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CHAPTER 1 

INTRODUCTION 

Population ageing is a growing phenomenon worldwide with global life 

expectancy at birth rising by almost 20 years, from 46.5 years in 1950–1955 to 66.0 

years in 2005–2010 and is projected to increase another 10 years in 2045–2050 

(Department of Economic and Social Affairs, 2001). 

Population ageing is caused by sustained low fertility and increasing life 

expectancy, resulting in a larger proportion of older adults. In countries such as Japan, 

Greece, Sweden and Hong Kong, the number of people aged 65 years and over exceeds 

the number of children aged 0–14 years. In the United Kingdom, the population aged 65 

years and over is projected to comprise up to 24.6% or 17.6 million in 2033 (Office for 

National Statistics, 2010). In the United States, the proportion of the population aged 65 

years and over is projected to increase by 112% from 2014 to 2060, corresponding to an 

increase from 46 to 98 million people (United States Census Bureau, 2015). This 

demographic trend is projected to occur in the Australian population. The proportion of 
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Australia’s population aged 65 years and over has increased from 11% in 1990 to 14% 

in 2012 and is projected to rise to 22% in 2061. In absolute terms, the number of people 

in this age group increased by 94,800 in the 12 months leading to 30 June 2010 

(Australian Bureau of Statistics, 2010). Sustained low levels of fertility combined with 

increasing life expectancy is expected to continue this ageing trend in Australia 

(Australian Bureau of Statistics, 2013). 

Ageing is associated with an increase in health risk factors, illnesses and 

disability (Australian Institute of Health and Welfare, 2007) and the decline in 

physiological (Ferrari, 2003; Frontera & Bigard, 2002; Goodpaster et al., 2006) and 

mental function (Flöel et al., 2010) is well documented. While ageing is associated with 

increased risks of many health conditions, many chronic conditions are not an inevitable 

consequence of ageing (Khaw, 1997). Strategies for reducing the incidence of disease 

include prevention of risk factors for disease and delaying progression of disease after 

onset, reducing morbidity and complications of disease (Australian Institute of Health 

and Welfare, 2014b; Fries, Bruce, & Chakravary, 2011). Since behavioural risk factors 

such as smoking, poor diet and physical inactivity contributing to disease are highly 

modifiable (World Health Organisation, 2013), then preventative intervention should be 

directed towards reducing the health burden.  

In concert with the trends in demographics, the number of older athletes has also 

increased. The number of participants in the Senior Games has risen from 2,500 at its 

inception in 1987 to 10,100 in 2011 (National Senior Games Association, 2010). 

Further sub-populations of older adults can include former competitive athletes who 

continue to exercise recreationally, lifelong athletes who participate in a variety of 

activities and train at various intensities, and the non-athlete who began to exercise late 
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in life, and may be recreationally or competitively active (Guccione, Wong, & Avers, 

2012). The motivation for this participation can be linked to achievement and social 

goals (Hodge, Allen, & Smellie, 2008). While Masters athletes have displayed 

remarkable exercise performances, the decrease in performance with age is still evident 

(Tanaka & Seals, 2008). 

Research in sports is largely focused on improving exercise performance of 

athletes in sporting events. Consequently, studies examining exercise performance are 

usually preceded with examination of younger populations (Saltin & Astrand, 1967; 

Taylor, Buskirk, & Henschel, 1955) before older populations (Ogawa et al., 1992; Saltin 

& Grimby, 1968). Similarly, research on the regulation of exercise performance has 

focused on younger athletes (Foster et al., 1993; Tucker, 2009b). In addition, studies 

examining exercise thermoregulation have also investigated the effects of heat stress 

and mitigating strategies on younger subjects (Kay et al., 2001; Marino et al., 2001). 

Given the empirical evidence of the decrease in performance with age (Tanaka & Seals, 

2008) and warmer conditions (Martin & Gynn, 2000), we can surmise that performance 

decrements with age is exacerbated in heat. However, there is a lack of research 

examining exercise regulation of older adults during competitive events, particularly in 

environmental conditions presenting uncompensable heat stress. 

The following sections describe the physiological declines and costs associated 

with ageing and discuss the benefits of exercise in ameliorating some of the effects of 

ageing. The deteriorations associated with disease and disability, and the benefits of 

physical activity in attenuating the negative impact of ageing are well documented 

(Cotman & Berchtold, 2002; Nelson et al., 2007; Seals, 2014). 



   Chapter 1: Introduction 

 

 

 

4 

1.1 The ageing process 

A baby boy born in 2012 has a life expectancy of 79.9 years comprising 62.4 

years of good health and 17.5 years with some form of disability. These projections 

increase to 64.5 years and 19.8 years, respectively, for a baby girl born in the same year 

(Australian Institute of Health and Welfare, 2014b). 

The Australian Institute of Health and Welfare (AIHW) cites coronary heart 

disease, stroke and heart failure as leading causes of death in Australians aged 65 years 

and over (Australian Institute of Health and Welfare, 2014b), with coronary heart 

disease accounting for 15% of all deaths in Australia in 2011. Cerebrovascular disease 

is the second most common underlying cause of death after coronary heart disease at 

8%, while dementia was the third most common underlying cause of death overall at 7% 

(Australian Institute of Health and Welfare, 2014b). 

Accordingly, the increase in the aged population invariably leads to an increase 

in health care costs. Health expenditure in Australia was estimated at $140.2 billion in 

2011–12, compared with $82.9 billion in 2001–02. Collectively in 2008–2009, the 

highest expenditure nationally was allocated to ‘cardiovascular disease’, for an amount 

of $7.7 billion (Australian Institute of Health and Welfare, 2014b). 

Good health increases quality of life and reduces the demand for health and aged 

care services (Australian Institute of Health and Welfare, 2014a). Therefore, in the 

pursuit of successful ageing, it is living a longer disability-free life rather than gaining 

more years of life that is desirable. Aside from an increased quality of life, there are also 

economic reasons for promoting healthy living. 
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Age-related reductions in maximal volume of oxygen consumed (  O2max) and 

strength also suggest that at any submaximal exercise load, older adults are often 

required to exert a higher percentage of their maximal capacity (and effort) when 

compared with younger persons. Advancing age is associated with physiological 

changes that result in reductions in functional capacity and altered body composition. It 

is also associated with declines in physical activity volume and intensity and with 

increased risk for chronic diseases. However, physical activity is thought to 

significantly reduce this risk (Chodzko-Zajko et al., 2009). 

1.1.1 Ageing and the cardiovascular system 

Even in the absence of disease with advancing age, the cardiovascular system 

exhibits a physiological decline. In the normal heart, the significant increases in heart 

weight may be associated with left ventricular hypertrophy. Other changes in the 

myocardium include increases in fat, collagen, elastin and lipofuscin (Kitzman & 

Edwards, 1990). Ageing arteries become tortuous because of an increase in length and 

the thickened walls increase in stiffness. In addition, the aortic circumference dilates 

and may double the surface area of the intima between the second and sixth decade of 

life (Virmani et al., 1991). These structural changes in the heart and the vasculature 

resulting in a decrease in cardiovascular function are described next. 
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1.1.1.1 Maximal oxygen consumption (  O2max)  

The   O2max is associated as an index of maximal aerobic fitness which declines 

approximately 10% per decade after age 25–30 years in healthy sedentary adults. The 

rate of decline in    2max with age is greater in endurance-trained women than sedentary 

women (Figure 1.1), probably as a result of greater baseline levels of    2max (Tanaka et 

al., 1997). The relationship between    2 and endurance performance is linear and is 

limited by the ability of the cardiorespiratory system to deliver oxygen to the exercising 

muscles (Bassett & Howley, 2000). In older adults, the decrease in muscle mass 

contributes to the decline in    2max, in part due to decreased oxidative capacity in the 

muscle and lower skeletal muscle glycogen stores (Evans & Campbell, 1993). 

 

 

 

 

 

 

Figure 1.1 Relationship 

between maximal oxygen 

uptake and age in endurance-

trained and sedentary women. 

Figure from Tanaka et al. 

(1997).  
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 1.1.1.2 Heart rate 

Resting heart rate changes minimally with age (Fleg et al., 1995), whilst the 

heart rate variability has been observed to decline in healthy adults, which the authors 

attributed to changes in the autonomic nervous system (O'Brien, O'Hare, & Corrall, 

1986). Heart rate during maximal exercise testing decreases with age. The mechanism 

underlying this age-related decrease is unclear but has been attributed to a reduction in 

intrinsic heart rate (Tanaka, Monahan, & Seals, 2001) and decreases in β-adrenergic 

responses (Fleg et al., 1994). The relationship between maximal heart rate and age is 

illustrated in Figure 1.2. 

 

 

 

 

Figure 1.2 Relationship 

between maximal heart 

rate and age in 514 

healthy subjects aged 

18–81 years. Figure 

from Tanaka et al. 

(2001).   
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1.1.1.3 Stroke volume (SV) 

The structural changes in the heart associated with a decrease in maximal stroke 

volume may be attributed to a decreased left ventricular compliance resulting in 

diminished diastolic function (Arbab-Zadeh et al., 2004). Together with a decrease in 

HRmax, this results in a decrease in cardiac output. During sub-maximal exercise, 

cardiac output has been reported to remain unchanged. For this to happen, the ageing 

left ventricle increases end-diastolic and end-systolic volume by engaging the Frank-

Starling mechanism, allowing healthy adults to maintain exercise performance 

(Rodeheffer et al., 1984). In the vasculature, the structural changes with age lead to an 

increased peripheral resistance and vascular afterload, thus impeding the ejection of 

blood from the left ventricle, resulting in a decreased stroke volume during exercise 

(Chen et al., 1999). 

1.1.1.4 Arteriovenous oxygen difference 

The difference in arteriovenous oxygen reflects the capacity of skeletal and 

respiratory muscles to extract and consume oxygen from the blood during exercise. The 

arteriovenous oxygen difference, which decreases with age, contributes to the reduced 

exercise performance (Toth, Gardner, Ades, & Poehlman, 1994). In sedentary adults, 

this decrease is due to reductions in capillary density and muscle mitochondria (Coggan 

et al., 1992). In older endurance athletes, it is unclear if oxygen delivery or oxygen 

extraction contributes to the decrease in maximal arteriovenous oxygen difference. 

Trained older subjects redistribute cardiac output to the exercising limb to maintain 



   Chapter 1: Introduction 

 

 

 

9 

arteriovenous oxygen difference (Beere, Russell, Morey, Kitzman, & Higginbotham, 

1999) whilst muscle oxidative enzyme activities and capillarisation are similar between 

younger and older endurance athletes (Coggan et al., 1992). 

1.1.2 Ageing and the muscular system 

Ageing has been associated with sarcopenia, diminished muscle function and 

muscle bioenergetic perturbations (Deschenes, 2004). Attenuating these changes can 

impact physical function, mobility and quality of life with old age. Furthermore, these 

age-associated changes to the muscular system can also affect exercise performance in 

recreational and elite athletes. A sedentary lifestyle contributes to some of the decline in 

muscle structure and function, but cannot fully explain the decrease in performance of 

older athletes (Klitgaard et al., 1990) . Thus, other intrinsic factors contribute to the age-

associated changes in skeletal muscle (Allman & Rice, 2002; Lynch et al., 1999). Clark 

and Manini (2008) argue that sarcopenia cannot fully account for the age-associated loss 

of strength and suggest that alternative mechanisms such as alterations in contractile 

properties or neurologic function play a role in the age-associated loss of strength 

(Figure 1.3). 
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Figure 1.3 Etiology of the age-associated loss of strength 

(dynapenia). Figure summarises the influence of multiple factors 

that may lead to dynapenia. IGF-1 = insulin-like growth factor 1; 

DHPR = dihydropyridine receptors; TNF-α = tumor necrosis 

factor-α; IL-6 = interleukin 6. Figure from Clark and Manini (2008). 

1.1.2.1 Changes in muscle and motor unit 

Sarcopenia describes the age-related changes that occur within skeletal muscle 

and encompasses the effects of altered central and peripheral nervous system 

innervations, altered hormonal status, inflammatory effects, and altered caloric and 

protein intake (Doherty, 2003). Frontera and colleagues (1991) found an average 

decrease of 13.4% in estimated muscle mass in adults aged 45–78 years. A longitudinal 

study evaluating men aged 65±4.2 years (mean±SD) observed a decrease of  12.5% in 

total thigh muscle cross-sectional area when the men were re-evaluated 12 years later 

(Frontera & Bigard, 2002). Possible explanations for sarcopenia include hypotrophy and 

hypoplasia. Fast-twitch fibres are smaller in older individuals and muscle cross-
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sectional area show significantly smaller number of muscle fibres and lower relative 

fast-twitch fibre area (Evans & Lexell, 1995).  

Research investigating the number of motor units in muscle have concluded that 

motor units decrease with age (Booth, Weeden, & Tseng, 1994; Brown, 1972). Aside 

from this decrease, the motor unit remodelling with age is altered such that type II fibres 

are selectively denervated and reinnervated by axons sprouting from adjacent type I 

fibres, resulting in a loss of type II fibres (Roos, Rice, & Vandervoort, 1997). There is 

evidence of increased fibre type grouping in ageing muscle cross-sectional area (Evans 

& Lexell, 1995). 

1.1.2.2 Changes in muscle function 

The age-related loss of muscle strength has been observed at both slow and fast 

angular velocities (Frontera et al., 2000). In examining upper and lower body torque 

ranging from 60 to 240°/s, the authors observed an annual decline ranging from 1.4–2.5% 

depending on the muscle group and angular velocity examined. Whilst Frontera et al. 

(2000) concluded that the loss of muscle cross-sectional area is a major contributor to 

the decrease in muscle torque, it cannot fully account for the decline. Similarly, others 

have reported a 3-fold loss of strength compared with muscle mass in well-functioning 

men and women over 3 years (Goodpaster et al., 2006). Moreover, the maintenance or 

even gain of lean mass in this population did not necessarily prevent the loss of strength, 

leading the authors to suggest a decline in muscle quality to explain the loss of strength. 

Indeed, older athletes have exhibited declines in strength with maintenance of muscle 

cross-sectional area (Klitgaard et al., 1990). 
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Muscle quality is the measurement of strength per unit of muscle mass and may 

be determined by measuring the peak torque during concentric and eccentric 

contractions in various muscle groups (Rolland et al., 2008). In assessing muscle quality 

in men and women aged 19–93 years, the authors concluded that muscle quality is 

affected by age and gender, but the magnitude of the effect depends on the muscle 

group and the type of muscle action used to assess strength (Lynch et al., 1999).  

1.1.2.3 Muscle biochemistry 

The sarcoplasmic reticulum envelops each myofibril and regulates calcium and 

is thus involved in muscle fibre contraction (Peachey & Franzini-Armstrong, 2010). In 

aged muscle, the prolonged duration and rate of muscle contraction observed may affect 

muscle function (Vandervoort & McComas, 1986). There is evidence that the number 

of Ca
2+

 pumps in the sarcoplasmic reticulum is not affected in ageing skeletal muscle 

(Jiang, Moffat, & Narayanan, 1993). Thus, the excitation-contraction coupling and 

sarcaplasmic reticulum Ca
2+

 release in aged muscle have been proposed as mechanisms 

underlying the decline in muscle function (Margreth, Damiani, & Bortoloso, 1999).   

1.2 Exercise training and ageing 

Older adults are able to maintain high physical capacity but even so, exercise 

cannot halt the ageing process and merely allows the individual to perform at a higher 

level. Figure 1.3 illustrates the curvilinear decrease in endurance performance from 30–

90 years of age in Masters athletes. On the other end of the spectrum, exercise prevents 
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or delays the onset of chronic diseases (Booth, Roberts, & Laye, 2012), enhance 

physical function and maintains a higher quality of life (Spirduso & Cronin, 2001). The 

following sub-sections briefly summarises the benefits of aerobic and strength exercise 

in older adults.  

 

 

 

 

 

 

Figure 1.4 Changes in men’s 

and women’s running times 

in a marathon. Figure from 

Tanaka and Seals (2008). 

 

1.2.1 Aerobic Exercise Training 

Aerobic exercise training induces similar physiological adaptations to the 

demands of exercise in sedentary older adults when compared with younger adults 

(Seals, Taylor, Ng, & Esler, 1994; Stratton, Levy, Cerqueira, Schwartz, & Abrass, 

1994). There is evidence of  16% improvement in   O2max when a previously sedentary 

older adult exercises aerobically three times per week for 30–35 min for 16–20 weeks 

(Huang, Gibson, Tran, & Osness, 2005). Even in the very old, this ability to respond to 

exercise is observed. Malbut and colleagues (2002) reported a 15% increase in   O2max 
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in women aged 79–91 years after 24 weeks of weight-bearing aerobic exercise training, 

a functional improvement which may help this population maintain independence.  

During peak exercise, aerobic exercise training increased cardiac output as a 

result of increased stroke volume whilst peak heart rate remained unchanged in 13 men 

aged 60–82 years after 6 months of endurance training (Stratton et al., 1994). Other 

changes in heart rate include lower resting values (Stratton et al., 1994), an increase in 

heart rate variability which is positively correlated with exercise capacity, and a 

decreased heart rate at submaximal exercise (Galetta et al., 2005). Maximal heart rate 

can range between 154–180 beats/min in 60–67 year olds (Saltin & Grimby, 1968) and 

the estimation of age-predicted maximal heart rate i.e., 220 − age, for exercise 

prescription underestimates maximal heart rate in older adults (Tanaka et al., 2001). 

Regular aerobic exercise prevents vascular stiffening in large arteries and 

preserves microvascular function in men aged 50–76 years. Importantly, the age-related 

decline in endothelium-dependent vasodilation can be reversed with a 3-month home-

based aerobic exercise program (DeSouza et al., 2000). 

Exercise also benefits cognitive function (Vaynman & Gomez-Pinilla, 2006). 

Brain-derived neurotrophic factor (BDNF) is a neurotrophin which mediates synaptic 

efficacy (Schinder & Poo, 2000) and supports neuronal connectivity, protection and 

survival (Cotman & Berchtold, 2002). Exercise may activate endogenous BDNF, 

leading to increased neuronal cells to counteract the loss of brain cells associated with 

age (Vaynman & Gomez-Pinilla, 2006). The effects of exercise training on peripheral 

basal BDNF concentration are equivocal, with studies reporting higher concentrations 

of basal BDNF in younger men after aerobic exercise training (Seifert et al., 2010; 

Zoladz et al., 2008). In contrast, retrospective observational studies of healthy men 
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found lower basal BDNF concentrations in highly trained compared to less trained men 

(Chan, Tong, & Yip, 2008; Currie, Ramsbottom, Ludlow, Nevill, & Gilder, 2009). 

These authors posit that lower levels of peripheral BDNF in trained individuals could 

indicate neuroprotective upregulation of BDNF into the central nervous system, 

resulting in less circulating peripheral BDNF.  

1.2.2 Resistance Exercise Training 

Resistance exercise has favourable outcomes on body composition, muscle 

structure and the neuromuscular system (Jubrias, Esselman, Price, Cress, & Conley, 

2001), but these changes may occur at the periphery rather than centrally (Cannon, Kay, 

Tarpenning, & Marino, 2007). Prolonged participation in resistance exercise training 

has clear benefits for slowing the loss of muscle and bone mass and strength, which are 

not seen as consistently with aerobic exercise alone (Chodzko-Zajko et al., 2009). 

The physiological response of older adults to resistance exercise training 

remains robust, with older men demonstrating similar muscle strength and power 

adaptations comparable to younger men (Newton et al., 2002). Healthy men aged  68 

years strength-training for 12–17 years displayed maximal isometric torques, cross-

sectional areas, and muscle isoform content in comparison to younger controls 

(Klitgaard et al., 1990). Adults aged 60–80 years completing 8 weeks of high-velocity 

resistance training displayed significant improvements in peak and average muscle 

power (Henwood & Taaffe, 2005), a significant finding as muscle power has been 

suggested to be a predictor of disability and functional status (Macaluso & De Vito, 

2004).  
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An early study demonstrated improvements in muscle hypertrophy, muscle fibre 

hypertrophy, and strength improvements in the quadriceps after 12 weeks of heavy 

resistance training in men aged 60–72 years (Frontera, Meredith, O'Reilly, Knuttgen, & 

Evans, 1988). Later findings demonstrated strength and power gains greater than 

expected when compared with changes in muscle mass, indicating increased muscle 

quality (Ivey et al., 2000).  

Thus, research examining the modalities of intensity (Henwood & Taaffe, 2005; 

Malbut et al., 2002; Van Roie, Delecluse, Coudyzer, Boonen, & Bautmans, 2013), 

duration, and sex differences (Seals, Hagberg, Hurley, Ehsani, & Holloszy, 1984) 

associated with exercise for older adults have culminated in a plethora of 

recommendations and publications (Chodzko-Zajko et al., 2009; Nelson et al., 2007), 

with the American College of Sports Medicine prescribing a combination of ≥150 min 

of aerobic and resistance exercise per week, with additional benefits occurring with 

increasing intensity.  

In conclusion, aerobic, resistance and combined (Jubrias et al., 2001; Karavirta 

et al., 2011) exercise training have beneficial outcomes on older adults. Regular 

exercise promotes maintenance of a higher level of cardiorespiratory and muscular 

fitness, healthier body composition and enhances bone health. These positive 

adaptations may in turn, translate into lower risk of falling, increased cognitive function, 

and increased quality of life (Chodzko-Zajko et al., 2009; World Health Organisation). 
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1.3 Aims 

The principal aim of this thesis is to examine and describe the influence of age 

and training status on the strategies used to complete a bout of cycling exercise at a self 

chosen pace under both thermoneutral and hot environmental conditions; and to develop 

a model based on current literature and results from this thesis to describe the regulation 

of self chosen exercise performance with respect to age.  

This thesis will also examine the extent to which training attenuates the 

deleterious effects of ageing. The temperature and humidity difference in the two 

environmental conditions is expected to enhance the differences in strategies between 

groups in completing the exercise bout. The findings from this research may be used to 

develop strategies to optimise performance and investigate reasons for reduced 

performance in older adults and to further understand the nature of pacing in this age 

group. 

The ageing demographic has led to an increased participation in sports and 

competitive events. Pacing and thermoregulatory responses have been studied in athletic 

and active younger age groups. However, to date the literature has not dealt with the 

pacing phenomenon in older individuals in any environmental conditions. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Fatigue 

The study of fatigue in exercise can be traced to the early 20
th

 century where 

Mosso described his observations of migrating birds in his seminal work Fatigue 

(Mosso, 1904). He observed quails that seemingly perished from exhaustion were not 

“wasted” and, in fact, “good condition” (p2). Mosso also dissected pigeons and 

observed that the larger muscles of the pectorals which did more work during flight 

were darker than the smaller pectoral muscles, and the brains of fatigued birds were pale 

and almost bloodless in comparison to rested birds (p20), seemingly pursuing the 

“central” and “peripheral” origins of fatigue, a dichotomy commonly used in present 

fatigue research. Fatigue during exercise seemingly occurs in humans as a ‘whole 

system’, however, the origins of fatigue have been singularly ascribed to various 

physiological systems e.g., metabolic (Robergs, Ghiasvand, & Parker, 2004), 

cardiovascular (Hill, Long, & Lupton, 1924), muscular (Enoka & Duchateau, 2008), as 
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well as arising solely from psychological manifestation (Marcora, 2008). Nevertheless, 

these explanations have given rise to models of fatigue, enabling us to examine the 

mechanisms of fatigue. Therefore, the literature provides three avenues to interrogate 

fatigue during exercise. 

2.1.1 Catastrophe model 

The work of Hill and colleagues postulated that fatigue during high intensity 

muscular exercise is a cascade of events beginning with an inadequate supply of blood 

to the heart muscle, limiting the ability of the heart to supply blood to the exercising 

muscles. This results in anaerobiosis, leading to accumulation of lactic acid, impairment 

of skeletal muscle relaxation, and involuntary cessation of exercise (Hill et al., 1924). 

Based on these findings, fatigue has been singularly attributed to cardiovascular 

function or metabolic acidosis when there is no direct evidence supporting this.  

Since the work of Hill in 1924, later researchers demonstrated the cessation of 

maximal exercise performance with the inability to consume larger volumes of oxygen. 

The classic figure from Mitchell and Blomqvist (1971) clearly depicted a plateau in 

oxygen uptake despite increasing workloads, confirming Hill’s concept of the heart 

being a “governor” of exhaustive exercise. In this regard, Hill proposes that the heart 

itself restricts the continuation of exercise due to the supply of blood to the cardiac 

muscle being inadequate for providing sufficiently oxygen-saturated blood to the 

exercising muscles (Hill et al., 1924). Yet, in a healthy heart the site of the coronary 

arteries maintains oxygenation of the myocardium even at maximal heart rate, disputing 
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the development of myocardial ischemia at maximal effort. Thus, cardiovascular 

function is a contributing, but not sole, factor of fatigue during exercise performance. 

Theoretically, this flow of events, beginning at the heart, subsequently causes 

the exercising muscle to rely on peripheral sources of energy, functioning anaerobically 

in order to sustain the high workload. This anaerobiosis led to the accumulation of lactic 

acid to maximal levels permitted within the exercising muscle, thus limiting muscle 

relaxation and causing the cessation of exercise (Hill et al., 1924). This deceptively 

simple explanation led researchers to examine the role lactic acid plays in metabolic 

acidosis, culminating in fatigue (Westerblad, Allen, & Lännergren, 2002). However, the 

biochemical explanation for the decrease in pH during intense exercise can be attributed 

to circulating protons from the breakdown of non-mitochondrial sources of ATP. In fact, 

lactate production retards metabolic acidosis by facilitating proton removal from muscle 

(Robergs et al., 2004). 

Hill alluded to a teleological “governor” within the heart or the nervous system 

which would slow circulation upon approach of a “serious” degree of arterial 

desaturation (Hill et al., 1924) – more recently labeled the 

cardiovascular/anaerobic/catastrophic model of exercise physiology for the purported 

development of oxygen deficit during maximal aerobic exercise resulting in skeletal 

muscle anaerobiosis, ultimately, fatigue (Noakes, 2000). That is, we now know that 

homeostasis is well maintained even during exercise (Lambert, St Clair Gibson, & 

Noakes, 2005) to prevent a catastrophic cellular event. Furthermore, the conclusions 

made by Hill are based on feedback mechanisms derived from the consumption of 

oxygen at constant exercise intensity and do not explain fatigue involving variable 

intensities such as those occurring in the field. Indeed, regulation of fatigue in the field 
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by varying exercise intensity is evident across ages (Micklewright et al., 2012), 

experience (Micklewright, Papadopoulou, Swart, & Noakes, 2010), environmental 

conditions (Ely, Martin, Cheuvront, & Montain, 2008), carbohydrates (Gant, Stinear, & 

Byblow, 2010), and mental fatigue (Marcora, Staiano, & Manning, 2009).  

2.1.2 Mental model 

Apart from his observations that the dissected brain of a fatigued pigeon was 

seemingly less infused with blood than a rested bird, Mosso (1904) also noticed that 

force output was reduced with intellectual work, and could not be restored to rested 

conditions even with 2 hours of rest (Mosso, 1904). Fatigue in the periphery has thus 

occurred in the absence of physical exertion. 

Since the termination of exercise has been observed to occur without attaining 

maximum cardiorespiratory and metabolic capacity, a further model proposed by 

Kayser (2003) suggests that the central nervous system plays the key role as the limiting 

factor for exercise performance. By integrating afferent information and a safety margin, 

the brain is able to forecast the endpoint and match the available capacity with the 

tolerable limit, making a conscious decision to stop exercise and protect the integrity of 

the organism. Kayser (2003) cites the cardio-respiratory and muscle metabolic 

capacities as important limiters to exercise performance, but also suggests that it may be 

the ability to push the limits imposed by the CNS without sustaining serious damage to 

the organism that differentiates between winners and losers. 

More recently, Marcora and colleagues (2009) deliberately fatigued 

experimental participants with a cognitive task while control participants watched an 



   Chapter 2: Literature Review 

 

 

 

23 

entertainment program before cycling to exhaustion. The fatigued participants had a 

higher rating of perceived exertion (RPE) and terminated exercise earlier at  640 s 

compared to  754 s in the controls, despite similar cardiac output and oxygen 

consumption measurements. Since the higher RPE during cycling occurred in the 

absence of major physiological alterations, the authors concluded that exercise 

performance is limited by perception of effort rather than physiological factors 

(Marcora et al., 2009). 

2.1.3 Anticipatory model 

The feedback mechanism of the catastrophe model does not sufficiently explain 

several circumstances surrounding fatigue, particularly in light of the view that those 

conclusions were drawn from exercise at fixed work rates controlled by the 

experimenter (Noakes & St Clair Gibson, 2004).  

For the optimal regulation of performance during heavy exercise, Ulmer (1996) 

suggested the feedback system must exist with a programmer that takes into 

consideration the finishing point (teleoanticipation). The control system integrates 

afferent information from the somatosensory, metabolic, and behavioral 

psychophysiological systems for the optimal adjustment of performance during heavy 

exercise, accomplished without reaching early exhaustion before the endpoint. In 

examining this model, Ulmer (1996) observed a discrepancy between power and heart 

rate during the first minutes of trained athletes cycling at ratings of 17 and 20 of Borg’s 

ratings of perceived exertion (Borg, 1982). The performance and metabolism measures 

demonstrated different time delays to stabilize, indicating the difficulty in achieving an 
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adequate feedback in the first minutes of heavy exercise (Ulmer, 1996). These time 

delays show the presence of a psychophysiological feedback system adjusting 

performance, and thus metabolic rate, to regulate optimal exercise performance while 

ensuring maintenance of homeostasis. 

Subsequent studies based on the concept of teleoanticipation were able to 

explain the variable pacing observed during intense exercise with anticipatory 

regulation of performance. The power overshoot described by Ulmer (1996) can be seen 

in the initial stages of a 60-min self-paced cycling protocol (Kay et al., 2001). This 

initial overshoot is immediately followed by a reduced efferent drive and power output 

which was maintained to the final leg whereby efferent output increased to values close 

to the start of exercise. Interestingly, these changes in power output were 

unaccompanied by similar fluctuations in psychophysiological measures. In fact, the 

heart rate remained stable and the participants rated the efforts as maximal. These 

findings indicate a subconscious regulation of neuromuscular reserve despite a 

conscious maximal effort, supporting the existence/concept of an anticipatory pacing 

strategy to prevent the onset of premature fatigue during intense exercise (Kay et al., 

2001). 

This feed-forward feed-back control of regulating exercise performance is also 

evident in studies examining substrate availability. Carbohydrate availability improves 

exercise performance (Hargreaves, Costill, Coggan, Fink, & Nishibata, 1984), yet it has 

been demonstrated that carbohydrate mouth rinsing can improve performance 

(Chambers, Bridge, & Jones, 2009), evidence that the brain is able to project the 

availability of substrates independent of the gut to sustain exercise performance without 

risking the development of irreversible physiological damage. 



   Chapter 2: Literature Review 

 

 

 

25 

Fatigue during exercise is usually defined as the inability to maintain a given 

exercise intensity or power output (Zinchenko, Leonova, & Strelkov, 1985). The 

definition of fatigue is expansive and has been described as a “common sensation” or a 

“reduction or cessation in workload” (Ament & Verkerke, 2009). It has also been 

described as an accumulation of metabolites resulting from exercise i.e., an increase in 

lactate and a decrease in pH levels (Sesboüé & Guincestre, 2006). Fatigue is also 

described as a psychological entity, representing a subjective, mental and emotional 

variable not produced by exercise, originating from subconscious control structures, and 

can be an integrative process involving a number of different brain regions (Ament & 

Verkerke, 2009; Sesboüé & Guincestre, 2006; St Clair Gibson et al., 2003). 

Regardless of the definition used, it is necessary to be mindful that it is unlikely 

that any one factor can fully account for the fatigue process. Thus, fatigue results from a 

combination of changes such as variations of local concentrations inside the cell, 

impaired motor drive, severe depletion of blood or muscle carbohydrates or production 

of reactive oxygen species (Cairns & Lindinger, 2008; Sesboüé & Guincestre, 2006). 

The work of Mosso titled La Fatica: “fatigue” in 1904 provides an early insight 

to how the different systems of the human body relate to fatigue. Specifically, Mosso 

categorized fatigue into two phenomena: “The first is the diminution of the muscular 

force. The second is fatigue as a sensation. That is to say, we have a physical fact which 

can be measured and compared, and a psychic fact which eludes measurement” (Mosso, 

1904). Therefore, although not using the same terms as present day, it would seem that 

Mosso ascribed central and peripheral contributions to the development of fatigue. 

Fatigue is also experienced by elite athletes. Elite athletes who get insufficient 

rest and recovery can experience both acute and chronic fatigue (Bompa & Haff, 2009). 
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Acute fatigue appears to be task specific while chronic fatigue occurs from the 

convergence of physical and psychological stress, thus resulting in declines in 

performance. Maladaptation to a prolonged bout of high-volume or high-intensity 

training undertaken to induce overreaching might lead to overtraining (Bompa & Haff, 

2009). Overreaching can be defined as an exhaustive exercise-related acute stress 

resulting in temporary deterioration in performance capacity, in which recovery may 

take several weeks or months (Kasikcioglu et al., 2008). The continued imbalance 

between training and recovery may result in an accumulation of training and/or non-

training stress resulting in a long term decrement in performance capacity, in which 

restoration of performance capacity may take several weeks or months i.e., overtraining 

(Halson et al., 2002). 

