performance (Roelants et al. , 2004b; Runge et al. , 2000; Russo et 

al., 2003 ; Verschueren et al. , 2004). There have been even fewer studies examining WBV 

in a frail , older population (Bautmans et al., 2005 ; Bruyere et al., 2005). The effects of 
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WBV have been briefly explored in nursing home and institutionalized elderly residents, 

again with several positive outcomes described including mobility measures and falls risk 

factors (Bautmans et al., 2005; Bruyere et al. , 2005). Nursing home and institutionalized 

elderly residents often experience · a considerable decline in physical function and 

deterioration in the muscular system. As such, it is this frail, older population that could 

potentially benefit more than any other age bracket with an intervention that can improve 

calf strength and balance. However, no previous research has investigated the effects of 

WBV on calf strength in this frail, older population. To the author' s knowledge, study 

one was the first to examine and show plantar flexor strength adaptation with WBV in a 

healthy, older population (Rees et al., 2008a). But in that study, the specific neural 

adaptations to improved strength following WBV were not measured and remain 

unknown. As ank]e plantar flexors display reductions in strength and structure with 

ageing, understanding the mechanisms by which WBV may mediate this decline will 

provide valuable information about prescribing this training modality for the older 

population. 

9.4 Delimitations 

Study two was delimited to: 

1. The physical capability of older participants to perform specific tests. 

2. It is not possible to control the amount of activity performed by the 

participants outside the formal training period. 
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9.5 Limitations 

The findings of this study were limited to: 

1. The size of the sample. 

2. The duration of the training period. 

3. The comparison of EMG across different time periods 

4. The selection of participants from within the same socio-economic 

background. 

5. The use of a 15 second balance test. 

6. The use of a dynamometer to assess isokinetic and isometric strength. 

9.6 Participants 

Twenty nursing home residents aged 82 ... 94 yr (males n=l4, 88.8 ± 3.6 yr, 169.3 ± 6.2 cm, 

72.9 ± 12.7 kg) (females n=6, 86.8 ± 4.1 yr, 158.6 ± 9.3 cm, 67.8 ± 4.7 kg) volunteered to 

participate in the current study. Twelve were randomly allocated to a WBV exercise 

group (VIB) and 8 to a non-exercising control group (CONT). Of these 20 participants, 

there were three drop outs: two from the VIB group and one from the CONT group. 

These drop outs were not related to the training program or testing procedures. The 

reasons for participant drop outs included sudden changes in disposition relating to 

dementia, bladder operation and falls related pelvic fracture. These participant's results 

have been omitted, leaving I 0 in the VIB and seven in the CONT group. Logistical issues 
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such as expected time commitment for testing were explained in detail. The participants' 

medical background was obtained from their case notes, informing the researcher of 

current and previous medical conditions. The exclusion criteria from the study were: age 

< 80 yrs; a current fracture or bone injury; a pacemaker; or any medical condition that 

was contraindication to participation in an exercise program. Every participant obtained 

medical clearance as well as gave written informed consent (Appendix 6) to participate in 

the research, which was approved by the University of Technology, Sydney Human 

Research Ethics Committee (UTS HREC REF NO. 2008-66A). When applicable, 

guardians ' signatures were sought for participants with mild dementia. All tests were 

conducted on site at the Human Performance Laboratory at the Kuring-Gai campus of the 

University of Technology, Sydney. All training was conducted on site at the participants ' 

retirement village. 

Sample size for the current study was determined by estimating the magnitude of 

differences between the effect size (ES) for the two testing occasions for the main 

outcome measure. Based on plantar flexor strength changes in study one, the ES for the 

present study would be quite large (0.8). An 80% confidence level for rejection of the 

null hypothesis following the training period was desired, therefore, power was set at 0.8 

(l3 = 1 - 0.2 = 0.8). Therefore, with an expected ES of 0.8 and an alpha level of 0.05, a 

sample size of 10 participants was considered adequate to determine any differences in 

response to training with sufficient statistical power (Kraemer and Thiemann, 1987). 

Forty-three residents from a local Sydney retirement village were highlighted by the 

manager and resident nurses as potential volunteers. After screening interviews with 
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these 43 potential volunteers, 5 were excluded on medical grounds (broken back, cancer, 

chemotherapy, impending operation and unstable angina) and another 17 did not wish to 

participate. The reasons for not wanting to participate were many. However, the response 

given by two nonagenarians for not wanting to participate raised an important issue about 

perception towards physical activity in old age. To highlight this perception, quotes from 

these individuals are presented below. This perception towards physical activity in old 

age will be briefly discussed in chapter eleven. 

"I'm 95, I've given up on exercise a long time ago." 

"I'm 94, you don't really expect me to exercise do you." 

9. 7 Testing procedures 

All participants underwent pre-testing one week prior to four weeks WBV training. Prior 

to testing and training, participants were familiarized with the assessments and exercise 

requirements. The testing sessions involved measurements of muscle activity, single leg 

balance, isometric strength and isokinetic strength. The physiological testing was 

repeated within one week of completing the training program. A two day buffer was 

implemented following the last training session to ensure the outcome measures were the 

results of long-term changes. 
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9.7.1 Plantar flexion strength testing 

Isokinetic and isometric muscle strength of left and right ankle plantar flexor and dorsi 

flexor muscle groups were determined using a Biodex System 3 dynamometer (Biodex 

Medical Systems, Shirley, New York, USA). The Biodex was calibrated prior to testing 

using known masses. The procedures for testing were based on a review of literature 

outlined in Perrin (1993); shown to be both valid and reliable. For isokinetic strength 

assessment, a standardized warm up of four sub-maximal muscle contractions was 

performed prior to each test. The isokinetic angular velocity for the ankle joint was tested 

at 30°·s-1
• Isokinetic testing involved three cyclic (uninterrupted) maximal repetitions. A 

total of three sets were performed, with a one minute rest period imposed between trials. 

Isometric maximal voluntary contractions (MVC) of the plantar flexors and dorsi flexors 

were conducted at an ankle angle of 110°. Isometric MVC were perfon11ed for five 

seconds. A totai of three isometric MVC were conducted, with a one minute rest ppriod 

between contractions. Participants were instructed before each trial to contract as hard as 

possible. Verbal encouragement was provided during all strength tests. 

Strength testing of the ankle joint involved standardized body positioning. Ankle strength 

was measured with subjects seated and strapped securely at the waist and chest. To 

examine the gastrocnemius contribution towards plantar flexion strength, the knee was 

extended with a 20° bend and stabilized. The tested foot was fixed to the dynamometer 

footplate with Velcro straps. The lateral malleolus was aligned with the dynamometer 
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axis of rotation. Isokinetic ankle strength was individualized by measuring from maximal 

dorsi-flexion to maximum plantar flexion. These range of motion measurements were 

recorded during pre-testing and used at the post-test occasion. The peak isometric force 

and isokinetic torque and power were recorded to a computer for analysis. 

9.7.2 Electromyography 

The EMG signals from the gastrocnemius (lateral and medial head) and tibialis anterior 

muscles were recorded with bipolar surface electrodes ( 1.1 cm interelectrode distance), 

connected to an amplifier (gain, 1000 Hz; high-pass filter, 4 Hz; low-pass filter, 450 Hz; 

Delsys, Boston, USA) and fixed longitudinally over the muscle belly. Data was sampled 

at I 000 Hz. The paiticipant 's skin was prepared by shaving the nominated sites, lightly 

rubbing the skin with a piece of soft abrasive paper to remove dead skin, then wiping 

with isopropyl alcohol. Self adhesive electrodes were placed over the nominated areas. 

To ensure full contact with the site, electrodes were additionally secured to the skin using 

Transpore tape (3M Health Care, St. Paul, USA). EMG cables were also secured to 

reduce movement artifact. A reference electrode was placed on the ulna Styloid Process. 

The impedance of each electrode was measured with respect to the reference electrode. 

Any electrode with impedance greater than 5 kQ was removed, with skin preparation 

repeated until the measured impedance was within an appropriate range. 
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Electrode placement 

The placement of electrodes was based on the guidelines outlined by Perotto et al. (2005). 

Each muscle site was measured and palpated to ensure an accurate placement of the 

electrode. When required, consideration was also given for individual body dimensions. 

The reader is referred to Figures 6.1 and 6.3 (page 165) for gastrocnemius lateral head 

and tibialis anterior electrode placement respectively. The procedures involved in 

gastrocnemius medial head electrode placement are described below. 

Gastrocnemius - medial head 

Electrode insertion (X): One handbreadth below the popliteal crease on the medial mass 

of the gastrocnemius. The functional test for electrode positioning involved the 

participant plantar flexing the foot with knee extended. 

Figure 9.1 - Gastrocnemius - medial head electrode placement (Perotto et al., 2005). 
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Electromyography processing 

EMG was measured for each isometric and isokinetic contraction. Neural drive was 

analysed as the peak EMG signal amplitude, reported as the root mean square (EMGrms) 

in millivolts, calculated over 150 ms windows around every data point. To assess neural 

recruitment alterations, spectral analysis of EMG data was performed by dividing each 

signal into overlapping segments, which were then windowed using a 1024 sample 

Hanning window. The median frequency (Fmed) content of each segment was computed 

using a Fast Fourier Transform with sections overlapping by 1000 samples. 

The EMG signal was also used to examine alterations in antagonist co-contraction and 

coordination to the agonist. The antagonist co-act ivation during isokinetic plantar flexion 

was calculated as the average tibialis anterior EMGnns during isokinetic plantar flexion 

and expressed as a relative resistive torque. The agonist to antagonist coordination during 

isokinetic dynamometry was calculated as the time betwet:n the overlap of tibialis 

anterior activation after the initiation of an agonist contraction. All EMG analysis was 

calculated using Delysis software EMGworks 3.1 (Boston, USA). 

9.7.3 Single leg timed balance 

Balance was assessed by examining the average length an individual could maintain a 

one-legged stance (OLS). Single leg balance was examined for 15 seconds. A number of 

every day motor tasks such as turning, climbing stairs, walking and dressing require the 
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ability to switch from two-to one leg. Numerous researchers have used the ability to stand 

on one leg as a clinical measure of balance in an older population (Hiroyuki et al., 2003; 

Jonsson et al., 2004; Tinetti, 1986; Vellas et al., 1997a). The inability to maintain a OLS 

for 5 seconds has been reported to be a significant predictor of injurious falls in an older 

population (Vellas et al. , l 997a). This suggests that single leg balance assessment can be 

used as a valid clinical measure to assess injurious falls risk. 