The physiological changes associated with age result in reductions in functional 

capacity and altered body composition. These age-related reductions may require older 

adults to exert more effort at any exercise intensity compared to younger persons, and 

may lead to declines in physical activity volume and intensity (Chodzko-Zajko et al., 

2009). Although it seems reasonable to suggest that age-related changes in muscle 

morphology and motor unit remodeling, as well as the associated loss of strength and 

slowed contractile properties, may accelerate neuromuscular fatigue in old humans, the 

collective results suggest that it is not possible to make this generalization. In fact, it 

cannot be generalized that the muscles of old humans are either more or less fatigable 

than young adults because the extent of the difference in fatigability relies strongly on 

the fatigue task performed. Age-related changes that occur within the neuromuscular 

system may result in an increase or decrease of their susceptibility to failure in central 

drive, muscle membrane excitability, excitation–contraction coupling mechanisms, and 
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metabolic capacities depending on the tasks performed. Further, subject habituation, 

physical activity status, and sex can confound the effects of fatigability (Allman & Rice, 

2002). 

2.1.4 Assessment of fatigue 

Given the variables surrounding fatigue, it then follows that there are a variety 

of measures to assess fatigue. For example, depletion and accumulation of metabolites, 

central and neuromuscular measurements, psychological assessment, power output and 

tissue oxygenation. This section summarises the assessment of neuromuscular fatigue. 

A definition of maximal voluntary contraction is a maximal contraction that a 

subject accepts as maximal and is limited by the subject’s capacity to activate motor 

units. Voluntary activation is the level of voluntary drive during an effort, so a 

progressive reduction in voluntary activation of muscle during a maximal voluntary 

contraction points to a development of central fatigue. Voluntary activation can be 

measured using the twitch interpolation technique – where a stimulus is delivered to the 

motor axons innervating the muscle during a maximal voluntary contraction (Figure 

2.1), although this measurement does not differentiate the source of excitation or if the 

drive is delivered to the motoneuron pool or the muscle (Gandevia, 2001). 
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Figure 2.1 Control twitch produced by 

supramaximal stimulation of the ulnar nerve (a) 

superimposed responses during attempted 

MVC (interpolated twitch); (b) control twitch. 

Voluntary activation (%) = 1 – [Interpolated 

twitch amplitude (a)/Control twitch amplitude 

(b)] × 100. Figure from Gandevia (2001).  

Peripheral sources of fatigue include neuromuscular propagation and contractile 

properties which can be indirectly measured by the amplitude of the compound muscle 

action potential (M wave) in response to peripheral electrical stimulation (Allman & 

Rice, 2002). Peak-to-peak amplitude of the M wave reflects the muscle membrane 

excitability (Milner-Brown & Miller, 1986) and may be associated with function of 

sodium-potassium transport system (Hicks, Cupido, Martin, & Dent, 1992) or reduced 

Ca
2+

 release from the sarcoplasmic reticulum (Westerblad, Duty, & Allen, 1993). 

Additionally, the speed of the evoked twitch, e.g., as measured by the relaxation time 

(Roos et al., 1997), may be associated with the contractile properties of the muscle, 

possibly caused by alterations in sarcoplasmic reticulum calcium kinetics (Margreth et 

al., 1999). Furthermore, the rate of torque development is thought to be dependent on 

the speed of cross-bridge formation influenced by muscle Ca
2+

 kinetics (Hunter et al., 

1999). 
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2.1.5 Age and fatigue 

Investigations of fatigue in the aged population have not found conclusive 

evidence that older adults are more or less susceptible to fatigue. In examining the effect 

of age on relative fatigability during maximum voluntary contraction of the adductor 

pollicis muscle, older males exhibited greater resistance to fatigue than younger subjects 

(Ditor & Hicks, 2000). The authors speculated that older adults were significantly less 

fatigable than younger adults because of histological changes in the muscle benefiting 

muscular endurance and correcting for the age-related leftward shift in the force-

frequency curve.  

Another study compared the effect of age on sarcoplasmic reticulum Ca
2+

 uptake 

reported lower maximal rates of Ca
2+

 uptake in resting muscle and slower rates and 

times of quadriceps relaxation in elderly compared with younger women. Following 12 

weeks of high-resistance exercise training, maximal rate of Ca
2+

 uptake increased 

without a concomitant increase in quadriceps relaxation time and rate, an indication that 

maximal rate of Ca
2+

 uptake was not the limiting mechanism for the slowing of 

quadriceps relaxation (Hunter et al., 1999). Taken together, it is unclear if the age-

related changes that occur within the central and peripheral system results in an increase 

or decrease in susceptibility to fatigue. 

2.2 Pacing  

Competitive athletic events typically comprise a start and an endpoint for which 

the goal of the performer is to complete the event with the best performance. Given 
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knowledge of the endpoint (teleoanticipation), the performer consciously decides on the 

pacing strategy at the start of the event (Ulmer, 1996) but continually adjusts the pace 

throughout the event based on afferent information derived from the peripheral internal 

and external receptors. Based on motivation and previous experience, the feedforward 

control mechanism initiates the regulation of power output, heart rate, respiratory rate, 

blood pressure, and cellular metabolic rate (St Clair Gibson et al., 2006). This initial 

setpoint is then continuously regulated depending on feedback from physiological 

receptors detecting changes in the internal and external environment (Noakes, 2011). 

Thus, this feedforward-feedback regulation of pacing facilitates optimal performance 

while avoiding irreversible physiological damage. Pacing is most evident in competitive 

events, but also occurs in short and long duration exercise bouts. This section describes 

factors affecting the regulation of pacing and the effect of age on pacing strategies. 

2.2.1 Knowledge of endpoint 

Since the initial selection of the pacing strategy is a conscious decision made by 

the performer (Tucker, Marle, Lambert, & Noakes, 2006), it seems reasonable to 

assume that knowledge of the endpoint anchors the regulation of metabolic activity 

(Ulmer, 1996). This endpoint is seemingly measured in relative time or perceived 

distance. Thus, athletes misinformed regarding the duration of the exercise bout are 

unable to accurately interpret afferent physiological feedback, resulting in 

underperformance when actual duration is shorter than expected and premature fatigue 

vice versa (Tucker, 2009a). However, subjects were not affected when provided 

misinformation of the length of each kilometre within a 20 km cycling time trial, and 
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took similar times to complete each trial (Albertus et al., 2005), suggesting that pacing 

is based on perceived rather than actual distance. 

The overall perceived exertion rating integrates central and peripheral 

information, including signals from the central nervous system, cardiovascular, 

respiratory and musculoskeletal systems and increases linearly during controlled 

exercise to give a single best indicator of the degree of physical strain (Borg, 1982). Yet 

during self-paced exercise, RPE is associated with varied power output and 

physiological values (Ulmer, 1996). Re-interpreting data from Baldwin (2003), Noakes 

(2004) elucidated the fact that the rate of rise in RPE was similar in two experimental 

conditions when expressed relative to total trial duration even though the original 

researchers concluded athletes in the high-glycogen condition performed better due to a 

significantly lower rate of rise in RPE, giving evidence to the hypothesis that RPE is 

really a measure of the relative duration of exercise.  

An early study examining the development of neuromuscular fatigue during 60 

min of self-paced cycling in warm, humid conditions demonstrated that reduction in 

efferent drive and power output commenced in the early stages of exercise and then 

increased during the concluding stages of exercise (Kay et al., 2001). This increase in 

neural drive and power output during the final sprint suggests the presence of a 

neuromuscular reserve during self-paced exercise. Figure 2.2 illustrates the changes in 

integrated electromyography, power output and maximum heart rate over six sprints. 
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Figure 2.2 Time normalised data for power output (open 

triangles), iEMG (closed squares), and frequency spectrum 

depicting maximum heart rate (closed diamonds) at the 

mid-point of each of the six sprints. Data are presented as 

mean±SEM (N = 11). *P < 0.05, significant compared 

with first sprint interval. Figure from Kay et al. (2001).  

Later studies describe the feedforward mechanism of the RPE (St Clair Gibson 

et al., 2006) and explains the “endspurt” phenomenon in self-paced trials whereby 

athletes are able to increase performance output at the end of the race when they should 

be the most fatigued (Tucker, 2009a). As the uncertainty of the endpoint becomes 

reduced the closer the endpoint is approached (Tucker, 2009a), the regulatory centre is 

able to make subconscious calculations that the physiological reserve no longer needs to 

be maintained and the drive to increase performance output can be centrally mediated to 

“override” fatigue by increasing muscle recruitment without causing a catastrophic 

failure. 

This regulation of performance occurs in short-duration maximal isometric 

voluntary contraction, all-out sprint events, and exercise bouts of short and longer 
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duration (Ansley, Noakes, Robson-Ansley, & St Clair Gibson, 2004; Enoka & Stuart, 

1992; St Clair Gibson et al., 2006). Thus, this regulation occurs irrespective of the 

duration of the exercise bout. 

2.2.2 Environmental conditions 

Pacing is affected by the environmental condition in which the exercise is 

performed. In a RPE clamp exercise protocol where subjects are required to exercise at 

a constant RPE, Tucker and colleagues (Tucker et al., 2006) showed that the power 

output up to  10 minutes of exercise was similar between three environmental 

conditions, and suggested that the initial selection of work rate was set in a feedforward 

manner based on previous experience. However, the work rate after 10 minutes 

decreased more rapidly in the hot condition than in the temperate or cool conditions 

which occurred in the absence of a limiting critical core temperature (Nybo & Nielsen, 

2001b). The authors further posit that the moderation in work rate was likely caused by 

a significant rise in skin temperature which provided afferent feedback, which regulated 

the rate of heat storage. 

Single-celled paramecia innately survive by gravitating to a more homeostatic 

environment (Marino, 2014). Likewise, athletes volitionally terminate exercise before 

reaching lethal levels of hyperthermia even when they are not given knowledge of their 

core temperature. RPE is linearly correlated with body temperature, with maximal RPE 

occurring at approximately 40 °C (Nybo & Nielsen, 2001b). Interestingly, the authors of 

a field study observed an increase in performance in the final kilometre of a foot race 

which commenced when core temperature in the runner was recorded as 40.6 °C (Lee, 
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Nio, Lim, Teo, & Byrne, 2010). Palm cooling can temporarily override fatigue 

mechanisms during intense intermittent resistance exercise (Kwon et al., 2010). 

Subjects altered their pacing strategy within less than 60 s of exposure, without 

their knowledge to gas mixtures with different inspired oxygen fractions, with a dose 

dependent effect. EMG activity was reduced in proportion to the reductions in power 

output, indicating that the reduction in power output on exposure to hypoxia was 

associated with a reduced central motor drive. This effect was anticipatory and did not 

occur only after there had been a catastrophic failure of oxygen delivery to one or more 

vital organs (Amann et al., 2006).  

2.2.3 Psychological 

If pacing is first set in a feedforward manner, then it would stand to reason that 

the psychological state of the athlete will affect the pacing. The psychobiological model 

of exercise tolerance posits that participants disengage from the task because the effort 

required by the task exceeds the greatest effort they were willing to exert (Marcora, 

2008). Studies on motivation have demonstrated that RPE is reduced during periods of 

crowd support (Noakes, 1992)  and monetary reward (Cabanac, 1986).  

The psychological mechanism of anticipatory control can be manipulated at the 

conscious and sub-conscious levels. Subjects originally provided deceptive information 

displayed a significantly increased RPE when informed on time remaining to 

completion of the exercise bout compared to subjects who had not been misinformed 

(Baden, McLean, Tucker, Noakes, & St Clair Gibson, 2005; Baden, Warwick-Evans, & 

Lakomy, 2004). This occurred without changes in heart rate or stride frequency. In a 
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separate study, subjects hypnotically manipulated to believe they were cycling uphill 

displayed increases in heart rate and RPE even though the gradient remained unchanged 

(Williamson et al., 2001).  

The manifestation of fatigue is a symptom identified in chronic fatigue 

syndrome – an illness characterised by persistent and debilitating fatigue, along with 

cognitive, musculoskeletal, and immunological symptoms, resulting in significant 

functional impairment. Despite a large body of research, the etiology of chronic fatigue 

syndrome remains unclear. Investigations have included the influence of genetics, CNS 

and immune system abnormalities, and exercise intolerance. Indeed, studies focusing on 

the physiological responses of chronic fatigue syndrome patients have found that they 

do not achieve their age-predicted maximal heart rate and have a higher degree of 

perceived effort for a given workload (Afari & Buchwald, 2003). 

2.2.4 Experience 

The pacing strategy initiated at the start of the event is based on prior knowledge 

and memories of previous similar events performed by the athlete (Paterson & Marino, 

2004). As more memory representations of exercise bouts of different durations are laid 

down from repeated training bouts and athletic events, the accuracy of the scalar 

internal clock is likely to improve (Paterson & Marino, 2004).  

Weather affected pacing strategy in faster runners and appeared to have little or 

no effect on slower runners. In cool weather, winners started the marathon at a velocity 

slower than their average race velocity and were able to sustain the velocity for the 

duration of the run; in warm weather, the winners started out closer to their average 
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velocity but decelerated during the second half of the race. In contrast, slower finishers 

followed similar decelerating pacing patterns regardless of air temperature. Faster 

runners exhibited an end spurt, and this was significantly faster than the 35–40 km only 

in the warmer weather. The authors explained that this may be observed because of 

maintenance of a slower velocity in the warmer condition (Ely et al., 2008), possibly to 

prevent accumulation of a heat load. 

This adjustment of work rate by regulating the degree of motor unit recruitment 

to prevent development of hyperthermia was demonstrated in a study comparing 

African to Caucasian runners performing 8 km time trials in two environmental 

conditions. African runners had a lower rate of heat storage and performed better than 

Caucasian runners only in the heat. Caucasian runners reduced their running speed 

despite moderately elevated rectal temperatures in an anticipatory exercise response to 

ensure optimal rate of heat storage (Marino, Lambert, & Noakes, 2004).  

2.2.5 Assessment of pacing 

Evidence of pacing can be observed in the performance variable generated over 

the exercise bout. These can be in the form of power output (Kay et al., 2001) or speed 

(Micklewright et al., 2012). Interestingly, the U-shaped curve or the endspurt is 

observed in healthy and fit young adults (Kay et al., 2001) as well as in schoolchildren 

aged 11–14 years (Micklewright et al., 2012). 

During exercise at higher intensities when adenosine triphosphate is supplied 

from non-mitochondrial sources to fuel muscle contraction, the resulting breakdown of 

adenosine triphosphate to adenosine diphosphate and inorganic phosphate leads to an 



   Chapter 2: Literature Review 

 

 

 

37 

accumulation of protons because they are not used by the mitochondria for oxidative 

phosphorylation. Thus, peripheral blood lactate may be used as an indirect indicator of 

increased proton release and the potential for decreased cellular and blood pH (Robergs 

et al., 2004).  

Borg constructed a scale which increased linearly with exercise intensity, 

allowing exercising subjects to rate their perceived exertion (Borg, 1970). This 

subjective rating of perceived physical strain is correlated with objective physiological 

variables, and Borg (1982) believed that this overall perceived exertion is an indicator 

of integrated information from the periphery, central nervous system, and experiences. 

Indeed, the work of Crewe and colleagues (Crewe, Tucker, & Noakes, 2008) 

demonstrated that the rate of increase in RPE accurately predicts the duration of 

exercise to exhaustion at a fixed work rate.  

Near infrared spectroscopy (NIRS) is a non-invasive technique used to evaluate 

changes in tissue oxygenation, which has been validated with measurements of jugular 

bulb venous oxygen saturation (considered an index of mixed cerebral oxygenation) 

(Pollard et al., 1996) and is thus an effective tool for monitoring changes in cerebral 

oxygenation and haemodynamics during functional brain activation. Changes in 

oxyhemoglobin measured by NIRS is an index of cerebral blood flow and reflects 

cortical activation during motor tasks (Hirth, Obrig, Valdueza, Dirnagl, & Villringer, 

1997) whereas cerebral deoxygenation may be an indication of systemic hypoxaemia 

(Nybo & Rasmussen, 2007). In the muscle, NIRS oxygenation can be used to detect 

blood flow and provide an indication of O2 saturation (Boushel et al., 2001) and 

deoxygenation reflects the balance between O2 delivery and utilisation (DeLorey, 

Kowalchuk, & Paterson, 2004a). Exercise in the heat presents numerous physiological 
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challenges and leads to alteration in pacing strategies (Tucker et al., 2006). It is not clear 

how the altered pacing strategy is manifested, although neuronal activity in a hot, humid 

environment might indicate how pacing is handled centrally. Smith and Billaut (2010) 

demonstrated that exercise in hypoxic conditions elicited an earlier and larger degree of 

cerebral deoxygenation than normoxic conditions suggesting that changes to prefrontal 

cortex oxygenation contributes to the impairment of exercise performance. At present 

there are no data which describe the differences or changes in cerebral blood flow which 

could shed light on the evolution of pacing in different age groups in different 

environments. Thus, NIRS allows non-invasive monitoring of central and peripheral 

changes in tissue oxygenation during exercise to gain an understanding of factors 

contributing to fatigue.  

A study examining pre-frontal haemoglobin oxygenation in trained cyclists 

demonstrated that increasing cerebral blood flow by clamping end-tidal PCO2 during 

exercise impaired performance, suggesting that cerebral oxygen delivery may not be a 

limiting factor in central motor drive during incremental exercise (Subudhi et al., 2011). 

Thomas and Stephane (2008) demonstrated a decrease in muscle oxygenation during 

exercise to exhaustion while cerebral oxygenation increased in the first few minutes of 

exercise but decreased when workload increased. 

Trained runners completing a self-paced 5 km time trial in a normoxic 

environmental condition maintained cerebral oxygenation levels that did not impair 

performance. Furthermore, decrements in cerebral oxygenation coincided with an 

increase in skeletal muscle recruitment at the end spurt (Billaut, Davis, Smith, Marino, 

& Noakes, 2010).  
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The decrease in voluntary activation during passive heating of up to rectal 

temperature of 39.5 °C was not accompanied by concomitant decrease in cerebral 

oxygenation, indicating that overall cerebrovascular regulation was maintained and did 

not contribute to impaired neuromuscular function in the heat (Morrison, Sleivert, 

Neary, & Cheung, 2009). 

Although pulmonary oxygen uptake kinetics are slower in older adults, DeLorey 

and colleagues (2004b) demonstrated that muscle deoxyhemoglobin adapted at a similar 

rate compared with younger adults when transiting to moderate intensity exercise 

without prior warm up, while it was slowed when preceded by heavy intensity warm up. 

This suggests that heavy intensity warm up improved local muscle blood flow and 

oxygen delivery (DeLorey et al., 2004b). 

2.2.6 Age and pacing 

There are a multitude of studies examining pacing strategy in various 

populations and even in schoolchildren, but there is a lack of current literature 

determining if older adults use the same strategies during self-paced exercise. There is 

evidence that endurance performance declines with age (Tanaka & Seals, 2008), but the 

strategies utilized by older athletes to perform bouts of exercise in leisure and 

competition remain unclear and under studied. The ageing demographic has led to an 

increased participation in sports and competitive events. Research on the pacing strategy 

in the ageing population may elucidate strategies utilised by this population for the safe 

and successful completion of exercise. 
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2.3 Thermoregulation 

Heat is generated as a natural by-product during normal human metabolic 

reaction and during exercise, core temperature rises in direct proportion to relative 

exercise intensity (Nielsen, 1938). During exercise in thermoneutral conditions, humans 

are able to effectively dissipate the gain in metabolic heat production by losing heat 

through radiation, conduction, convection and evaporation. However, maintaining 

thermal balance is more difficult when exercising in hot and humid conditions. Indeed, 

the number of finishers in the Olympic Marathon decreases with increasing ambient 

temperatures (Martin & Gynn, 2000). Studies showing that exercise performance is 

impaired in the heat (González-Alonso et al., 1999; Nielsen et al., 1993; Nybo & 

Nielsen, 2001a) have attributed this reduced performance to the attainment of a critical 

limiting core temperature (González-Alonso et al., 1999), an inability of the 

cardiovascular system to compensate for the increased demand for skin circulation 

(Rowell, Marx, Bruce, Conn, & Kusumi, 1966), and accumulation of metabolites. 

However, the exact mechanisms leading to fatigue during exercise in the heat was 

unclear. According to Marino and colleagues (2004), it is the rate of rise in core 

temperature that regulates exercise performance. Nybo and Nielsen (2001a) proposed 

that a high core temperature  reduced the CNS drive, thus reducing the number of motor 

units necessary to maintain force development. Kay and colleagues (2001) 

demonstrated a reduction in efferent drive and power output commencing in the early 

stages of exercise, increased the neural drive to the muscle in conjunction with an 

increasing power output during the final sprint, suggesting maintenance of the ability to 
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activate the muscle and the presence of a neuromuscular reserve during self-paced 

exercise.  

CNS is able to reduce drive to exercised muscle for physiological preservation 

without the attainment of a critical level of hyperthermia (Saboisky, Marino, Kay, & 

Cannon, 2003). This is in contrast to the findings of Nielsen et al. (1993) and González-

Alonso et al. (1999) where the authors concluded that hyperthermia leads to a general 

reduction in central drive to both exercised and non-exercised muscles. 

During self-paced exercise in the heat, work output and skeletal muscle 

recruitment are down-regulated early during the trial, before body temperature is 

significantly elevated, suggesting that the rate of heat storage may contribute to the 

afferent input responsible for a reduction in work rate in the heat (Tucker, Rauch, 

Harley, & Noakes, 2004). This centrally mediated mechanism allows the safe 

completion of an exercise bout while maintaining thermal homeostasis can be 

overridden consciously to produce a higher power output at the end of the trial despite 

higher core temperatures, heart rates and RPE than when power output was initially 

down-regulated near the start of the trial (Tucker et al., 2004). In the same manner, 

maximal isometric force production and voluntary activation decreased by 13% and 

11%, respectively, when males aged 18–30 years were passively heated from  37.5°C 

to  39.5°C. Cooling measures decreased skin temperature, and cardiovascular and 

psychophysical strain, suggesting that core temperature is the primary modulator of 

neuromuscular function, ensuring that force output is reduced in advance of excessive 

heat accumulation to ensure that a catastrophic rise in body temperature does not occur 

(Morrison, Sleivert, & Cheung, 2004).  
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Under heat stress conditions, humans rely to a large extent on the ability to 

activate eccrine sweat glands (i.e., those under sympathetic cholinergic control) and the 

ability of those glands to secrete sweat to regulate body temperature (Kenney & Munce, 

2003). This ability to sweat, and evaporation of the sweat into the environment, is 

critical in dissipating heat production from active muscles during exercise, thus 

modulating core temperature and allowing the continuation of exercise (Charkoudian, 

2003).  

Work rate is altered based on continuous afferent feedback and is initially 

regulated in a feed-forward manner in an absence of a critical rectal temperature. This 

adjustment (a decrease in iEMG /activation of skeletal muscle) in hot environments 

ensures that the rate of heat storage is set at a rate where a limiting rectal temperature is 

never attained, thus avoiding a catastrophic physical failure (Tucker et al., 2006). 

The increase in RPE was set at a faster rate from the start of the trials in the 

hotter environmental conditions. Rectal temperature increased linearly during the trial 

and correlated significantly with RPE. The authors concluded that their study supported 

the hypothesis that the brain integrates afferent feedback at the onset of exercise and 

pre-sets the duration of exercise based on its own decision of when fatigue will occur, 

allowing an appropriate rate of heat storage that ensures the exercise bout is completed 

before dangerous hyperthermia develops (Crewe et al., 2008). 

2.3.1 Cardiovascular 

During exercise, blood vessels in the skin vasodilate to maintain thermal balance 

by the sympathetic nervous system (Charkoudian, 2003). When exercising in the heat, 
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the combined circulatory demands of muscle and skin can affect optimum 

cardiovascular function. Plasma volume decreases due to an increase in blood pressure 

and the loss of body fluids through sweating (Costill & Fink, 1974). During lower 

intensity exercise, heart rate can increase to compensate for the fall in stroke volume to 

maintain cardiac output, but at higher intensities, cardiac output remains reduced when 

the increase in heart rate cannot offset the deficit in stroke volume (Rowell et al., 1966).   

 Since aerobic exercise training can improve the cardiovascular system, highly 

fit subjects who habitually train demonstrate higher levels of exercise-heat tolerance in 

an uncompensable heat stress environment (Cheung & McLellan, 1998). 

2.3.2 Circulatory 

During exercise in the heat, the competing demands between blood flow to the 

muscles and increased demand for skin circulation blood flow results in a decreased 

blood flow to the splanchnic, renal, hepatic and non-exercising muscle.  

Hyperthermia does not seem to affect the activation pattern of the muscles, but 

the alterations in cerebral activity (middle cerebral artery mean blood velocity and EEG 

frequency shift) indicates that the CNS rather than muscular activity is associated with 

the hyperthermia-induced development of fatigue during prolonged exercise in hot 

environments (Nybo & Nielsen, 2001b).  

When the body is hyperthermic, the sympathetic active vasodilator system is 

activated and skin blood flow increases and can approach 6 to 8 l/min during high levels 

of thermal stress. This cutaneous vasodilation increases heat dissipation and assists in 

maintenance of homeostasis. The basoreflex-mediated cutaneous vasoconstriction also 
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actively regulates blood pressure in hyperthermia. Thus, skin blood flow and blood 

pressure regulation need to work in tandem (Charkoudian, 2003). Under heat stress 

conditions, humans activate eccrine sweat glands to secrete sweat (Kenney & Munce, 

2003). The evaporation of sweat into the environment allows heat loss to occur to 

regulate body temperature during exercise. Leg muscle blood flow assessed by constant-

infusion thermodilution technique was similar at 10 min of exercise and at exhaustion 

and was unaffected by acclimation (Nielsen et al., 1993). 

2.3.3 Metabolites 

Higher heart rates are expected during exercise heat stress due to the higher 

concentrations of plasma adrenaline (Nielsen, Savard, Richter, Hargreaves, & Saltin, 

1990). Higher rates of lactate accumulation during exercise in the heat are thought to be 

due to an elevated catecholamine drive. Although it has been found that heat augments 

rise in lactate, lactate was lower than cool condition due to the faster running speeds 

sustained. Plasma urate accumulation was similar at the completion of running in both 

cool and hot, humid conditions, while ammonia was significantly augmented in hot 

conditions compared with cool, suggesting that ammonia accumulation during heat 

stress exercise might be derived from sources other than purine catabolism (Marino et 

al., 2001). 
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2.3.4 Interventions to mitigate risk of exercising in the heat  

Acclimation resulted in increased sweating rate, lower rate of rise in core 

temperature, and heart rate, and prolonged endurance time (Nielsen et al., 1993). Heat 

acclimatisation improved work tolerance and lowered RPE with minimum 

thermoregulatory responses (sweat rates, onset of sweating, core temperatures, heart 

rate), although the lack of heat acclimatisation could be attributed to the soldiers being 

natives of a warm and humid climate and the improvement in performance attributed to 

a psychological advantage conferred from the heat acclimatisation program (Lee et al., 

2012).  

Local cooling of the palms between sets of resistance exercise enabled an 

increase in work performed during subsequent sets of bench press exercise. The authors 

concluded that the improved performance may be the result of a delaying the onset of 

central fatigue caused by output from hand thermal receptors (Kwon et al., 2010). 

2.3.4.1 Hydration 

Soldiers participating in a competitive 25-km route march while carrying a load 

and in standard issue battle dress maintained safe body temperatures of less than 

40.4 °C while exercising in maximum dry bulb temperature of 44.3 °C. The soldiers 

drank profusely, but were still “dehydrated” according to body mass loss. Authors 

concluded that participants consuming ad libitum fluid were able to self-regulate pacing 

strategies to ensure safe thermoregulation in a hot environment (Nolte, Noakes, & Van 

Vuuren, 2011). 
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Fluid ingestion is a safe and practical strategy to mitigate exercise hyperthermia 

in comparison to pre-cooling and hydration. Studies investigating the effects of 

ingesting fluids including water, carbohydrates, electrolytes, and glycerol (Hargreaves, 

Dillo, Angus, & Febbraio, 1996; Marino, Kay, & Cannon, 2003; Maughan, Leiper, & 

Shirreffs, 1997; Sawka & Montain, 2000) show the beneficial effects of hydration on 

thermoregulation and metabolic parameters. The mechanisms through which fluid 

ingestion attenuates the rise in core temperature and enhances exercise performance in 

the heat are unclear, although postulations include circulatory such as maintenance of 

increased sweating response. 

Hyperhydration is purported to increase exercise capacity by reducing Tc and 

increase sweat rate (Moroff & Bass, 1965), but studies evaluating hyperhydration have 

reported equivocal results. Marino et al. (2003) found that hyperhydration with glycerol 

provided no additional benefits during self-paced protocol while Hitchins et al. (1999) 

found improved exercise performance during variable intensity exercise. 

Involuntary dehydration occurs during exercise (Noakes, 1993). Thirst is not 

perceived until a loss in body mass of  2% has occurred. Reliance on thirst for the 

regulation of fluid ingestion will incur some degree of dehydration. Humans fail to 

replace the water loss during prolonged exercise (Armstrong, Hubbard, Szlyk, Matthew, 

& Sils, 1985) when provided water ad libitum. Apart from a structured rehydration 

strategy to prevent detrimental hypohydration, individuals must ensure that they are 

euhydrated at the start of exercise (Sawka et al., 2007). Neither the brain nor liver lost 

significant water (Sawka & Montain, 2000). 

Fluid restriction increased the rate of rise in rectal temperature after pre-

warming, therefore reducing the time to fatigue (Marino, Kay, et al., 2004). Rectal 
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temperatures were similar at the end of fatiguing trial so rectal temperature does not 

determine time to fatigue, fluid restriction had a higher rate of rise in rectal temperature 

compared with full fluid replacement. Fluid protocol in this study did not affect sweat 

rate (Marino, Kay, et al., 2004).  

2.3.5 Ageing and thermoregulation 

Baseline Tc levels in healthy older adults are not different from those in younger 

individuals under resting thermoneutral conditions (Kenney & Munce, 2003). Older 

people have lower sweat rates due to smaller sweat ouput per activated gland due to a 

decline in glandular function in the 70s and 80s. There are no age differences in active 

gland density although oldest sweated less than youngest groups (Kenney & Munce, 

2003). 

Although there is evidence that older men and women sweat less during passive 

heat exposure than younger subjects, it has also been found that sweat rate was strongly 

determined by the aerobic fitness of the subjects rather than by chronological age 

(Kenney & Munce, 2003). 

Reduced skin blood flow in response to local heating is attenuated with age, 

attributed to structural alterations (loss of capillary plexus functional units, flattened 

underside of the epidermis and a decrease in rete ridges) (Kenney & Munce, 2003). Skin 

blood flow response to increase Tc is attenuated – due to decreased active vasodilator 

sensitivity at a given Tc. This age-related decrease in skin blood flow is associated with 

a smaller increase in cardiac output as well as less redistribution of blood flow from the 

splanchnic and renal circulations (Kenney & Munce, 2003). Decreased cardiac output is 
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a result of a lower SV, since the older were able to increase their heart rate to a similar 

extent as the young, albeit at a greater proportion of HRR (Kenney & Munce, 2003). 

When the effects of chronic diseases and sedentary lifestyle are minimized, thermal 

tolerance appears to be minimally compromised by age (Kenney & Munce, 2003). 

 Thermoregulatory processes will decline with age but can be maintained with 

fitness (Kenney & Munce, 2003). However, as the majority of research on 

thermoregulation is conducted with athletic and younger participants, the literature to 

date dealing with thermoregulation in older individuals is less extensive. Given the 

increase in participation of older adults in sports and competitive events where 

environmental temperatures can exceed 50 °C (Peiser & Reilly, 2004), there is a need to 

determine if trained and untrained older adults regulate exercise in the heat in a similar 

manner to their younger counterparts. 

2.4 Hypotheses 

We hypothesised that reduced performance will occur with increasing age and 

decreasing training status in the hot condition; and the best performance will be elicited 

with younger age and increasing training status in the thermoneutral environment. The 

physiological and thermoregulatory parameters will be reflected in these performances. 

Secondly, we hypothesised that exercise training improves the pacing strategy with a 

similar response in performance. In addition, the older untrained males after completing 

12 weeks of aerobic and resistance exercise training following the baseline cycling time 

trials would have improved performance. 
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2.5 Research questions 

This thesis examines the following research questions: 

1 Do performance and pacing strategies differ with age and training? 

 How will age and training influence power output over the 25 min time trial 

and the end-spurt? 

 Will there be observable differences in neuromuscular variables, e.g., 

voluntary activation of the quadriceps muscle? 

 How will the pacing strategy affect physiological measures such as core 

temperature and heart rate? 

 Does the self-report perception of exertion differ with age and training 

status? 

 Will there be observable differences in cerebral and muscle tissue 

oxygenation? 

2 Does 12 weeks of training designed to elicit aerobic and strength changes in 

sedentary older men alter performance and pacing strategies of a 25 min self-

paced cycling time trial with respect to the variables in Question 1? 

 Additionally, will training elicit a change in resting serum BDNF levels? 

3 How will acute and chronic training affect performance and pacing strategies in 

a hot and humid environment with respect to the variables in Question 1? 
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CHAPTER 3 

Twelve weeks of exercise training decreases brain-derived neurotrophic 

factor but did not change cycling time trial performance or pacing 

strategy in older untrained men 

3.1 Introduction 

Ageing is characterised physiologically by a decline in, but not exclusively, the 

cardiovascular (Wei, 1992) and skeletal muscle systems (Doherty, 2003). These age-

related physiological deteriorations can also be associated with disease, disability, and 

ultimately death, although the benefits of physical activity in attenuating the negative 

impact of ageing are well-documented (Cotman & Berchtold, 2002; Nelson et al., 2007; 

Seals, 2014). Sarcopenia beginning in the third decade of life can escalate in late 

middle-age which may be accompanied by a loss of function and increased disability, 

especially with decreased physical activity (Doherty, 2003). The decline in 

cardiovascular capacity and sarcopenia can account for some of the decrease in 
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performance, but older athletes have exhibited declines in strength with maintenance of 

muscle cross-sectional area (Klitgaard et al., 1990). Thus, other factors such as declines 

in central motor drive, reduced peripheral neuromuscular performance (Allman & Rice, 

2002), and/or altered muscle morphology (Lynch et al., 1999) may also contribute to 

performance decrements. 

The development of fatigue has been historically described by Mosso (1904) to 

have physical and psychological manifestations comprising a decrease in force 

production and a sensation, respectively. Thus, fatigue may be a result of the will, 

which cannot be measured, and is also the result of mechanisms from the brain to the 

muscles, which can be measured. 

For the successful completion of a bout of exercise, Tucker (2009a) suggests 

that the feedforward-feedback model explains how the conscious perception of effort 

regulates exercise performance under all conditions to protect the performer and ensure 

optimal performance because it utilises previous experience, anticipation of exercise 

duration/distance, and physiological feedback to make decisions about energy 

expenditure. Competition in the field comprises a bout of exercise with a known 

endpoint in which participants compete to the best of their capacities and abilities, 

usually at a self-chosen pace by regulating intensity. This model of exercise 

performance seems to rely in some part on cognitive decision making processes which 

have been shown in schoolchildren and athletes (Micklewright et al., 2012; 

Micklewright et al., 2010).  

Laboratory studies show that cyclists of varying abilities are able to reliably 

reproduce their exercise performance when simulating competition conditions (Marino, 

Kay, Cannon, Serwach, & Hilder, 2002). While there has been research on the 
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performance of Masters athletes aged > 35 years (Tanaka & Seals, 2008), this cognitive 

based model of exercise regulation has yet to be studied in older adults in either the 

trained or untrained state. Since the feedforward-feedback model of exercise 

performance is thought to be reliant on a cognitive component, it follows that central 

changes which affect neuronal maintenance and growth would be an integral part of this 

process. There has been research suggesting that brain-derived neurotrophic factor 

(BDNF) plays such a role in relation to exercise, whereby increases in metabolic rate 

are interfaced with changes in cognition (Cotman & Berchtold, 2002; Vaynman & 

Gomez-Pinilla, 2006). 

A recent review indicates that acute aerobic exercise increases the level of 

peripheral BDNF, whilst chronic aerobic exercise was also shown to elevate resting 

levels of BDNF; although this finding is likely to be related to the duration of the 

exercise bout. Interestingly, these authors found little evidence that BDNF increased 

with resistance training (Huang, Larsen, Ried-Larsen, Møller, & Andersen, 2014). 

These overall findings coupled with the possibility that reduced levels of BDNF are 

associated with neurological diseases, suggests that exercise training could improve 

neuronal plasticity and maintain cognitive function. 

Aerobic exercise can prevent and restore the age-related decline in endothelium-

dependent vasodilation (DeSouza et al., 2000) and impairment of heart rate variability 

in healthy older adults (Galetta et al., 2005). The effects of resistance training have 

favourable outcomes on body composition, muscle structure and the neuromuscular 

system (Cannon et al., 2007; Jubrias et al., 2001). 

Research examining the modalities of intensity (Henwood & Taaffe, 2005; 

Malbut et al., 2002; Van Roie et al., 2013), duration, and sex differences (Seals et al., 
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1984) associated with exercise for older adults have culminated in a plethora of 

recommendations and publications (Chodzko-Zajko et al., 2009; Nelson et al., 2007), 

with the American College of Sports Medicine prescribing a combination of ≥150 min 

of aerobic and resistance exercise per week, with additional benefits occurring with 

increasing intensity. Although exercise can reduce physiological declines associated 

with ageing and provide psychological and cognitive benefits (Chodzko-Zajko et al., 

2009), it cannot halt ageing per se. Indeed, Masters athletes often display remarkable 

performances at organized events, but the decrease in performance with age is still 

evident (Tanaka & Seals, 2008). 

To date, it is not known whether an exercise pacing strategy can be developed 

through training in older healthy males. Therefore, the purpose of this study was to 

examine the central and peripheral changes following a 12-week training program in 

older untrained men and whether this would alter their overall pacing strategy as their 

individual fitness changed. It was hypothesized that performance will improve post 

training and performance will be modulated by altered pacing strategies. The questions 

addressed in this study are: 

Does 12 weeks of training designed to elicit aerobic and strength changes in 

sedentary older men alter performance of a 25 min self-paced cycling time trial? 

 Will the training intervention influence power output over the 25 min time trial 

and the end-spurt? 

 Will there be a discernible change in neuromuscular variables, e.g., voluntary 

activation of the quadriceps muscle, with training? 

 How will the pacing strategy affect physiological measures such as core 

temperature and heart rate with training? 
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 Will there be observable differences in cerebral and muscle tissue oxygenation? 

 Will training elicit a change in resting serum BDNF levels? 

 Does the self-report perception of exertion differ with training? 

3.2 Methods 

3.2.1 Participants 

Eight sedentary males were recruited from the local community. All the 

participants were healthy and non-smokers. After a thorough explanation of the study, 

all participants signed a letter of informed consent that was approved by the Human 

Research Ethics Committee of the University. 

3.2.2 Study design 

The study design is depicted in Figure 3.1. Participants attended two laboratory 

trials before commencing exercise training. On the first occasion (familiarisation trial), 

each participant was familiarised with the cycling time trial which comprised a 30 s 

maximal effort sprint for every 4.5 min of lower intensity pace for a total of 25 min. 

Although the participants self-selected the gears and cadence throughout the entire 25 

min, the time trial required them to complete as much work as possible and be fully 

expended at the end of 25 min, i.e., the pace selected during the 4.5 min should have 

been one that was maximally sustainable for the duration keeping in mind the 30 s of 

maximal effort immediately following. Participants remained seated throughout the 

protocol. After 7–10 days, the participant returned to repeat the protocol. The level of 
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physical activity was kept constant through a 1-week activity diary logged at baseline 

and used to remind participants before subsequent trials. 

 

Figure 3.1 Schematic of study design. MVC = maximum voluntary contraction; VA% = 

level of voluntary activation; clear box labelled L represents 4.5 min of cycling at lower 

intensity; shaded grey box labelled S represents 30 s of maximal sprint effort. 

All trials were conducted on a cycle ergometer (Velotron Pro, RacerMate Inc., 

Seattle, WA) which was calibrated with the Accuwatt™ test ( elotron Coaching 

Software, Version 1.6.458, RacerMate Inc., Seattle, WA) before each trial. The saddle 

and handle bar positions were adjusted to fit each participant and the settings were 

recorded for subsequent trials. All trials were performed at the same time of the day in a 

climate controlled chamber with a mean dry bulb temperature and relative humidity of 

21.8 °C and 51%, respectively (Questemp° 15 Area Heat Stress Monitor, Quest 

Technologies, Oconomowoc, WI). Before each trial, each participant was asked to keep 

their eating habits relatively constant which was verified by a food diary. Following the 

pre-training trial, the participants completed 12 weeks of exercise training (described 

subsequently). Upon completion of the last training session, the participant returned to 
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the lab to perform the cycling protocol. The mean delay between the last training 

session and performing the cycling protocol was 6 days. 

The study design seeks to provide a snapshot over a period of the participants’ 

lives, thus no other controls were implemented and all participants were encouraged to 

continue their normal daily activity and dietary routines. Participants completed a 24-

hour food and sleep diary, and a 1-week activity diary at baseline which was used as a 

reference before returning for subsequent trials. 

3.2.3 Height and body composition 

During the familiarisation session, height was recorded in cm (S+M Height 

Measure, Aaxis Pacific, NSW, Australia), followed by supine whole body dual-energy 

X-ray absorptiometry (DXA) scan for analysis of whole body and regional body 

composition (Norland XR-800, CooperSurgical Inc., CT). Scanning resolution was set 

at 6.5 × 13.0 mm and scanning speed was set at 130 mm/s (Illuminatus DXA™ User 

Interface Software Version 4.2.0). The whole body was analysed for lean & fat mass in 

kg and percentage and the right thigh was analysed for lean mass to calculate muscle 

quality using Equation 3.1: 

 

                
  

  
  

                        

                     
 

Equation 3.1 
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3.2.4 Brain-derived neurotrophic factor (BDNF) 

A 4-ml blood sample (VACUETTE® Z Serum Clot Activator) was collected via 

aseptic venipuncture at the same time of the day for each participant from the 

antecubital vein while resting in a seated position for the determination of resting serum 

BDNF levels pre- and post-training. Participants were not required to fast before each 

blood collection. The blood was allowed to clot for at least 30 min at room temperature 

and was then centrifuged (Heraeus™ Primo™ R, Thermo Fisher, Waltham, MA) for 10 

min at 2200 relative centrifugal force at 20 °C. The supernatant was decanted and stored 

in a -80 °C freezer until assayed. Serum concentrations of BDNF were measured using a 

MILLIPLEX kit (Human Pituitary Bead Panel 2, EMD Millipore, Billerica, MA) 

according to the manufacturer’s instructions. Samples and BDNF standards were 

measured in duplicate and results reported in this study were obtained with a sample 

dilution of 1 part serum to 10 parts sample diluent. The 96-well plate was incubated 

overnight with agitation on a plate shaker (ThermoMixer® C, Eppendorf, Hamburg, 

Germany) at 700 rpm and 4 °C and the plate was run using MAGPIX® with xPONENT 

software (Luminex, Austin, TX). The sensitivity as reported in the MILLIPLEX kit 

literature was 2.45 pg/ml with an intraassay and interassay CV of <10 and <15%, 

respectively. 

3.2.5 Hydration 

Before each cycling time trial, participants provided a urine sample to assess 

urine specific gravity (USG) using a digital refractometer (PAL-10S, ATAGO®, Tokyo, 
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Japan). Pre and post-trial nude body mass were measured to the nearest 10 g using a 

digital scale (HW-150K, A&D Weighing, Thebarton, SA, Australia). The participants 

were provided with water heated to approximately 37 °C to consume ad libitum and 

volume consumed was measured to the nearest ml. Post trial nude mass was obtained 

within 5 min of cessation of exercise, after towelling down to remove unevaporated 

perspiration. Sweat measurement was determined from the differences in nude body 

mass from the beginning to the end of the trial and corrected for fluid intake. 

3.2.6 Neuromuscular performance – voluntary activation 

Before the cycling trial, participant’s right knee extensor strength was measured 

on an isokinetic dynamometer (Humac® NORM
TM

, CSMI, MA, USA) whilst seated 

with their arms folded across their chest and their hips and upper bodies strapped firmly 

to the seat. In this position, the hip angle was 100° flexion. The right leg was attached to 

the arm of the dynamometer at a level slightly above the lateral malleolus and the axis 

of rotation of the arm aligned with the lateral femoral condyle. The dynamometer arm 

was set so that the knee was 90° from full leg extension. Each participant performed 4 × 

sub-maximal familiarisation contractions prior to performing 3–6 × 5-s maximal 

contractions, separated by 1-min recovery periods. Subjects were encouraged verbally 

to exert the maximal possible force during each contraction. Contractions within a 5% 

variance were averaged and analysed. 

The level of voluntary knee extensor muscle activation was assessed using the 

twitch interpolation technique (Shield & Zhou, 2004) before and after the cycling trial. 

The femoral nerve was stimulated using a constant current peripheral nerve stimulator 
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(Digitimer DS7AH Digitimer, Welwyn Garden City, Hertfordshire, UK) driven by 

customised software (Labview, version 2010 SP1, National Instruments, Austin, TX, 

USA). The stimulus was delivered to the skin using self-adhesive electrodes (Verity 

Medical Ltd, Stockbridge, Hampshire, UK). The cathode was positioned medially on 

the anterior aspect of the upper thigh  1 cm below the inguinal fold, while the anode 

was positioned on the lateral aspect of the upper thigh, between the iliac crest and the 

greater trochanter. The current was delivered using a single square-wave pulse with a 

width of 200 μs at 400 V. Initially, the current applied was increased in incremental 

steps until the resting M wave and evoked twitch torque amplitude plateaus. The current 

was then increased by a further 10% to ensure supra-maximal activation of the nerve. 

Six resting twitches were elicited with 10-s rest between stimulations. The level of 

voluntary knee muscle activation was assessed across three trials with a 1-min rest 

between each attempt. Participants were instructed to slowly ramp their contraction to 

attain maximal torque over 2–3 s. Stimulus delivery during contraction was manually 

triggered by customised software when maximum voluntary contraction (MVC) was 

attained. Within 5 s following each superimposed MVC, a second stimulus was 

delivered with the knee extensors at complete rest, determined by the absence of any 

load placed on the torque strain gauge other than the effect of gravity on the lower limb 

and the absence of EMG signals from the vastus medialis. The level of voluntary knee 

extensor muscle activation during each superimposed MVC was calculated using 

Equation 3.2: 
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Equation 3.2 

Where interpolated twitch amplitude was calculated as the maximum torque value 

produced within 200 ms subsequent to the delivery of the stimulus minus the mean 

torque value produced during the 50 ms period immediately prior to stimulus delivery 

and control twitch amplitude is the maximal torque value produced following 

stimulation whilst the muscle is at complete rest. The level of voluntary knee extensor 

muscle activation was assessed for all attempts with the single highest value used for 

further analysis. 

3.2.7 Near-infrared spectroscopy (NIRS) 

A continuous-wave NIRS instrument (Oxymon MKIII, Artinis Medical Systems 

B.V., Zetten, the Netherlands) was used to examine changes in oxygenated ([O2Hb]) 

and deoxygenated ([HHb]) cerebral and muscle tissue hemoglobin concentrations 

throughout the cycling time trial. One NIRS probe was placed over the left prefrontal 

lobe, and a second probe was placed over the belly of the vastus lateralis muscle. Both 

were adjusted to optimize signal strength. The placement sites were cleaned with an 

alcohol swab. Inter-optode distance was set at 35 mm using a black, plastic spacer and 

was affixed to the skin with double-sided self-adhesive disks. Black elastic covering 

were wrapped over the probes to further secure placement and minimize the intrusion of 

ambient light. NIRS data were recorded at 10 Hz and averaged over a 10 s period [e.g., 

2:10–2:20 min for the first lower intensity (L) section and 4:40–4:50 for the first sprint 

(S)]. The [O2Hb] and [HHb] in the present study are reported as changes against a 120 s 
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baseline value collected before the commencement of each session while participants 

sat quietly on the cycle ergometer with their eyes closed.   

3.2.8 Performance time trial, physiological responses and RPE 

Power output, heart rate, core temperature and skin temperature were monitored 

continuously. Data were averaged over a 20 s period [e.g., 2:05–2:25 min for the first 

lower intensity (L) section and 4:35–4:55 for the first sprint (S)]. 

Power output derived from Velotron 3D software (Version 1.0, RacerMate Inc., 

Seattle, WA) was normalised to lean leg mass and calculated as power output (W)/lean 

leg mass (kg). Each participant was fitted with a sensor belt (Equivital™ EQ02 

LifeMonitor Sensor Belt, Hidalgo, Cambridge, U.K.) to monitor heart rate. Core 

temperature (Tc) was monitored via an ingestible telemetric sensor (VitalSense® Core 

Body Temperature Capsule, Respironics Inc., Murrysville, PA). Sparling, Snow, and 

Millard-Stafford (1993) reported similar data when comparing ingestion intervals of 3–

4 h vs 8–9 h whilst Ng, Lee, Byrne, Ho, and Lim (2008) implemented an ingestion 

interval of between 6 h 15 min to 7 h 15 min. Thus, our pilot studies indicated that 5 

hours before performing the cycling time trial was the optimum interval to ingest the 

core temperature capsule in the present population. Skin temperature (Tsk) was 

measured by iButtons® (Thermodata Viewer, 3.1.19) programmed according to the 

manufacturer’s instructions and affixed to the skin using Transpore™ tape (3M Health 

Care, St. Paul, MN) at the chest, arm, thigh and leg (Ramanathan, 1964) immediately 

before entering the climate chamber. Heart rate and Tc signals were transmitted to a 

sensor electronics module (Equivital™ EQ02 LifeMonitor, Hidalgo, Cambridge, U.K.) 
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and monitored by eqView Professional software (Version 4.1.59.6907). Rating of 

Perceived Exertion (RPE) was measured using the Borg 6–20 Scale (Borg, 1982) every 

2.5 min. Whole blood lactate (BLa) was assessed from blood taken from the ear lobe 

with a handheld analyzer (Lactate Pro, Arkray KDK, Kyoto, Japan) immediately after 

every sprint.  

3.2.9 Exercise Training 

The intervention followed a mixed method of training. The first session was 

aerobic, the second session was strength, and the third session was half aerobic and half 

strength for a total of 3 sessions per week. Aerobic exercises were performed on the 

cycle ergometer, treadmill or rowing machine and progressed from 15–55 min over the 

12 weeks. Resistance exercises targeting the major muscle groups were performed on 

pulley-weight machines (chest press, seated row, lat pulldown, shoulder press, leg press, 

leg curl, squats and lunges). Participants progressed from 3 sets of 3 exercises to 4 sets 

of 8 exercises over the 12 weeks. All sets were performed at loads permitting 

completion of 10 repetitions, with loads increasing when 12–15 repetitions were 

completed on the final set. All exercise sessions were fully supervised by qualified 

personnel and attained 100% compliance. 

3.2.10 Statistics 

The effect of training for measures obtained before and after the cycling time 

trials were identified through a paired t-test. Between and within group differences in 
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measures obtained during the time trial were identified through a repeated measures 

two-way AN  A. The source of significance was located using uncorrected Fisher’s 

LSD test. 

All statistical analyses were performed with Prism 6 software (Version 6.05, 

GraphPad Software, Inc., La Jolla, CA) for Windows. Data are presented as mean±SD 

unless otherwise indicated with significance set at P < 0.05. Effect sizes were calculated 

by dividing the difference in means by average standard deviation, and magnitudes were 

assessed using the following criteria: ≤ 0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = 

moderate, and > 0.80 = large (Cohen, 1988). The results of the statistical analysis are 

included in Appendix E.  

3.3 Results 

Participant characteristics are presented in Table 3.1. 

Mass and body composition. Total body mass pre-cycling decreased by 

0.6±1.8 kg post-training (Table 3.1). Whole body fat percentage decreased by 1.5±2.2% 

(P < 0.05) whilst total lean body mass increased by 1.4±2.1 kg (P < 0.05). 
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Table 3.1 Mean±SD (range) of age and physical characteristics for eight male 

participants 

 Pre-training Post-training Effect size, d 

    

Age (years) 58.6±4.2 

(52.5–63.7) 

  

    

Height (cm) 176.7±7.0 

(168.2–189.6) 

  

    

Mass (kg) 87.4±8.9 

(76.5–97.0) 

86.8±8.0 

(76.4–96.7) 

-0.07 

    

DXA    

    

Total fat (%) 30.3±2.8 

(27–36) 

28.8±1.5 

(27–31) 

-0.70 * 

    

Total lean mass (kg) 59.8±5.6 

(51.3–67.3) 

61.3±6.1 

(53.1–68.3) 

0.25 * 

    

Significance post-training indicated by * P < 0.05 

DXA = dual energy X-ray absorptiometry 

Effect size:  0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = moderate, and > 0.80 = 

large (Cohen, 1988) 

Significant changes were observed in BDNF and peak heart rate during the time 

trial whilst evoked resting twitch properties and cycling time trial performance 

remained unchanged. The results of descriptive measures are summarised in Table 3.2. 
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Table 3.2 Mean±SD (range) of BDNF, hydration, time trial descriptives and evoked 

twitch properties 

Variable Pre-training Post-training Effect size, d 

    

BDNF (ng/ml) 10.02±4.63 

1.35–18.35) 

6.96±3.56 

(1.53–13.21) 
-0.75 * 

    

Hydration    

    

USG 1.016±0.008 

(1.003–1.028) 

1.020±0.010 

(1.003–1.032) 

0.43 

    

Sweat rate (l/h) 0.68±0.27 

(0.26–0.96) 

0.69±0.31 

(0.31–1.20) 

0.04 

    

Time trial    

    

Distance (km) 11.40±1.07 

(10.25–13.58) 

11.26±1.06 

(9.42–13.01) 

-0.14 

    

Normalised peak power 

(W/kg) 

45.9±9.6 

(36.0–67.0) 

48.9±5.9 

(39.8–57.2) 

0.39 

    

Peak heart rate (beats/min) 161±16 

(139–180) 

154±15 

(129–173) 
-0.44 * 
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Table 3.2 Continued. 

Variable Pre-training Post-training Effect size, d 

    

    

Evoked resting twitch
a 

   

    

Peak force (N) 30.5±10.1 

(18.2–46.7) 

34.3±12.2 

(21.9–56.2) 

0.34 

    

Rate of force development 

(N/s) 

355.2±130.3 

(203.8–569.1) 

395.1±142.5 

(246.9–660.6) 

0.29 

    

Time to peak force (ms) 86.5±3.6 

(82.0–90.0) 

86.6±5.4 

(79.0–95.5) 

0.02 

    

Half relaxation time (ms) 46.3±17.9 

(31.0–81.0) 

53.0±22.2 

(28.5–84.0) 

0.34 

    

Contraction duration (ms) 132.8±19.3 

(114.5–170.0) 

139.6±21.5 

(123.0–172.5) 

0.33 

    
a
N = 6 

Significance post-training indicated by * P < 0.05 

BDNF = brain-derived neurotrophic factor; USG = urine specific gravity 

Effect size:  0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = moderate, and > 0.80 = 

large (Cohen, 1988)  
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BDNF. Resting serum BDNF levels decreased by 3.06±2.79 ng/ml (P < 0.05), 

representing a 31% change post-training (Table 3.2). 

Hydration. The increases in urine specific gravity of 0.004±0.008 units and 

sweat rate of 0.01±0.21 l/h post-training were not significant (Table 3.2).  

Neuromuscular performance and muscle quality. The resting evoked twitch 

properties remained unchanged with training (Table 3.2). Before the time trial, the 

voluntary activation was 89.9±10.6% pre-training and 86.1±4.5% post-training. This 

change was not significant with a moderate effect (-0.51). After the time trial, the 

voluntary activation was 87.6±6.4% pre-training and 85.5±2.2% post-training. This 

change was not significant with a small effect (-0.48). The time trial did not have an 

effect on voluntary activation pre- or post-training. Muscle quality pre-training was 

23.6±4.3 Nm/kg and 21.8±6.0 post-training, representing a small effect size of -0.35. 

Voluntary activation and muscle quality are shown in Figure 3.2. 
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Figure 3.2 Voluntary activation and muscle quality pre- and post-training. Data 

presented as mean. 

Near-infrared spectroscopy. Cerebral ∆[O2Hb] increased from S1 to the end of 

the cycling time trial pre- (Figure 3.3A) and post-training (Figure 3.3B) whilst changes 

in the muscle ∆[O2Hb] occurred primarily during the sprints (Figure 3.3A and 3.3B). 

There was an interaction effect in the O2Hb for both pre- and post-training. Post-

training, the muscle ∆[HHb] can be observed throughout the cycling time trial while no 

changes were observed in the cerebral ∆[HHb] (Figure 3.3D). 

Performance time trial, physiological responses and RPE. The decrease in 

total distance of 0.14±0.72 km and increase in normalised peak power of 3.0±9.3 W/kg 

were not significant after training (Table 3.2). Peak heart rate was significantly lower 

post-training (P < 0.05). 

Heart rate was significantly lower post-training at L2–5 (P < 0.0001), S1 (P < 

0.01) and S2–5 (P < 0.0001) (Figure 3.4A). Pre-training, the mean heart rate at the start 

of exercise was 115 beats/min and 156 beats/min at S5. Post-training, the mean heart 
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rate at the start of exercise was 112 beats/min and 146 beats/min at S5. There was no 

interaction effect in the heart rate during the lower intensity and sprint sections. 
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Figure 3.3 Changes from resting values in cerebral and muscle tissue oxygenation during the cycling time trial. A: Changes in O2Hb pre-training. B 

Changes in O2Hb post-training. C: Changes in HHb pre-training. D: Changes in HHb post-training. Significance from baseline indicated by * P < 0.05, 
† P < 0.01, ‡ P < 0.001 and 

§
 P < 0.0001. [O2Hb] = concentration of oxyhemoglobin; [HHb] = concentration of deoxyhemoglobin; L = lower intensity; 

S = sprint. Values are presented as mean±SEM. 
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RPE during the time trial rose from 10.3±1.9 to 16.2±2.5 (pre-training) and from 

11.7±1.9 to 16.2±2.5 (post-training) during the lower intensity sections, with a 

significant higher rating only at L1 post-training (P < 0.05; Figure 3.4B). No differences 

were observed in the RPE during the sprint sections, with a rise from 14.1±2.0 to 

18.0±2.7 (pre-training) and from 14.8±2.1 to 18.8±0.9 (post-training; Figure 3.4B). 

There was no interaction effect in the RPE during the lower intensity and sprint sections. 

Overall, BLa was lower across all sprints post-training with significance at S1 

and 4 (P < 0.05). Pre-training, the mean BLa after S1 was 6.0±1.8 and 9.5±1.5 mmol/l 

after S5. Post-training, the mean BLa after S1 was 5.2±1.7 and 9.1±1.9 mmol/l after S5. 

The Tc was lower throughout the entire 25 min of cycling post-training 

compared to pre-training (P < 0.05). Specifically, the Tc increased from 37.34±0.21 °C 

at the start of cycling to 38.07±0.31 °C at the end of 25 min pre-training and increased 

from 37.20±0.46 to 37.94±0.54 °C post-training (P < 0.05) (Figure 3.5A). There was no 

interaction effect in the Tc during the lower intensity and sprint sections. 

The Tsk increased from 31.26±0.64 °C at the start of cycling to 32.42±1.05 °C at 

the end of 25 min pre-training and increased from 31.17±0.70 to 32.06±0.87 °C post-

training. The Tsk was lower post-training during the last 10 min of cycling (P < 0.05) 

(Figure 3.5B). There was no interaction effect in the Tsk during the lower intensity and 

sprint sections. 
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Figure 3.4 Heart rate (A) and RPE (B) during the cycling time trial Significance post-

training indicated by * P < 0.05, 
†
 P < 0.01, 

§
 P < 0.0001. L = lower intensity; S = sprint. 

Data presented as mean±SEM.  

  



   Chapter 3: Study One 

 

 

74 

3 6 .5

3 7 .0

3 7 .5

3 8 .0

3 8 .5

C
o

re
 t

e
m

p
e

ra
tu

re
 (

C

)

‡

A

†

†
†

†
†

†

§
‡

‡

P o s t-tra in in g

P re -tra in in g

 

L 1 S 1 L 2 S 2 L 3 S 3 L 4 S 4 L 5 S 5

3 0 .0

3 0 .5

3 1 .0

3 1 .5

3 2 .0

3 2 .5

3 3 .0

S
k

in
 t

e
m

p
e

ra
tu

re
 (

C

)

*

B

*
*

†

†

 

Figure 3.5 Thermoregulatory responses during the cycling time trial. A: Core 

temperature. B: Skin temperature. Significance post-training indicated by * P < 0.05, 
†
 P 

< 0.01, 
‡
 P < 0.001, 

§
 P < 0.0001. L = lower intensity; S = sprint. Data presented as 

mean±SEM. 
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Normalised power is shown in Figure 3.6. During the lower intensity sections, 

the mean normalised power output ranged from 16.8–18.0 W/kg pre-training and 16.0–

17.1 W/kg post-training, with a significantly lower power output post-training at L2 and 

L5 (P < 0.05; Figure 3.6A). During the sprint sections, there were no significant 

changes in normalised power output post-training (pre-training = 31.8–41.1W/kg; post-

training = 31.8–42.2 W/kg; Figure 3.6B). For both time trials, power output commenced 

at  42 W/kg and significantly decreased to  32 W/kg by the S3 and was then restored 

in S5 to  40 W/kg. There was no interaction effect in the normalised power output 

during the lower intensity and sprint sections. Overall, the power output increased 

during the sprints and decreased during the lower intensity sections, with corresponding 

changes in heart rate.  
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Figure 3.6 Normalised power output during the lower intensity (A) and sprint sections (B) of the cycling time trial. Power output normalised to lean leg 

mass. Significance post-training indicated by * P < 0.05, 
†
 P < 0.01. L = lower intensity; S = sprint. Data presented as mean±SEM.
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3.4 Discussion 

Our findings show that with exercise training, there were physiological changes 

in the presence of maintained exercise performance. The favourable outcomes in body 

composition are in agreement with current literature (Chodzko-Zajko et al., 2009; Van 

Roie et al., 2013). However, the lack of improvement in performance is contradictory to 

other research where physical performance of older adults improved with aerobic 

exercise, resistance exercise, high-velocity resistance exercise and a combination of 

aerobic and resistance exercise training (Frontera & Bigard, 2002; Henwood & Taaffe, 

2005; Huang et al., 2005; Jubrias et al., 2001; Van Roie et al., 2013). The combined 

aerobic and resistance exercise training program in this study did not provide specific 

experience to improve performance in the cycling time trial. In other words, specific 

training is required to improve pacing strategies in previously untrained older males. 

This is a salient finding as it supports the notion that pacing is a cognitive process likely 

to be partly dependent on prior experience and the associated physiological changes and 

not solely on improved fitness.  

Similar to the lack of optimal pacing strategies in schoolchildren observed by 

Micklewright and colleagues (2012), our sample of adult males were unable to develop 

an improved pacing strategy after 12 weeks of exercise training, strengthening the 

argument that pacing is complex. Although our data does not provide a direct 

explanation as to why performance in the cycling time trial did not occur in tandem with 

cardiovascular improvements i.e., a reduction in heart rate post-training, it does 

indirectly shed light on what other elements of exercise training may be required to 

improve performance beyond fitness.   
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Although the physiological changes did not improve performance, the 

participants were able to sustain the same level of performance with less physiological 

strain. Heart rate, peak heart rate, Tc and Tsk obtained during the time trial were lower, 

whilst blood lactate and RPE at the end of S5 reached values indicating exercise was 

performed at a high intensity during both pre- and post-training trials. This implies 

positive health outcomes, important for previously sedentary individuals whose exercise 

goals are not necessarily to improve performance but to maximise physiological 

function for improved quality of life.  

In the assessment of central fatigue, peripheral electrical stimulation is delivered 

to the motor axons innervating the muscle during voluntary muscle contraction to 

measure the level of voluntary activation (Gandevia, 2001). Peripheral sources of 

fatigue include neuromuscular propagation and contractile properties which can be 

indirectly measured by the amplitude of the compound muscle action potential (M wave) 

in response to a peripheral electrical stimulation and the relaxation time. Studies 

examining the age-related effect on neuromuscular fatigue are equivocal largely owing 

to inconsistencies in task and methodology and differences in sex, physical activity 

status, lack of motivation and practice. The lack of a statistical significance in the 

voluntary activation in the present study may indicate no changes in central activation 

(Gandevia, 2001) although the moderate effect size indicates the decrease may be 

individually meaningful. Furthermore, no observable difference in the resting evoked 

twitch indicates the lack of changes to the peripheral contractile properties with exercise 

training (Allman & Rice, 2002). In addition, the increase in total lean mass did not 

occur with a concomitant increase in muscle quality. Muscle quality is the measurement 

of strength per unit of muscle mass (Rolland et al., 2008) and other studies have 
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reported strength declines with maintenance and even gain of lean mass (Goodpaster et 

al., 2006; Klitgaard et al., 1990). However, the lower sample size which was reduced 

from 8 to 6 participants due to technical issues may have contributed to these results. 

Thus, interpretation of the neuromuscular data should come with some caution. 

BDNF is a neurotrophin which mediates synaptic efficacy and may provide a 

measure of synaptic plasticity (Schinder & Poo, 2000). It is pertinent to note that in the 

present study, 12 weeks of mixed aerobic and resistance exercise training was sufficient 

to elicit a decrease in serum BDNF. Studies report equivocal effects of exercise on 

BDNF levels. Seifert and colleagues (2010) reported increased concentrations of resting 

jugular venous BDNF in younger men after 3 months of aerobic exercise training, 

indicating improved brain health with enhanced release of BDNF from the brain with 

exercise training (Seifert et al., 2010). In contrast, lower basal serum BDNF 

concentrations have been observed in highly trained compared to less trained healthy 

men (Chan et al., 2008; Currie et al., 2009). A limitation of the present study is that 

cognitive function was not examined, although the participants were healthy and well-

functioning and no changes in cognitive function would have been expected. Thus, 

changes in neurotrophin levels were observed in the absence of performance 

improvements. These findings support previous hypothesis that lower levels of 

peripheral BDNF in trained individuals is indicative of neuroprotective upregulation of 

BDNF into the central nervous system, resulting in less circulating peripheral BDNF 

(Currie et al., 2009). The incidence of dementia has been demonstrated to be lower in 

persons 65 years and older who exercised 3 or more times per week than those who 

exercise fewer than 3 times per week (Larson et al., 2006) and a higher level of total 
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daily physical activity is associated with a reduced risk of Alzheimer disease (Buchman 

et al., 2012). 