Prior to single leg balance assessment, subjects were allowed 3 practice trials. The 

starting position involved feet placed at a shoulder width stance. Participants stood with 

weight evenly distributed and eyes forward. The researcher informed the subjects with an 

auditory cue when to commence standing freely on one leg. An auditory cue was also 

given at 15 seconds to interrupt the test. The subjects were instructed to stand for as long 

as possible (up to 15 seconds) during OLS, attempting to keep arms by the body for the 

task performance. However, any compensatory arm movements did not exclude them 

from the trial. The average time each participant was able to maintain OLS test was 

assessed by a video camera (25 Hz) placed 2 m perpendicular to the testing area. This 

time was calculated by counting the number of frames and multiplying by 1125 Hz (0.04 

s). The participants were instructed to maintain OLS for as long as possible. However, if 

they were unable to maintain OLS, they were instructed to use the non-stance leg to 

touchdown and maintain balance. They were further instructed to correct this touchdown 

by returning to OLS as soon as possible. The single leg balance measure was then 

calculated as the average time of all OLS performances during the 15 second period. 

205 



Muscle activity of the medial and lateral gastrocnemius and tibialis anterior were 

recorded during the single leg balance assessment. EMG recording started 1 second prior 

to participants transferring the weight onto one leg and continued for the 15 seconds. The 

raw EMG signal for each muscle was assessed as the average EMGrms. 

To determine the inter-day reliability of single leg balance in a frail, older population, the 

ICC and TEM% were calculated. Inter-day reliability was assessed on two separate 

occasions over a one week interval. Data from ten participants (o= 8, ~ = 2; 87.0 ± 3.7 

yr, 68.6 ± 6.3 kg, 166.8 ± 6.9 cm) were included for analysis. All participants were 

familiarized with the testing procedures prior to the reliability assessment. The intra-day 

reliabi lity for single leg balance was ICC = 0.9 and TEM% = 16. l. 

9.7.4 Training program 

Ten participants completed the vibration intervention (VIB) and seven were placed in a 

non-exercising control group (CONT). The VIB group program consisted of three 

training sessions per week for four weeks. The exercise design was based on the results 

of study two. It was specifically designed to target the gastrocnemius muscle. In addition, 

it factored in body positions to minimize the transfer of vibration to the upper body and 

exercises that were specifically suitable for a frailer older population. One exercise was 

prescribed: a static single raised heel. This position involved a raised heel so the weight 

was transferred to the balls of foot and standing with a slight lean from the hip and a knee 

bend of ~20-3 0° (Figure 9.2). All VIB group participants completed this simple static 
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exercise with WBV. 

The vibration training variables were similar to that used in study one. Vibration training 

was performed on a Galileo Sport vibration platform (Novotec, Pforzheim, Germany). 

The frequency was set at 26 Hz, amplitude at 5-6 mm and the duration from 45-60 

seconds. Six sets were completed with a one-to-one work-to-rest ratio. The vibration 

training variables can be seen in table 9.1. 

Figure 9.2 - Body position set-up for WBV exercise. 
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Table 9.1 - Study three WBV training program (3 sessions per week). 

Sets WBV Rest Amplitude Frequency Total WBV 

Duration Duration 

(s) (s) (mm) (Hz) (min) 

Weekl 6 45 45 5 26 4 Yi 

Week 2 6 50 50 5 26 5 

Week3 6 55 55 6 26 5 Yi 

Week4 6 60 60 6 26 6 

9.8 Data analysis 

9.9.1 Statistical procedures 

All data was examined using SPSS version 15.0. Descriptive statistics were calculated for 

all variables and reported as mean± standard deviation (SD). Prior to training, a one-way 

ANOVA was used to determine whether differences existed between groups in key 

dependant variables. Upon completion of the experiment, the data was examined for 

between group differences using a 2 (group) x 2 (occasion) ANOVA with repeated 

measures. Fm1her, the change in muscle activation relative to MVC was examined with a 

one way ANOVA on the pre to post test percentage change scores (delta score). Pearson 

correlations were performed on a number of variables at the pre-test occasion . For all 

procedures, significance was accepted at the alpha level of 0.05. 
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9.9.2 Qualitative analysis of whole body vibration exercise 

The potential for WBV to improve plantar flexor strength and balance was the major 

focus of this research. As WBV is being promoted as a supplementary exercise 

intervention, the efficacy and perception of this unique training modality in a frail , older 

population also has great clinical significance. This perception has important implications 

regarding future uses of WBV. To examine this perception, participants in the VIB group 

were asked two questions. The responses to these questions became a qualitative feature 

in the analysis of WBV. 

1) What did you think ofWBV exercise? 

2) Would you be wil1ing to undertake WBV exercise following the completion of 

thi s research? If yes, would you undertake it by yourself or only if directly 

supervised? 
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10.1 Overview 

Study three was an investigation into the effects of WBV exercise on ankle plantar flexor 

strength, muscle activity and single leg balance in a frail, older population. The study 

examined four weeks WBV exercise in ten participants (VIB group) compared to seven 

participants in a non-exercise control group (CONT). The VIB group exercise program 

was completed three times per week. It involved a static heel raised position that was 

performed on a vibrating platform. The CONT group did not undertake any intervention. 

The dependant variables for statistical procedures were: isometric and isokinetic strength 

and power expressed as a percentage of body weight; timed single leg balance and calf 

muscle activity during the balance test. These variables were assessed with a 2 x 2 

repeated measures ANOVA. Other important dependant variables were each participant's 

peak EMGrms activation percentage change from the pre to post test occasion. The peak 

percentage changes in EMG1ms activation fo!Jowing four weeks training were examined 

with a one-way ANOV A. Statistical procedures revealed a number of significant 

findings. There were significant differences for plantar flexor strength and power for the 

VIB group compared to the CONT. In addition, the VIB group displayed significant 

increases in medial gastrocnemius peak EMGrms activation with WBV training during 

isokinetic and isometric during strength measures. WBV exercise in a frail, older 

population is a novel concept with very little previous research. Therefore, each 

participant's perceptions about WBV have important implications regarding its future 

prescription. The results presented in th is chapter are di scussed in chapter eleven. 
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10.2 Physical Characteristics 

The mean values for age, height and body mass for the VIB and CONT groups are 

presented in Table 10.1. A one way ANOV A determined that there were no differences 

for any of the physical variables between groups at the pre-test occasion. 

Table 10.1 - Physical characteristics for all participants. 

Age (yr) 

Height (cm) 

Body mass (kg) 

VIB CONT 

n = 10 ( ~ 1, c3' 9) n = 7 ( ~ 2, c3' 5) 

88.4 ± 3.7 

166.7 ± 7.0 

70.8 ± 7.8 

88.l ± 4.0 

167.6 ± 10.3 

73.0 ± 16.0 

Values are mean± SD. VIB, group performing vibration; CONT, control group; Values are mean± SD. 

10,,3 Response to whole body vibration exercise 

Adherence to the training program was reasonably high. With a total of ten sessions 

missed across all participants this represents a 91.7 % overall completion for the VIB 

group. There were a number of different reasons for missing a training session. These 

include: sore muscles (calf s) and joints (ankle, knee, hip and back), colds, dementia 

related issues, stomach sickness and foot blisters. One participant developed blisters as a 

result of WBV, on the medial aspect of both feet. A picture of these blisters taken two 

days after is displayed in Figure 10.1. These blisters developed at the completion of three 
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weeks of WBV. As they affected the participant' s ability to continue WBV exercise, this 

subject was re-tested after completing just three weeks training (9 training sessions). 

Figure 10.1 - Blisters on the right and left foot respectively 

A number of other minor side effects were noted with WBV training. Two days after the 

first training session, four participants mentioned delayed onset muscle soreness in the 

calf musculature. Two participants also claimed that WBV exerc ise aggravated a pre-

existing lower back condition. Despite slightly aggravated lower back pain following the 

fi rst WBV train ing session, both participants cont inued the program and reported no 

further complications. 

WBV exercise contributed to erythema, a redness of the skin resulting from dilation and 

capillary congestion. Following six sets of WBV exercise, erythema was very noticeable 

in the frail , older participant's calf musculature (sample in Figure 10.2). This erythema 

also resulted in a noticeable tactile change in the calf skin surface temperature. Erythema 

was localised to the cal f musculature, with no noticeable redness in either the quadriceps 
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or hamstring musculature. 

Figure 10.2 - Eyrthema of the calf musculature following WBV e ercise. The Jeft side represents 
pre WBV and the right side post 60 seconds WBV . 

WBV training prescription variables in study three were set at a frequency of 26 Hz and 

amplitude of 5-6 mm. However, two participants found this vibration intensity too strong. 

As a result of the intensity of the vibration stimulus and the participant ' s low level of 

physical strength, the feet simply slid backwards on the platform until their upper body 

was resting on the front supports. To prevent these two participants from dropping out of 

the study, they both received a new WBV training program with a reduced intensity 

(Table 10.2). In comparison to the main VIB group, the frequency was reduced from 26 

Hz to 22 Hz and amplitude from 5-6 mm to 3-4 mm. This program variation is seen to 

reflect changes that would be app licable in clinical practice. 
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Table 10.2 -WBV prescription variables reduced intensity for two participants. 

Sets WBV Rest Amplitude Frequency Total WBV 

Duration Duration 

(s) (s) (mm) (Hz) (min) 

Weekl 6 45 45 3 22 4 Yz 

Week2 6 50 50 3 22 5 

Week3 6 55 55 4 22 5 Yz 

Week4 6 60 60 4 22 6 

10.3.1 Participants personal views on whole body vibration exercise 

The effect of WBV on neuromuscular properties in a frail, older population was a major 

rationale for research in this thesis. However, the efficacy of WBV prescription in older 

adults also needs to consider the participants' personal perception of this training 

modality. Participants' views on WBV exercise were diverse; some enjoyed the 

experience while others disliked the sensation. To clarify these variations in perceptions, 

a number of direct quotes are detailed below. These remarks will be explored in 

subsequent discussion. 