Measurement of cerebral and muscle tissue hemodynamics indicate central and 

peripheral changes in [HHb]. Pre-training, cerebral [HHb] was significantly different 

from baseline values whilst no differences were observed post-training, indicating 

systemic hypoxemia pre-training (Nybo & Rasmussen, 2007). In the muscle, [HHb] was 

significantly different from baseline values from L1 to the end of the cycling time trial 

post-training, whilst changes were observed only in S4 and S5 pre-training, indicating 

increased oxygen delivery and utilisation post-training (DeLorey et al., 2004a). These 

improvements in blood flow and oxygen extraction occurred without a concomitant 

improvement in cycling time trial performance, and are consistent with the lower 

responses in heart rate and thermoregulatory variables.   

In conclusion, the exercise training program in the present study did not elicit 

specific improvements to exercise performance during a self-paced time trial, but 

enabled older men to perform at similar levels with lower physiological responses. 

Although changes in neuromuscular properties or muscle quality were not observed, the 

positive outcomes of exercise training on body composition have implications for 

previously sedentary older men to begin exercise and gain from the multitude of 

physical benefits, which may also confer a neuroprotective effect.   
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CHAPTER 4 

Older trained men modulate pacing strategy to outperform younger 

untrained men 

Study 1 observed the effects of 12 weeks of exercise training in older untrained 

men with the purpose of examining the aerobic and strength changes in sedentary older 

men following exercise training on performance of a 25 min self-paced time trial. The 

results from Study 1 concluded that exercise training did not elicit specific 

improvements to exercise performance during a self-paced time trial, but enabled older 

men to perform at similar levels with lower physiological responses. Therefore, in 

Study 2 we turn our attention to older men who have performed exercise training for a 

longer duration (at least 6 months). Study 2 was designed to examine and further 

explore the way in which older trained men completed a bout of exercise. In this study, 

we also recruited younger men. This allowed us to observe performance differences, if 

any, between younger trained men and older trained men to examine age differences, 

and younger trained men and younger untrained men to examine potential training 

differences. 
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4.1 Introduction 

Ageing is associated with diminishing function of various physiological systems 

(Doherty, 2003; Wei, 1992), leading to deterioration in function, increased disease and 

disability, and ultimately death. The protective mechanisms of exercise are well 

researched and with exercise, older adults are able to maintain high physical capacity 

but even so, exercise cannot halt the ageing process. Aerobic exercise can ameliorate 

the effects of age on heart rate variability (Galetta et al., 2005) and vascular function 

(DeSouza et al., 2000) but minimally impacts the effects of age on peak heart rate 

(Tanaka et al., 2001). Resistance exercise has favourable outcomes on body 

composition, muscle structure and the neuromuscular system (Jubrias et al., 2001), but 

these changes may occur peripherally rather than centrally (Cannon et al., 2007). 

Broadly, global life expectancy has risen by almost 20 years, from 46.5 to 66.0 years in 

1950–1955 and 2005–2010, and this is projected to increase another 10 years in 2045–

2050 (Department of Economic and Social Affairs, 2001), while the maximum human 

life span has remained relatively stable (Hayflick, 1965). This ageing demographic has 

no doubt led to an increase in the popularity of Masters sport, with more than 28,000 

athletes participating in the World Masters Games in 2009 ("History of the World 

Masters Games," 2014). The motivation for participation can be linked to achievement 

and social goals (Hodge et al., 2008), and Masters athletes have displayed remarkable 

exercise performances, but the decrease in performance with age is still evident (Tanaka 

& Seals, 2008). 

Competition in the field comprises a bout of exercise with a known endpoint in 

which participants compete to the best of their capacities and abilities, usually at a self-

chosen pace by regulating intensity. Ulmer (1996) proposed teleoanticipation 
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(knowledge of the endpoint) as a model of regulating fatigue, allowing a system to 

demonstrate optimum performance while incorporating negative feedback to avoid 

premature cessation of exercise performance. However, teleoanticipation does not 

sufficiently explain the “endspurt” phenomenon observed where performance is 

restored or supersedes performance at the start of exercise. Tucker (2009a) posits the 

“endspurt” is the outcome of reduced uncertainty of the approaching endpoint negating 

the maintenance of metabolic reserves. Since this model of exercise makes decisions on 

energy expenditure based on physiological feedback, anticipation of the endpoint and 

previous experience, the reliance on cognitive processing may explain why children 

with less advanced cognitive development exhibit a negative pacing strategy 

(Micklewright et al., 2012). The authors observed a pacing strategy characterised by a 

fast start and a gradual decline in speed to the endpoint, demonstrating an inability to 

anticipate the demands of a bout of exercise (Micklewright et al., 2012).  

The development of fatigue from the periphery can be directly measured through 

a decline in force production and Mosso in 1891 (Mosso, 1904) noted that fatigue 

cannot be fully explained by what was observed in the skeletal muscle and attributed an 

unmeasurable “psychic” component to its efficacy. Since the termination of exercise has 

been observed to occur without attaining maximum cardiorespiratory and metabolic 

capacity, Kayser’s model suggests that the central nervous system alone is the limiting 

factor for exercise performance (Kayser, 2003). By integrating afferent information and 

a safety margin, the brain is able to forecast the endpoint and match the available 

capacity with the tolerable limit, leading to a conscious decision to stop exercise 

(Kayser, 2003). In a study designed to fatigue participants mentally before performing a 

bout of exercise, Marcora et al. (2009) observed that mentally fatigued participants had 
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a higher rating of perceived exertion (RPE) and terminated exercise earlier compared to 

controls. The authors concluded that exercise performance is limited by perception of 

effort rather than physiological factors alone (Marcora et al., 2009). Regardless of the 

cause of fatigue, it is clear that humans use pacing in order to complete a given exercise 

bout (Foster et al., 1993). 

Previous studies have examined pacing strategies in the athletic population, 

schoolchildren, and military (Nolte et al., 2011) but there is a lack of knowledge about 

the pacing strategies used by older adults to regulate exercise performance. The age-

associated deterioration in physiological systems and consequent effects on exercise 

performance can be somewhat mitigated with exercise training. Similarly, the age-

associated deterioration in physiological systems can also affect pacing strategy. The 

aim of this study was to compare the pacing strategies of men of varying ages and 

training status. We hypothesised that pacing strategy will be optimised with training, 

and performance in the older trained men will be maximised by modulating pacing 

strategy. This chapter addresses the following question: 

How do performance and pacing strategies differ with age and training with 

respect to the variables in Study 1? 

4.2 Methods 

4.2.1 Participants 

Twenty eight males were recruited from the local community. All the 

participants were healthy and non-smokers. After a thorough explanation of the study, 

all participants signed a letter of informed consent that was approved by the Human 
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Research Ethics Committee of the University. The participants were separated 

according to age (older: 50–65 years, young: 18–35 years) and training status. The 

trained men had participated in regular training at least three times per week for the last 

6 months while the untrained men had not participated in any regular exercise for more 

than 6 months. Their characteristics are presented in Table 4.1. 
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Table 4.1 Mean±SD (range) of age and physcial characteristics for 28 male participants 

      

 Young Trained  

N = 8 

Effect size, d Older Trained 

N = 11 

Effect size, d Young Untrained 

N = 9 

      

      

Age (y) 26.3±6.9 

(19.0–35.3) 

5.75 
§
 57.5±3.4 

(50.1–61.1) 

7.38 
σ
 24.8±5.3 

(18.1–34.4) 

      

Height (cm) 182.2±0.07 

(168.5–193.1) 

-0.03 
†
 172.2±0.05 

(164.2–185.0) 

-0.02 
ε
 178.4±0.05 

(171.0–187.5) 

      

Mass (kg) 76.7±11.8 

(58.2–98.6) 

0.07 77.8±8.8 

(66.0–88.7) 

-0.31 82.7±15.5 

(61.6–112.8) 

      

DXA      

      

Total fat (%) 14.0±4.7 

(8–20) 
0.76 * 21.1±6.9 

(4–28) 

-0.19 22.7±5.5 

(15–31) 

      

Total lean mass (kg) 63.4±8.4 

(52.3–80.9) 

-0.31 60.3±6.9 

(50.9–69.6) 

-0.17 61.6±8.4 

(50.3–74.7) 

      

Significance between older trained and young trained men indicated by 
†
 P < 0.01, 

§
 P < 0.0001 

Significance between older trained and young untrained men indicated by 
ε P < 0.05, 

σ
 P < 0.0001 

DXA = dual energy X-ray absorptiometry 

Effect size:  0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = moderate, and > 0.80 = large (Cohen, 1988)
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4.2.2 Study design 

The study design is depicted in Figure 4.1. Participants attended two laboratory 

trials. On the first occasion, each participant was familiarised with the laboratory and 

experiment expectations. After descriptive measures were taken (height, body mass and 

body composition), each participant underwent neuromuscular performance tests 

(described subsequently) before and after a self-paced cycling time trial. As the protocol 

was partly to examine the effect of previous experience with exercise and specifically 

cycling, participants then completed a 25 min self-paced cycling time trial. We opted to 

retain a similar exercise protocol as utilised in Study 1 in order to be able to make 

comparisons with respect to self-paced exercise. The trial comprised a 30 s maximal 

effort sprint for every 4.5 min of lower intensity pace for a total of 25 min. Although the 

participants self-selected the gears and cadence throughout the entire 25 min, the time 

trial required them to complete as much work as possible and be fully expended at the 

end of 25 min, i.e., the pace selected during the 4.5 min should have been one that was 

maximally sustainable for the duration keeping in mind the 30 s of maximal effort 

immediately following. Participants remained seated throughout the protocol. After 7–

10 days, the participant returned to repeat the protocol. The level of physical activity 

was kept constant through a 1-week activity diary logged at baseline and used to remind 

participants before subsequent trials. 
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Figure 4.1 Schematic of study design. MVC = maximum voluntary contraction; 

VA% = level of voluntary activation; clear box labelled L represents 4.5 min of 

cycling at lower intensity; shaded grey box labelled S represents 30 s of maximal 

sprint effort. 

All trials were conducted on a cycle ergometer (Velotron Pro, RacerMate Inc., 

Seattle, WA) calibrated with the Accuwatt™ test ( elotron Coaching Software,  ersion 

1.6.458, RacerMate Inc., Seattle, WA) before each trial. The saddle and handle bar 

positions were adjusted to fit each participant and the settings were recorded for 

subsequent trials. All trials were performed at the same time of the day in a climate 

controlled chamber with a mean dry bulb temperature and relative humidity of 21.8 °C 

and 51%, respectively (Questemp° 15 Area Heat Stress Monitor, Quest Technologies, 

Oconomowoc, WI). 
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The study design seeks to provide a snapshot over a period of the participants’ 

lives, thus no other controls were implemented and all participants were encouraged to 

continue their normal daily activity and dietary routines. Participants completed a 24-

hour food and sleep diary, and a 1-week activity diary at baseline which was used as a 

reference before returning for subsequent trials. 

The following Sections 4.2.3 to 4.2.7 are identical to Section 3.2.3 and Sections 

3.2.5 to 3.2.8 but are replicated here for reference. 

 

 

4.2.3 Height and body composition 

During the familiarisation session, height was recorded in cm (S+M Height 

Measure, Aaxis Pacific, NSW, Australia), followed by supine whole body dual-energy 

X-ray absorptiometry (DXA) scan for analysis of whole body and regional body 

composition (Norland XR-800, CooperSurgical Inc., CT). Scanning resolution was set 

at 6.5 × 13.0 mm and scanning speed was set at 130 mm/s (Illuminatus DXA™ User 

Interface Software Version 4.2.0). The whole body was analysed for lean & fat mass in 

kg and percentage and the right thigh was analysed for lean mass to calculate muscle 

quality using Equation 4.1: 

                
  

  
  

                        

                     
 

Equation 4.1 
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4.2.4 Hydration 

Before the cycling time trial, participants provided a urine sample to assess urine 

specific gravity (USG) using a digital refractometer (PAL-10S, ATAGO®, Tokyo, 

Japan). Pre and post-trial nude body mass were measured to the nearest 10 g using a 

digital scale (HW-150K, A&D Weighing, Thebarton, SA, Australia). The participants 

were provided with water heated to approximately 37 °C to consume ad libitum and 

volume consumed was measured to the nearest ml. Post trial nude mass was obtained 

within 5 min of cessation of exercise, after towelling down to remove unevaporated 

perspiration. Sweat measurement was determined from the differences in nude body 

mass from the beginning to the end of the trial and corrected for fluid intake. 

4.2.5 Neuromuscular performance tests – voluntary activation 

Before the cycling trial, participant’s right knee extensor strength was measured 

on an isokinetic dynamometer (Humac® NORM
TM

, CSMI, MA, USA) whilst seated 

with their arms folded across their chest and their hips and upper bodies strapped firmly 

to the seat. In this position, the hip angle was 100° flexion. The right leg was attached to 

the arm of the dynamometer at a level slightly above the lateral malleolus and the axis 

of rotation of the arm aligned with the lateral femoral condyle. The dynamometer arm 

was set so that the knee was 90° from full leg extension. Each subject performed 4 × 

sub-maximal familiarisation contractions prior to performing 3–6 × 5-s maximal 

contractions, separated by 1-min recovery periods. Subjects were encouraged verbally 

to exert the maximal possible force during each contraction. Contractions within a 5% 

variance were averaged and analysed. 
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The level of voluntary knee extensor muscle activation was assessed using the 

twitch interpolation technique (Shield & Zhou, 2004) before and after the cycling trial. 

The femoral nerve was stimulated using a constant current peripheral nerve stimulator 

(Digitimer DS7AH Digitimer, Welwyn Garden City, Hertfordshire, UK) driven by 

customised software (Labview, version 2010 SP1, National Instruments, Austin, TX, 

USA). The stimulus was delivered to the skin using self-adhesive electrodes (Verity 

Medical Ltd, Stockbridge, Hampshire, UK). The cathode was positioned medially on 

the anterior aspect of the upper thigh  1 cm below the inguinal fold, while the anode 

was positioned on the lateral aspect of the upper thigh, between the iliac crest and the 

greater trochanter. The current was delivered using a single square-wave pulse with a 

width of 200 μs at 400  . Initially, the current applied was increased in incremental 

steps until the resting M wave and evoked twitch torque amplitude plateaus. The current 

was then increased by a further 10% to ensure supra-maximal activation of the nerve. 

Six resting twitches were elicited with 10-s rest between stimulations. The level of 

voluntary knee muscle activation was assessed across three trials with a 1-min rest 

between each attempt. Participants were instructed to slowly ramp their contraction to 

attain maximal torque over 2–3 s. Stimulus delivery during contraction was manually 

triggered by customised software when maximum voluntary contraction (MVC) was 

attained. Within 5 s following each superimposed MVC, a second stimulus was 

delivered with the knee extensors at complete rest, determined by the absence of any 

load placed on the torque strain gauge other than the effect of gravity on the lower limb 

and the absence of EMG signals from the vastus lateralis. The level of voluntary knee 

extensor muscle activation during each superimposed MVC was calculated using 

Equation 4.2: 
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Equation 4.2 

Where interpolated twitch amplitude was calculated as the maximum torque value 

produced within 200 ms subsequent to the delivery of the stimulus minus the mean 

torque value produced during the 50 ms period immediately prior to stimulus delivery 

and control twitch amplitude is the maximal torque value produced following 

stimulation whilst the muscle is at complete rest. The level of voluntary knee extensor 

muscle activation was assessed for all attempts with the single highest value used for 

further analysis. 

4.2.6 Near-infrared spectroscopy (NIRS) 

A continuous-wave NIRS instrument (Oxymon MKIII, Artinis Medical Systems 

B.V., Zetten, the Netherlands) was used to examine changes in oxygenated ([O2Hb]) 

and deoxygenated ([HHb]) cerebral and muscle tissue hemoglobin concentrations 

throughout the cycling time trial. One NIRS probe was placed over the left prefrontal 

lobe, and a second probe was placed over the belly of the vastus lateralis muscle. Both 

were adjusted to optimize signal strength. The placement sites were cleaned with an 

alcohol swab. Inter-optode distance was set at 35 mm using a black, plastic spacer and 

was affixed to the skin with double-sided self-adhesive disks. Black elastic covering 

were wrapped over the probes to further secure placement and minimize the intrusion of 

ambient light. NIRS data were recorded at 10 Hz and averaged over a 10 s period [e.g., 
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2:10–2:20 min for the first lower intensity (L) section and 4:40–4:50 for the first sprint 

(S)]. The [O2Hb] and [HHb] in the present study are reported as changes against a 120 s 

baseline value collected before the commencement of each session while participants 

sat quietly on the cycle ergometer with their eyes closed. 

4.2.7 Performance time trial, physiological responses and RPE 

Power output, heart rate, core temperature and skin temperature were monitored 

continuously. Data were averaged over a 20 s period (e.g., 2:05–2:25 min for the first 

lower intensity (L) section and 4:35–4:55 for the first sprint (S)). 

Power output derived from Velotron 3D software (Version 1.0, RacerMate Inc., 

Seattle, WA) was normalised to lean leg mass and calculated as power output (W)/lean 

leg mass (kg) and expressed as a percentage of peak power output during the time trial. 

Each participant was fitted with a sensor belt (Equivital™ EQ02 LifeMonitor Sensor 

Belt, Hidalgo, Cambridge, U.K.) to monitor heart rate. Core temperature (Tc) was 

monitored via an ingestible telemetric sensor (VitalSense® Core Body Temperature 

Capsule, Respironics Inc., Murrysville, PA). Sparling et al. (1993) reported similar data 

when comparing ingestion intervals of 3–4 h vs 8–9 h whilst Ng et al. (2008) 

implemented an ingestion interval of between 6 h 15 min to 7 h 15 min. Thus, our pilot 

studies indicated that 5 hours before performing the cycling time trial was the optimum 

interval to ingest the core temperature capsule in the present population. Skin 

temperature (Tsk) was measured by iButtons® (Thermodata Viewer, 3.1.19) 

programmed according to the manufacturer’s instructions and affixed to the skin using 

Transpore™ tape (3M Health Care, St. Paul, MN) at the chest, arm, thigh and leg 

(Ramanathan, 1964) immediately before entering the climate chamber. Heart rate and Tc 
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signals were transmitted to a sensor electronics module (Equivital™ EQ02 LifeMonitor, 

Hidalgo, Cambridge, U.K.) and monitored by eqView Professional software (Version 

4.1.59.6907). Rating of Perceived Exertion (RPE) was measured using the Borg 6–20 

Scale(Borg, 1982) every 2.5 min. Whole blood lactate was assessed from blood taken 

from the ear lobe with a handheld analyzer (Lactate Pro, Arkray KDK, Kyoto, Japan) 

immediately after every sprint.  

4.2.8 Statistics 

Between group differences for descriptive measures were identified through 

one-way ANOVA. Performance and physiological response data were analysed by 

repeated measures ANOVA to assess main effects and potential interactions. The source 

of significance was located using Fisher’s LSD test.  

All statistical analyses were performed with Prism 6 software (Version 6.05, 

GraphPad Software, Inc., La Jolla, CA) for Windows. Data are presented as mean±SD 

unless otherwise indicated with significance set at P < 0.05. Effect sizes were calculated 

by dividing the mean difference by a pooled variance estimate, and magnitudes were 

assessed using the following criteria: ≤ 0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = 

moderate, and > 0.80 = large (Cohen, 1988).   

4.3 Results 

The results of descriptive measures are summarized in Table 4.2. 

Mass and body composition. Total body mass pre-cycling was similar between 

groups (Table 4.1). Whole body fat percentage was significantly higher in the older 
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trained men (OT) compared with the young trained men (YT; P < 0.05) but similar to 

the young untrained men (YU). No significant differences in total lean mass were 

observed between groups.  

Hydration. No differences were observed between groups in urine specific 

gravity and all commenced the cycling time trial in a hydrated state of  1.017±0.009 

units (Table 4.2). Sweat rate between the trained groups were not significantly different 

but the OT lost 0.421 l/h more fluids compared with the YU (P < 0.05; Table 4.2). 

Neuromuscular performance and muscle quality. There were no significant 

differences in evoked resting peak twitch force between the old and the young (Table 

4.2). The YT had a higher rate of force development compared with the OT (P < 0.05). 

The rate of force development in the YU was not significantly higher but there was a 

moderate effect size (-0.67). There were no significant differences in half relaxation 

time between the old and the young. There were no significant differences in 

contraction duration between the old and the young, although there was a moderate 

effect between the OT and the YU (0.79).  

Before the time trial, the voluntary activation was 88.1±8.3%, 84.2±11.2% and 

87.9±8.1% for YT, OT and YU, respectively, and was not significant between groups 

(Figure 4.2; left ordinate). After the time trial, the voluntary activation was 91.0±5.1%, 

85.3±7.7% and 80.7±7.0% for YT, OT and YU, respectively. The difference between 

OT and YT was not significant but had a moderate effect (-0.67) whilst the difference 

between OT and YU was not significant with a small effect size (0.44). The time trial 

did not have a significant effect on YT and OT, with a small effect size (0.32) in the YT 

and moderate effect size (0.59) in the OT. In the YU, the voluntary activation decreased 

significantly (P < 0.05) after the time trial with a moderate effect (-0.72). Muscle 
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quality was 28.3±7.5 Nm/kg, 23.4±6.0 Nm/kg and 23.5±3.3 Nm/kg in the YT, OT and 

YU, respectively (Figure 4.2; right ordinate). No significant differences were observed 

between groups, representing a small effect size (-0.49) between OT and YT, and a 

trivial effect size (-0.03) between OT and YU. Voluntary activation and muscle quality 

are illustrated in Figure 4.2.  
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Figure 4.2 Voluntary activation and muscle quality between groups. Significant effect 

of time trial in YT indicated by * P < 0.05. YT = young trained men; OT = older trained 

men; YU = young untrained men. Data presented as mean.   
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Table 4.2 Mean±SD (range) of hydration, time trial descriptives and evoked twitch properties 

      

Variable YT Effect size, d OT Effect size, d YU 

      

      

Hydration      

      

USG 1.018±0.008 

(1.003–1.026) 

-0.001 1.016±0.008 

(1.003–1.027) 

-0.001 1.018±0.010 

(1.003–1.028) 

      

Sweat rate (l/h) 1.26±0.41 

(0.48–1.81) 

-0.017 1.21±0.51 

(0.63–2.31) 

0.156 
ε
 0.78±0.16 

(0.58–1.02) 

      

Time trial      

      

Distance (km) 12.5±1.4 

(10.5–14.3) 

0.11 

 

12.9±1.3 

(10.2–14.3) 

0.46 
ε
 11.5±0.9 

(9.9–12.4) 

      

Normalised peak power (W/kg) 70±10 

(50–83) 

-0.64 59±12 

(44–82) 

0.08 57±16 

(35–85) 

      

Peak heart rate (beats/min) 179±7 

(163–186) 

-0.87 
†
 164±14 

(141–187) 

-0.86 
ε
 178±10 

(154–188) 
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Table 4.2 Continued. 

      

Variable YT Effect size, d OT Effect size, d YU 

      

      

Evoked resting twitch
a 

     

      

Peak force (N) 42.8±10.3 

(27.7–58.5) 

-0.49 35.9±11.6 

(25.9–56.6) 

-0.44 42.6±9.8 

(32.3–66.0) 

      

Rate of force development (N/s) 617.2±168.4 

(349.6–841.2) 
-0.95 * 447.3±97.0 

(348.7–639.0) 

-0.67 560.9±134.4 

(395.7–740.4) 

      

Time to peak force (ms) 69.9±5.0 

(64.0–79.0) 

0.82 79.0±11.3 

(63.0–96.5) 

0.12 77.0±12.1 

(63.0–98.0) 

      

Half relaxation time (ms) 70.3±24.3 

(40.0–103.5) 

0.03 71.1±27.0 

(32.0–101.5) 

0.50 55.6±17.5 

(32.5–81.0) 

      

Contraction duration (ms) 140.2±26.7 

(105.0–176.5) 

0.33 150.1±19.8 

(120.5–174.5) 

0.79 132.6±11.4 

(113.0–149.0) 

      
a
indicates N = 7 for OT, N = 8 for YT and N = 9 for YU 

Significance between OT and YT indicated by * P < 0.05, † P < 0.01 

Significance between OT and YU indicated by 
ε P < 0.05 

YT = young trained men; OT = older trained men; YU = young untrained men; USG = urine specific gravity 

Effect size:  0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = moderate, and > 0.80 = large (Cohen, 1988)  
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Near-infrared spectroscopy. Cerebral ∆[O2Hb] increased from L1 to the end of 

the cycling time trial in YT (Figure 4.3A) and S1 to the end of the time trial in OT 

(Figure 4.3B) and YU (Figure 4.3C). Muscle ∆[HHb] increased from S1 to the end of 

cycling time trial in YT (Figure 4.3D) and from L1 to the end of the cycling time trial in 

OT (Figure 4.3E). Significant increases in muscle ∆[HHb] in the YU were observed 

only during the sprints (Figure 4.3F). 

Performance time trial, physiological responses and RPE. The OT cycled 

1.39 km further than the YU (P < 0.05) while the additional 0.41 km that was cycled by 

the YT was not significantly further compared to the OT. No significant differences 

were observed between groups in normalised peak power, although the 10.85 W/kg less 

achieved by the OT than the YT represented a moderate effect (-0.64). Heart rate and 

RPE are shown in Figure 4.4. Overall, the OT maintained a higher percentage of peak 

heart rate than the YT and YU during the lower intensity (L) sections (Figure 4.4A), 

with significance at L1 (OT vs YT, P < 0.05; OT vs YU, P < 0.01) and L5 (OT vs YT, 

P < 0.05). The OT maintained a higher percentage of peak heart rate than the YU at 

sprint (S) 1 (P < 0.05) and S5 (P < 0.05). Absolute heart rate during sprints was higher 

in the YU compared with the OT, but when expressed as a percentage of peak heart rate, 

this was lower. 

RPE during the time trial rose from 10.8±2.0 (L1) to 15.8±1.8 (L5) during the 

lower intensity sections and from 14.6±2.3 (S1) to 19.0±1.3 (S5) during the sprint 

sections (Figure 4.4B), with the OT rating the exertion significantly higher than the YU 

at L1 (P < 0.05).  
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Blood lactate increased from 6.4±2.4 (S1) to 11.2±3.0 mmol/l (S5). No 

significance was observed between groups although the YT attained higher lactate 

readings across all sprints. 

The Tc (Figure 4.5A) between all three groups averaged 37.3±0.3 °C at the start 

of the time trial and was 38.4±0.5 °C for the OT, 38.3±0.4 °C for the YT, and 

38.1±0.5 °C for the YU towards the end of the time trial (OT vs YU at S5, P > 0.05). 

Over the time trial, the rate of rise in Tc did not differ between groups and was 

2.7±0.8 °C for the OT, 2.4±1.1 °C for the YT, and 1.9±0.9 °C for the YU.  

The YT maintained a higher Tsk compared to the OT and YU throughout the 

time trial (Figure 4.5B). This was significant at S2 (P < 0.05) and S4 (P < 0.05) 

compared with the OT. 

The OT maintained a higher relative power output compared to YT during the 

lower intensity sections (Figure 4.6A). Compared to the YT, this was significant at L1, 

2 and 4 (P < 0.05), and L5 (P < 0.01). Compared to the YU, this was significant from 

L1–5 (P < 0.05). Power output commenced at  88% of peak power output, was the 

lowest at the third sprint and was restored in the last sprint to 83% of peak power output 

(Figure 4.6B). The OT maintained a higher relative power output compared to the YU 

during the sprint sections, with significance at S2 (P < 0.05), 3 and 4 (P < 0.001).
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Figure 4.3 Changes from resting values in cerebral and muscle tissue oxygenation during the cycling time trial. A: Changes in O2Hb in YT. B: Changes 

in O2Hb in OT. C: Changes in O2Hb in YU. D: Changes in HHb in YT. E: Changes in HHb in OT. F: Changes in HHb in YU. Significance in cerebral 

tissue from baseline indicated by * P < 0.05, 
† P < 0.01, ‡ P < 0.001 and 

§
 P < 0.0001. Significance in muscle tissue from baseline indicated by 

a
 P < 

0.05, 
b P < 0.01, c P < 0.001 and 

d
 P < 0.0001. YT = young trained men; OT = older trained men; YU = young untrained men; [O2Hb] = concentration 

of oxyhemoglobin; [HHb] = concentration of deoxyhemoglobin; L = lower intensity; S = sprint. Values are presented as mean±SEM.
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Figure 4.4 Heart rate (A) and RPE (B) during the cycling time trial. Heart rate expressed 

as a percentage of peak heart rate. Significance between OT and YT indicated by * P < 

0.05. Significance between OT and YU indicated by 
ε
 P < 0.05 and 

κ
 P < 0.01. OT = 

older trained men; YT = young trained men; YU = young untrained men; L = lower 

intensity; S = sprint. Data presented as mean±SEM. 
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Figure 4.5 Thermoregulatory responses during the cycling time trial. A: Core 

temperature. B: Skin temperature. Significance between OT and YT indicated by * P < 

0.05. OT = older trained men; YT = young trained men; YU = young untrained men; L 

= lower intensity; S = sprint. Data presented as mean±SEM. 
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Figure 4.6 Normalised power output during the lower intensity (A) and sprint sections (B) of the cycling time trial. Power output expressed as a 

percentage of peak power output. Significance between OT and YT indicated by * P < 0.05 and 
†
 P < 0.01. Significance between OT and YU indicated 

by 
ε
 P < 0.05 and 

μ 
P < 0.001. OT = older trained men; YT = young trained men; YU = young untrained men; L = lower intensity; S = sprint 

Data presented as mean. 
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4.4 Discussion 

The findings of the present study indicate that older men may be physically and 

physiologically disadvantaged but are able to sustain cycling performance by 

modulating their pacing strategies. When expressed as a percentage of peak power 

output, the OT sustained a higher power output than the YU across all lower intensity 

sections of the time trial and from S2–4 to complete a further distance than the YU. In 

comparison with the YT, the OT sustained a higher power output during L1–2 and L4–5 

and maintained the same power output during the sprints. Thus, the OT selected a 

higher work output during the lower intensity sections compared to the YT and YU and 

maintained a similar work output to the YT during the sprint sections to optimise their 

time trial performance. As far as we are aware these comparisons have not been 

previously reported and provide evidence of superior physiological functional capacity 

with exercise training in the older population. In contrast, it also highlights the inferior 

exercise performance of younger untrained adult males. Exercise training and 

experience results in superior pacing strategy. 

In terms of total cycling distance, the OT completed the furthest distance despite 

an inability to maintain peak heart rate comparable to the levels of the YT and YU. The 

peak heart rate attained by the OT in this study provides evidence to support that 

maximum heart rate is relatively unaltered with training since the OT had a significantly 

lower peak HR of 164±14 beats/min compared to the YT (179±7 beats/min) and YU 

(178±10) (Tanaka et al., 2001). Since the OT were unable to sustain a peak heart rate 

similar to the YT and YU, they seemingly compensated by sustaining a higher heart rate 

during the lower intensity sections where no differences in heart rate were observed 

between groups. When expressed as a percentage of peak heart rate, the OT sustained a 
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higher relative heart rate than the YT at L1 and L5. In comparison with the YU, the OT 

sustained a higher relative heart rate than the YU at L1, S1, and S5. Being unable to 

drive their heart rate as high as the young trained and untrained, the absolute heart rate 

generated by the OT was the lowest compared to the young, and the YU did not drive 

their heart rate as high as the YT, even though they likely had the cardiovascular 

capacity to do so. As a result, while all three groups reduced power output towards the 

middle of the cycling time trial, the YU reduced their heart rate the most. These 

discrepancies in heart rate and power output with age and training may indicate a 

psychobiological-motivational regulation of exercise performance (Marcora et al., 2009), 

with the OT maintaining a relative higher heart rate in order to maintain a relative 

higher power output compared to the younger males in order to optimise their work 

output over the 25 min time trial. Overall, the three groups increased power output 

during the sprints and decreased power output during the lower intensity sections, with 

corresponding changes in heart rate and RPE.  

Although changes in the evoked resting twitch properties were not significant, 

the decreased rate of force development and increased time to peak force possibly 

leading to an increase in contraction duration in the older men, may be associated with 

the typical age-associated alterations to kinetics of the sarcoplasmic reticulum, muscle 

membrane excitability and contractile slowing (Allman & Rice, 2002). This observation 

lends support to the selective loss of type II muscle fibres with age and the selective 

denervation of type II muscle fibres and subsequent re-innervation by axons from type I 

fibres (Roos et al., 1997). Older athletes have been observed to exhibit declines in 

strength with muscle cross-sectional area (Klitgaard et al., 1990), but the OT in the 

present study retained muscle quality similar to levels observed in the YT and YU. 
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Therefore, with age, there is a selective switching to maintaining higher intensity during 

lower intensity sections.  Lactate threshold does not appear to change with increasing 

age when expressed as a percentage of    2max (Maffulli, Testa, & Capasso, 1994), 

suggesting that the contribution of decreases in lactate threshold to reductions in 

endurance exercise performance with ageing may be secondary to decreases in    2max 

(Evans, Davy, Stevenson, & Seals, 1995). Furthermore, lactate threshold was not 

predictive of a corresponding change in running performance when expressed as a 

percentage of    2max (Marcell, Hawkins, Tarpenning, Hyslop, & Wiswell, 2003). 

Taken together, by selecting a higher output during the lower intensity sections, the OT 

maintained function in terms of task completion, even though modality of completion is 

different. A secondary observation of higher fat percentage in the OT compared to the 

YT but similar adiposity levels in OT and YU provides incentive for beginning exercise 

earlier in life to maintaining favourable body composition (Kohrt, Malley, Dalsky, & 

Holloszy, 1992). 

The cycling time trial in the present study was self-paced and to our knowledge, 

all our participants strived to accomplish as much work as possible over the 25 min. The 

YU perceived the time trial to be an all-out task and had similar RPE compared to the 

trained older and younger men. Similarly, the blood lactate assessment did not achieve 

significant differences between groups, indicating that all groups cycled at a high 

intensity and performed to the best of their abilities. In all three groups, the pacing 

strategy followed an anticipatory response mediating the onset of premature fatigue 

(Kay et al., 2001), so that physiological responses are maintained despite a reduced 

power output in the middle of the time trial, before power being restored to near starting 

values. However, the YU exhibited a comparatively larger decrease in power output, 
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suggesting factors other than physiological response were the limiting factor. Since the 

RPE was similar between groups, then the limitations of the performance in the YU 

could be attributed to a central component (Kayser, 2003) leading to a reduction of 

power due to a perception of the required effort exceeding what the participants were 

willing to exert. Interestingly, there was a significant effect of the time trial on voluntary 

activation in the YU. After the time trial, voluntary activation decreased significantly 

whilst it remained unchanged in the YT and OT; an indication that the fatigue in the YU 

developed centrally, resulting in limited voluntary capacity to activate motor units.   

Measurement of the muscle tissue hemodynamics indicates changes occurring in 

the periphery. Muscle [HHb] was significantly different from baseline in the YU only 

during the sprint sections whilst it was higher from S1 to the end of the time trial in YT 

and from L1 to the end of the time trial in OT. This lower response in the YU may 

indicate a lack of oxygen delivery and utilisation during the lower intensity sections due 

to a lack of similar capillarisation and mitochondrial density (Coggan et al., 1992).  

Skin blood flow response to increase Tc is attenuated in older adults due to 

decreased active vasodilator sensitivity and a smaller cardiac output (Kenney, 1996). 

This can be observed in the present study where the OT had a lower Tsk compared with 

the YT. However, this did not translate to a higher heat load and core temperature. This 

may be due the sweat rate observed in the OT, which had a similar response as the YT 

and was significantly higher than the YU, providing further evidence that sweat rate is 

at least largely dependent on aerobic fitness rather than chronological age (Kenney & 

Munce, 2003). 

In conclusion, OT men were able to maintain a similar relative exercise 

performance to YT men and outperformed YU men by optimising their pacing strategy 
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which was largely due to the maintenance of higher power output either side of the 

sprint sections. Central fatigue may have contributed to the reduced exercise 

performance observed in the YU men, thus with chronic training, the OT men were able 

to mitigate the effects of central fatigue.
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CHAPTER 5 

The effects of acute versus chronic training status on pacing strategies of 

older men in a hot, humid environment 

Study 2 provided insights into the effects of age on exercise performance and 

allowed us to observe training differences between YT and YU. In this study, we again 

examine exercise performance in older men. However, this study includes the additional 

challenge of exercising in a hot environment. Thus, Study 3 allows us to observe the 

regulation of exercise performance in older men with different training status. 
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5.1 Introduction 

Humans regulate core temperature (Tc) largely by the evaporation of secreted 

sweat (Kenney & Munce, 2003). Thus the ability to thermoregulate is reduced when air 

temperature exceeds 35 °C and relative humidity becomes higher than 60% (Nielsen, 

1996). Earlier studies examining exercise performance in the heat conclude that exercise 

is ultimately terminated by a critical limiting temperature of ≥ 39.5 °C (González-

Alonso et al., 1999; Nielsen et al., 1993), but more recent evidence suggests that the rate 

of rise in core temperature is a critical factor in regulating exercise (Marino, Kay, et al., 

2004; Tucker et al., 2006). Tucker and colleagues (2006) demonstrated a decrease in 

power output shortly after the start of self-paced exercise when body temperature was 

not critically elevated, providing evidence that the regulation of exercise is anticipatory 

to maintain homeostasis and avoid a catastrophic event (Marino, 2004). This 

anticipatory down-regulation of exercise performance is thought to be selectively driven 

by the central nervous system (CNS), since the force output and central activation of the 

exercised muscles were reduced without a concomitant decrease in non-exercising 

muscles when rectal temperatures were  38.8 °C (Saboisky et al., 2003).  

Exercise in the field comprises a known endpoint which participants complete to 

the best of their capacities and abilities at a self-chosen pace by regulating intensity. 

Ulmer (Ulmer, 1996) proposed that knowledge of the endpoint (teleoanticipation) is an 

integral part of regulating fatigue, allowing a system to perform optimally by 

incorporating feedback and feedforward processes to avoid the premature termination of 

exercise. 
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 The effect of age on thermoregulation include reduced sweat gland secretion 

and reduced skin blood flow, smaller increases in cardiac output, less redistribution of 

blood flow from renal and splanchnic circulations, and a decreased thirst sensation and 

reduced fluid intake during exercise in a warm environment (Kenney & Chiu, 2001; 

Kenney & Munce, 2003). Despite these age-related changes, healthy older adults largely 

retain the ability to thermoregulate, although factors such as body composition and 

exercise training can affect thermoregulatory responses to exercise (Kenney & Munce, 

2003).  

Exercise in the heat presents numerous physiological challenges and leads to 

alterations in pacing strategies (Tucker et al., 2006). It is not clear how the altered 

pacing strategy is manifested, although neuronal activity in a hot, humid environment 

might indicate how pacing is handled centrally. Smith and Billaut (2010) demonstrated 

that exercise in hypoxic conditions elicited an earlier and larger degree of cerebral 

deoxygenation than normoxic conditions, suggesting that changes to prefrontal cortex 

oxygenation contributes to the impairment of exercise performance. At present there are 

no data which describe the differences or changes in cerebral blood flow which could 

shed light on the evolution of pacing in different age groups in different environments. 

Population ageing is a growing phenomenon worldwide with global life 

expectancy at birth rising by almost 20 years, from 46.5 years in 1950–1955 to 66.0 

years in 2005–2010 and is projected to increase another 10 years in 2045–2050 

(Department of Economic and Social Affairs, 2001). Ageing is characterised 

physiologically by a decline in performance of, but not exclusively, the cardiovascular 

(Wei, 1992) and skeletal muscle systems (Doherty, 2003). These deteriorations can also 

be associated with disease, disability, and ultimately death, although the benefits of 
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physical activity in attenuating the negative impact of ageing are well-documented 

(Cotman & Berchtold, 2002; Nelson et al., 2007; Seals, 2014). Aerobic exercise can 

ameliorate the effects of age on heart rate variability (Galetta et al., 2005) and vascular 

function (DeSouza et al., 2000) but minimally impacts peak heart rate (Tanaka et al., 

2001). Resistance exercise has favourable outcomes on body composition, muscle 

structure and the neuromuscular system (Jubrias et al., 2001), with these changes 

occuring at the periphery and/or centrally (Cannon et al., 2007; Sale, 1988). This ageing 

demographic has also led to an increase in the popularity of Masters sports and 

competition with more than 28,000 athletes participating in the World Masters Games 

in 2009 ("History of the World Masters Games," 2014). The motivation for participation 

can be linked to achievement and social goals (Hodge et al., 2008), and Masters athletes 

have displayed remarkable exercise performances, but the decrease in performance with 

age is still evident (Tanaka & Seals, 2008). 

Pacing and thermoregulatory responses have been studied in athletic and active 

younger age groups. However, to date the literature has not dealt with the pacing 

phenomenon in older individuals. Despite the rapidly increasing ageing population, 

there are few studies examining the pacing strategy of older adults during endurance 

exercise in the heat. Given the increase in participation of older adults in sports and 

competitive events where environmental temperatures can exceed 50 °C (Peiser & 

Reilly, 2004), the objective of this study was to compare the pacing strategy of older 

men who have recently completed 12 weeks of aerobic and strength training (acute; 

further described in Section 5.2.8) to men who have been regularly (>3 times/week) 

training for at least 6 months (chronic) in a hot, humid environment and to observe 
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disparity, if any, between acute and chronic exercise training on thermoregulation. The 

questions are: 

How will acute and chronic training affect performance and pacing strategy of 

older men in a hot, humid environment with respect to the variables in Study 1? 

 Additionally, will there be observable differences in cerebral and muscle tissue 

oxygenation between acute and chronic exercise training? 

5.2 Methods 

5.2.1 Participants 

Nineteen males (aged 50–64 years) were recruited from the local community. 

All the participants were healthy, non-smokers. After a thorough explanation of the 

study, all participants signed a letter of informed consent that was approved by the 

Human Research Ethics Committee of the University. The trained men (OT; 50–61 

years) had participated in regular training at least three times per week for the last 6 

months while the untrained men (OU; 53–64 years) had not participated in any regular 

exercise for more than 6 months. 

5.2.2 Study design 

The study design is depicted in Figure 5.1. In addition to being familiarised with 

the equipment and study requirements, each participant completed a familiarisation of 

the cycling time trial in order to minimise the potential for a confounding learning effect. 

The time trial comprised a 30 s maximal effort sprint for every 4.5 min of lower 
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intensity for a total of 25 min. Although the participants self-selected the gears and 

cadence throughout the entire 25 min, the time trial required them to complete as much 

work as possible and be fully expended at the end of 25 min, i.e., the pace selected 

during the 4.5 min should have been one that was maximally sustainable for the 

duration keeping in mind the 30 s of maximal effort immediately following. Participants 

remained seated throughout the protocol. After 7–10 days, the participant returned to 

repeat the protocol. The OU then completed 12 weeks of exercise training (described 

subsequently) before returning to the laboratory for a third trial. Thus, OT completed 

two laboratory trials whilst OU completed three trials. The level of physical activity was 

kept constant through a 1-week activity diary logged at baseline and used to remind 

participants before subsequent trials. 

 

Figure 5.1 Schematic of study design. OT = chronically trained men; OU-PRE = 

untrained men; OU-POST = acutely trained men; MVC = maximum voluntary 

contraction; VA% = level of voluntary activation; clear box labelled L represents 4.5 

min of cycling at lower intensity; shaded grey box labelled S represents 30 s of maximal 

sprint effort.  
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All trials were conducted on a cycle ergometer (Velotron Pro, RacerMate Inc., 

Seattle, WA) which was successfully calibrated with the Accuwatt™ test ( elotron 

Coaching Software, Version 1.6.458, RacerMate Inc., Seattle, WA) before each trial. 

The saddle and handle bar positions were adjusted to fit each participant and the settings 

were recorded for subsequent trials. All trials were performed at the same time of the 

day in a climate controlled chamber with a mean dry bulb temperature and relative 

humidity of 32.0 °C and 68%, respectively (Questemp° 15 Area Heat Stress Monitor, 

Quest Technologies, Oconomowoc, WI).  

The study design seeks to provide a snapshot over a period of the participants’ 

lives, thus no other controls were implemented and all participants were encouraged to 

continue their normal daily activity and dietary routines. Participants completed a 24-

hour food and sleep diary, and a 1-week activity diary at baseline which was used as a 

reference before returning for subsequent trials.. 

The following Sections 5.2.3 to 5.2.7 are identical to Sections 4.2.3 to 4.2.7 but 

are replicated here for reference. 

5.2.3 Height and body composition 

During the familiarisation session, height was recorded in cm (S+M Height 

Measure, Aaxis Pacific, NSW, Australia), followed by supine whole body dual-energy 

X-ray absorptiometry (DXA) scan for analysis of whole body and regional body 

composition (Norland XR-800, CooperSurgical Inc., CT). Scanning resolution was set 

at 6.5 × 13.0 mm and scanning speed was set at 130 mm/s (Illuminatus DXA™ User 

Interface Software Version 4.2.0). The whole body was analysed for lean & fat mass in 
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kg and percentage and the right thigh was analysed for lean mass to calculate muscle 

quality using Equation 5.1: 

                
  

  
  

                        

                     
 

Equation 5.1 

5.2.4 Hydration 

Before each cycling time trial, participants provided a urine sample to assess 

urine specific gravity (USG) using a digital refractometer (PAL-10S, ATAGO®, Tokyo, 

Japan). Pre and post-trial nude body mass were measured to the nearest 10 g using a 

digital scale (HW-150K, A&D Weighing, Thebarton, SA, Australia). The participants 

were provided with water heated to approximately 37 °C to consume ad libitum and 

volume consumed was measured to the nearest ml. Post trial nude mass was obtained 

within 5 min of cessation of exercise, after towelling down to remove unevaporated 

perspiration. Sweat measurement was determined from the differences in nude body 

mass from the beginning to the end of the trial and corrected for fluid intake. 

5.2.5 Neuromuscular performance tests – voluntary activation  

Before the cycling trial, participant’s right knee extensor strength was measured 

on an isokinetic dynamometer (Humac® NORM
TM

, CSMI, MA, USA) whilst seated 

with their arms folded across their chest and their hips and upper bodies strapped firmly 

to the seat. In this position, the hip angle was 100° flexion. The right leg was attached to 

the arm of the dynamometer at a level slightly above the lateral malleolus and the axis 
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of rotation of the arm aligned with the lateral femoral condyle. The dynamometer arm 

was set so that the knee was 90° from full leg extension. Each subject performed 4 × 

sub-maximal familiarisation contractions prior to performing 3–6 × 5-s maximal 

contractions, separated by 1-min recovery periods. Subjects were encouraged verbally 

to exert the maximal possible force during each contraction. Contractions within a 5% 

variance were averaged and analysed. 

The level of voluntary knee extensor muscle activation was assessed using the 

twitch interpolation technique (Shield & Zhou, 2004) before and after each cycling trial. 

The femoral nerve was stimulated using a constant current peripheral nerve stimulator 

(Digitimer DS7AH Digitimer, Welwyn Garden City, Hertfordshire, UK) driven by 

customised software (Labview, version 2010 SP1, National Instruments, Austin, TX, 

USA). The stimulus was delivered to the skin using self-adhesive electrodes (Verity 

Medical Ltd, Stockbridge, Hampshire, UK). The cathode was positioned medially on 

the anterior aspect of the upper thigh  1 cm below the inguinal fold, while the anode 

was positioned on the lateral aspect of the upper thigh, between the iliac crest and the 

greater trochanter. The current was delivered using a single square-wave pulse with a 

width of 200 μs at 400  . Initially, the current applied was increased in incremental 

steps until the resting M wave and evoked twitch torque amplitude plateaus. The current 

was then increased by a further 10% to ensure supramaximal activation of the nerve. Six 

resting twitches were elicited with 10-s rest between stimulations. The level of 

voluntary knee muscle activation was assessed across three trials with a 1-min rest 

between each attempt. Participants were instructed to slowly ramp their contraction to 

attain maximal torque over 2–3 s. Stimulus delivery during contraction was manually 

triggered by customised software when maximum voluntary contraction (MVC) was 
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attained. Within 5 s following each superimposed MVC, a second stimulus was 

delivered with the knee extensors at complete rest, determined by the absence of any 

load placed on the torque strain gauge other than the effect of gravity on the lower limb 

and the absence of EMG signals from the vastus medialis. The level of voluntary knee 

extensor muscle activation during each superimposed MVC was calculated using 

Equation 5.2: 

                                      
                             

                        
       

Equation 5.2 

Where interpolated twitch amplitude was calculated as the maximum torque value 

produced within 200 ms subsequent to the delivery of the stimulus minus the mean 

torque value produced during the 50 ms period immediately prior to stimulus delivery 

and control twitch amplitude is the maximal torque value produced following 

stimulation whilst the muscle is at complete rest. The level of voluntary knee extensor 

muscle activation was assessed for all attempts with the single highest value used for 

further analysis. 

5.2.6 Near-infrared spectroscopy (NIRS) 

A continuous-wave NIRS instrument (Oxymon MKIII, Artinis Medical Systems 

B.V., Zetten, the Netherlands) was used to examine changes in oxygenated ([O2Hb]) 

and deoxygenated ([HHb]) cerebral and muscle tissue hemoglobin concentrations 

throughout the cycling time trial. One NIRS probe was placed over the left prefrontal 
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lobe, and a second probe was placed over the belly of the vastus lateralis muscle. Both 

were adjusted to optimize signal strength. The placement sites were cleaned with an 

alcohol swab. Inter-optode distance was set at 35 mm using a black, plastic spacer and 

was affixed to the skin with double-sided self-adhesive disks. Black elastic covering 

were wrapped over the probes to further secure placement and minimize the intrusion of 

ambient light. NIRS data were recorded at 10 Hz and averaged over a 10 s period [e.g., 

2:10–2:20 min for the first lower intensity (L) section and 4:40–4:50 for the first sprint 

(S)]. The [O2Hb] and [HHb] in the present study are reported as changes against a 120 s 

baseline value collected before the commencement of each session while participants 

sat quietly on the cycle ergometer with their eyes closed. 

5.2.7 Performance time trial, physiological responses and RPE  

Power output, heart rate, core temperature and skin temperature were monitored 

continuously. Data were averaged over a 20-s period [e.g., 2:05–2:25 min for the first 

lower intensity (L) section and 4:35–4:55 for the first sprint (S)]. 

Power output derived from Velotron 3D software (Version 1.0, RacerMate Inc., 

Seattle, WA) was normalised to lean leg mass and calculated as power output (W)/lean 

leg mass (kg). Each participant was fitted with a sensor belt (Equivital™ EQ02 

LifeMonitor Sensor Belt, Hidalgo, Cambridge, U.K.) to monitor heart rate. Core 

temperature (Tc) was monitored via an ingestible telemetric sensor (VitalSense® Core 

Body Temperature Capsule, Respironics Inc., Murrysville, PA). Sparling et al. (1993) 

reported similar data when comparing ingestion intervals of 3–4 h vs 8–9 h whilst Ng et 

al. (2008) implemented an ingestion interval of between 6 h 15 min to 7 h 15 min. Thus, 

our pilot studies indicated that 5 hours before performing the cycling time trial was the 
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optimum interval to ingest the core temperature capsule in the present population. Skin 

temperature (Tsk) was measured by iButtons® (Thermodata Viewer, 3.1.19) 

programmed according to the manufacturer’s instructions and affixed to the skin using 

Transpore™ tape (3M Health Care, St. Paul, MN) at the chest, arm, thigh and leg 

(Ramanathan, 1964) immediately before entering the climate chamber. Heart rate and Tc 

signals were transmitted to a sensor electronics module (Equivital™ EQ02 LifeMonitor, 

Hidalgo, Cambridge, U.K.) and monitored by eqView Professional software (Version 

4.1.59.6907). Rating of Perceived Exertion (RPE) was measured using the Borg 6–20 

Scale (Borg, 1982) every 2.5 min. Whole blood lactate (BLa) was assessed from blood 

taken from the ear lobe with a handheld analyzer (Lactate Pro, Arkray KDK, Kyoto, 

Japan) immediately after every sprint. 

5.2.8 Exercise Training 

The intervention followed a mixed method of training. The first session was 

aerobic, the second session was strength, and the third session was half aerobic and half 

strength for a total of 3 sessions per week. Aerobic exercises were performed on the 

cycle ergometer, treadmill or rowing machine and progressed from 30–55 min over the 

12 weeks. All bouts of aerobic exercise followed the time trial protocol of 30 s maximal 

effort sprint for every 4.5 min of lower intensity, and targeted an intensity of > 70% 

peak heart rate for the lower intensity sections and > 80% of peak heart rate for the 

sprint sections. Resistance exercises targeting the major muscle groups were performed 

on pulley-weight machines (chest press, seated row, lat pulldown, shoulder press, leg 

press, leg curl, squats, and lunges). Participants progressed from 3 sets of 3 exercises to 

4 sets of 8 exercises over the 12 weeks. All sets were performed at loads permitting 
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completion of 10 repetition maximum. Participants were encouraged to perform as 

many repetitions as possible on the last set, with loads increasing when 12–15 

repetitions were completed on the final set. At the beginning, the third (mixed) session 

comprised 15 min of aerobic exercise and 2 sets of 3 resistance exercises and progressed 

to 28 min of aerobic exercise and 2 sets of 8 resistance exercises towards the end of the 

12 weeks. All exercise sessions were fully supervised by qualified personnel and 

attained 100% compliance. 

5.2.9 Statistics 

Data from the OU were analysed for differences pre- and post-training (OU-PRE 

and OU-POST, respectively). The OU-POST data were then compared with those of the 

OT. Between group differences were identified by a one-way ANOVA. Multiple 

comparisons between and within group were identified through a repeated measures 

two-way AN  A, determined using an uncorrected Fisher’s LSD test.  

All statistical analyses were performed with Prism 6 software (Version 6.05, 

GraphPad Software, Inc., La Jolla, CA) for Windows. Data are presented as mean±SD 

unless otherwise indicated with significance set at P < 0.05. Effect sizes were calculated 

by dividing the mean difference by a pooled variance estimate, and magnitudes were 

assessed using the following criteria: ≤ 0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = 

moderate, and > 0.80 = large (Cohen, 1988).   

5.3 Results 

Participant characteristics are presented in Table 5.1.
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Table 5.1 Mean±SD (range) of age and physical characteristics for 19 male participants 

 Acute  Chronic  Effect size, d 

 OU-PRE  OU-POST  OT  OU-POST: 

OU-PRE 

OT: 

OU-POST 

OT: 

OU-PRE  N = 8 N = 8  N = 11  

         

         

Age (y) 58.7±4.2 

(52.5–63.7) 

-  57.5±3.4 

(50.1–61.1) 

 - - -0.21 

         

Height (cm) 176.8±0.07 

(168.0–190.0) 

-  172.2±0.05 

(164.2–185.0) 

 - - -0.02 

         

Mass (kg) 87.3±8.9 

(75.6–96.9) 

86.9±8.3 

(76.0–97.2) 

 77.7±8.9 

(66.3–89.7) 

 -0.03 -0.83 * -0.85 
a
 

         

DXA         

         

Total fat (%) 30.3±2.8 

(27–36) 

28.8±1.5 

(27–31) 

 21.1±6.9  

(4–28) 

 -0.39 -1.08 
†
 -1.25 

c
 

         

Total lean mass (kg) 59.8±5.6 

(51.3–67.3) 

61.3±6.1 

(53.1–68.3) 

 60.3±6.9 

 (50.9–69.6) 

 0.18 -0.11 0.06 

         

OU-PRE = untrained men; OU-POST = acutely trained men; OT = chronically trained men; DXA = dual energy X-ray absorptiometry 

Significance between OT and OU-POST indicated by * P < 0.05 and 
†
 P < 0.01 

Significance between OT and OU-PRE indicated by 
a P < 0.05 and 

c
 P < 0.001 

Effect size:  0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = moderate, and > 0.80 = large (Cohen, 1988) 
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The results of descriptive measures are summarised in Table 5.2. 

Mass and body composition. Total body mass pre-cycling did not change in the 

OU with training, although it was lower in the OT compared with OU-PRE and OU-

POST (P < 0.05; Table 5.1). Whole body fat percentage was lower in the OT compared 

with OU-POST (P < 0.01) and OU-PRE (P < 0.001). Post-training, the 1.5% decrease in 

whole body fat in the OU-POST compared with the OU-PRE was not significant. There 

were no differences in total lean mass between groups.  

Hydration. OT consumed more water during the cycling time trial than OU-

POST and OU-PRE (P < 0.01; Figure 5.2) whilst no differences were observed in the 

OU with training. There were no differences in urine specific gravity between groups 

(Table 5.2). Sweat rate did not change in the OU with training. OT had a higher sweat 

rate compared with OU-PRE (P < 0.01), but the 0.54 l/h more compared with OU-

POST was not significant. The loss of 0.21 l/h more fluid in the OU-POST compared 

with OU-PRE was not significant. 
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Figure 5.2 Volume of water consumed by individuals (×) and group (bars). 

Significance between OT and OU-POST indicated by 
†
 P < 0.01. 

Significance between OT and OU-PRE indicated by 
b
 P < 0.01. OU-

PRE = untrained men; OU-POST = acutely trained men; OT = 

chronically trained men. Data presented as mean±SEM.  
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Neuromuscular performance. There were no significant differences in evoked 

resting peak twitch force and rate of force development between the groups (Table 5.2). 

The time to peak force in the OT was significantly faster by 10.1 ms compared with the 

OU-POST (P < 0.05) while the 1.3 ms delay in OU-POST compared with the OU-PRE 

was not significant. The differences in half relaxation time were not significant, 

although it represented a large effect size (0.81) between the OT and OU-POST. The 

difference in contraction duration between groups was not significant with a moderate 

effect size (0.60) between the OT and OU-POST. 

 Voluntary activation is illustrated in Figure 5.3 (left ordinate). Before the time 

trial, the voluntary activation was 89.7±8.6%, 81.3±16.0% and 87.2±8.7% for OU-PRE, 

OU-POST and OT, respectively. The voluntary activation between groups was not 

significantly different but there was a moderate effect size (−0.51) between OU-POST 

and OU-PRE. After the time trial, the voluntary activation was 78.4±16.0%, 79.8±10.8% 

and 85.6±7.5% for OU-PRE, OU-POST and OT, respectively. No significant 

differences were observed between groups although there was a moderate effect size 

(0.50) between OT and OU-POST. There was a significant effect of the cycling time 

trial on voluntary activation in OU-PRE, decreasing by 11.3% (P < 0.05; effect size = 

−0.72) after the cycling time trial. However, the 1.5% decrease in the OU-POST and 1.6% 

decrease in the OT after the cycling time trial were not significant (effect size = −0.09 

and −0.15, respectively).  

Muscle quality. Muscle quality is illustrated in Figure 5.3 (right ordinate). 

Muscle quality was 23.0±4.6 Nm/kg, 21.4±5.7 Nm/kg and 23.1±5.0 Nm/kg in the OU-

PRE, OU-POST and OT, respectively. No significant differences were observed 

between groups, representing a small effect size of -0.22 between OU-POST and OU-
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PRE, a small effect size of 0.24 between OT and OU-POST, and a trivial effect size of 

0.01 between OT and OU-PRE. 
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Figure 5.3 Voluntary activation and muscle quality between groups. Significant effect 

of time trial in OU-PRE indicated by * P < 0.05. OU-PRE = untrained men; OU-POST 

= acutely trained men; OT = chronically trained men. Data presented as mean. 

Near-infrared spectroscopy. Cerebral ∆[O2Hb] was significantly higher than 

baseline from S1 in OU-PRE (Figure 5.4A) and OU-POST (Figure 5.4B; P < 0.01) and 

from L2 in OT (Figure 5.4C; P < 0.01). Muscle ∆[O2Hb] in OU-PRE (Figure 5.4A) was 

significantly lower than baseline at S1 (P < 0.01) and significantly higher than baseline 

at L4 (P < 0.05) and L5 (P < 0.01), whilst the muscle ∆[O2Hb] in the OU-POST (Figure 

5.4B) and OT were significantly lower than baseline (Figure 5.4C). Cerebral ∆[HHb] 

was significantly different from baseline in OU-PRE from L2 (Figure 5.4D; P < 0.05) 

whilst the changes were significant from S3 in OU-POST (Figure 5.4E; P < 0.05) and 

S2 in OT (Figure 5.4F; P < 0.05). The muscle ∆[HHb] was higher than baseline 

throughout the cycling time trial in all groups (Figure 5.4D–F).
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Table 5.2 Mean±SD (range) of hydration, time trial descriptives and evoked twitch properties 

       

   Effect size, d 

 OU-PRE 

N = 8 
OU-POST 

N = 8 
OT 

N = 11 
OU-POST: 

OU-PRE 

OT: 

OU-POST 

OT: 

OU-PRE 

       

       

Hydration       

       

USG 1.014±0.007 

(1.005–1.023) 

1.015±0.009 

(1.005–1.029) 

1.019±0.007 

(1.007–1.030) 

0.000 0.002 0.002 

       

Sweat rate (l/h) 0.90±0.28 

(0.41–1.20) 

1.11±0.37 

(0.58–1.55) 

1.65±0.70 

(1.03–3.20) 

0.08 0.21 0.30
 b

 

       

Time trial       

       

Distance (km) 11.40±1.15 

(10.14–13.80) 

11.28±1.11 

(10.14–13.46) 

12.61±1.18  

(10.58–14.74) 

-0.04 0.47 * 0.42 
a
 

       

Normalised peak power 

(W/kg) 

42.1±6.4 

(32.9–51.0) 

46.4±6.6 

(40.1–59.3) 

60.3±11.6 

(46.7–86.8) 

0.48 1.11 
†
 1.46

 c
 

       

Peak heart rate (beats/min) 166±12 

(149–183) 

159±14 

(137–184) 

165±13 

(147–192) 

-0.39 0.35 -0.06 
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Table 5.2 Continued. 

       

   Effect size, d 

 OU-PRE OU-POST OT OU-POST: 

OU-PRE 

OT: 

OU-POST 

OT: 

OU-PRE 

       

       

Evoked resting twitch
# 

      

Normalised Peak force 

(N/kg) 

4.9±1.1 

(3.3–6.5) 

5.1±1.5 

(3.0–7.3) 

4.9±1.5 

(3.5–7.6) 

0.09 -0.08 0.01 

       

Rate of force development 

(N/s) 

366.2±89.1 

(261.2–485.0) 

383.3±110.9 

(265.3–528.9) 

399.4±93.1 

(284.8–525.6) 

0.13 0.13 0.29 

       

Time to peak force (ms) 86.3±5.2 

(81.5–94.0) 

87.5±2.6 

(85.0–91.5) 

77.4±9.3 

(68.5–94.0) 

0.22 -1.11 * -0.90 

       

Half relaxation time (ms) 51.6±23.3 

(29.5–91.5) 

46.8±20.6 

(29.0–84.5) 

71.1±26.5 

(34.0–102.5) 

-0.17 0.81 0.62 

       

Contraction duration (ms) 137.8±22.0 

(118.5–173.0) 

134.3±19.4 

(116.5–171.0) 

148.5±18.5 

(127.0–171.0) 

-0.13 0.60 0.42 

       
#
 indicates N = 6 for OU-PRE and OU-POST; N = 7 for OT 

Significance between OT and OU-POST indicated by * P < 0.05 and 
†
 indicates P < 0.01  

Significance between OT and OU-PRE indicated by 
a
 P < 0.05, 

b
 P < 0.01 and 

c
 indicates P < 0.001 

OU-PRE = untrained men; OU-POST = acutely trained men; OT = chronically trained men; USG = urine specific gravity 

Effect size:  0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = moderate, and > 0.80 = large (Cohen, 1988)



   Chapter 5: Study Three 

131 

 

-2 0

-1 0

0

1 0

2 0

O U -P R E


O

2
H

b
 (


M
)

*

†
‡

§
§

§§
§

§ §

†

†

A

 -2 0

-1 0

0

1 0

2 0

O U -P O S T


O

2
H

b
 (


M
) ‡

*§
†

§

§
§

§
§

§
§

§

§§§§
§

*

B

 -2 0

-1 0

0

1 0

2 0

OT


O

2
H

b
 (


M
)

C e re b ra l

M u s c le‡

*

†

§§

§
§

§

§

§

§

† *

§§§

C

 

B L 1 S 1 L 2 S 2 L 3 S 3 L 4 S 4 L 5 S 5

-5

0

5

1 0

1 5

2 0


H

H
b

 (


M
)

‡†**

*

** ††

§

§
§

§

§

§

§
§

§

D

 

B L 1 S 1 L 2 S 2 L 3 S 3 L 4 S 4 L 5 S 5

-5

0

5

1 0

1 5

2 0


H
H

b
 (


M
)

§

* † ‡†

§

§

§

§

§

§ §

§

§

E

 

B L 1 S 1 L 2 S 2 L 3 S 3 L 4 S 4 L 5 S 5

-5

0

5

1 0

1 5

2 0


H

H
b

 (


M
)

*

‡

†

§

§§§

§

§

* † †

†

‡ ‡

F

 

Figure 5.4 Changes from resting values in cerebral and muscle tissue oxygenation during the cycling time trial. A: Changes in O2Hb in OU-PRE. B: 

Changes in O2Hb in OU-POST. C: Changes in O2Hb in OT. D: Changes in HHb in OU-PRE. E: Changes in HHb in OU-POST. F: Changes in HHb in 

OT. Significance from baseline indicated by * P < 0.05, 
† P < 0.01, ‡ P < 0.001 and 

§
 P < 0.0001. OU-PRE = untrained men; OU-POST = acutely 

trained men; OT = chronically trained men; [O2Hb] = Concentration of oxyhemoglobin; [HHb] = Concentration of deoxyhemoglobin; L = lower 

intensity; S = sprint. Values are presented as mean±SEM.



   Chapter 5: Study Three 

 

 

132 

Performance time trial, physiological responses and RPE. The OT cycled 

1.33 km and 1.20 km further than the OU-POST (P < 0.05) and OU-PRE (P < 0.05), 

respectively (Table 5.2). The OT achieved a normalised peak power of 13.9 W/kg 

(effect size = 1.11) and 18.2 W/kg (effect size = 1.46) more than the OU-POST (P < 

0.01) and OU-PRE (P < 0.001), respectively. Peak heart rate during the time trial was 

similar between groups.  

The OT maintained a higher heart rate than the OU-POST throughout the 25 min 

cycling time trial (Figure 5.5A), with significance at L1, L2, and S1 (P < 0.05). This 

occurred even though the peak heart rate was similar between groups (Table 5.2). The 

OU-PRE maintained a higher heart rate than the OT at S4 and S5, although this was not 

significant. 

RPE during the time trial (Figure 5.5B) was similar between groups during the 

time trial.  

No significant differences were observed in blood lactate between groups. In the 

OT, BLa after S1 was 6.4±3.8 and 9.1±3.2 mmol/l after S5. In the OU-POST, BLa after 

S1 was 5.9±1.1 and 9.5±2.3 mmol/l after S5. In the OU-PRE, BLa after S1 was 6.0±1.6 

and 9.4±1.1 mmol/l after S5. 