"It's rather exciting." 

"I have been waiting for something like this to come along." 

"I don 't like it." 

"It 's an unpleasant feeling." 
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10.4 Isometric plantar flexor and dorsi flexor strength 

There were no differences between groups for isometric strength variables at the pre-test 

occasion. Following the training period, the VIB group displayed significant differences 

in right (F1,15=15.2, p <0.05) and left (F1,15=15.4, p <0.05) isometric ankle plantar flexor 

strength compared to the CONT group (Table 1 0.3). The VIB group exhibited an average 

40.5% increase in isometric plantar flexor strength compared to no change for the CONT 

group (Figure 1 0.3). There were no changes in dorsi flexor strength. 

Table 10.3 - Isometric strength results from the ankle plantar flexors and dorsi flexors for 
all participants. 

vm CONT 

n = 10 n=7 

Right Left Right 

Ankle dorsi flexor torque 
PRE 19.3 ± 10.7 21.2 ± 6.8 20.0 ± 7.5 

(N·m·kg. 1) 

POST 19.4 ± 10.9 21.1 ± 8.4 19.6 ± 7.5 

Ankle plantar flexor torque 
PRE 81.9 ± 25.5 72.8 ± 21.8 68.1 ± 30.9 

(N·m·kg.1) 

POST 110.7 ± 29.2 * 106.2 ± 32.5 * 68.5 ± 27.6 

Values are mean± SD. VIB, group performing vibration exercise training; CONT, control group. 
* Significant difference compared to CONT pre-test (p<0.05). 

Left 

15.2 ± 6.4 

15.9 ± 6.8 

79.2 ± 10.5 

81.2 ± 7.0 
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Figure 10.3- Average isometric plantar flexor strength percentage change from the pre
test. * Significant difference compared to CONT (p<0.05). 

10.5 Isokinetic strength and power 

There were no differences between groups for isokinetic strength and power variables at 

the pre-test occasion. A number of significant differences in isokinetic plantar flexor 

strength and power were evident between the VIB and CONT group from the pre to post-

test occasion (Table 10.4). Specifically, the VIB group displayed significant differences 

compared to the CONT group for right (F1,15=24.6, p<0.05) and left (F1,15=11.0, p <0.05) 

isokinetic plantar flexor strength; and right (F1,15=9.6, p<0.05) and left (FJ,Is=10.9, 
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p<0.05) isokinetic plantar flexor power. The VIB group exhibited an average 32.4% 

increase in isokinetic plantar flexor strength compared to no change for the CONT group 

(Figure 10.4). 

Table 10.4 - !so kinetic strength and power results from the ankle plantar flexors and 
dorsi flexors for all participants. 

VIB CONT 

n= 10 n=7 

Right Left Right Left 

Ankle dorsi flexor torque 
PRE 14.5 ± 7.5 15.2 ± 7.1 14.7 ± 5.8 15.7 ± 5.0 (N·m·kg-1) 

POST 15.8 ± 8.3 17.1±6.5 14.5 ± 5.8 15.5 ± 4.9 

Ankle dorsi flexor power 
PRE 2.4± L5 2.7 ± L3 2.4 ± 1.5 2.9 ± 1.5 (Watts) 

POST 2.5 ± 1.4 3.0 ± L3 2.4 ± 1.5 2.6 ± 1o4 

Ankle plantar flexor torque 
PRE 47.6 ± 23.9 53.6 ± 21.4 46.7 ± 27.2 56.5 ± 9.9 (N·m.kg' ' ) 

POST 65.2 ± 29.2 * 68.7 ± 24.0 * 48.2 ± 25.6 57.6 ± 6.3 

Ankle plantar flexor power 
PRE 8.5 ± 5.4 9.1 ± 4.9 9.0 ±53 11.4 ± 3.3 (Watts) 

POST 10.8 ± 5.9 * 12.1±4.3* 8.9 ± 4.5 11.4 ± 33 

Values are mean ± SD. VIB, group performing vibration exercise training; CONT, control group. * 
Significant difference compared to CONT pre-test (p<0.05). 
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Figure 10.4- Average isokinetic plantar flexor strength percentage change from the pre
test. * Significant difference compared to CONT (p<0.05). 

10.6 Electromyography 

To investigate neuromuscular adaptations, the changes in peak muscle activity for the 

medial and lateral gastrocnemius and tibialis anterior were examined as the relative 

percentage change from the pre-test occasion. A number of significant differences 

between the VIB and CONT group were evident following the training period (Table 

1 0.5). Specifically, the VIB group displayed significant differences in muscle activity for 

the right and left medial gastrocnemius during isometric plantar flexion (F1,15=5.6, 
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p<0.05; F 1,15=14.7, p<0.05) and right medial and lateral gastrocnemius during isokinetic 

plantar flexion (FJ ,Js=6.8, p<0.05; F 1,Js=7.8, p<0.05). Further to these significant results, 

the VIB group displayed a strong tendency towards an increased EMGnns compared to the 

control group for right lateral gastrocnemius during isometric plantar flexion (F1,15=4.1, 

p=0.061), and left medial (F1,15=4.0, p=0.064) and lateral gastrocnemius (F1,15=4.2, 

p=0.059) during isokinetic plantar flexion. 

Table 10.5 - Peak muscle activity percentage changes of the gastrocnemius and tibialis 
anterior during maximal isometric and isokinetic exercises following four weeks training 
for all participants. 

VIB CONT 

n = 10 n = 7 

EMGrms % > max MVC Right Left Right L~ft 

Medial gastrocnemius Isometric 32.3 ± 29.5 * 21.7 ± 13.3 * 5.3 ± 7.3 -2.2 ± 11.5 

Lateral gastrocnemius 22.9± 25.6 13.7 ± 24.4 2.3 ± 8.8 1.1 ± 15.5 

Tibialis anterior 3.8 ± 12.8 2.0± 14.1 3.9 ± 12.6 4.1 ± 9.5 

Medial gastrocnemius !so kinetic 33.5 ± 6.5 * 16.8 ± 16.0 2.1 ± 9.8 2.4 ± 12.4 

Lateral gastrocnemius 31.0 ± 19.8 * 21.0 ± 13 .8 7.9± 10.8 6.8 ± 14.4 

Tibialis anterior 3.0 ± 11.4 4.7 ± 13.5 7.1 ± 15.4 4.8 ± 15.1 

Values are mean± SD. VIB, group performing vibration exercise training; CONT, control group. 
*Significant difference compared to CONT (p<0.05). 

To further examine neural activation properties, EMG signals recorded during the 

isometric contractions were analysed for their median frequency (F mect) (Table 1 0.6). 

There were no differences between groups for Fmed variables at the pre-test occasion. The 
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VIB group displayed a significant reduction compared to the CONT group for right 

medial gastrocnemius Fmed from the pre to post test occasion (FI,Is=6.9, p <0.05). The 

VIB group displayed a strong tendency towards a lower F med compared to the control 

group for left medial gastrocnemius Fmed from the pre to post test occasion (F1,15=4.0, 

p=0.065). 

Table 10.6 - EMG median frequency activation properties of the gastrocnemius and 
tibialis anterior during a maximal isometric contraction following four weeks training for 
all participants. 

VIB CONT 

n= 10 n=7 

Right Left Right 

Medial gastrocnemius (F med Hz) PRE 134.4 ± 10.5 126.5 ± 12.4 132.3 ± 24.5 

POST 123.3 ± 12.3 * 121.8 ± 13.5 135.4 ± 28.5 

Lateral gastrocnemius (F med Hz) PRE 112.8 ± 17.0 126.8 ± 14.5 119.0 ± 15.5 

POST 107.1 ± 14.7 121.6 ± 11.6 118.2 ± 14.4 

Tibialis anterior (F med Hz) PRE 110.7 ± 11.3 108.3 ± 17.5 111.0 ± 21.9 

POST 111.9±12.2 107.7 ± 18.4 109.0 ± 15.0 

Values are mean± SD. VIB, group performing vibration exercise training; CONT, control group. 
* Significant difference compared to CONT (p<0.05). 

Left 

130.4 ± 19.4 

132.5 ± 19.7 

121.4 ± 13 .9 

133.3 ± 14.0 

111.0 ± 27.0 

107.7 ± 22.3 

To assess the antagonist eo-activation during isokinetic plantar flexion, tibialis anterior 

neuromuscular activation during isokinetic plantar flexion was assessed as a relative 

resistive torque. In addition, to assess agonist to antagonist coordination during isokinetic 

dynamometry, the overlap of tibialis anterior activation after the initiation of an agonist 
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contraction was recorded. There were no changes in antagonist eo-activation or agonist to 

antagonist coordination patterns following the training period for any group {Table 10.7). 

Table 10.7 - Relative antagonist eo-contraction torque and neuromuscular activation 
coordination between the antagonist and agonist during isokinetic dynamometry. 

VIB CONT 

n = 10 n=7 

Right Left Right Left 

Ankle dorsi flexor eo-contraction 
PRE 0.66 ± 0.44 0.75 ± 0.42 0.95 ± 0.66 0.84 ± 0.37 

torque (N·m·kg.1) 

POST 0.71 ± 0.46 0.85 ± 0.51 0.88 ± 0.63 0.75 ± 0.3 1 

Agonist to antagonist neuromuscular 
PRE 33 .9 ± 12.9 31.3 ± 10.8 28 .6 ± 14.8 29.4 ± 14.3 

eo activation timing (ms) 

POST 32.9 ± 10.4 29.4 ± 13.3 30.0 ± 20.8 28.9 ± 18.0 

Values are mean ± SD. VIB, group performing vibration exercise training; CONT, control group. 

10.7 Single leg timed balance 

There were no differences between groups for single leg balance or average muscle 

activity at the pre-test occasion. Two participants in the VIB group were unable to lift 

one-leg off the ground to conduct the single leg balance test. This inability to perform a 

single leg stance was reported by both participants to be related to a fear of falling. The 

timed single leg balance score for both these participants was recorded as zero seconds. 