Tc was 38.6±0.3, 38.1±0.3, and 38.1±0.3 °C in the OT, OU-POST, and OU-PRE, 

respectively, at the end of the time trial. The rate of rise in the Tc of 3.6±0.8 °C/h in the 

OT was significantly higher compared with the rate of rise of 1.9±0.6 °C/h in the OU-

POST (P < 0.001) and 2.2±0.6 °C/h in the OU-PRE (P < 0.001). The Tc (Figure 5.6A) 

was significantly higher in the OT from S4 compared with OU-POST and from S3 

compared with OU-PRE. No significant differences in Tc were observed between the 

OU-POST and OU-PRE. The OT maintained a higher Tsk compared with the OU-POST 
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and OU-PRE throughout the time trial (Figure 5.6B), although the differences were not 

significant.  

The OT maintained a higher power output compared with OU-POST and OU-

PRE during the lower intensity sections (Figure 5.7A). The OT maintained a higher 

power output compared with the OU-POST and OU-PRE during all but the last sprint 

(Figure 5.7B). No significant differences in power output were observed between the 

OU-PRE and OU-POST. 
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Figure 5.5 Heart rate (A) and RPE (B) during the cycling time trial. Significance 

between OT and OU-POST indicated by * P < 0.05. OU-PRE = untrained men; OU-

POST = acutely trained men; OT = chronically trained men; L = lower intensity; S = 

sprint. Data presented as mean±SEM.  
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Figure 5.6 Thermoregulatory responses during the cycling time trial. A: Core 

temperature. B: Skin temperature. Significance between OT and OU-POST indicated by 

* P < 0.05 and 
†
 P < 0.01. OU-PRE = untrained men; OU-POST = acutely trained men; 

OT = chronically trained men; L = lower intensity; S = sprint. Data are presented as 

mean±SEM. 
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Figure 5.7 Normalised power output during the lower intensity (A) and sprint sections (B) of the cycling time trial. Power output normalised to lean leg 

mass. Significance between OT and OU-POST indicated by * P < 0.05, 
†
 P < 0.01 and 

‡
 P < 0.001. Significance between OT and OU-PRE indicated 

by 
a
 P < 0.05, 

b
 P < 0.01, 

c
 P < 0.001 and 

d
 P < 0.0001. OU-PRE = untrained men; OU-POST = acutely trained men; OT = chronically trained men; L 

= lower intensity; S = sprint. Data presented as mean±SEM.
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5.4 Discussion 

Although increased adiposity is associated with reduced heat loss (Kenney & 

Munce, 2003), we found that the OU-POST in the present study mitigated the heat load 

by modulating their pacing, ultimately producing a lower power output corresponding 

with relatively attenuated physiological responses compared with the OT. The OU-PRE 

maintained a similar power output compared with the OU-POST. Although no heat 

acclimation was carried out in this study, aerobic training alone can improve 

cardiovascular fitness (Huang et al., 2005) and indirectly improve performance in the 

heat by allowing the cardiovascular system to compensate for the increased demand for 

skin circulation to dissipate heat gained during exercise (Rowell et al., 1966). It has 

been established that the onset of sweating begins earlier as an adaptation to exercise 

training and heat acclimation (Nadel, Pandolf, Roberts, & Stolwijk, 1974). For example, 

Nielsen and colleagues (1993) observed the rate of weight loss increased significantly 

by  2.8 g/min for 10–40 min after heat acclimation. Similarly, a 2-week heat 

acclimation program increased sweat rate by  0.19 l/h and 0.25 l/h in moderately fit 

and highly trained subjects, respectively, although exercise heat tolerance was improved 

only by long-term aerobic fitness (Cheung & McLellan, 1998). Thus, in the present 

study, exercise training reduced the difference in sweat rate between OT and OU-PRE, 

as indicated by the lack of a significant difference between OT and OU-POST. This 

signifies an improvement in sweat rate in OU-POST, and provides an indication of 

positive adaptation with longer term exercise training.   

The OT in this study exhibited a higher sweat rate (P < 0.05) compared with the 

OU-PRE, in line with research showing a correlation between sweating rate and fitness 
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levels (Drinkwater, Bedi, Loucks, Roche, & Horvath, 1982) and higher cycling 

performance. In the present study, this is corroborated by the fact that the OT 

maintained high power during each of the sections of the time trial compared to OU-

PRE and OU-POST. It is interesting to note that only one out of the eleven OT did not 

consume any water during the time trial whilst two out of eight participants consumed 

water during the OU-PRE time trial and only one out of eight participants consumed 

water during the time trial in OU-POST, resulting in a significant volume of water 

consumed by the OT. Even in the OT who had the largest change in body mass post-

cycling, the relatively short duration of the present cycling time-trial did not allow us to 

observe the loss of body mass thought to have a detrimental effect on performance 

(Robinson et al., 1995) or invoke a thirst response (Sawka et al., 1992). Fluid ingestion 

may enhance exercise performance in the heat by increasing the sweating response, thus 

attenuating the rise in core temperature (Sawka & Montain, 2000). With more 

experience in exercise training, the OT has seemingly chosen a different hydration 

strategy compared with the OU-POST and the OU-PRE to mitigate the effects of 

possible exercise hyperthermia in the present time trial environment, ultimately 

attaining a higher, but non-critical, Tc
 
at the end of the 25 min time trial.  

Our findings demonstrate that trained older men display a superior pacing 

strategy compared to the more newly trained men in terms of performance output i.e., 

normalised peak power, power output throughout the time trial and total distance cycled. 

This is not an unusual finding as larger improvements in aerobic fitness are typically 

observed with training programs lasting ≥ 16 wk (Huang et al., 2005). Interestingly, the 

higher sweat rate did not prevent the OT from maintaining a higher heart rate despite all 

groups displaying a similar peak heart rate, which may have been in part mitigated by 
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the higher volume of fluid ingested. The resultant higher performance produced by the 

OT occurred with higher physiological responses (Figures 5.5, 5.6 and 5.7) while all 

groups increased their RPE linearly and at the same rate throughout the time trial. Their 

similar lactate responses throughout the time trial indicate that all participants provided 

a conscious best effort. Taken together, these responses imply that fatigue can be 

predicted near the start of exercise (Horstman, Morgan, Cymerman, & Stokes, 1979). 

This has been observed in subjects performing exercise to exhaustion in cool and hot 

environments at fixed work rates. Crewe and colleagues (2008) demonstrated that the 

rate of increase in RPE accurately predicts the duration of exercise to exhaustion at a 

fixed work rate, supporting the hypothesis that the brain integrates afferent feedback at 

the onset of exercise and pre-sets the duration of exercise based on its own decision of 

when fatigue will occur, allowing an appropriate rate of heat storage that ensures the 

exercise bout is completed before dangerous hyperthermia develops (Crewe et al., 2008). 

Previous research examining the relationship between thermoregulation and 

exercise performance over a wide variety of hydration strategies, environment, and 

performance protocols have shown that the purported critical Tc ≥ 39.5 °C is seldom 

attained, or if attained, no life-threatening consequences are observed (Marino, Kay, et 

al., 2004; Nolte et al., 2011). In addition, the short duration of the present time trial was 

insufficient for participants to accumulate and store a sufficient heat load to reach the 

purported critical Tc. The OT subconsciously chose a pace that resulted in a higher rate 

of increase in their Tc. However, since RPE was similar between groups, which suggest 

that the OU are able to forecast and pace the ride equally well as the OT or at the very 

least match their effort to the prevailing condition in order to complete the exercise bout. 

With knowledge of the environmental condition and duration of the time trial, they were 
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able to forecast that the exercise session would be completed at the selected pace before 

any potential harm would occur, supporting Ulmer’s theory of teleoanticipation (Ulmer, 

1996) in which feedback and feedforward processes are integrated to regulate premature 

cessation of exercise. Based on previous experience, the OT were able to select a more 

aggressive pacing strategy in the knowledge that they would be able to complete the 25-

min time trial safely, reducing the likelihood of physiological failure. The OT 

completed more work and incurred a higher rate of rise in Tc, although this did not 

translate to a critical core temperature at completion of the 25 min cycling time trial. In 

fact, the Tc in the OT at S5 was  38.6 °C, well below core temperatures associated with 

heat illnesses or exercise termination (Armstrong et al., 1996). 

The present study assessed central fatigue through peripheral electrical 

stimulation delivered to the motor axons innervating the muscle during voluntary 

muscle contraction (Gandevia, 2001). Peripheral sources of fatigue include 

neuromuscular propagation and contractile properties which can be indirectly measured 

by the amplitude of the compound muscle action potential (M wave) in response to a 

peripheral electrical stimulation and relaxation time. The time to peak force, half 

relaxation time and contraction duration may indicate differences in contractile function 

with training, although these variables are derivatives of the twitch 

contraction/relaxation cycle. Between groups, there were no differences in voluntary 

activation, indicating no changes in central activation (Gandevia, 2001). However, there 

was a significant effect of the time trial in the OU-PRE. After the time trial, voluntary 

activation in the OU-PRE decreased significantly whilst it remained unchanged in the 

OU-POST and OT. Given the age group of these participants, the maintenance of 

neuromuscular function is understandably retained. However, the decrease in voluntary 
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activation observed in OU-PRE after the time trial may indicate a fatiguing effect of the 

time trial since no changes were observed in the trained groups. The inability of the 

OU-PRE to maintain voluntary drive to the knee extensors is an indication of central 

fatigue. This decrease in voluntary activation is not observed in the same participants 

post-training, indicating positive adaptations to the 12 week training program, although 

it is unclear if these adaptations occurred at the periphery or within the central nervous 

system. Interestingly, there were no differences in muscle quality after 12 weeks of 

exercise training in the OU-POST or with longer term training in the OT, indicating the 

contribution of fatigue mechanisms unrelated to the periphery. Evaluation of the 

cerebral and muscle tissue hemodynamics during the cycling time trial provides some 

indication of the changes taking place. Changes in the muscle [O2Hb] in the OU-POST 

indicate some effect of training resulting in a trend similar to the OT, displaying lower 

levels of oxygen saturation during the sprints (Boushel et al., 2001). The changes in the 

cerebral [HHb] indicate systemic hypoxemia from L2 to the end of the cycling trial in 

OU-PRE whilst this was evident only at L5 for OU-POST and OT and during the latter 

sprints.  

The disconnection between cycling time trial performance, physiological 

responses and perceived exertion of the OT in comparison with the OU-POST (and OU-

PRE) may partially be explained by motivation. The OT in this study may have high 

task achievement goals and social affiliation which may facilitate their performance in 

acute and chronic exercise bouts at a time when their peers are experiencing a decline in 

exercise participation (Hodge et al., 2008). Taken together, while it seems the benefits 

of beginning exercise training later in life may not manifest itself in improved 

performance, there are potential neuromuscular and physiological adaptations which 
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may translate to improved function. This has implications for enabling older adults to 

begin and continue exercise interventions to gain the multitude of benefits associated 

with longer term exercise which could translate to activities of daily living.  
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CHAPTER 6 

Time trial performance of younger trained and untrained men in two 

environmental conditions 

6.1 Introduction  

Study Two (Chapter 4) demonstrated that older men who have been training for 

a longer period of time (at least 6 months) maintained similar exercise performance 

when compared with younger trained men and outperformed younger sedentary men. 

This was seemingly accomplished by central mechanisms, in that the older trained men 

selected a higher power output during lower intensity sections to compensate for age-

related physiological disadvantage during higher performance demands in the sprint 

sections. It is commonly accepted that exercise training improves performance in older 

adults (Spirduso & Cronin, 2001; Tanaka & Seals, 2008), although the sedentary older 

men in Study One (Chapter 3) demonstrated otherwise. That is, 12 weeks of aerobic and 
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resistance training failed to improve performance even when physiological responses 

were improved. Specifically, upon completion of the exercise training program, 

physiological responses during the cycling time trial were favourable, but did not result 

in improved performance in these previously sedentary older men. Additionally, the 12 

week exercise program elicited a positive outcome in body composition with a reduced 

fat percentage and increased lean mass, which are usually associated with improved 

exercise performance in addition to having important implications for the prevention of 

chronic lifestyle diseases (Booth et al., 2012). 

Exercise in hot, humid environments may present uncompensable heat stress, 

and strategies to mitigate heat stress can include improving regulation of exercise 

(Tucker et al., 2006). Although the 25 min cycling time trial protocol used throughout 

this thesis was not sufficient to elicit a body weight loss to invoke a thirst response 

(Sawka et al., 1992), we observed a significantly higher volume of water consumed by 

the older trained men in Study Three (Chapter 5) than older men both before and after a 

12 week exercise training program. In Study Two (Chapter 3) where the cycling time 

trial was performed in a cool environment, older trained men had a higher sweat rate 

than young, untrained men. This higher sweat rate in the older trained men was also 

observed in Study Three (Chapter 5) where the cycling time trial was performed in a hot, 

humid environment, possibly a mechanism attributed to a function of aerobic fitness 

(Kenney & Munce, 2003).  

In the examination of fatigue mechanisms, this thesis observed a fatiguing effect 

of the cycling time trial in the young untrained men in the cool condition and the older 

untrained men in the hot, humid environment. That is, the level of voluntary activation 

decreased after the cycling time trial in these groups, and this inability to sustain the 
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level of voluntary drive during exertion indicates fatigue of a central origin (Gandevia, 

2001). 

Although the focus of this thesis is on the older population, the methodology of 

the present thesis allows direct comparison between the different age groupings. Thus, 

the aim of this study was to compare the pacing strategies of young trained and 

untrained men in the cool compared to a hot, humid environment. We hypothesised that 

pacing strategy will be optimised with training, and performance in the heat will be 

reduced. 

6.2 Methods 

The data of the young men from Study Two is re-presented here and 

comparisons made with data of the young men in the hot, humid environment. 

6.2.1 Participants 

Seventeen males were recruited from the local community. All the participants 

were healthy and non-smokers. After a thorough explanation of the study, all 

participants signed a letter of informed consent that was approved by the Human 

Research Ethics Committee of the University. The participants were separated 

according to training status. The trained men had participated in regular training at least 

three times per week for the last 6 months while the untrained men had not participated 

in any regular exercise for more than 6 months. Their characteristics are presented in 

Table 6.1. 



   Chapter 6: Study Four 

 

 

 

146 

Table 6.1 Mean±SD (range) of age and physical characteristics for 17 male participants 

    

 Young Trained  

N = 8 

Young Untrained 

N = 9 

YT-YU 

Effect size, d 

    

    

Age (y) 26.3±6.9 

(19.0–35.3) 

24.8±5.3 

(18.1–34.4) 

0.24 

    

Height (cm) 182.2±0.07 

(168.5–193.1) 

178.4±0.05 

(171.0–187.5) 

0.01 

    

DXA    

    

Total fat (%) 14.0±4.7 

(8–20) 

22.7±5.5 

(15–31) 

-1.24 
†
 

    

Total lean mass (kg) 63.4±8.4 

(52.3–80.9) 

61.6±8.4 

(50.3–74.7) 

0.17 

    

Significance between YT and YU indicated by 
†
 P < 0.01 

Effect size:  0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = moderate, and > 0.80 = 

large (Cohen, 1988) 

6.2.2 Study design 

The study design is depicted in Figure 6.1. Participants attended three laboratory 

trials. On the first occasion, each participant was familiarised with the laboratory and 

experiment expectations. After descriptive measures were taken (height, body mass and 

body composition), each participant underwent neuromuscular performance tests 

(described subsequently) before and after a self-paced cycling time trial. As the protocol 

was partly to examine the effect of previous experience with exercise and specifically 

cycling, participants then completed a 25 min self-paced cycling time trial. We opted to 

retain a similar exercise protocol as utilised in Study 1 in order to be able to make 

comparisons with respect to self-paced exercise. The trial comprised a 30 s maximal 
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effort sprint for every 4.5 min of lower intensity pace for a total of 25 min. Although the 

participants self-selected the gears and cadence throughout the entire 25 min, the time 

trial required them to complete as much work as possible and be fully expended at the 

end of 25 min, i.e., the pace selected during the 4.5 min should have been one that was 

maximally sustainable for the duration keeping in mind the 30 s of maximal effort 

immediately following. Participants remained seated throughout the protocol. The 

participant repeated the protocol in the thermoneutral and hot, humid environmental 

conditions. The order of the environmental conditions were randomised and each trial 

was separated by 7–10 days. The level of physical activity was kept constant through a 

1-week activity diary logged at baseline and used to remind participants before 

subsequent trials. 

 

Figure 6.1 Schematic of study design. MVC = maximum voluntary contraction; VA% = 

level of voluntary activation; clear box labelled L represents 4.5 min of cycling at lower 

intensity; shaded grey box labelled S represents 30 s of maximal sprint effort. 
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All trials were conducted on a cycle ergometer (Velotron Pro, RacerMate Inc., 

Seattle, WA) which was successfully calibrated with the Accuwatt™ test ( elotron 

Coaching Software, Version 1.6.458, RacerMate Inc., Seattle, WA) before each trial. 

The saddle and handle bar positions were adjusted to fit each participant and the settings 

were recorded for subsequent trials. All trials were performed at the same time of the 

day in a climate controlled chamber with a mean dry bulb temperature and relative 

humidity of 21.8 °C and 51%, respectively (Questemp° 15 Area Heat Stress Monitor, 

Quest Technologies, Oconomowoc, WI).  

The study design seeks to provide a snapshot over a period of the participants’ 

lives, thus no other controls were implemented and all participants were encouraged to 

continue their normal daily activity and dietary routines. Participants completed a 24-

hour food and sleep diary, and a 1-week activity diary at baseline which was used as a 

reference before returning for subsequent trials. 

The following Sections 6.2.3 to 6.2.6 are identical to Sections 4.2.3 to 4.2.5 and 

Section 4.2.7 but are replicated here for reference. 

6.2.3 Height and body composition 

During the familiarisation session, height was recorded in cm (S+M Height 

Measure, Aaxis Pacific, NSW, Australia), followed by supine whole body dual-energy 

X-ray absorptiometry (DXA) scan for analysis of whole body and regional body 

composition (Norland XR-800, CooperSurgical Inc., CT). Scanning resolution was set 

at 6.5 × 13.0 mm and scanning speed was set at 130 mm/s (Illuminatus DXA™ User 
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Interface Software Version 4.2.0). The whole body was analysed for lean & fat mass in 

kg and percentage and the right thigh was analysed for lean mass to calculate muscle 

quality using Equation 6.1: 

                
  

  
  

                        

                     
 

Equation 6.1 

6.2.4 Hydration 

Before the cycling time trial, participants provided a urine sample to assess urine 

specific gravity (USG) using a digital refractometer (PAL-10S, ATAGO®, Tokyo, 

Japan). Pre and post-trial nude body mass were measured to the nearest 10 g using a 

digital scale (HW-150K, A&D Weighing, Thebarton, SA, Australia). The participants 

were provided with water heated to approximately 37 °C to consume ad libitum and 

volume consumed was measured to the nearest ml. Post trial nude mass was obtained 

within 5 min of cessation of exercise, after towelling down to remove unevaporated 

perspiration. Sweat measurement was determined from the differences in nude body 

mass from the beginning to the end of the trial and corrected for fluid intake. 

6.2.5 Neuromuscular performance tests – voluntary activation 

Before the cycling trial, participant’s right knee extensor strength was measured 

on an isokinetic dynamometer (Humac® NORM
TM

, CSMI, MA, USA) whilst seated 

with their arms folded across their chest and their hips and upper bodies strapped firmly 

to the seat. In this position, the hip angle was 100° flexion. The right leg was attached to 
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the arm of the dynamometer at a level slightly above the lateral malleolus and the axis 

of rotation of the arm aligned with the lateral femoral condyle. The dynamometer arm 

was set so that the knee was 90° from full leg extension. Each subject performed 4 × 

sub-maximal familiarisation contractions prior to performing 3–6 × 5-s maximal 

contractions, separated by 1-min recovery periods. Subjects were encouraged verbally 

to exert the maximal possible force during each contraction. Contractions within a 5% 

variance were averaged and analysed. 

The level of voluntary knee extensor muscle activation was assessed using the 

twitch interpolation technique (Shield & Zhou, 2004) before and after the cycling trial. 

The femoral nerve was stimulated using a constant current peripheral nerve stimulator 

(Digitimer DS7AH Digitimer, Welwyn Garden City, Hertfordshire, UK) driven by 

customised software (Labview, version 2010 SP1, National Instruments, Austin, TX, 

USA). The stimulus was delivered to the skin using self-adhesive electrodes (Verity 

Medical Ltd, Stockbridge, Hampshire, UK). The cathode was positioned medially on 

the anterior aspect of the upper thigh  1 cm below the inguinal fold, while the anode 

was positioned on the lateral aspect of the upper thigh, between the iliac crest and the 

greater trochanter. The current was delivered using a single square-wave pulse with a 

width of 200 μs at 400  . Initially, the current applied was increased in incremental 

steps until the resting M wave and evoked twitch torque amplitude plateaus. The current 

was then increased by a further 10% to ensure supra-maximal activation of the nerve. 

Six resting twitches were elicited with 10-s rest between stimulations. The level of 

voluntary knee muscle activation was assessed across three trials with a 1-min rest 

between each attempt. Participants were instructed to slowly ramp their contraction to 

attain maximal torque over 2–3 s. Stimulus delivery during contraction was manually 
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triggered by customised software when maximum voluntary contraction (MVC) was 

attained. Within 5 s following each superimposed MVC, a second stimulus was 

delivered with the knee extensors at complete rest, determined by the absence of any 

load placed on the torque strain gauge other than the effect of gravity on the lower limb 

and the absence of EMG signals from the vastus lateralis. The level of voluntary knee 

extensor muscle activation during each superimposed MVC was calculated using 

Equation 6.2: 

                                      
                             

                        
       

Equation 6.2 

Where interpolated twitch amplitude was calculated as the maximum torque value 

produced within 200 ms subsequent to the delivery of the stimulus minus the mean 

torque value produced during the 50 ms period immediately prior to stimulus delivery 

and control twitch amplitude is the maximal torque value produced following 

stimulation whilst the muscle is at complete rest. The level of voluntary knee extensor 

muscle activation was assessed for all attempts with the single highest value used for 

further analysis. 

6.2.6 Performance time trial, physiological responses and RPE 

Power output, heart rate, core temperature and skin temperature were monitored 

continuously. Data were averaged over a 20 s period (e.g., 2:05–2:25 min for the first 

lower intensity (L) section and 4:35–4:55 for the first sprint (S)). 
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Power output derived from Velotron 3D software (Version 1.0, RacerMate Inc., 

Seattle, WA) was normalised to lean leg mass and calculated as power output (W)/lean 

leg mass (kg) and expressed as a percentage of peak power output during the time trial. 

Each participant was fitted with a sensor belt (Equivital™ EQ02 LifeMonitor Sensor 

Belt, Hidalgo, Cambridge, U.K.) to monitor heart rate. Core temperature (Tc) was 

monitored via an ingestible telemetric sensor (VitalSense® Core Body Temperature 

Capsule, Respironics Inc., Murrysville, PA). Sparling et al. (1993) reported similar data 

when comparing ingestion intervals of 3–4 h vs 8–9 h whilst Ng et al. (2008) 

implemented an ingestion interval of between 6 h 15 min to 7 h 15 min. Thus, our pilot 

studies indicated that 5 hours before performing the cycling time trial was the optimum 

interval to ingest the core temperature capsule in the present population. Skin 

temperature (Tsk) was measured by iButtons® (Thermodata Viewer, 3.1.19) 

programmed according to the manufacturer’s instructions and affixed to the skin using 

Transpore™ tape (3M Health Care, St. Paul, MN) at the chest, arm, thigh and 

leg(Ramanathan, 1964) immediately before entering the climate chamber. Heart rate 

and Tc signals were transmitted to a sensor electronics module (Equivital™ EQ02 

LifeMonitor, Hidalgo, Cambridge, U.K.) and monitored by eqView Professional 

software (Version 4.1.59.6907). Rating of Perceived Exertion (RPE) was measured 

using the Borg 6–20 Scale(Borg, 1982) every 2.5 min. Whole blood lactate was 

assessed from blood taken from the ear lobe with a handheld analyzer (Lactate Pro, 

Arkray KDK, Kyoto, Japan) immediately after every sprint.  
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6.2.7 Statistics 

Between group differences for descriptive measures were identified through 

paired t-test. Performance and physiological response data were analysed by repeated 

measures two-way ANOVA to assess main effects and potential interactions. The 

source of significance was located using Fisher’s LSD test.  

All statistical analyses were performed with Prism 6 software (Version 6.05, 

GraphPad Software, Inc., La Jolla, CA) for Windows. Data are presented as mean±SD 

unless otherwise indicated with significance set at P < 0.05. Effect sizes were calculated 

by dividing the mean difference by a pooled variance estimate, and magnitudes were 

assessed using the following criteria: ≤ 0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = 

moderate, and > 0.80 = large (Cohen, 1988). The results of the statistical analysis are 

included in Appendix E. 

6.3 Results 

Mass and body composition. Whole body fat percentage was lower in the YT 

compared with YU (P < 0.01; Table 6.1) whilst no differences were observed in total 

lean mass. No differences between groups were observed in total lean mass before 

cycling in both environmental conditions. 

Hydration. There were no differences between groups in USG before cycling in 

both environmental conditions (Table 6.2). Sweat rate was 0.48 l/h higher in the YT in 

the cool condition (P < 0.05) although the additional 0.51 l/h sweat rate in the YT in the 

hot condition was not significant.  
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Neuromuscular performance. In the cool environment, no differences between 

groups were observed in evoked twitch properties (Table 6.2). In the hot environment, 

peak force, rate of force development and time to peak force were similar between 

groups whilst half relaxation time and contraction duration were significantly longer in 

the YT (P < 0.05), representing a moderate effect size of 0.79 and 0.76, respectively. 

Voluntary activation is illustrated in Figure 6.2 (left ordinate). In the cool 

condition, the voluntary activation was 10.4% (P < 0.05) lower in the YU compared 

with the YT after the cycling time trial. In the YU, this represented a significant 

decrease of 7.2% in comparison to before the cycling time trial (P < 0.05). 

Muscle quality. Muscle quality is illustrated in Figure 6.2 (right ordinate). In 

the cool condition, muscle quality was 28.3 Nm/kg in the YT and 23.5 Nm/kg in the YU. 

In the hot condition, muscle quality was 27.7 Nm/kg in the YT and 24.4 Nm/kg in the 

YU. No significant differences were observed between groups. 
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Table 6.2 Mean±SD (range) of hydration, time trial descriptives and evoked twitch properties 

 Cool  Hot 

Variable YT YU Effect size, d  YT YU Effect size, d 

        

        

Mass (kg) 76.7±11.8 

(58.2–98.6) 

82.7±15.5 

(61.6–112.8) 

-0.34  76.1±11.2 

(58.6–97.0) 

82.1±15.1 

(61.4–111.9) 

-0.35 

        

Hydration        

        

USG 1.018±0.008 

(1.003–1.026) 

1.018±0.010 

(1.003–1.028) 

0.000  1.018±0.009 

(1.004–1.031) 

1.021±0.009 

(1.007±1.034) 

-0.001 

        

Sweat rate (l/h) 1.26±0.41 

(0.48–1.81) 

0.78±0.16 

(0.58–1.02) 
0.177 *  1.73±0.76 

(0.67–3.12) 

1.22±0.33 

(0.81–1.87) 

0.186 

        

Time trial        

        

Distance (km) 12.5±1.4 

(10.5–14.3) 

11.5±0.9 

(9.9–12.4) 

0.32  12.2±1.3 

(10.7–14.2) 

10.9±1.5 

(8.7–12.0) 
0.41 * 

        

Normalised peak power (W/kg) 70±10 

(50–83) 

57±16 

(35–85) 

0.72  73.8±12.5 

(55.1–93.5) 

56.0±18.0 

(31.2–81.4) 
0.91 * 

        

Peak heart rate (beats/min) 179±7 

(163–186) 

178±10 

(154–188) 

0.09  180±11 

(158–191) 

181±9 

(163–192) 

-0.07 
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Table 6.2 Continued. 

 Cool  Hot 

Variable YT YU Effect size, d  YT YU Effect size, d 

        

        

Evoked resting twitch
a 

       

        

Peak force (N) 42.8±10.3 

(27.7–58.5) 

42.6±9.8 

(32.3–66.0) 

0.01  45.5±14.8 

(24.9–65.0) 

44.8±13.2 

(28.9–70.1) 

0.04 

        

Rate of force development (N/s) 617.2±168.4 

(349.6–841.2) 

560.9±134.4 

(395.7–740.4) 

0.27  621.2±202.1 

(326.7–859.6) 

586.8±127.7 

(409.4–799.9) 

0.15 

        

Time to peak force (ms) 69.9±5.0 

(64.0–79.0) 

77.0±12.1 

(63.0–98.0) 

-0.51  73.7±6.8 

(67.0–84.0) 

75.3±8.4 

(66.0–87.5) 

-0.15 

        

Half relaxation time (ms) 70.3±24.3 

(40.0–103.5) 

55.6±17.5 

(32.5–81.0) 

0.50  72.0±15.0 

(42.0–90.5) 

55.3±14.7 

(35.0–81.0) 
0.79 * 

        

Contraction duration (ms) 140.2±26.7 

(105.0–176.5) 

132.6±11.4 

(113.0–149.0) 

0.27  145.7±16.9 

(109.5–162.5) 

130.6±11.3 

(114.0–148.5) 
0.76 * 

        
a
 indicates N = 8 for YT and N = 9 for YU 

Significance between YT and YU indicated by * P < 0.05. YT = young trained men; YU = young untrained men; USG = urine specific gravity. 

Effect size:  0.19 = trivial, 0.20–0.49 = small, 0.50–0.79 = moderate, and > 0.80 = large (Cohen, 1988) 
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Figure 6.2 Voluntary activation and muscle quality in the YT and YU in the cool (A) and hot (B) environmental conditions. Significant effect of time 

trial in YU and significant difference between YT and YU indicated by * P < 0.05. YT = young trained men; YU = young untrained men. Data 

presented as mean. 
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Performance time trial, physiological responses and RPE. The total distance 

completed in the cool condition was similar between the YT and YU (Table 6.2). In the 

hot condition, the YT cycled 1.28 km further than the YU (P < 0.05). No differences in 

normalised peak power were observed between groups in the cool condition, whilst the 

YT achieved a significantly higher power output of 17.9 W/kg more than the YU in the 

hot condition (P < 0.05). Peak heart rate during the time trial was similar between 

groups in both environments. 

Heart rate during the time trial was similar between groups in both environments. 

In the cool condition, heart rate in the YT rose from 126 beats/min at L1 to 172 

beats/min at S5 whilst in the YU this was 123 beats/min at L1 to 163 beats/min at S5 

(Figure 6.3A). In the hot condition, heart rate in the YT rose from 127 beats/min at L1 

to 174 beats/min at S5 whilst in the YU this was 120 beats/min at L1 to 171 beats/min 

at S5 (Figure 6.3B). There was no interaction effect for heart rate in both the cool and 

hot conditions. This is accompanied by a corresponding increase in RPE in both 

environments. In the cool condition, RPE in the YT increased from 10.9±1.9 at L1 to 

18.6±1.5 at S5 whilst in the YU this was 9.9±1.6 at L1 to 19.4±0.7 at S5 (Figure 6.3C). 

In the hot condition, RPE in the YT increased from 10.4±2.1 at L1 to 19±1.1 at S5 

whilst in the YU this was 10.7±1.9 at L1 to 19.6±0.7 at S5 (Figure 6.3D). In the cool 

condition, the YU had a significantly higher RPE only at L5 (P < 0.01; Figure 6.3C), 

whilst they had a significantly higher rating at L4 & L5 in the hot condition (P < 0.05; 

Figure 6.3D). There was an interaction effect for RPE in the cool condition during both 

the lower intensity and sprint sections of the protocol. There was no interaction effect 

for RPE in the hot condition.  
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No significant differences were observed in blood lactate between groups. In the 

cool environment, BLa after S1 was 7.6±1.2 mmol/l in the YT and 5.7±3.4 mmol/l in 

the YU, and increased to 12.5±2.4 mmol/l and 11.0±3.5 mmol/l in the YT and YU, 

respectively, after S5. In the hot environment, BLa after S1 was 8.0±0.9 mmol/l in the 

YT and 6.9±2.8 mmol/l in the YU, and increased to 12.3±2.1 mmol/l and 11.0±3.2 

mmol/l in the YT and YU, respectively, after S5. 

In the cool condition, Tc in the YT was 37.4±0.2 °C and 37.3±0.2 °C in the YU 

at L1. By the end of the time trial, Tc was 38.3±0.4 and 38.1±0.5 °C in the YT and YU, 

respectively (Figure 6.4A). In the hot condition, Tc in the YT was 37.4±0.3 °C and 

37.4±0.3 °C in the YU at L1. The Tc was 38.5±0.6 and 38.2±0.5 °C in the YT and YU, 

respectively, at the end of the time trial in the hot environment (Figure 6.4B). There was 

no interaction effect in Tc in both the cool and hot conditions. The difference in the rate 

of rise in Tc of 0.5 °C/h in the cool condition and 0.7 °C/h in the hot condition between 

the YT and YU were not significant. The YT maintained a higher Tsk compared with the 

YU throughout the time trial in both environments, although this was significant only at 

L2 and S2 in the cool environment (Figures 6.4C and 6.4D). 
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Figure 6.3 Heart rate during the cycling time trial in the cool (A) and hot (B) environmental conditions. RPE during the cycling time trial in the cool (C) 

and hot (D) environmental conditions. Significance between YT and YU indicated by * P < 0.05 and 
†
 P < 0.01. YT = young trained men; YU = young 

untrained men; L = lower intensity; S = sprint. Data presented as mean±SEM.



   Chapter 6: Study Four 

161 

3 7 .0

3 7 .5

3 8 .0

3 8 .5

3 9 .0

C o o l

C
o

re
 t

e
m

p
e

ra
tu

re
 (

C

)

A YT

YU

 3 7 .0

3 7 .5

3 8 .0

3 8 .5

3 9 .0

H o t

C
o

re
 t

e
m

p
e

ra
tu

re
 (

C

)

B

YU

YT

 

L 1 S 1 L 2 S 2 L 3 S 3 L 4 S 4 L 5 S 5

3 0 .0

3 1 .0

3 2 .0

3 3 .0

3 4 .0

3 5 .0

3 6 .0

S
k

in
 t

e
m

p
e

ra
tu

re
 (

C

)

*
*

C

 
L 1 S 1 L 2 S 2 L 3 S 3 L 4 S 4 L 5 S 5

3 0 .0

3 1 .0

3 2 .0

3 3 .0

3 4 .0

3 5 .0

3 6 .0

S
k

in
 t

e
m

p
e

ra
tu

re
 (

C

)

D

 
Figure 6.4 Thermoregulatory responses during the cycling time trial. A: Core temperature in the cool environmental condition. B: Core temperature in 

the hot environmental condition. C: Skin temperature in the cool environmental condition. D: Skin temperature in the hot environmental condition. 

Significance between YT and YU indicated by * P < 0.05. YT = young trained men; YU = young untrained men; L = lower intensity; S = sprint. Data 

presented as mean±SEM. 
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The YT maintained a higher power output compared with the YU during the 

lower intensity sections in both environments although this was not significant (Figures 

6.5A and 6.5B). However, the power output produced by the YT was significantly 

higher than the YU from S1–S5 in the cool condition (P < 0.05 at S1, P < 0.01 at S2 and 

S5 and P < 0.0001 at S4 and S4). In the hot condition, the power output produced by the 

YT was significantly higher than the YU from S1–S4 (P < 0.05 at S1 and S3, P < 0.01 

at S2 and S4). There was no interaction effect in the normalised power during the 

sprints in both environmental conditions. 
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Figure 6.5 A: Normalised power output during the lower intensity sections in the cool environmental condition. B: Normalised power output during the 

lower intensity sections in the hot environmental condition. C: Normalised power output during the sprint sections in the cool environmental condition. 

D: Normalised power output during the sprint sections in the hot environmental condition. Power output normalised to lean leg mass. Significance 

between YT and YU indicated by * P < 0.05. YT = young trained men; YU = young untrained men; L = lower intensity; S = sprint. Data presented as 

mean±SEM.
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6.4 Discussion 

The present study assessed central fatigue through peripheral electrical 

stimulation delivered to the motor axons innervating the muscle during voluntary 

muscle contraction (Gandevia, 2001). There were between or within group differences 

observed in voluntary activation before or after the time trial in the hot environment, 

whilst the voluntary activation was higher in the YT than YU after the cycling time trial 

in the cool environment. This lower level of voluntary activation observed in the YU 

was also decreased compared to before the cycling trial, whilst the cycling time trial did 

not have an effect on voluntary activation in the YT. These results indicate cycling in 

the heat did not have a central fatiguing effect when compared with cycling in the cool 

for the YU, suggesting the hot, humid environment had a negative effect on exercise 

performance in the YU. Examination of evoked twitch properties in response to 

peripheral electrical stimulation is indicative of peripheral fatigue mechanisms. The 

longer half relaxation time and contraction duration observed in the YT before cycling 

in the hot condition may indicate differences in contractile function with training, 

although these differences were not observed between groups before cycling in the cool 

condition. The differences observed in the half relaxation time and contraction duration 

cannot be attributed to the different environmental condition since the evoked resting 

twitch was assessed in a thermoneutral environment before the cycling time trial. It is 

also worth noting that no differences were observed in muscle quality between groups, 

indicating similar strength per unit of muscle mass (Rolland et al., 2008). 

The YT demonstrated higher output throughout the 25 min time trial in both 

environmental conditions, which resulted in a significantly further distance cycled and a 

higher peak power in the hot, humid environment. Interestingly, this higher power 
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output occurred in conjunction with a lower rating of perceived exertion near the end of 

the cycling trial during the lower intensity sections in both environmental conditions. 

Thus, the younger trained men were able to perform more work with less effort.  

The YT generates far more heat than the YU due to higher sustained power 

outputs, and thermoregulation is unable to prevent greater rates of heat storage as 

evidenced by core temperature values. The lack of difference in lactate provides 

indication that muscle metabolism is higher in the YT (Holloszy & Coyle, 1984). The 

YT in this study exhibited a higher sweat rate in the cool environment whilst sweat rates 

were similar between groups in the hot, humid environment, an indication that the 

sweating response observed in the YT in the cool environment was a function of 

training (Kenney & Munce, 2003), and the similar sweat rates observed in the YT and 

YU in the hot, humid environment was a physiological thermoregulatory response to the 

external environment (Charkoudian, 2003).  

In conclusion, the higher performance in the hot, humid environment observed 

in the YT compared to the YU in the present study was observed in the old trained men 

compared to the older untrained and acutely trained men in Study Three (Chapter 5) and 

may be attributed to a higher exercise capacity. The finding that cycling in the hot, 

humid environment did not have a central fatiguing effect may indicate that the effort 

the YU expended during cycling was less than the YT, as demonstrated by the power 

output, thus allowing the YU to maintain voluntary activation after the cycling time trial. 

In comparing the sweat rate of the YT and YU in the hot, humid environment and the 

old trained and old untrained men in Study Three, the lack of difference in the young 

compared to the significant difference in the old may be in indication of age-related 

changes in temperature regulation. 
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CHAPTER 7 

SUMMARY AND CONCLUSIONS 

7.1 Summary of findings 

Study Two demonstrated that long term exercise training in the OT allowed 

them to maintain similar exercise performance as YT and outperform YU. In itself, this 

is not novel as exercise has been shown to enhance physical function in older adults 

(Spirduso & Cronin, 2001), allowing individuals to perform at relatively high levels 

(Tanaka & Seals, 2008). However, a unique finding of this thesis is the pacing strategy 

used by the OT to complete the 25 min self-paced cycling time trial. In order to 

maintain similar exercise performance as YT and outperform YU, the OT in the present 

thesis selected a higher power output during the lower intensity sections and maintained 

a sprint output similar to the YT such that the total work done (distance) was the most. 

The peak heart rate observed in the OT during the time trial was lower than the YT and 
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YU, as previously established (Fleg et al., 1994; Tanaka et al., 2001), and we speculate 

that the OT could have selected a higher pace at the beginning of the time trial and 

throughout the lower intensity sections to compensate for this age-related decline in 

peak heart rate. The mechanisms with which this occurred remain unclear, although it 

has been suggested that during the initial period immediately after the onset of exercise, 

the brain integrates afferent inputs from skin and core thermoreceptors that measure the 

rate of heat storage and subconsciously calculates the work rate which can be 

maintained without disrupting whole body homeostasis (Crewe et al., 2008). The 

responses of the OT in the present study support this conclusion. 

Study One contributes to the growing body of evidence that the physical and 

physiological adaptations of older men are responsive to exercise training (Jubrias et al., 

2001; Seals et al., 1994). Interestingly, after completing 12 weeks of exercise training, 

the previously sedentary older men did not increase work output. Instead, they 

maintained work output with lower physiological responses i.e., HR, Tc and Tsk were 

lower during both lower intensity and sprint sections. Unlike the OT in Study Three 

who have been training for a longer term and were motivated to achieve a high level of 

performance and modulated their pacing strategy to accommodate age-related 

physiological declines, the previously sedentary older men in this study did not 

modulate their pacing strategy after 12 weeks of exercise training. One conclusion is 

that 12 weeks of exercise training is insufficient to elicit changes that would allow for 

modifications in pacing strategy, however, another interesting observation is the 

different levels of motivation observed between the OT and the sedentary men in the 

exercise training program. Motivation in exercise performance is complex (Hodge et al., 
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2008) and this observation may not have been evident if the two groups of older men 

were examined separately. 

A further benefit of comparing short term and longer term exercise trained men 

in Study Three was the observation that exercise training affects body composition 

favourably, with additional benefits evident with longer term training (Karavirta et al., 

2011). After 12 weeks of exercise training, the previously sedentary men displayed 

favourable outcomes in body composition, with a lower fat percentage and increased 

lean mass. In the OT who had been training in the longer term, additional benefits 

include a lower total mass indicatively composed of lesser accumulation of fat since 

total lean mass was similar between groups. Furthermore, when comparing OT to YT 

and YU in Study Two, it was observed that although OT had a higher fat percentage 

than YT, fat percentage in the OT was equal to YU. This observation has important 

implications for beginning exercise earlier in life for the prevention of chronic lifestyle 

diseases (Booth et al., 2012). 

No thermoregulatory changes with age and training were observed. The Tc 

increased with a concomitant increase in power output, related to the rate of heat storage 

deemed tolerable (Crewe et al., 2008). The differences in sweat rate may be attributed to 

a function of aerobic fitness rather than chronological age, since OT had a higher sweat 

rate than YU (Kenney & Munce, 2003). An interesting observation in this thesis was the 

number of individuals consuming water and the volume of water consumed by the OT 

outweighed both OU-PRE and OU-POST. Fluid ingestion mitigates exercise 

hyperthermia (Sawka & Montain, 2000) and may increase sweat rate (Moroff & Bass, 

1965), allowing the OT to maintain power output. 
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The neuromuscular measures revealed changes in voluntary activation only in 

the untrained. The cycling time trial had a fatiguing effect in the YU in the cool 

environment and in the OU-PRE in the hot environment. This decrease observed in the 

voluntary activation, a measurement of the level of voluntary drive during exertion, 

indicates fatigue of a central origin (Gandevia, 2001). Additionally, similarities in 

muscle quality and a lack of consistency in changes to resting twitch properties indicate 

that fatigue as examined in the current protocol is not of the peripheral system (Allman 

& Rice, 2002).  

The changes in cerebral and muscle tissue hemodynamics measured via NIRS 

were observed in the untrained. In OU-PRE, cerebral [HHb] was observed to be 

different from early in the time trial in both environmental conditions, indicating 

systemic hypoxemia (Nybo & Rasmussen, 2007) whilst cerebral [HHb] levels were 

maintained post-training in the cool environment. Pre-training, muscle [HHb] changes 

were observed only during sprints, indicating the balance between oxygen delivery and 

utilisation (DeLorey et al., 2004a) whilst significant changes were observed from early 

in the cycling trial with training. In the hot, humid environment, untrained older men 

displayed no changes in muscle [O2Hb], and thus maintained oxygen saturation 

throughout the cycling time trial (Boushel et al., 2001).  

In conclusion, short term exercise training confers physical and physiological 

benefits, and additional benefits are observed in older men who have undergone chronic 

exercise training. Exercise may also offer neuroprotection. Although performance 

improvements may not be evident, the benefits of exercise are pertinent to healthy 

ageing. Fatigue exists on a continuum, and the anticipatory regulation of work rate can 

be observed to regulate this process. Whilst a confluence of factors exists to facilitate 
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this feed-forward feedback regulation, the observations in this thesis indicate fatigue is 

of central origins.  

7.2 Key findings 

The key findings from this study are: 

 Improved physical and physiological measures occurred with acute training in 

previously sedentary older men but improved cycling time trial performance was 

not attributable to this;  

 12 weeks of aerobic and strength training decreased resting serum BDNF, 

indicating that neuroplasticity is retained in older men, but did not improve 

pacing strategy; 

 Older trained men were able to maintain similar exercise performance to young 

trained men and outperformed young untrained men; 

 Older trained men maintained exercise performance by optimising their pacing 

strategy during lower intensity efforts likely due to the age-related changes in 

muscle fibre type distribution; 

 A reduced voluntary activation after the cycling time trial indicates that central 

fatigue may have contributed to the reduced exercise performance observed in 

the young untrained men; 

 The pacing strategy in previously sedentary older men after 12 weeks of training 

was less aggressive than older men who had longer term training. Twelve weeks 

of training was insufficient to induce significant changes in pacing strategy in 

previously sedentary older men. 
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 The physiological and performance measures in the chronically older trained 

men indicate that experience contributed to a selection of a higher pace; 

 The motivation of chronically older trained men to participate in exercise may 

provide an insight to increasing exercise participation of their peers. 

7.3 Research questions addressed 

1 Do performance and pacing strategies differ with age and training? 

 How will age and training influence power output over the 25 min 

time trial and the end-spurt? 

 Will there be observable differences in neuromuscular variables, e.g., 

voluntary activation of the quadriceps muscle? 

 How will the pacing strategy affect physiological measures such as 

core temperature and heart rate? 

 Does the self-report perception of exertion differ with age and 

training status? 

 Will there be observable differences in cerebral and muscle tissue 

oxygenation? 

Older men who have been training at least 3 times per week for at least 6 months 

maintained similar levels of performance during the 25 min cycling time trial compared 

with younger trained men and outperformed younger untrained men. These older men 

selected a higher pace during the lower intensity sections and maintained a pace similar 

to younger trained men during the sprints to complete the farthest distance over 25 min. 
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The only observable change in neuromuscular variable between the older trained and 

younger trained men was a faster rate of force development in the younger trained men, 

indicating a change in contractile properties of the muscle. The cycling time trial had an 

effect on voluntary activation levels observed in the younger untrained men, indicating 

a lower level of voluntary drive after the time trial. The OT had a higher fat percentage 

compared with the YT and similar levels when compared with the YU. Similar muscle 

mass and muscle quality were observed in all three groups. The OT exhibited an age-

related decline in peak heart rate during the cycling time trial compared with the YT and 

YU. However, when expressed as a percentage of peak heart rate, the OT maintained a 

higher heart rate L1 and L5 compared with the YT and L1, S1 and S5 compared with 

the YU. No difference in Tc were observed whilst the YT maintained a higher Tsk at S2 

and S4. In all three groups, the blood lactate and perception of effort indicate that 

completion of the 25 min cycling time trial required a high level of physical exertion. 

Muscle tissue deoxygenation levels in the YU indicate a lack of oxygen delivery and 

utilisation during the lower intensity sections. 

2 Does 12 weeks of training designed to elicit aerobic and strength changes in 

sedentary older men alter performance and pacing strategies of a 25 min self-paced 

cycling time trial with respect to the variables in Question 1? 

 Additionally, will training elicit a change in resting serum BDNF levels? 

12 weeks of aerobic and strength training did not alter performance in a 25 min 

self-paced cycling time trial performance. No differences in power output were 

observed during lower intensity or sprint sections. No discernible changes were 
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observed in the neuromuscular measures. The cycling time trial did not have an effect 

on voluntary activation. Despite an increase in lean mass, muscle quality remain 

unchanged with training. The pace selected post-training elicited lower physiological 

responses. Post-training, heart rate and Tc were lower from early in the time trial, at S1 

and L1, respectively, whilst Tsk was lower from S3. Despite these lower physiological 

responses, blood lactate and perception of effort remain unchanged, indicating that the 

cycling time trial was performed at a high intensity requiring corresponding level of 

effort. Cerebral tissue deoxygenation levels indicate systemic hypoxemia pre-training, 

whilst muscle tissue deoxygenation levels indicate improved oxygen delivery and 

utilisation post-training. 12 weeks of aerobic and strength training decreased resting 

serum BDNF, indicating that neuroplasticity is retained in older men. 

3 How will acute and chronic training affect performance and pacing strategies in 

a hot and humid environment with respect to the variables in Question 1? 

Acute training did not alter power output over the 25 min cycling time trial. 

Older men who are chronically trained exhibited a higher power output during the lower 

intensity and sprint sections compared with the acutely trained men to complete a 

farther distance. The chronically trained men exhibited a faster time to peak force than 

the acutely trained men, indicating maintenance of muscle contractile properties with 

longer term training. The cycling time trial had an effect of voluntary activation in the 

older men before the 12 week exercise training, indicating a lower level of voluntary 

drive after the time trial. Pre- and post-training, the men in the training group 

maintained a higher total mass than the chronically trained men. This higher total mass 
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was accompanied with a higher fat percentage whilst total lean mass was observed to be 

similar between groups. No differences in muscle quality were observed between the 

acute and chronic training groups. Peak heart rate was similar between groups, although 

the OT maintained a higher heart rate early in the trial (L1, S1, L2). Chronic training 

allowed selection of a more aggressive pacing strategy, resulting in higher power output 

and corresponding higher rate of rise in core temperature. Blood lactate and perception 

of effort indicate that a high level of physical exertion was required to complete the 25 

min cycling time trial. The effect of acute training resulted in lower levels of muscle 

oxygenation during the sprints, a response similar to the chronically older trained men. 

Acute training also elicited a similar response in cerebral deoxygenation to chronic 

training, indicating systemic hypoxemia later in the time trial compared to early in the 

time trial (from L2) as evidenced in the sedentary older men.  

7.4 Limitations 

Endurance exercise performance is observed to decrease with age in a 

curvilinear fashion with steeper declines after  60 years of age (Tanaka & Seals, 2008), 

thus a larger disparity in exercise performance would likely be observed with a larger 

age difference. Although the current research sought to observe differences in exercise 

performance with age, the ethical consideration of performing up to five maximally 

exhausting cycling time trials in 17 weeks led to the inclusion of 50–65 year old males 

who may be categorised as ‘mature-age’ (Australian Institute of Health and Welfare, 

2007) rather than old.  
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The self-paced cycling time trial in the current thesis required participants to be 

maximally expended at the end and was designed to mimic competition in the field. 

However, the physiological and performance data collected may best be used for 

interpretation of pacing and fatigue mechanisms pertaining to the current protocol and 

controlled environmental conditions.  

The limitations associated with this proposal are as follows: 

 The studies relied on self-report medical history, training history, and training 

status, thus assumed that information provided by the participants is accurate; 

 The studies required the participants to record their 24-hour dietary intake and 1-

week physical activity before the first session. Thus, participants needed to 

replicate their diet and physical activity for subsequent sessions and assumed 

that the participants were compliant; 

 Muscle mass, subcutaneous fat, and skin thickness may impede electrical 

stimulation during neuromuscular testing and affect the integrity of the data; 

 The studies matched participants for training status using parameters such as 

mileage per week and number of years trained. The studies assumed that the 

self-report information provided by the participants was accurate. 

 Practical issues with participant availability and timing led to the exclusion of 

the OT returning for a third trial. Having the OT return for a third trial would 

have allowed the statistical analysis to account for measurement noise and shed 

further light on the effects of training in this age group. 
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7.5 Delimitations 

The delimitations associated with this proposal are as follows: 

 The studies required participants to abstain from strenuous physical activity and 

caffeine and alcohol ingestion for 24 h before each trial, and from all products 

containing ephedrine for the duration of their involvement in the study; 

 All testing and training sessions were conducted in a controlled laboratory 

environment and fully supervised by trained personnel; 

 Commencement time for trials were standardised for each participant to control 

for circadian variations in Tc and venous blood samples; 

 The participants were familiarised with the equipment and testing protocols to 

reduce the coefficient of variance. 

7.6 Future directions 

Other researchers might consider recruiting an older subset of the aged 

population who have retained health. The untrained group used in this thesis (aged 52–

64 years) may not have experienced sufficient decline in physiological systems to allow 

observation of substantial differences compared to the chronically trained group, even 

after an acute exercise training program.  

Additionally, the study of populations with fatigue as a symptom of disease may 

help to elucidate further mechanisms to the regulation of fatigue in healthy population. 

A study of additional segments of the population, including females, may introduce 

other variables not evident in the current male population.   
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An interesting approach would be to observe the pacing strategies of the present 

thesis in a more realistic environment, for example, a marathon, fun run, or similarly 

structured event. Other studies have also used protocols, such as the RPE clamp model, 

to examine pacing strategy, and these approaches have not been applied in older adults 

in any identified body of research to date. 

Studies examining the neuromuscular properties of fatigue should consider the 

use of transcranial magnetic stimulation at the motor cortex to elucidate the supraspinal 

component of voluntary activation as the twitch interpolation technique used in the 

present study evaluating voluntary activation is unable to differentiate the source of 

excitation or drive delivered to the motoneuron pool or the muscle. 

Since exercise has been linked to cognitive benefits, further studies can add 

cognitive assessment as a worthy element, given the importance of maintaining both 

cognitive and physical function with ageing. Similarly, this study did not assess 

motivation, yet it is apparent that motivation plays a key role in the maintenance of 

exercise performance. 

The present thesis matched participants using self-report training status. The use 

of   O2max testing is a method commonly used to match participants for training status. 

Regardless, the self-report method used in the present thesis resulted in observation of 

disparity in exercise performance that would have been anticipated even had the 

additional layer of   O2max assessment been employed.  
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APPENDIX A 

 

 

Information Sheet – Intervention Study 

1 Title of Research Proposal 

The Effects of Age and Training on Fatigue, Pacing, and Thermoregulation 

2 Investigators & Contact Details 

Ms Ee Von Chia 

PhD Candidate 

School of Human Movement Studies 

Charles Sturt University 

Tel: +61 408 721 752 

Email: echia@csu.edu.au 

 

Prof Frank Marino 

Principle Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 4268 

Email: fmarino@csu.edu.au 

Dr Jack Cannon 

Co-Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 4334 

Email: jcannon@csu.edu.au 

Dr Eric Drinkwater 

Co-Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 6116 

Email: edrinkwater@csu.edu.au 

3 Purpose of the Research 

The primary purpose of the proposed research is to examine the response of older adults 

to a bout of exercise in ambient and hot environments with their choice of pacing. The 

findings from this research may be used to develop strategies to optimise performance 

and investigate the reasons for reduced performance in older adults. 

  

SCHOOL OF HUMAN MOVEMENT STUDIES 
FACULTY OF EDUCATION 
 
Panorama Ave 
Bathurst NSW 2795 
Australia 
 
Tel: +61 2 6338 4048 
Fax: +61 2 6338 4065 
www.csu.edu.au/faculty/educat/human 

mailto:echia@csu.edu.au
mailto:fmarino@csu.edu.au
mailto:jcannon@csu.edu.au
mailto:edrinkwater@csu.edu.au
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4 Procedures of the Research 

Twenty trained and untrained healthy males aged 18–35 years and ten trained healthy 

males aged 50–65 years will be recruited for this research. You will be required to 

attend a familiarisation session where your height and body composition will be 

assessed. During this session, you will perform maximal voluntary contractions of the 

quadriceps with electric stimulation of the muscle tissue. You will also be familiarised 

with the entire cycling trial which includes 5 cycles of 4.5 min self-paced cycling and 

0.5 min sprint. During the cycling trial, your skin temperature, heart rate, power output, 

and cerebral and muscle oxygenation will be continuously monitored. You will be 

requested to void before commencement of the cycling familiarisation. A urine sample 

will be collected and nude body weight will be measured. You will be provided with 

instructions to measure your own nude body weight on an electronic scale in a secure 

washroom. During the trial, you will provide your ratings of perceived exertion after 

each sprint, and nude body weight will be measured immediately after the cycling trial 

to calculate sweat volume. After a rest period of at least a week, you will return to the 

lab for the first of two experimental cycling trials. You will perform the cycling trial 

once in a thermoneutral environment and once in a hot environment. In addition to the 

measurements described above in the familiarisation trial, additional measures include 

core temperature and finger prick blood draws. You will also perform the maximal 

voluntary contractions immediately after the cycling trial. After a rest period of at least 

a week, you will return to perform the experimental trial in the other environmental 

condition. Thus, you will undertake a total of three 25-min time trials. 
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5 Your Responsibilities in This Study 

You will be required to follow the instructions of the investigators and attend all testing 

sessions which includes a familiarisation session and two experimental cycling trials. 

Each session is expected to take up to 4 h. You will also be required to abstain from 

strenuous physical activity and caffeine and alcohol ingestion for 48 h before each trial, 

and from all products containing ephedrine for the duration of your involvement in this 

study. 

6 Possible Benefits from Participating In This Research 

You will receive data collected from your own measurements and performance. 

Measurements from dual x-ray absorptiometry can provide information such as body 

composition and lean limb mass. Participation in this research is completely voluntary 

and at no cost to you. You will be invited to a presentation upon completion of the 

entire research to share the findings. 

7 Possible Risks and Side Effects 

During the maximal voluntary contractions and cycling trials, you will be instrumented 

with two pairs of laser probes to monitor absorption of light across cerebral and muscle 

tissue. There is a risk that the lasers will be directed at the participant’s eyes and cause 

damage. To minimise this risk, the probes will be turned on only when they are secured 

in position. 

Possible side effects of blood sampling include faintness, bruising, pain, inflammation 

of the vein or bleeding at the site of the puncture. You will be given instructions to 

minimise bruising. The potential of bruising at the site is not health deleterious and will 

clear in a few days. 
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The DXA assessment involves exposure to a small amount of radiation. As part of 

everyday living, everyone is exposed to naturally occurring background radiation and 

receives a dose of about 2,000 microsieverts (uSv) each year. The effective dose from 

this DXA assessment is 1 uSv. At this dose level, no harmful effects of radiation have 

been demonstrated as any effect is too small to measure. Thus, according to the 

Australia Radiation Protection and Nuclear Safety Agency the level of risk in this 

project is considered minimal and is equivalent to Risk Category I (<1:100,000). Do 

retain this information sheet for at least five years so that it can be provided to staff in 

any future activities involving exposure to ionizing radiation. 

In order to reduce the risks and to enhance safety during the conduct of this research, 

individuals displaying any of the criteria below will be excluded from the study: 

 Smokers 

 Gastrointestinal problems 

 Existing medical problems 

8 Voluntary Participation 

Your participation in this research is purely voluntary. Trials will cease pre-maturely if 

you request to stop or when the investigators deem that the trial should be terminated. 

You have the right to withdraw from this research at any time, without penalty. 

9 Confidentiality 

All data collected will remain completely confidential. Photography and videography of 

the research may be carried out for documentation purposes. Only the investigators will 

have access to the data, photographs, and videos. All information collected may be used 

for publications in peer reviewed journals, conferences, and a PhD thesis in a manner 

that does not reveal your identity. 
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10 Who to Contact If You Have Questions 

Charles Sturt University’s Human Research Ethics Committee has approved this study 

(2012/106). 

If you have any complaints or concerns about this research, you may contact: 

Executive Officer 

Human Research Ethics Committee 

Office of Academic Governance 

Charles Sturt University 

Panorama Avenue 

Bathurst  NSW  2795 

Tel: +612 6338 4628 

Email: ethics@csu.edu.au 

As we are looking to recruit volunteers to participate in the above research, we hope this 

information gives you a brief overview of the research that we are conducting. Thank 

you for taking the time to read this information sheet and we look forward to your 

participation in this research. If you have any questions or concerns, please feel free to 

contact the investigators listed in Section 2. 

  

mailto:ethics@csu.edu.au
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Consent Form – Intervention Study 

Title of Research Project 

The Effects of Age and Training on Fatigue, Pacing, and Thermoregulation 

Investigators 

Ms Ee Von Chia 

PhD Candidate 

School of Human Movement Studies 

Charles Sturt University 

Tel: +61 408 721 752 

Email: echia@csu.edu.au 

 

Prof Frank Marino 

Principle Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 4268 

Email: fmarino@csu.edu.au 

Dr Jack Cannon 

Co-Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 4334 

Email: jcannon@csu.edu.au 

Dr Eric Drinkwater 

Co-Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 6116 

Email: edrinkwater@csu.edu.au 

 

The purpose of the research has been explained to me, including the associated risks and 

discomforts and I have been given the opportunity to ask questions about the research 

and received satisfactory answers.  

I understand that any personal information (including photographs) gathered in the 

course of this research is confidential and will not be used or published without my 

written permission. 

I understand that I am free to withdraw my participation in the research at any time, and 

that if I do, I will not be subjected to any penalty or discriminatory treatment. 

SCHOOL OF HUMAN MOVEMENT STUDIES 
FACULTY OF EDUCATION 
 
Panorama Ave 
Bathurst NSW 2795 
Australia 
 
Tel: +61 2 6338 4048 
Fax: +61 2 6338 4065 
www.csu.edu.au/faculty/educat/human 

mailto:echia@csu.edu.au
mailto:fmarino@csu.edu.au
mailto:jcannon@csu.edu.au
mailto:edrinkwater@csu.edu.au
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I am aware that the DXA assessment involves exposure to a small amount of radiation. 

As part of everyday living, everyone is exposed to naturally occurring background 

radiation and receives a dose of about 2,000 microsieverts (uSv) each year. The 

effective dose from this DXA assessment is 1 uSv. At this dose level, no harmful effects 

of radiation have been demonstrated as any effect is too small to measure. Thus, 

according to the Australia Radiation Protection and Nuclear Safety Agency the level of 

risk in this project is considered minimal and is equivalent to Risk Category I 

(<1:100,000).  

Charles Sturt University’s Human Research Ethics Committee has approved this study. 

Please read the following statements carefully and tick  the boxes to agree: 

 I voluntarily consent to take part in this research study and will attend the 

baseline, familiarisation, and testing sessions. 

 I understand that due care is provided at all times and will not hold Charles Sturt 

University liable for any injuries sustained from my participation in this 

research. 

 I have been advised to retain the information sheet about the procedures 

(including the radiation dose) for at least five years so that it can be provided to 

staff in any future activities involving exposure to ionizing radiation. 

 I agree to have my photograph or video taken and understand that all 

photographs and videos will be used in a non-disclosing manner.  

 I understand that if I have any complaints or concerns about this research I can 

contact: 

Executive Officer 

Human Research Ethics Committee 
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Office of Academic Governance 

Charles Sturt University 

Panorama Avenue 

Bathurst  NSW  2795 

Tel: +612 6338 4628 

Email: ethics@csu.edu.au 

 

 

 

     

     

     

Name of Participant  Signature of Participant  Date 

     

     

     

     

Name of Investigator  Signature of Investigator  Date 

 

mailto:ethics@csu.edu.au
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APPENDIX B 

 

 

Information Sheet – Training Study 

1 Title of Research Proposal 

The Effects of Age and Training on Fatigue, Pacing, and Thermoregulation 

2 Investigators & Contact Details 

Ms Ee Von Chia 

PhD Candidate 

School of Human Movement Studies 

Charles Sturt University 

Tel: +61 408 721 752 

Email: echia@csu.edu.au 

 

Prof Frank Marino 

Principle Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 4268 

Email: fmarino@csu.edu.au 

Dr Jack Cannon 

Co-Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 4334 

Email: jcannon@csu.edu.au 

Dr Eric Drinkwater 

Co-Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 6116 

Email: edrinkwater@csu.edu.au 

3 Purpose of the Research 

The primary purpose of the proposed research is to examine the response of older adults 

to a bout of exercise in ambient and hot environments with their choice of pacing. This 

research also aims to examine the effects of a training programme on sedentary older 

adults. The findings from this research may be used to develop strategies to optimise 

performance and investigate the reasons for reduced performance in older adults. 

SCHOOL OF HUMAN MOVEMENT STUDIES 
FACULTY OF EDUCATION 
 
Panorama Ave 
Bathurst NSW 2795 
Australia 
 
Tel: +61 2 6338 4048 
Fax: +61 2 6338 4065 
www.csu.edu.au/faculty/educat/human 

mailto:echia@csu.edu.au
mailto:fmarino@csu.edu.au
mailto:jcannon@csu.edu.au
mailto:edrinkwater@csu.edu.au
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4 Procedures of the Research 

Ten untrained healthy males aged 50–65 years will be recruited for this study. You will 

be required to attend a familiarisation session where your height and body composition 

will be assessed. During this session, you will perform maximal voluntary contractions 

of the quadriceps with electric stimulation of the muscle tissue. You will also be 

familiarised with the entire cycling trial which includes 5 cycles of 4.5 min self-paced 

cycling and 0.5 min sprint. During the cycling trial, your skin temperature, heart rate, 

power output, and cerebral and muscle oxygenation will be continuously monitored. 

You will be requested to void before commencement of the cycling familiarisation. A 

urine sample will be collected and nude body weight will be measured. You will be 

provided with instructions to measure your own nude body weight on an electronic 

scale in a secure washroom. During the trial, you will provide your ratings of perceived 

exertion after each sprint, and nude body weight will be measured immediately after the 

cycling trial to calculate sweat volume. After a rest period of at least a week, you will 

return to the lab for the first of two experimental cycling trials. You will perform the 

cycling trial once in a thermoneutral environment and once in a hot environment. In 

addition to the measurements described above in the familiarisation trial, additional 

measures include core temperature and blood draws. You will also perform the maximal 

voluntary contractions immediately after the cycling trial. After a rest period of at least 

a week, you will return to perform the experimental trial in the other environmental 

condition. Following the experimental trials, you will embark on a 12-week exercise 

training programme.  Upon completion of the exercise training programme, you will 

perform the experimental cycling trials in both the thermoneutral and hot environments 

as described above. Thus, you will undertake a total of five 25-min time trials. 
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5 Your Responsibilities in This Study 

You will be required to follow the instructions of the investigators and attend all testing 

sessions which includes a familiarisation session and four experimental cycling trials. 

Each session is expected to take up to 4 h. Training sessions will take place over 12 

weeks, 3 times per week, 1 h per session. You will also be required to abstain from 

strenuous physical activity and caffeine and alcohol ingestion for 48 h before each trial, 

and from all products containing ephedrine for the duration of your involvement in this 

study. 

6 Possible Benefits from Participating In This Research 

You will receive data collected from your own measurements and performance. 

Measurements from dual x-ray absorptiometry can provide information such as body 

composition and lean limb mass. All exercise training sessions will be fully supervised 

and personalised. Participation in this research is completely voluntary and at no cost to 

you. You will be invited to a presentation upon completion of the entire research to 

share the findings. 