However, as this test was not performed in accordance with the studies methodology, the 

average muscle EMGnns activity for these two participants was not included in the muscle 
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activity analysis. At the post-test occasion, there were no differences in single leg balance 

or average muscle activity between the VIB and CONT groups (Table 10.8 and 1 0.9). 

Table 10.8 -Results from the single leg timed balance test for all participants. 

VIB CONT 

Right Left Right Left 

Single leg timed balance (s) 
PRE 2.3 ± 3.2 1.7 ± 1.7 2.4 ± 2.3 1.6 ± 1.3 

POST 2.3 ± 3.2 2.0 ± 2.1 2.5 ± 2.4 1.6 ± 1.1 

Values are mean± SD. Vffi, group performing vibration exercise training; CONT, control group. Single 
leg timed balance test. 

Table 10.9 - Calf muscle activity during the single leg timed balance test for all 
participants. 

VIB CONT 

n= 10 n=7 

Average EMGrms % max Right Left Right Left 

Medial gastrocnemius PRE 35.6 ± 10.9 34.8 ± 9.0 38.1 ± 8.8 34.9± 9.5 

POST 33.6 ± 9.4 33.1 ± 7.8 37.9 ± 8.3 36.9 ± 7.3 

Lateral gastrocnemius PRE 32.4 ± 8.9 28.9 ± 8.1 36.4 ± 7.3 34.6 ± 8.1 

POST 30.5 ± 8.8 28.1 ± 6.9 35.1 ± 9.3 35.6 ± 10.8 

Tibialis anterior PRE 37.1 ± 37.2 35.8 ± 4.1 36.2 ± 8.3 34.9 ± 9.1 

POST 37.2 ± 9.0 36.4 ± 5.8 35 .0 ± 9.5 35.6 ± 6.2 

Values are mean± SD. Vffi, group performing vibration exercise training; CONT, control group. Average 
EMGrms muscle activity during the single leg timed balance test. 
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10.8 Correlations 

Pearson's product-moment correlations were conducted to exam me the relationship 

between single leg balance and plantar flexor strength. For the purposes of clarity, the 

bilateral averages have been presented for single leg balance and isokinetic plantar flexor 

strength. There were significant correlations between single leg balance, isokinetic 

plantar flexor strength and age (p<0.05) (Table 10.1 0). 

Table 10. l 0 - Correlations between age, single leg balance and plantar flexor strength for 
all participants. 

Age Single leg balance Isokinetic plantar flexor torque 

Age 1.00 -0.54 * -0.80 ** 

Single leg balance performance -0.54 * 1.00 0.73 ** 

Isokinetic plantar flexor torque -0.80 ** 0.73 ** LOO 

**Correlation is significant at the p<0.01 level (2-tailed). *Con-elation is significant at the p<0.05 level (2-
tailed. 
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11.1 Overview 

The major aims of study three were to examine the effects of WBV exercise on plantar 

flexor strength, balance and muscle activation in a frail, older population. It was 

hypothesised that four weeks of WBV training would increase plantar flexor strength. 

The results of study one found that eight weeks WBV increased plantar flexor strength by 

18.2% in a healthy, older population. It was hypothesised that due to a frail older 

population ' s lower level of initial strength, that plantar flexor strength improvement with 

WBV would be similar to or larger than those observed in study one. It was further 

hypothesised that such strength improvements may be partially explained by neural 

adaptations. Neural adaptations would include a greater neural drive to the 

gastrocnemius. Finally, it was hypothesised that WBV training would lead to 

improvements in balance. To assess these hypotheses, a number of physiological tests 

were implemented prior to and following the four week training period . These tests 

includ1~d measures of isometric and isokinetic plantar and dorsi flexor strength timed 

single leg balance and muscle activity of the medial and lateral gastrocnemius and tibialis 

anterior. 

11.1.1 Background of participants 

A specific aim for study three was to examine WBV in a frail, older population. The 

participants who volunteered for study three were recruited from a local Sydney nursing 

home. Of the seventeen participants, thirteen reported previous falls. The average single 
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leg balance measure for participants in this study was less than five seconds (Table 10.8). 

As such, this cohort can be perceived as a group at risk of falls (Vellas et al. , 1997a). Ten 

participants required the use of a walking aid for mobility. In comparison to the healthy 

older participants who undertook study one, the subjects in study three were on average, 

14.8 years older: 73.5 ± 4.5 versus 88.3 ± 3.7 years old respectively. In addition, when 

isokinetic plantar flexor strength pre-test results are examined, large differences between 

these two participant cohorts are evident: 104.3 ± 22.4 N·m·kg-1 versus 51.1 ± 21.2 

N·m·kg-1 for study one and three respectively. Therefore, the participants in study three 

can be discussed with reference to a group representing a frail , older population. It is 

argued that there is no segment of the population that can benefit more from exercise than 

this frail, older population (Evans, 1999). With WBV being promoted as an alterative 

exercise intervention, its efficacy and effect in a frail, older population could have clinical 

significance. 

1 L2 Plantar flex or strength and power 

A major goal for study three was to examine the effects of WBV on plantar flexor 

strength and power in a frail, older population. The results illustrated that WBV exercise 

significantly improved isometric and isokinetic plantar flexor strength and power (Tables 

10.3 and 10.4). The average percentage change in isometric and isokinetic plantar flexor 

strength respectively were 40.5% and 32.4% for the VIB group compared to 1.5% and 

2.9% for the CONT group (Figures 10.3 and 10.4). These results support two of study 
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three's hypotheses. Firstly, that four weeks WBV exercise would increase plantar flexor 

strength; and secondly, that increases in plantar flexor strength would be larger than those 

which occurred in study one (isokinetic: 18.2% increase) because of the frail, older 

participant' s lower level of initial strength. The results of this study validate the findings 

from study one. WBV exercise can be seen as an effective intervention to improve plantar 

flexor strength in an older population. 

In study one, eight weeks of WBV increased plantar f1exor strength in a healthy older 

population. It was suggested that this improvement brought their values towards that of a 

much younger population (Thelen et al. , 1996). As discussed previously (Section 11 .1.1 ), 

the relative strength values of this frail , older population (Table 10.4) (page 218) was 

approximately half that of the healthy, older participants in study one (Table 4.5) (page 

118). The significant 32.4% increase in isokinetic plantar flexor strength brought study 

three' s participants (pre, 51.l ± 21.2 Nm; post, 67.0 ± 26.6 Nm) closer towards that of the 

healthy older populatjon in study one (104.3 ± 22.4 Nm). While strength differe.nces 

between these two older populations were still larger than one standard deviation, it must 

be acknowledged that study three was conducted for just four weeks. There is a need for 

longer-term WBV studies that investigate an older population' s plantar fl exor strength 

adaptations over time. 

Previous research has demonstrated that resistance training can improve plantar flexor 

strength in older adults. Ferri et al., (2003) reported a significant 22% increase in one 

repetition maximum plantar flexor strength following 16 weeks resistance training in a 
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group of older men (67.9 ± 0.9 years). Similarly, Simoneau et al., (2007) found a 16% 

and 32% increase in isometric MVC plantar flexor strength following 6 and 12 months 

resistance training (respectively) in a group of older adults (77.4 ± 3.7 years). In 

comparison to the current study, 4 weeks WBV training increased isometric and 

isokinetic plantar flexor strength by 40.5% and 32.4% respectively. Thus it would appear 

that WBV training is quite effective at increasing calf strength. However, it should be 

noted that the participants in study three were considerably older (88.3 ± 3.7 years), as 

compared to subjects used by Ferri et al., (2003) and Simoneau et al., (2007). This age 

difference is likely to reflect different capacities for strength gains due to initial strength 

levels. While the results in the current study suggest WBV has the potential to increase 

plantar flexor strength, there is a need to directly compare the efficacy of WBV to 

traditional resistance training on measures of strength. 

An interestjng element of study three was the difficulty that two participants had in 

undertaking WBV exercise at the pre--determined intensity. WBV intensity is largely 

determined by the frequency and amplitude (Luo et al., 2005). A combination of the high 

WBV intensity and the participant's low level of strength contributed to their feet 

vibrating backwards on the platform. In tum, this lead to the upper body resting on the 

front supports. While a number of other VIB group participant's feet also moved whist 

undertaking WBV exercising, the difference between these subjects was that they were 

all able to either comfortably control this or were able to reposition their feet accordingly. 

To reduce the difficulty of WBV exercise and permit two participants to continue the 

program, a specific lower intensity frequency (22 Hz) and amplitude (3-4 mm) was 
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prescribed (Table I 0.2). It must be noted that an optimal WBV protocol is still unclear 

(Mester et al., 2006). The prescription of two different WBV programs, with variations in 

frequencies and amplitudes (9.1 and 10.1) presents an interesting case study. In 

comparison to the main VIB group, the two participants who were prescribed a lower 

intensity program also displayed the lowest changes in plantar flexor strength. For 

example, the average isokinetic plantar flexor strength increase for the main VIB group 

(the two lower intensity participants removed) was 35.3% and the lower intensity 

participants achieved only 13.8%. 

A recent review article examining the use of vibration to enhance strength and power 

suggested that larger strength and power adaptations with vibration exercise appeared to 

occur at higher intensities (Luo et al., 2005). To the author's knowledge, the direct 

comparison of different WBV training intensities has only been possible in two previous 

acute studies, which incorporated similar WBV protocol but different amplitudes (2 mm 

and 4 mm) (Torvinen et al., 2002a; Torvinen et al., 2002c). The larger amplitude (4 mm) 

induced significant decreases in mean power frequency of muscle activity (-18.8%), 

indicating fatigue (Torvinen et al., 2002a). In contrast, the smaller amplitude (2 mm) did 

not significantly affect any of the muscle activity parameters (Torvinen et al. , 2002c). 

The results from study three support the suggestion from Luo et al. (2005) that strength 

and power adaptations with WBV are likely to be affected by the vibration frequency and 

amplitude intensity. However, as only two participants completed a lower intensity WBV 

program, it should be conceded that this is derived only from anecdotal evidence. This 

anecdotal evidence, in combination with previous findings and the conclusions emerging 
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from literature reviews provides a strong case for future research into the effects of 

different WBV intensities on strength adaptations. 

Ankle plantar flexor power is considered a falls risk factor (Sieri and Beretta, 2004) and 

an independent predictor of functional mobility in a frail, older population (Suzuki et al., 

2001). Following four weeks WBV, the VIB group displayed a significant increase in 

ankle plantar flexor power compared to the control group (Table 10.4). While the average 

increase in absolute power in the VIB group was only 2.7 watts, due to the frail older 

population' s low initial plantar flexor power values, this translates to a relatively large 

percentage, an average of 30%. It has been recommended that exercise strategies for the 

older population need to specifically train muscle power (Evans, 2000; Newton et al. , 

2002) because of its strong correlation to disability risk and functional capacity (Bassey 

et al., 1992). Improvements in plantar flexor power with WBV can be considered an 

extremely important training effect. As the plantar flexor values of this frail older cohort 

at the post test occasion are still quite low, it is suggested that a WB V training program 

longer than four weeks be administered in order to see improvements in falls risk and 

functional mobility measures. 

Plantar flexor strength and power plays an important role in mobility and balance in the 

older population (Kerrigan, Todd, Della Croce, Lipsitz and Collins 1998; Onambele, 

Narici and Maganaris 2006; Suzuki, Bean and Fielding 2001 ). Correlation analysis 

clearly demonstrates a strong relationship between plantar flexor strength and single leg 

balance (Table 10.10). It is well documented that plantar flexor muscles display 
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significant reductions in structure and strength with age (Simoneau et al., 2005). Even 

within the small age range (82-94 years) in the current study, there was a significant 

correlation between advancing age and reduced isokinetic planar flexor strength (Table 

I 0.10). As plantar flexor strength plays an important role in mobility and balance, and 

shows clear declines with ageing, WBV training contributing to improved plantar flexor 

strength can be considered an important initiative. WBV may serve as a supplement to 

other training methods in mediating sarcopenia related plantar flexor strength loss in an 

older population. 

11.3 Neuromuscular activation patterns 

The strength training benefits of WBV have now been reported by a number of 

researchers (Rees et al., 2008a; Roelants et al., 2004b; Verschueren et al., 2004). To the 

author ' s knowledge however, no study has directly shown any long term neural 

mechanisms behind these WBV induced strength improvements. The present study 

appears to be the first to investigate neural adaptations following long term strength 

changes with WBV in an older population. Neural drive was analysed as the peak EMG 

signal amplitude, reported as the root mean square (EMGnns) in millivolts. In line with the 

hypothesis, four weeks WBV resulted in a significant increased medial gastrocnemius 

EMGrms (Table I 0.5). An increase in EMGnns is a well recognized form of adaptation to 

strength improvements following resistance training (Hakkinen et al. , 2001) . It can 

232 



therefore be claimed that the plantar flexor strength adaptations with WBV observed in 

studies one and three reflect an increased neural drive. 

An increase in EMGrms during a maximal voluntary contraction is characterised by either 

an increase to discharge rate, recruitment and or synchronisation among motor units 

(Farina, Merletti and Enoka, 2004). The VIB group displayed an increase in right medial 

gastrocnemius EMGnns during the maximal isometric contraction (Table 10.5) which was 

accompanied by a significant decrease in F med (Table 10.6). This change in the EMG 

power spectrum clearly indicates modulation in neural recruitment patterns for plantar 

tlexion muscle contractions following the WBV intervention. The examination of EMG 

power frequencies has been used by a number of researchers as an indicator of neural 

recruitment strategies (Hagg, 1992; Kleine, Stegeman, Mund and Anders, 2001 ; 

Lindstrom, Magnusson and Petersen, 1970; Stulen and De Luca, 1978). It has previously 

been suggested that patterns of decreased F med reflect increased motor unit 

synchronisation (Kleine et al., 200 l ). Synchronisation of motor units is a common 

modulation in the process of muscle strengthening (Moritani, 1993). The specific 

combination of lower Fmed in combination with higher EMGnns and increased plantar 

flexor strength can be seen to reflect at least in part, an increased synchronisation of 

firing motor units (Kleine et al. , 2001 ). 

Vibration directly applied to a muscle or tendon has been shown to stimulate the muscle 

spindles, inducing reflex muscle contractions known as the tonic vibration reflex (TVR) 

(Burke and Schiller, 1976). It is this rationale that has been used to explain the increased 
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EMG amplitude during the indirect application of vibration by WBV (Cardinale and Lim, 

2003b; Roelants et al., 2006). In an acute study, five minutes of continuous WBV 

exercise resulted in a significant reduction in jump height immediately post training 

(Rittweger et al., 2000). The reduction in jump performance recovered quickly (after 20 

seconds), suggesting neural causes of fatigue (Rittweger et al., 2000). This result is in line 

with previous examinations of fatigue related to the TVR. A sustained TVR results in 

decreased voluntary force until 10-20 s after muscle vibration (Bongiovanni, Hagbarth 

and Stjemberg, 1990). The decreased F med observed in the VIB group may be a training 

related alteration resulting from WBV induced neuromuscular fatigue. Previous research 

indicates that vibration induced TVR is modulated by harmonic and subharmonic motor 

unit synchronisation (Martin and Park, 1997). It was suggested that this forced motor unit 

synchronisation process influences muscle fatigue (Martin and Park, 1997). Therefore, 

WBV induced neuromuscu lar fatigue during the training sessions may have contributed 

to greater motor unit synchronisation as a task specific form of neural adaptation. 

It has been documented that reflex muscle contractions induced by direct vibration can 

reinforce the excitation of motor neurons, even during fatigue (Griffin, Garland, Ivanova 

and Gossen, 2001 ). An acute increase in stretch reflex excitability following a single 

session of WBV has also been observed (Rittweger et al. , 2003). It appears that WBV can 

elicit alteration in neuromuscular recruitment pattern which mediate as increased 

excitability. Such a training effect has contributed to a number of researchers 

investigating acute improvements in neuromuscular performance. Intermittent WBV 

applied for a total of ten minutes contributed to an acute increase m leg extensor 
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mechanical power output and vertical jumping performance (Bosco et al., 2000). 

Interestingly, increased leg extensor mechanical power output was observed in 

combination with a reduction in EMGrms activity. This indicates a decrease in the ratio 

between EMGnns and power output, suggesting an acute improvement in neuromuscular 

efficiency Bosco et al. , 2000). An acute increase in motor neuron excitability with WBV 

(Rittweger et al. , 2003) may also provide an explanation for plantar flexor strength and 

power changes that occurred with lower F med in the current study. Physical activity in 

older individuals has been linked to improved motor unit efficiency; with motor units 

firing at lower frequencies inducing similar or greater gains in strength than before the 

intervention (Maejima et al. , 2007). In the current study, WBV induced motor neuron 

excitability may have facilitated long term training adaptations where more motor units 

are activated at a lower firing rate, thereby improving contraction efficiency. 

Motor unit discharge rate is an important neural strategy to control muscJe force. 

Discharge rate is the number of times motor units are stimulated in a given time period. It 

is generally accepted that ageing is associated with declines in discharge rate of motor 

units (Kamen, 2005). Further, in response to resistance training, older adults have shown 

significant increases in motor unit discharge rates with strength improvements (Kamen 

and Knight, 2004). Increased motor unit discharge rate appears to explain the rapid rises 

in strength seen after just one resistance training session, but with continued training 

plays a lesser role in fu1iher strength adaptation (Kamen and Knight, 2004). An increase 

in discharge rate would also provide some support for plantar flexor strength 

improvements found with WBV training. While motor unit discharge rate was not 
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assessed in the current study, the possibility that it may have contributed to some initial 

gains in strength cannot be excluded. 

The intramuscular coordination of the agonist to the antagonist acts to ensure joint 

integrity. However, a large co-contraction of the antagonist can reduce the force output of 

the agonist ' s desired motion. Therefore, any reduced co-activation of the antagonist to an 

agonist contraction may serve to increase the force output (Evans, 1995). During plantar 

flexion, the gastrocnemius is considered the agonist and tibialis anterior the antagonist. 

At the completion of the training program, there were no significant changes in 

antagonist to agonist co-contraction timing from the pre to post test occasion (Table 

10.7). As WBV exercise was performed during a static muscle contraction, it is not 

surprising that there were no intra muscular coordination timing changes. The results also 

illustrate that there were no changes in the antagonist muscle co-contraction force during 

plantar flexion (Table l 0. 7). As there was a significant increase in agonist force that was 

combined with no change in antagonist resistance force, it can be said that there was a 

relative improvement in intramuscular coordination. While a re]ative improvement in 

antagonist to agonist intramuscular coordination has been identified, as there was no 

change in tibialis anterior contraction force during plantar flexion, this adaptation should 

be seen to reflect the improvements in gastrocnemius strength and not alterations in 

neuromuscular coordination patterns. 

Other adaptations often linked with strength improvements that were not measured, but 

should be considered, include: agonist disinhibition and hypertrophy. WBV represents a 
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strong mechanical impact which is directly applied to the feet. As such, there is a 

possibility that WBV training may lead to a disinhibition in the gastrocnemius, thereby 

increasing the expression of muscular force (Gabriel, Kamen and Frost, 2006). Muscle 

hypertrophy is synonymous with resistance training and improvements in strength. The 

current literature continues to highlight that muscle hypertrophy adaptations are still 

possible with resistance training even amongst the very old and frail (Fiatarone et al., 

1990; Narici et al., 2004). Therefore, there is a possibility that a small amount of 

gastrocnem ius muscle hypertrophy may have occurred with four weeks WBV. A study 

that applied a resistance vibration technique similar to WBV during 55 days of bed rest 

reported hypertrophy of soleus muscle fibers (Blattner et al. , 2006). A small amount of 

muscle hypertrophy may have occurred in the current study and contributed at least in 

part to increased plantar flexor strength. While muscle hypertrophy was not evaluated, it 

is argued that neural factors account for the larger proportion of the initial strength 

increment especially since the duration of the training prog am was 4 weeks (Moritani 

and De Vries, 1979). Therefore, it is suggested that in the current study the changes in 

motor unit recruitment patterns of efficiency and synchron isation played a larger role in 

the observed plantar flexor strength improvements. 

When evaluating the neuromuscular results of study three, one must consider a number of 

its limitations. The conclusions made in the discussion should be considered with respect 

to the relatively small sample size. The strong tendency towards a significant change in 

lateral gastrocnemius peak muscle activity suggests that the small sample size may have 

been insufficient to detect changes in this measure. While the sample size is a limitation 
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and needs to be factored into the analysis, the validation of plantar flexors strength 

changes with WBV from study one to three suggest these results are sufficient to 

substantiate certain conclusions. This relatively small sample size should also be 

considered with reference to the practicalities of working with frail elderly adults: this 

population requires individualised supervision and careful management that is time 

taxing. A further limitation in the current study was that EMG measurements were 

assessed 4 weeks apart and, despite rigorous methodology, may have been influenced by 

the preparation of skin, position of electrodes and subject motivation. Therefore, within 

the limitations of the current methodology, it is suggested that the large increases m 

plantar flexor strength found in study three can be seen to reflect alteration m 

neuromuscular recruitment strategies. 

11.4 Single leg timed balance 

A number of everyday motor tasks such as walking, turning and dressing require the 

ability to stand on one leg and maintain postural control. The ability to stand on one leg 

for five seconds can be used as a clinical measure to predict injurious falls (Vellas et al. , 

l 997a). In study one, WBV training improved the healthy older participant's one legged-

postural steadiness measures. As such, it was hypothesised that four weeks WBV would 

improve single-leg balance in a group of frail, older participants. In contrast to this 

hypothesis, four weeks WBV exercise appeared to have no effect on single leg balance 

(Table I 0.8). There also appeared to be no effect on average EMGrms activity of the 
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stance leg following the training period (Table 10.9). This result raises questions as to 

why study one found improvements in balance and study three showed no effects. It was 

suggested that frail, older participants, because of diminished balance levels would have a 

greater capacity for improvement compared to their younger, healthier counterparts. The 

contrasting characteristics of the two older populations may also help to explain why 

balance changed in one group and not the other. The inability to maintain a stable stance 

on the WBV platform was the suggested specific facilitatory training effect on balance 

motor performance. In contrast to the subjects in study one who performed WBV without 

holding onto the handlebar supports, the frail older participants were unable to undertake 

WBV without grasping the handlebars for support. This difference in WBV training may 

account for the variations in balance changes between study one and three while still 

enabling significant increases in plantar flexor strength and power. WBV has the 

potential to improve balance (Rees et al., 2008b ). However, the facilitatory training effect 

of WBV on balance appears to be related to the difficulty in maintaining a stable stance 

on the vibrating platform. Therefore, when the specific goal of WBV is to improve the 

motor skill of balance, its prescription should involve exercising without the use of the 

handlebar. However, careful risk amelioration is needed to ensure safe training with 

WBV. 

It must be acknowledged also that study one and three used two different balance tests. It 

is possible that differences between these two studies may be a result of discrepancies in 

balance assessment. The OLPS test was perhaps more sensitive to changes in balance that 

the timed single leg stance. Balance is an ambiguous term, described broadly in the 
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literature as the ability to maintain an upright posture in a weight carrying position 

without falling (Benjuya et al., 2004). Similarly, the measurement of balance is quite 

ambiguous: there are numerous ways to assess balance. For example, balance can be 

performed on one or two legs, examined as the changes in the centre of pressure, assessed 

as a time period, measured with eyes open or closed or defined in terms of an individual's 

ability to respond to a postural disturbance. These many variations also highlight the 

difficulties in making statements about the effects of an intervention such as WBV on 

balance. A recent one-year study in an older population (66.5 ± 0.5 yr) reported that 

WBV was associated with improvements in some aspects of balance, but not others 

(Bogaerts et al. , 2007b ). WBV training contributed to improvements in sway energy 

following a postural disturbance with toes down and reduced falls frequency on a moving 

surface with eyes closed, yet had no effect on falls frequency on a moving surface with 

eyes open or sway energy following a postural disturbance with toes up (Bogaerts et al., 

2007b ). Therefore, the potential for WBV exercise to improve balance does not appear to 

be universal across al I balance measures. In light of results that suggest the facilitatory 

training effect of WBV on balance appears to be related to the difficulty in maintaining a 

stable stance on the vibrating platform, and research from Bogaerts et al. (2007b ), future 

examination into the effects of WBV on balance should include a range of different 

measures. Indeed, the current study questions the efficacy of using a timed single leg 

balance test for a frail older cohort. 

Two participants in the VIB group were unable to lift one leg off the ground to initiate the 

balance test. Following four weeks WBV training, these two participants were still unable 
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to initiate the test. These participants both possessed sufficient strength to lift one leg off 

the ground and were able to do so comfortably whilst holding onto a support. The 

difficulty completing this task was related to their fear of falling. Fear of falling is 

defined as ' a low perceived self-efficacy or confidence at avoiding falls whilst doing 

everyday activities ' (Tinetti , Richman and Powell, 1990). This reduced confidence can 

often lead a person to avoid activities that they are still capable of undertaking (Tinetti 

and Powell, 1993). Fear of falling can become a spiral that leads to an unhealthy 

avoidance of activity (Vellas, Wayne, Romero, Baumgartner and Garry, 1997b ). This fear 

of falling should be specifically addressed in rehabilitation programs for older individuals 

who have this fear (Vellas et al. , 1997b ). In this light, while WBV exercise may improve 

risk factors associated with fear of falling such as strength and postural steadiness, it 

should not be regarded as an all encompassing program that reduces the fear of fa lling. 

WBV exercise should only be prescribed with knowledge of its specific effects and 

limitations. If WBV is prescribed to older individuals who suffer from the fear of falling, 

additional ·nterventions need to be prescribed to address such an attitude. 

11.5 Response to whole body vibration exercise 

In addition to the potential benefits of WBV, the frail , older participant' s perception of 

this unique training modality has important implications for its future use. The 

participants ' views of WBV exercise were diverse. Some enjoyed the experience while 

others disliked it. Reasons for disliking WBV were related to being unstable on the 
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platform or simply finding the lower limb vibrations unpleasant. The majority of VIB 

group participants were indifferent to WBV over other exercise modalities. As there is a 

distinct need to increase the number of effective strength training programs for older 

adults (Seguin and Nelson, 2003), the different perceptions towards WBV highlight that 

it may be considered as an alternative plantar flexor strength training intervention for 

individuals who are not attracted to traditional resistance training. Conversely, as WBV 

was disliked by a number of participants, WBV prescription should be considered as an 

option with other proven plantar flexor strength training methods. 

In addition to asking each participant about their perceptions of WBV, they were also 

asked whether they would be willing to undertake this exercise following the completion 

of this research. Seven out of the ten participants were willing to continue a WBV 

exercise program. Of this small group, only three were willing to continue without 

supervision. It is encouraging to see that members of this older population were willing to 

personally undertake an exercise program if they could be given the chance. As a larger 

proportion of the VIB group indicated they would only undertake WBV if they were 

directly supervised, interventions for the older population do need to provide individual 

support if exercise programs are to be implemented. 

One participant who was indifferent to WBV mentioned a view that was quite noticeable 

in many other potential frail, older volunteers. This was quoted as, 
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"Why are you even bothering with us oldies, we are past our used by 

dates. Most of us are just waiting to fade away." 

While research into new strength training modalities for older populations is extremely 

important, the above quote clearly illustrates that a lot more is required than just simply 

providing more exercise interventions. Strategies should be put in place to address older 

adult's psychological mindset towards exercise and health in old age. There is also a clear 

need to educate older adults about the benefits of exercise, informing them that 

improvements in strength, mobility and balance are still possible even in the oldest of the 

old. An integrated approach is required, providing appropriate and effective exercise 

interventions and educate the older population about such benefits. 

The development of blisters following a WBV session was one side effect from this 

training modality (Figure 10.1). Over four weeks WBV training that included ten 

participants, blisters developed in just one subject. Investigations into this specific 

development appear to suggest that the pai1icipant ' s footwear in combination with the 

vibration stimulus caused this outcome. The footwear was three to four sizes larger than 

the participant's actual shoe size. Larger shoes were purchased by the participant in order 

to slide the feet in and out without having to deal with shoe laces. Vibration stimulus 

should be regarded as a strong, repetitive impact. This repetitive impact in combination 

with loose fitt ing shoes could easily cause the friction necessary for a blister to develop. 

Properly fitted footwear should be worn whilst undertaking WBV exercise. Health 
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professionals that prescribe WBV need to be aware of the potential for blisters to develop 

as a result of undertaking this training modality. 

WBV resulted in a reddish change in the calf skin colour following each exercise session 

(Figure 10.2). This has been previously documented as erythema (Kerschan-Schindl et al. 

2001; Rittweger, Beller and Felsenberg 2000). WBV exercise can induce changes in 

peripheral circulation, with increases in relative moving blood volume of the 

gastrocnemius muscle (Kerschan-Schindl, Grampp, Henk, Resch, Preisinger, Fialka-

Moser and Imhof 2001; Lohman Iii, Petrofsky, Maloney-Hinds, Betts-Schwab and 

Thorpe 2007). This increased skin blood flow has been explained by the vasodilation of 

small blood vessels, a response linked to WBV induced reflex muscle contractions in the 

lower limbs and localized mechanical stimulation of the skin (Kerschan-Schindl et al. 

2001; Rittweger et al. 2000). As the ageing process is associated with decreased 

microcirculation of the lower extremities and blood circulation plays an important role in 

tissue integrity, WBV may be an alternative intervention for an older population to 

increase blood flow to calf. An increased blood flow response with WBV may provide a 

mechanism of muscle remodeling and assist with long-term improvements in plantar 

flexor strength that were observed in the current study. However, as this issue was 

outside the scope of this study, future research should examine any physiological change 

in the gastrocnemius following WBV exercise. 
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11.6 Summary 

WBV training can increase plantar flexor strength and power in comparison to a non-

exercising control group in a frail, older population. This result validates previous 

research from study one that reported improvements in plantar flexor strength following 

WBV exercise (Rees et al., 2008a). Increased plantar flexor strength and power with 

WBV exercise can be explained by an increased neural drive to the gastrocnemius. 

Specifically, the combination of an increased EMGrms and decreased Fmed suggests 

plantar flexor strength improvements can be explained by an improvement in motor unit 

synchronisation and efficiency. 

WBV exercise had no effects on single leg balance in a frail, older population. This result 

is in contrast to previous improvements in sjngle leg postural steadiness following WBV 

training in a hea1thy, older population (Rees et al., 2008b ). The discrepancy in balance 

changes with WBV may be related to training with or without supportive handrails. It is 

recommended that WBV be undertaken without holding onto handlebars for support in 

order to facilitate the practicing of postural control on an unstable base of support. 

However, careful risk amelioration is needed for each individual to ensure safe training 

with WBV as the risk of falling would increase without the use of handlebars. Individuals 

at risk of falls who undertake WBV without the use of supportive handlebars should only 

do so under supervision 
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CHAPTER 1.2 

SUMMARY AND 
RBCOMMENDA. TlONS 
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12.1 Overview 

The research undertaken in this manuscript examined the effects of WBV exercise in an 

older population. As the ageing process is associated with sarcopenia, WBV was 

investigated to see if this relatively new exercise intervention can improve physical and 

physiological function in old age. Three studies were undertaken. Study one was an 

investigation into the effects of eight weeks WBV exercise on lower limb strength and a 

range of functional perfonnance measures in a healthy, older population. The specific 

outcome measures for study one included : isokinetic strength and power of the ankle, 

knee and h ip flexors and extensors, single leg postural steadiness, timed-up and go-test, 

sit-to-stand performance, fast walk and stair mobility. Study two was an investigation of 

WBV induced neuromuscular activation in the lower limb prime movers. The outcome 

measures for study two were the relative increases in neuromuscular activation with 

WBV between muscles and between body positions in healthy, older adults. The third 

and final study investigated the effects of four weeks WBV on a frai l, older population. 

The specific outcome measures for study three were isometric and isokinetic plantar 

flexor strength, gastrocnemi us neuromuscu]ar activity and single leg balance. The 

integration of these three studies, their major findings and recommendations for future 

research are summarized below. 
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12.2 Major findings 

Within the limitations of the research, the major findings included: 

• The completion of eight weeks WBV exercise improved plantar flexor strength in 

a healthy, older population. Similarly, four weeks of WBV improved plantar 

flexor strength in a frail , older population. 

• Eight weeks WBV had a disproportional effect on lower limb strength. Increased 

plantar flexor strength following WBV was significantly greater than the knee and 

hip flexors and extensors. The comparable improvements in knee extensor 

strength with WBV and the non-vibration exercise group suggest that body weight 

squats were largely responsible for these strength adaptations. 

• Eight weeks WBV training improved one-legged postural steadiness in a healthy, 

older population. The effect of WBV was most beneficial to individuals who 

presented with poorer initial one-legged postural steadiness performance. In 

contrast, four weeks of WBV training had no effect on single leg balance in a 

frail, older population. Along with the stimulation of reflex muscle activity, WBV 

provides an unstable base of support. WBV has the potential to improve elements 

of balance, yet should be performed without holding onto any supports to 

facilitate the practicing of a balance motor skill. 
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• The effects of eight weeks WBV had no additional effect on a number of 

functional performance measures (fast walk, timed-up and go, sit-to-stand, stair 

mobility) compared to a non-vibration exercise group. WBV can improve plantar 

flexor strength in an older population, but may need to be augmented with other 

types of physical training to improve functional performance. 

• WBV should be considered a ' disproportional ' lower limb strength training 

intervention, which predominantly targets the plantar flexors over more proximal 

musculature when used with a static heel raise position. 

• The prescription of exercises for WBV should be centered around body positions 

that minimise transfer to the upper body. It is recommended that all future WB V 

exercises involve some degree of knee bend and raised heels off the platform to 

assist with vibration dampening. 

• lmproved plantar flexor strength with WBV in older, frail individuals can be 

explained at least in part by changed neural recruitment strategies. Whilst it is 

speculative, WBV related strength improvements appear to be a result of greater 

motor unit synchronisation and efficiency. 
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12.3 Directions for future research 

The research undertaken in the manuscript revealed numerous areas for future research. It 

is proposed that research is required to address the following issues: 

• Despite a growing volume of research on WBV training in the last decade, an 

optimal training regime is still unclear. There is a clear need for future research to 

examine the influence of all different WBV prescriptions variables such as: 

vibration frequency, amplitude, upper body acceleration, joint positions and 

training duration, frequency and volume. 

• A tenuous result from study three suggested that training at a higher WBV 

intensity, including an increased amplitude and frequency might result in larger 

plantar flexor strength improvements than a lower intensity. An examination into 

the effects of different WBV training intensities on plantar fl exor strength changes 

is required. 

• WBV has the potential to improve elements of balance. As this potential for WBV 

to improve balance was justified as the practicing of postural control on an 

unstable base of support, future research is required to examine this explanation: 

for example, an investigation into the effects of WBV on balance whilst training 

with and without supports is warranted. 
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• Research is required to investigate the long-term effects of WBV on plantar flexor 

strength in the older population. Plantar flexor strength changes were examined 

after four and eight weeks WBV in study three and one respectively. The effects 

of a longer duration WBV program, such as six or twelve months, should provide 

quantification into the long term viability of WBV exercise as a strength training 

intervention. In addition, a longer term WBV training program will allow a more 

detailed investigation into possible morphological adaptations with WBV in an 

older population. 

• Study one and three demonstrated that four weeks WBV can improve plantar 

flexor strength in older adults. However, it is unknown how long WBV induced 

strength and power adaptations can be maintained for in the absence of training. 

There is a need to examine the rate of detrain ing in older adults fo llowing a WBV 

intervention. 

• It has been documented that WBV can increase blood flow to the calf 

musculature. While not directly assessed in the current study, anecdotal evidence 

supports this statement, with visible changes in calf skin colour and increased 

tactile temperature. As WBV may increase blood flow to the calf, its potential to 

be used as a treatment to counteract the effects of diseases that limit blood flow to 

the extremities warrants research. For example, peripheral arterial disease or 

diabetes. 

251 



• The research documented in this dissertation was the first to examine the effects 

of WBV on plantar flexor strength in an older population. Therefore, the 

comparative effect of WBV in relation to other training interventions known to 

increase plantar flexor strength is required. Such an investigation will provide 

valuable information about the prescription of interventions to specifically target 

plantar flexors in an older population. 
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Pre-exercise questionnaire 

UN IVERSllY OF 
TECHNOLOGY SYDNEY 

Name Age ___ _ Gender M F 
--------------~ Address ____________________________ ~ 

Phone -----
Profession Date of Test -------------
Stage 1 - Known Diseases (Medical Conditions) 

1. List the medications you take on a regular basis. 

2. Do you have diabetes? 

a) If yes, please indicate if it is insulin dependent diabetes mellitus 
(IDDM) or non-insulin dependent diabetes mellitus (NIDDM). 

b) IfIDDM, for how many years have you had IDDM? 

3. Have you had a stroke? 

4. Has your doctor ever said you have heart trouble? 

5. Do you take asthma medication? 

6. Are you, or do you have reason to believe, you may be pregnant? 

7. ls there any ot~er physical reason that prevents you from participating 
in an exercise program, (e.g., cancer, osteoporosis, severe arthritis, 
mental illness, thyroid, kidney, or liver disease)? 

Stage 2 - Signs and Symptoms 

8. Do you often have pains in your heart, chest, or surrounding 
areas, especially during exercise? 

9. Do you often feel faint or have spells of severe dizziness 
during exercise? 

10. Do you experience unusual fatigue or shortness of breath 
at rest or with mild exertion? 

11. Have you had an attack of shortness of breath that came on 
after you stopped exercising? 

12. Have you been awakened at night by an attack of shortness 
of breath? 

13. Do you experience swelling or accumulation of fluid in or 
around your ankles? 

14. Do you often get the feeling that your heart is beating faster, 
racing, or skipping beats, either at rest or during exercise? 

15. Do you regularly get pains in your calves and lower legs 
during exercise which are not due to soreness or stiffness? 

Height __ 
Weight __ 

No Yes 

IDDM NIDDM 

__ years 

No Yes 

No Yes 

No Yes 

No Yes 

No Yes 

No Yes 

No Yes 

No Yes 

No Yes 

No Yes 

No Yes 

No Yes 

No Yes 
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16. Has your doctor ever told you that you have a heart murmur? 

Stage 3 - Cardiac Risk Factors 

17. Do you smoke cigarettes on a daily basis, or have you quit smoking 
within the past two years? 

If yes, how many cigarettes per day do you smoke (or did you smoke 
in the past two years)? 

18. Has your doctor ever told you that you have high blood 
pressure? 

19. Has your father, mother, brother, or sister had a heart attack or 
suffered from a cardiovascular disease before the age of 65? 

If yes, 
a) Was the relative male or female? 

b) At what age did he or she suffer the stroke or heart attack? 

c) Did this person die suddenly as a result of the stroke or 
heart attack? 

20. Have you experienced menopause before the age of 45? 

If yes, do you take hormone replacement medication? 

Enter blood pressure and blood lipid values: 
21. What is your systolic blood pressure? 

22. What i your diastolic blood pressure? 

23. What is your serum cholesterol level? 

24. What is your serum HDL level? 

25. What is your serum triglyceride level? 

Stage 4 - Exercise Intentions 

26. Does your job involve sitting for a large part of the day? 

27. What are your current activity patterns? 
a) Frequency: exercise sessions per week 
b) Intensity: Sedentary Moderate Vigorous 
c) History: <3 months 3-12 months > 12 months 
d) Duration: minutes per session 

No Yes 

No Yes 

__ per day 

No Yes 

No Yes 

No Yes 

No Yes 

_____ mmHg 

__ mmHg 

__ mmol/I_, or mg/dL 

___ mmol/J_, or mg/dL 

__ mmol/L or mg/dL 

No Yes 

28. What types of exercises do you do?-------------------------

29. Do you want to exercise at a moderate intensity (e.g., brisk 
walking) or at a vigorous intensity (e.g., jogging)? 

Thank you for taking part in this study. 

Moderate Vigorous 
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UNIVERSITY OF 
TECHNOLOGY SYDNEY 

CONSENT FORM - STUDENT RESEARCH 
STUDY 1 

I, (participant's name) agree to participate in the research project, "The effect of 
whole body vibration on muscular strength and function in the older population," being conducted by Sven 
Rees (School of Leisure, Sport & Tourism, ph: (02) 9514 5481) of the University ofTechnology, Sydney. 

I understand that the purpose of this study is to examine the effect of whole body vibration training on the 
older population, with a specific aim of improving strength and performance of functional tasks. 

I understand that my participation in this research will involve six physiological assessment sessions at the 
UTS Human Performance Laboratory of approximately 60 minutes duration. The physiological testing will 
be broken up over two days (pre-testing) and re-measured over two day after 4 (mid-testing) and 8 weeks 
(post-testing). These sessions will examine a number of physiological variables including; strength, balance 
and range of functional performance and mobility measurements. 

Following the initial testing sessions (pre-testing), I will be allocated to one of three groups for the duration 
of 8 weeks. These groups include: 
1. Vibration training group 
2. Body weight exercise group 
3. Control group (no prescribed activity). 

The vibration training group will undertake three vibration training sessions per week. The time 
commitment for each session will range from 10 to 20 minutes. 

I understand and am aware that physical activities involve a risk of injury, not limited to musculoskeletal 
injury and .in rare instances, heart attack or death. Every effort will be made to minimize these risks. I am 
voluntarily participating in these activities with knowledge of the dangers involved. I hereby agree to 
expressly assume and accept any and all risks of injury or death. I do hereby waive, release, and forever 
discharge all responsibilities of liability from injuries or damages resulting from my participation in any 
prescribed activities. 

I am aware that I can contact Sven Rees (ph: (02) 9514 5841) or his supervisor Dr. Aron Murphy (ph: (02) 
9514 5294) at any time if I have any concerns about the research. I also understand that I am free to 
withdraw my participation from this research project at any time I wish and without giving a reason. 

I agree that Sven Rees has answered all my questions fully and clearly. 

I agree that the research data gathered from this project may be published in a form that does not identify 
me in any way. 

I I --------
Signed by 

I I ------
Witnessed by 

NOTE: 
This study has been approved by the University of Technology, Sydney Human Research Ethics Committee. If you have any 
complaints or reservations about any aspect of your participation in this research which you cannot resolve with the researcher, you 
may contact the Ethics Committee through the Research Ethics Officer, Ms Susanna Davis (ph : 02 - 95 14 1279). Any complaint you 
make will be treated in confidence and investigated fully and you will be infonned of the outcome. 
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Perceived exertion scale - study one 
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6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

UNIVERSITY OF 
TECHNOLOGY SYDNEY 

PERCEIVED EXERTION SCALE 

NO EXERTION AT ALL 

VERY, VERY LIGHT 

VERY LIGHT 

LIGHT 

SOMEWHAT HARD 

HARD 

VERY HARD 

EXTREMELY HARD 

MAXIMAL EXERTION 
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Informed consent form - study two 
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UNIVERSllY OF 
TECHNOLOGY SYDNEY 

CONSENT FORM - STUDENT RESEARCH 
STUDY2 

I, (participant's name) agree to participate in the research project," The effect of 
whole body vibration (WBV) exercise protocols on muscular activity in the older population," being 
conducted by Sven Rees (School of Leisure, Sport & Tourism, ph: (02) 9514 5276) of the University of 
Technology, Sydney. 

I understand that the purpose of this study is to examine muscle activity during a number of whole body 
vibration exercise protocols in an older population. I understand that the specific aim of this study is to help 
design WBV training protocols. 

I understand that my participation in this research will involve a physiological assessment sessions at the 
UTS Human Performance Laboratory of approximately 90 minutes duration. The physiological testing will 
be broken up over a one week period. These sessions will examine muscle activity of the lower limbs 
whilst performing sub-maximal and maximal static and dynamic exercises with and without vibration. 

I understand that electrodes will be placed on the surface of the skin to measure muscle activity in the lower 
limbs. Specifically, I understand that eight electrodes will be placed on the major muscle groups that move 
the hip, knee and ankle. l also understand that electrode placement requires a very small area of the skin 
needs to be shaved to remove hair. 

I am aware that I can contact Sven Rees (ph: (02) 9514 5276) or his supervisor Dr. Aron Murphy (ph: (02) 
951 4 5294) at any time if I have any concerns about the research. I also understand that I am free to 
withdraw my participation from this research project at any t ime l wish and without giving a reason. 

I agree that Sven Rees has answered all my questions fu lly and clearly. 

I agree that the re. earch data gathered from this project may be published in a form that does not identify 
me in any way. 

I I ------
Signed by 

I I --------
Witnessed by 

NOTE: 
This study has been approved by the University of Technology, Sydney Human Research Ethics Committee. If you have any 
complaints or reservations about any aspect of your participation in this research which you cannot resolve with the researcher, you 
may contact the Ethics Committee through the Research Ethics Officer, Ms Susanna Gorman (ph: 02 - 9514 1279). Any compla int 
you make will be treated in confidence and investigated fully and you will be informed of the outcome. 

298 



Appendix 5 

Sample method for converting the raw EMG signal to a relative 
percentage of MVC4 
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Sample method for converting the raw EMG signal to a relative 
percentage of MVC. 

The following details a step by step approach for determining the data summarised in 

Table 7.2, page 180. An example from one subject using the gastrocnemius is presented 

below. 

1. Maximum voluntary contraction of the gastrocnemius EMGrms: 0.001579761 

millivolts. 

2. EMGnns value of gastrocnemius during a medium squat plus plantar flexion (no 

vibration): 0.000300471 millivolts. This was then expressed as a relative value by 

dividing it with the EMGrms value of gastrocnemius during MVC: 0.001579761 by 

0.000300471 = 19.02%. 

3. Raw EMGnns value of gastrocnemius during a medium squat plus plantar flexion plus 

WBV: 0.000492727 millivolts. This was then expressed as a relative value by 

dividing it with EMGnns value of gastrocnemius during MVC: 0.001579761 by 

0.000492727 = 31.19%. 

4. The value used in the analysis was then calculated as the difference in relative (to 

MVC) EMGnns between the WBV and non-vibration condition. Therefore, 31.19% -

19.02% = 12.17%. 
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UNIVERSITY OF 
I 

TECHNOLOGY SYDNEY 

CONSENT FORM - RESEARCH PARTICIPANT 
Study Three 

I, (participant's name) agree to participate in the research project, "Exploring potential 
mechani ~sms of improved calf strength following vibration exercise in an older population," being conducted by 
Sven Reces (School of Leisure, Sport & Tourism, ph: (02) 9514 5276) of the University of Technology, Sydney. 

I undersrtand that the purpose of this study is to examine the mechanism of strength increases with vibration 
training in the ankle plantar flexors (calf) . I understand that the specific aim of this study is to investigate the 
efficacy of vibration training for an older population. 

I understtand that my participation in this research will involve two physiological assessment sessions at the UTS 
Human lPerformance Laboratory of approximately one hour duration. The physiological testing will be broken up 
over a s1ix weeks period. These sessions will examine muscle strength of the ankle flexors and extensors, calf 
muscle aictivity and stiffness of the ankle muscle-tendon unit. 

I understtand that electrodes will be placed on the surface of the skin to measure muscle activity in the lower limbs. 
Specificcally, I understand that three electrodes will be placed on the major muscles of the calf. I also understand 
that electtrode placement requires a very small area of the skin needs to be shaved to remove hair. 

I understtand the measurement of ankle flexor and extensor strength will require a maximum effort. I understand 
and am ;aware that physical activities involve a risk of injury, and, in rare instances death. These risks are small 
and every effort will be made to ensure safe exercise and testing sessions. I am voluntarily participating in these 
activities; with knowledge of the dangers involved. I hereby agree to expressly assume and accept any and all risks 
from my participation in any prescribed activities. 

I am aw.are that l can contact Sven Rees (ph: (02) 9514 5276) or his supervisor Dr. Aron Murphy (ph: (02) 9514 
5294) at any time if I have any concerns about the research. l also understand that I am free to withdraw my 
pa1iicipattion from this research project at any time I wish and without giving a reason. 

I agree that Sven Rees has answered all my questions fully and clearly. 

I agree ttlrnt the research data gathered from this project may be published in a form that does not identify me in 
any way _ 

I I ------
Signed biy (participant) 

I I ------
Signed by (guardian) 

I I ------
Witnesse d by 

NOTE: 

This study has been approved by the University of Technology, Sydney Human Research Ethics Committee. If 
you have any complaints or reservations about any aspect of your participation in this research which you cannot 
resolve w ith the researcher, you may contact the Ethics Committee through the Research Ethics Officer, Ms 
Susanna Gorman (ph: 02 - 9514 1279). Any complaint you make will be treated in confidence and investigated 
fully and you will be informed of the outcome. 
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Poem from participant - study one - "Svengali" 
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CONR ro SVRN'S CI~Cr7Sll 

MARVEL AT HERR PROFESSOR DOKTOR SVEN AND THE GERRY ATRIX!! 

HEAR THE SCREAM OF UNUSED MUSCLES 

AND THE SNAP OF AGEING TENDONS; 

IMAGINE THE FLOW OF LACTIC ACID 

ADMIRE THE ONE-LEGGED STANDS 

FLINCH AS THE PROFESSOR CRACKS HIS WHIP 

LAUGH AS THE STAND-UP COMEDIANS PERFORM A TEN METRE DASH 

WATCH SVEN'S "UP STAIRS AND DOWN STAIRS'' VIDEO 

TRY THE AIRLINE SEAT PROTOTYPES AND THE MASSAGE COUCH 

SEE THE SVEN GIRIJIES DO THEIR SYNCHRONISED KNEE BENDS 

LOOK AT THEM AS THEY MOVE TO THE RHYTHM OF THE GALILEO'S 

MACHIN.E 

AND BE SPELLBOUND BY THOSE WHOLE BODY VIBRATIONS 

LISTEN TO THE MOANS OF PLEASURE AS THE CLOCK RUNS DOWN 

ESTIMATE PERSONAL SCORES - ANY NUMBER FROM 6 TO 20 

ENJOY! ENJOY!! ENJOY!!! 

(WE HAVE WAYS OF MAKING YOU DO so ... ) 

Janice McAdams 2005 
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