7 Possible Risks and Side Effects 

During the maximal voluntary contractions and cycling trials, you will be instrumented 

with two pairs of laser probes to monitor absorption of light across cerebral and muscle 

tissue. There is a risk that the lasers will be directed at the participant’s eyes and cause 

damage. To minimise this risk, the probes will be turned on only when they are secured 

in position. 

Possible side effects of blood sampling include faintness, bruising, pain, inflammation 

of the vein or bleeding at the site of the puncture. You will be given instructions to 
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minimise bruising. The potential of bruising at the site is not health deleterious and will 

clear in a few days. 

The DXA assessment involves exposure to a small amount of radiation. As part of 

everyday living, everyone is exposed to naturally occurring background radiation and 

receives a dose of about 2,000 microsieverts (uSv) each year. The effective dose from 

this DXA assessment is 1 uSv. At this dose level, no harmful effects of radiation have 

been demonstrated as any effect is too small to measure. Thus, according to the 

Australia Radiation Protection and Nuclear Safety Agency the level of risk in this 

project is considered minimal and is equivalent to Risk Category I (<1:100,000). Do 

retain this information sheet for at least five years so that it can be provided to staff in 

any future activities involving exposure to ionizing radiation. 

In order to reduce the risks and to enhance safety during the conduct of this research, 

individuals displaying any of the criteria below will be excluded from the study: 

 Smokers 

 Gastrointestinal problems 

 Existing medical problems 

8 Voluntary Participation 

Your participation in this research is purely voluntary. Trials will cease pre-maturely if 

you request to stop or when the investigators deem that the trial should be terminated. 

You have the right to withdraw from this research at any time, without penalty. 
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9 Confidentiality 

All data collected will remain completely confidential. Photography and videography of 

the research may be carried out for documentation purposes. Only the investigators will 

have access to the data, photographs, and videos. All information collected may be used 

for publications in peer reviewed journals, conferences, and a PhD thesis in a manner 

that does not reveal your identity. 

10 Who to Contact If You Have Questions 

Charles Sturt University’s Human Research Ethics Committee has approved this study 

(2012/106). 

If you have any complaints or concerns about this research, you may contact: 

Executive Officer 

Human Research Ethics Committee 

Office of Academic Governance 

Charles Sturt University 

Panorama Avenue 

Bathurst  NSW  2795 

Tel: +612 6338 4628 

Email: ethics@csu.edu.au 

As we are looking to recruit volunteers to participate in the above research, we hope this 

information gives you a brief overview of the research that we are conducting. Thank 

you for taking the time to read this information sheet and we look forward to your 

participation in this research. If you have any questions or concerns, please feel free to 

contact the investigators listed in Section 2. 

  

mailto:ethics@csu.edu.au
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Consent Form – Training Study 

Title of Research Project 

The Effects of Age and Training on Fatigue, Pacing, and Thermoregulation 

Investigators 

Ms Ee Von Chia 

PhD Candidate 

School of Human Movement Studies 

Charles Sturt University 

Tel: +61 408 721 752 

Email: echia@csu.edu.au 

 

Prof Frank Marino 

Principle Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 4268 

Email: fmarino@csu.edu.au 

Dr Jack Cannon 

Co-Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 4334 

Email: jcannon@csu.edu.au 

Dr Eric Drinkwater 

Co-Supervisor 

School of Human Movement Studies 

Charles Sturt University 

Tel: +612 6338 6116 

Email: edrinkwater@csu.edu.au 

 

The purpose of the research has been explained to me, including the associated risks and 

discomforts and I have been given the opportunity to ask questions about the research 

and received satisfactory answers.  

I understand that any personal information (including photographs) gathered in the 

course of this research is confidential and will not be used or published without my 

written permission. 

SCHOOL OF HUMAN MOVEMENT STUDIES 
FACULTY OF EDUCATION 
 
Panorama Ave 
Bathurst NSW 2795 
Australia 
 
Tel: +61 2 6338 4048 
Fax: +61 2 6338 4065 
www.csu.edu.au/faculty/educat/human 

mailto:echia@csu.edu.au
mailto:fmarino@csu.edu.au
mailto:jcannon@csu.edu.au
mailto:edrinkwater@csu.edu.au
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I understand that I am free to withdraw my participation in the research at any time, and 

that if I do, I will not be subjected to any penalty or discriminatory treatment. 

I am aware that the DXA assessment involves exposure to a small amount of radiation. 

As part of everyday living, everyone is exposed to naturally occurring background 

radiation and receives a dose of about 2,000 microsieverts (uSv) each year. The 

effective dose from this DXA assessment is 1 uSv. At this dose level, no harmful effects 

of radiation have been demonstrated as any effect is too small to measure. Thus, 

according to the Australia Radiation Protection and Nuclear Safety Agency the level of 

risk in this project is considered minimal and is equivalent to Risk Category I 

(<1:100,000).  

Charles Sturt University’s Human Research Ethics Committee has approved this study. 

Please read the following statements carefully and tick  the boxes to agree: 

 I voluntarily consent to take part in this research study and will attend the 

baseline, familiarisation, testing, and training sessions. 

 I understand that due care is provided at all times and will not hold Charles Sturt 

University liable for any injuries sustained from my participation in this 

research. 

 I have been advised to retain the information sheet about the procedures 

(including the radiation dose) for at least five years so that it can be provided to 

staff in any future activities involving exposure to ionizing radiation. 

 I agree to have my photograph or video taken and understand that all 

photographs and videos will be used in a non-disclosing manner.  

 I understand that if I have any complaints or concerns about this research I can 

contact: 
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Executive Officer 

Human Research Ethics Committee 

Office of Academic Governance 

Charles Sturt University 

Panorama Avenue 

Bathurst  NSW  2795 

Tel: +612 6338 4628 

Email: ethics@csu.edu.au 

 

 

 

     

     

     

Name of Participant  Signature of Participant  Date 

     

     

     

     

Name of Investigator  Signature of Investigator  Date 

 

mailto:ethics@csu.edu.au
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APPENDIX C 

Exercise, Sleep & Diet Diary 

ID ________ Date ______ Day ________ 

Exercise – What physical activities did you do in the last week? 

Day / Date Activity Intensity (Low / Med / High) Duration Mileage 
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Sleep – What was your sleep pattern in the last 24 h? 

What time did you get into bed last night?   

Estimate how long it took you to fall asleep.  

What time did you wake up this morning?  

Do you recall dreaming last night? Yes  /  No 

Did you take any naps yesterday? Yes  /  No 

If yes, how many?  

If yes, what is the total duration of the nap/s?  

 

How did you feel when you woke up this morning?  

1 2 3 4 5 

Poorly rested    Well rested 

How would you rate your tiredness level before sleeping last night? 

1 2 3 4 5 

Not tired at all    Very tired 

How would you rate your stress level before sleeping last night? 

1 2 3 4 5 

Not stressed at all    Very stressed 

How would you rate the quality of your sleep last night? 

1 2 3 4 5 

Very poor    Very good 

Did you consume or use any of the following within 4 h of going to bed last night? 

 Alcohol Yes  /  No If yes, state quantity:  

 Caffeine Yes  /  No If yes, state quantity:  

 Cigarettes Yes  /  No If yes, state quantity:  

 Medication Yes  /  No If yes, state type & quantity:  
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Food Diary – What did you consume in the last 24 h? 

Meal / Time Activity / location Food & drinks consumed Quantity 

    

    

    

    

    

    

    

Example food diary: 
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Meal / time Activity/ 

location

Food & drinks consumed Quantity

Breakfast 

730

Home Wholemeal toast

Margarine 

Kaya

Strawberry jam 

Sunshine Hi-Cal low fat milk

Kelloggs plain cornflakes 

Coffee 

Sugar 

3 slices

1 teaspoon

2 teaspoon 

1 teaspoon 

1 cup (~300ml) 

½ bowl 

1 teaspoon

2 teaspoon 

Training 

930 – 1200

Gym & pool 

training

Pocari sweat sports drink 

Water

500 ml

500 ml

Recovery snack

1200

Training 

location 

Banana 

100% pure orange juice 

1 medium

1 packet (250ml)

Lunch

1315

Hotel 

restaurant 

White rice 

Beef stir-fry with preserved vegetables and 

tomatoes 

Stir fried cabbage with dried prawns

Scrambled egg with tomatoes 

Deep fried fish 

Tomato ketchup

Apple

1 ½ bowls 

½ bowl 

½ bowl 

1 bowl

1 palm sized 

1 tablespoon

1 

Training  

1500-1800

Pool game Weider jelly 

Water 

1 packet

500ml

Recovery snack 

1800

Training 

location 

Low fat chocolate milk 1 packet

Dinner 

1900

Hotel 

restaurant

White rice 

Radish and pork rib soup 

Mapo tofu 

Stir fried kung pao chicken with capsicum

Roasted pork char siew

Stir-fried spinach and garlic 

Fruit salad

2 bowls 

1 large bowl

½ bowl 

½ bowl 

2 palm sized 

½ bowl 

1 bowl 

Supper Hotel room Plain biscuits 2 packets 

Record 

brand names 

where 

possible

Don’t forget 

accompaniments! 

E.g. Gravies, sugar, 

honey, sauces etc

Try to be as 

precise as 

possible.

Try to be as accurate and 

as descriptive as possible. 

E.g. Low fat, wholemeal

Indicate the 

time and 

type of 

meal/ snack
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APPENDIX D 

Exercise training program 

Week 1 

30 min per session 
Session 1 

Cycling – 15 min 

Walking – 15 min 

Session 2 
Leg Press 

Leg Curl 

3 sets X 10 RM 

 

Chest Press 

 

Session 3 
Cycling – 15 min 

 

Leg Press 

Leg Curl 

2 sets X 10 RM 

 

Chest Press 

 

Week 2 

30 min per session 
Session 4 

Cycling – 15 min 

Walking – 15 min 

Session 5 

Leg Press 

Leg Curl 

3 sets X 10 RM 

 

Chest Press 

 

Session 6 

Walking – 15 min 

 

Leg Press 

Leg Curl 

2 sets X 10 RM 

 

Chest Press 

 

Week 3 

35 min per session 
Session 7 

Cycling – 20 min 

Walking – 15 min 

Session 8 

Leg Press 

Leg Curl 

3 sets X 10 RM 

 

Chest Press 

Seated Row 

 

Session 9 

Cycling – 18 min 

 

Leg Press 

Leg Curl 

2 sets X 10 RM 

 

Chest Press 

Seated Row 
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Week 4 

35 min per session 
Session 10 

Cycling – 20 min 

Walking – 15 min 

Session 11 

Leg Press 

Leg Curl 

3 sets X 10 RM 

 

Chest Press 

Seated Row 

 

Session 12 

Walking – 17 min 

 

Leg Press 

Leg Curl 

2 sets X 10 RM 

 

Chest Press 

Seated Row 

 

Week 5 

40 min per session 
Session 13 

Cycling – 20 min 

Walking – 20 min 

Session 14 

Leg Press 

Leg Curl 

Squat 

3 sets X 10 RM 

 

Chest Press 

Seated Row 

 

Session 15 

Cycling – 20 min 

 

Leg Press 

Leg Curl 

Squat 

2 sets X 10 RM 

 

Chest Press 

Seated Row 

 

Week 6 

40 min per session 
Session 16 

Cycling – 20 min 

Walking – 20 min 

Session 17 

Leg Press 

Leg Curl 

Squat 

4 sets X 10 RM 

 

Chest Press 

Seated Row 

 

Session 18 

Walking – 20 min 

 

Leg Press 

Leg Curl 

Squat 

2 sets X 10 RM 

 

Chest Press 

Seated Row 

 



  Appendix D 

229 

 

 

Week 7 

45 min per session 
Session 19 

Cycling – 25 min 

Walking – 20 min 

Session 20 

Leg Press 

Leg Curl 

Squat 

4 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 

 

Session 21 

Cycling – 23 min 

 

Leg Press 

Leg Curl 

Squat 

2 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 

 

Week 8 

45 min per session 
Session 22 

Cycling – 25 min 

Walking – 20 min 

Session 23 

Leg Press 

Leg Curl 

Squat 

4 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 

 

Session 24 

Walking – 22 min 

 

Leg Press 

Leg Curl 

Squat 

2 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 

 

Week 9 

50 min per session 
Session 25 

Cycling – 25 min 

Walking – 25 min 

Session 26 

Leg Press 

Leg Curl 

Squat 

Lunge 

4 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 

 

Session 27 

Cycling – 25 min 

 

Leg Press 

Leg Curl 

Squat 

Lunge 

2 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 
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Week 10 

50 min per session 
Session 28 

Cycling – 25 min 

Walking – 25 min 

Session 29 

Leg Press 

Leg Curl 

Squat 

Lunge 

4 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 

 

Session 30 

Walking – 25 min 

 

Leg Press 

Leg Curl 

Squat 

Lunge 

2 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 

 

Week 11 

55 min per session 
Session 31 

Cycling – 30 min 

Walking – 25 min 

Session 32 

Leg Press 

Leg Curl 

Squat 

Lunge 

4 sets X 10 RM 

 

Chest Press 

Lat Pulldown 

Seated Row 

Shoulder Press 

 

Session 33 

Cycling – 28 min 

 

Leg Press 

Leg Curl 

Squat 

Lunge 

2 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 

Shoulder Press 

 

Week 12 

55 min per session 
Session 34 

Cycling – 30 min 

Walking – 25 min 

Session 35 

Leg Press 

Leg Curl 

Squat 

Lunge 

4 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 

Shoulder Press 

 

Session 36 

Walking – 27 min 

 

Leg Press 

Leg Curl 

Squat 

Lunge 

2 sets X 10 RM 

 

Chest Press 

Seated Row 

Lat Pulldown 

Shoulder Press 
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APPENDIX E 

Appendix Table E1 Statistical result for Study 1 comparing power output of pre- and post-training during lower intensity sections in the cool environment  

Table Analyzed Power L Pre-Post Cool 
    Two-way RM ANOVA Matching: Both factors 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Lower intensity 0.7849 0.1556 ns No 
 Training 2.011 0.2897 ns No 
 Interaction: Lower intensity x Training 0.2630 0.6104 ns No 
 Interaction: Lower intensity x Subjects 3.041 

    Interaction: Training x Subjects 10.73 
    Subjects 80.47 
    ANOVA table SS DF MS F (DFn, DFd) P value 

Lower intensity 8.776 4 2.194 F (4, 28) = 1.807 P = 0.1556 

Training 22.48 1 22.48 F (1, 7) = 1.312 P = 0.2897 

Interaction: Lower intensity x Training 2.941 4 0.7352 F (4, 28) = 0.6819 P = 0.6104 

Interaction: Lower intensity x Subjects 34.01 28 1.215 
  Interaction: Training x Subjects 119.9 7 17.13 
  Subjects 899.9 7 128.6 
  Residual 30.19 28 1.078 
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Appendix Table E2 Statistical result for Study 1 comparing power output of pre- and post-training during sprint sections in the cool environment  

Table Analyzed Power S Pre-Post Cool 
    Two-way RM ANOVA Matching: Both factors 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Sprint 31.12 < 0.0001 **** Yes 
 Training 0.8788 0.5466 ns No 
 Interaction: Sprint x Training 0.2964 0.9707 ns No 
 Interaction: Sprint x Subjects 12.61 

    Interaction: Training x Subjects 15.33 
    Subjects 23.66 
    ANOVA table SS DF MS F (DFn, DFd) P value 

Sprint 1092 4 272.9 F (4, 28) = 17.27 P < 0.0001 

Training 30.83 1 30.83 F (1, 7) = 0.4013 P = 0.5466 

Interaction: Sprint x Training 10.40 4 2.599 F (4, 28) = 0.1288 P = 0.9707 

Interaction: Sprint x Subjects 442.3 28 15.80 
  Interaction: Training x Subjects 537.8 7 76.82 
  Subjects 829.9 7 118.6 
  Residual 564.9 28 20.18 
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Appendix Table E3 Statistical result for Study 1 comparing change in muscle and cerebral tissue [O2Hb] from resting values during the cycling time trial in the cool 

environment pre-training 

Table Analyzed O2Hb Lower intensity & Sprint Pre Cool 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 14.66 < 0.0001 **** Yes 
 Time 12.82 < 0.0001 **** Yes 
 Tissue 50.12 < 0.0001 **** Yes 
 Subjects (matching) 12.62 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 1679 10 167.9 F (10, 140) = 21.00 P < 0.0001 

Time 1468 10 146.8 F (10, 140) = 18.36 P < 0.0001 

Tissue 5741 1 5741 F (1, 14) = 55.60 P < 0.0001 

Subjects (matching) 1446 14 103.3 F (14, 140) = 12.91 P < 0.0001 

Residual 1120 140 7.997 
  Number of missing values 0 
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Appendix Table E4 Statistical result for Study 1 comparing change in muscle and cerebral tissue [O2Hb] from resting values during the cycling time trial in the cool 

environment post-training 

Table Analyzed O2Hb Lower intensity & Sprint Post Cool 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 17.80 < 0.0001 **** Yes 
 Time 10.89 < 0.0001 **** Yes 
 Tissue 44.54 < 0.0001 **** Yes 
 Subjects (matching) 18.19 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 1828 10 182.8 F (10, 140) = 29.03 P < 0.0001 

Time 1118 10 111.8 F (10, 140) = 17.75 P < 0.0001 

Tissue 4574 1 4574 F (1, 14) = 34.29 P < 0.0001 

Subjects (matching) 1868 14 133.4 F (14, 140) = 21.19 P < 0.0001 

Residual 881.6 140 6.297 
  Number of missing values 0 
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Appendix Table E5 Statistical result for Study 1 comparing heart rate pre- and post-training during lower intensity sections in the cool environment  

Table Analyzed HR L Pre-Post Cool 
    Two-way RM ANOVA Matching: Both factors 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Lower intensity 20.75 < 0.0001 **** Yes 
 Training 4.181 0.0185 * Yes 
 Interaction: Lower intensity x Training 0.4648 0.0542 ns No 
 Interaction: Lower intensity x Subjects 0.9861 

    Interaction: Training x Subjects 3.136 
    Subjects 69.25 
    ANOVA table SS DF MS F (DFn, DFd) P value 

Lower intensity 6000 4 1500 F (4, 28) = 147.3 P < 0.0001 

Training 1209 1 1209 F (1, 7) = 9.332 P = 0.0185 

Interaction: Lower intensity x Training 134.4 4 33.61 F (4, 28) = 2.649 P = 0.0542 

Interaction: Lower intensity x Subjects 285.2 28 10.18 
  Interaction: Training x Subjects 906.9 7 129.6 
  Subjects 20027 7 2861 
  Residual 355.2 28 12.68 
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Appendix Table E6 Statistical result for Study 1 comparing heart rate pre- and post-training during sprint sections in the cool environment  

Table Analyzed HR S Pre-Post Cool 
    Two-way RM ANOVA Matching: Both factors 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Sprint 11.25 < 0.0001 **** Yes 
 Training 5.583 0.0289 * Yes 
 Interaction: Sprint x Training 0.2376 0.2076 ns No 
 Interaction: Sprint x Subjects 1.696 

    Interaction: Training x Subjects 5.204 
    Subjects 74.97 
    ANOVA table SS DF MS F (DFn, DFd) P value 

Sprint 2845 4 711.2 F (4, 28) = 46.44 P < 0.0001 

Training 1411 1 1411 F (1, 7) = 7.510 P = 0.0289 

Interaction: Sprint x Training 60.05 4 15.01 F (4, 28) = 1.578 P = 0.2076 

Interaction: Sprint x Subjects 428.8 28 15.31 
  Interaction: Training x Subjects 1315 7 187.9 
  Subjects 18951 7 2707 
  Residual 266.4 28 9.513 
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Appendix Table E7 Statistical result for Study 1 comparing RPE pre- and post-training during lower intensity sections in the cool environment  

Table Analyzed RPE L Pre-Post Cool 
    Two-way RM ANOVA Matching: Both factors 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Lower intensity 56.56 < 0.0001 **** Yes 
 Training 0.1875 0.6785 ns No 
 Interaction: Lower intensity x Training 1.451 0.2231 ns No 
 Interaction: Lower intensity x Subjects 11.97 

    Interaction: Training x Subjects 7.022 
    Subjects 16.13 
    ANOVA table SS DF MS F (DFn, DFd) P value 

Lower intensity 272.4 4 68.10 F (4, 28) = 33.07 P < 0.0001 

Training 0.9031 1 0.9031 F (1, 7) = 0.1869 P = 0.6785 

Interaction: Lower intensity x Training 6.988 4 1.747 F (4, 28) = 1.521 P = 0.2231 

Interaction: Lower intensity x Subjects 57.66 28 2.059 
  Interaction: Training x Subjects 33.82 7 4.832 
  Subjects 77.70 7 11.10 
  Residual 32.16 28 1.149 
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Appendix Table E8 Statistical result for Study 1 comparing RPE pre- and post-training during sprint sections in the cool environment  

Table Analyzed RPE S Pre-Post Cool 
    Two-way RM ANOVA Matching: Both factors 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Sprint 38.10 < 0.0001 **** Yes 
 Training 2.002 0.1239 ns No 
 Interaction: Sprint x Training 0.1362 0.9646 ns No 
 Interaction: Sprint x Subjects 10.86 

    Interaction: Training x Subjects 4.584 
    Subjects 37.65 
    ANOVA table SS DF MS F (DFn, DFd) P value 

Sprint 148.7 4 37.16 F (4, 28) = 24.55 P < 0.0001 

Training 7.813 1 7.813 F (1, 7) = 3.057 P = 0.1239 

Interaction: Sprint x Training 0.5313 4 0.1328 F (4, 28) = 0.1429 P = 0.9646 

Interaction: Sprint x Subjects 42.39 28 1.514 
  Interaction: Training x Subjects 17.89 7 2.555 
  Subjects 146.9 7 20.98 
  Residual 26.02 28 0.9292 
  



  Appendix E 

239 

Appendix Table E9 Statistical result for Study 1 comparing Tc pre- and post-training during lower intensity sections in the cool environment  

Table Analyzed TC L Pre-Post Cool 
    Two-way RM ANOVA Matching: Both factors 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Lower intensity 28.63 < 0.0001 **** Yes 
 Training 1.917 0.4220 ns No 
 Interaction: Lower intensity x Training 0.02307 0.9458 ns No 
 Interaction: Lower intensity x Subjects 3.764 

    Interaction: Training x Subjects 18.45 
    Subjects 46.33 
    ANOVA table SS DF MS F (DFn, DFd) P value 

Lower intensity 4.857 4 1.214 F (4, 28) = 53.25 P < 0.0001 

Training 0.3251 1 0.3251 F (1, 7) = 0.7273 P = 0.4220 

Interaction: Lower intensity x Training 0.003912 4 0.0009781 F (4, 28) = 0.1821 P = 0.9458 

Interaction: Lower intensity x Subjects 0.6384 28 0.02280 
  Interaction: Training x Subjects 3.129 7 0.4470 
  Subjects 7.858 7 1.123 
  Residual 0.1504 28 0.005371 
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Appendix Table E10 Statistical result for Study 1 comparing Tc pre- and post-training during sprint sections in the cool environment  

Table Analyzed TC S Pre-Post Cool 
    Two-way RM ANOVA Matching: Both factors 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Sprint 27.91 < 0.0001 **** Yes 
 Training 2.053 0.4203 ns No 
 Interaction: Sprint x Training 0.02510 0.9261 ns No 
 Interaction: Sprint x Subjects 3.427 

    Interaction: Training x Subjects 19.61 
    Subjects 46.17 
    ANOVA table SS DF MS F (DFn, DFd) P value 

Sprint 4.902 4 1.225 F (4, 28) = 57.02 P < 0.0001 

Training 0.3605 1 0.3605 F (1, 7) = 0.7327 P = 0.4203 

Interaction: Sprint x Training 0.004408 4 0.001102 F (4, 28) = 0.2181 P = 0.9261 

Interaction: Sprint x Subjects 0.6018 28 0.02149 
  Interaction: Training x Subjects 3.444 7 0.4920 
  Subjects 8.107 7 1.158 
  Residual 0.1414 28 0.005051 
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Appendix Table E11 Statistical result for Study 1 comparing Tsk pre- and post-training during lower intensity sections in the cool environment  

Table Analyzed TSK L Pre-Post Cool 
    Two-way RM ANOVA Matching: Both factors 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Lower intensity 12.81 < 0.0001 **** Yes 
 Training 2.088 0.1944 ns No 
 Interaction: Lower intensity x Training 0.2843 0.6556 ns No 
 Interaction: Lower intensity x Subjects 4.285 

    Interaction: Training x Subjects 7.097 
    Subjects 70.20 
    ANOVA table SS DF MS F (DFn, DFd) P value 

Lower intensity 7.275 4 1.819 F (4, 28) = 20.93 P < 0.0001 

Training 1.186 1 1.186 F (1, 7) = 2.060 P = 0.1944 

Interaction: Lower intensity x Training 0.1615 4 0.04037 F (4, 28) = 0.6148 P = 0.6556 

Interaction: Lower intensity x Subjects 2.433 28 0.08689 
  Interaction: Training x Subjects 4.030 7 0.5758 
  Subjects 39.86 7 5.695 
  Residual 1.839 28 0.06566 
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Appendix Table E12 Statistical result for Study 1 comparing Tsk pre- and post-training during sprint sections in the cool environment  

Table Analyzed TSK S Pre-Post Cool 
    Two-way RM ANOVA Matching: Both factors 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Sprint 15.45 < 0.0001 **** Yes 
 Training 2.475 0.1806 ns No 
 Interaction: Sprint x Training 0.1304 0.8575 ns No 
 Interaction: Sprint x Subjects 4.033 

    Interaction: Training x Subjects 7.835 
    Subjects 67.29 
    ANOVA table SS DF MS F (DFn, DFd) P value 

Sprint 10.03 4 2.508 F (4, 28) = 26.81 P < 0.0001 

Training 1.607 1 1.607 F (1, 7) = 2.211 P = 0.1806 

Interaction: Sprint x Training 0.08473 4 0.02118 F (4, 28) = 0.3269 P = 0.8575 

Interaction: Sprint x Subjects 2.619 28 0.09355 
  Interaction: Training x Subjects 5.089 7 0.7270 
  Subjects 43.71 7 6.244 
  Residual 1.814 28 0.06480 
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Appendix Table E13 Statistical result for Study 4 comparing heart rate of YT and YU during lower intensity sections in the cool environment 

Table Analyzed HR L YT YU Cool 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 0.6528 0.4917 ns No 
 Lower intensity 23.56 < 0.0001 **** Yes 
 Training 0.1989 0.8316 ns No 
 Subjects (matching) 63.75 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 189.2 4 47.30 F (4, 60) = 0.8626 P = 0.4917 

Lower intensity 6828 4 1707 F (4, 60) = 31.13 P < 0.0001 

Training 57.65 1 57.65 F (1, 15) = 0.04680 P = 0.8316 

Subjects (matching) 18478 15 1232 F (15, 60) = 22.46 P < 0.0001 

Residual 3290 60 54.84 
  Number of missing values 0 
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Appendix Table E14 Statistical result for Study 4 comparing heart rate of YT and YU during sprint sections in the cool environment 

Table Analyzed HR S YT YU Cool 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 0.2657 0.8896 ns No 
 Sprint 11.58 < 0.0001 **** Yes 
 Training 10.71 0.1312 ns No 
 Subjects (matching) 63.02 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 50.77 4 12.69 F (4, 60) = 0.2804 P = 0.8896 

Sprint 2213 4 553.2 F (4, 60) = 12.22 P < 0.0001 

Training 2046 1 2046 F (1, 15) = 2.549 P = 0.1312 

Subjects (matching) 12041 15 802.8 F (15, 60) = 17.73 P < 0.0001 

Residual 2716 60 45.27 
  Number of missing values 0 
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Appendix Table E15 Statistical result for Study 4 comparing heart rate of YT and YU during lower intensity sections in the hot environment 

Table Analyzed HR L YT YU Hot 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 1.197 0.1050 ns No 
 Lower intensity 36.78 < 0.0001 **** Yes 
 Training 0.0003358 0.9923 ns No 
 Subjects (matching) 52.22 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 363.9 4 90.97 F (4, 60) = 2.007 P = 0.1050 

Lower intensity 11184 4 2796 F (4, 60) = 61.68 P < 0.0001 

Training 0.1021 1 0.1021 F (1, 15) = 9.648e-005 P = 0.9923 

Subjects (matching) 15878 15 1059 F (15, 60) = 23.35 P < 0.0001 

Residual 2720 60 45.33 
  Number of missing values 0 
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Appendix Table E16 Statistical result for Study 4 comparing heart rate of YT and YU during sprint sections in the hot environment 

Table Analyzed HR S YT YU Hot 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 0.7682 0.4809 ns No 
 Sprints 27.03 < 0.0001 **** Yes 
 Training 4.290 0.2932 ns No 
 Subjects (matching) 54.23 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 137.7 4 34.41 F (4, 60) = 0.8808 P = 0.4809 

Sprints 4844 4 1211 F (4, 60) = 31.00 P < 0.0001 

Training 768.7 1 768.7 F (1, 15) = 1.187 P = 0.2932 

Subjects (matching) 9717 15 647.8 F (15, 60) = 16.58 P < 0.0001 

Residual 2344 60 39.07 
  Number of missing values 0 
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Appendix Table E17 Statistical result for Study 4 comparing RPE of YT and YU during lower intensity sections in the cool environment 

Table Analyzed RPE L YT YU Cool 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 5.092 0.0004 *** Yes 
 Lower intensity 54.27 < 0.0001 **** Yes 
 Training 2.137 0.2636 ns No 
 Subjects (matching) 23.77 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 28.59 4 7.148 F (4, 60) = 6.012 P = 0.0004 

Lower intensity 304.7 4 76.18 F (4, 60) = 64.07 P < 0.0001 

Training 12.00 1 12.00 F (1, 15) = 1.349 P = 0.2636 

Subjects (matching) 133.5 15 8.897 F (15, 60) = 7.483 P < 0.0001 

Residual 71.34 60 1.189 
  Number of missing values 0 
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Appendix Table E18 Statistical result for Study 4 comparing RPE of YT and YU during sprint sections in the cool environment 

Table Analyzed RPE S YT YU Cool 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 2.401 0.0266 * Yes 
 Sprint 52.13 < 0.0001 **** Yes 
 Training 0.0006358 0.9864 ns No 
 Subjects (matching) 31.84 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 10.88 4 2.721 F (4, 60) = 2.965 P = 0.0266 

Sprint 236.3 4 59.08 F (4, 60) = 64.39 P < 0.0001 

Training 0.002882 1 0.002882 F (1, 15) = 0.0002995 P = 0.9864 

Subjects (matching) 144.3 15 9.623 F (15, 60) = 10.49 P < 0.0001 

Residual 55.05 60 0.9175 
  Number of missing values 0 
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Appendix Table E19 Statistical result for Study 4 comparing RPE of YT and YU during lower intensity sections in the hot environment 

Table Analyzed RPE L YT YU Hot 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 1.274 0.1886 ns No 
 Lower intensity 56.92 < 0.0001 **** Yes 
 Training 5.904 0.0668 ns No 
 Subjects (matching) 22.68 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 7.890 4 1.972 F (4, 60) = 1.590 P = 0.1886 

Lower intensity 352.4 4 88.10 F (4, 60) = 71.02 P < 0.0001 

Training 36.56 1 36.56 F (1, 15) = 3.905 P = 0.0668 

Subjects (matching) 140.4 15 9.361 F (15, 60) = 7.547 P < 0.0001 

Residual 74.43 60 1.240 
  Number of missing values 0 
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Appendix Table E20 Statistical result for Study 4 comparing RPE of YT and YU during sprint sections in the hot environment 

Table Analyzed RPE S YT YU Hot 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 0.8675 0.4415 ns No 
 Sprint 47.14 < 0.0001 **** Yes 
 Training 0.7247 0.5945 ns No 
 Subjects (matching) 36.75 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 3.725 4 0.9313 F (4, 60) = 0.9503 P = 0.4415 

Sprint 202.4 4 50.60 F (4, 60) = 51.63 P < 0.0001 

Training 3.112 1 3.112 F (1, 15) = 0.2958 P = 0.5945 

Subjects (matching) 157.8 15 10.52 F (15, 60) = 10.73 P < 0.0001 

Residual 58.80 60 0.9801 
  Number of missing values 0 
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Appendix Table E21 Statistical result for Study 4 comparing Tc of YT and YU during lower intensity sections in the cool environment 

Table Analyzed TC L YT YU Cool 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 0.7879 0.2332 ns No 
 Lower intensity 47.86 < 0.0001 **** Yes 
 Training 2.847 0.3226 ns No 
 Subjects (matching) 40.82 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 0.1099 4 0.02748 F (4, 60) = 1.436 P = 0.2332 

Lower intensity 6.676 4 1.669 F (4, 60) = 87.22 P < 0.0001 

Training 0.3971 1 0.3971 F (1, 15) = 1.046 P = 0.3226 

Subjects (matching) 5.694 15 0.3796 F (15, 60) = 19.84 P < 0.0001 

Residual 1.148 60 0.01914 
  Number of missing values 0 
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Appendix Table E22 Statistical result for Study 4 comparing Tc of YT and YU during sprint sections in the cool environment 

Table Analyzed TC S YT YU Cool 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 0.4913 0.4921 ns No 
 Sprint 43.38 < 0.0001 **** Yes 
 Training 3.279 0.3107 ns No 
 Subjects (matching) 44.68 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 0.07267 4 0.01817 F (4, 60) = 0.8619 P = 0.4921 

Sprint 6.416 4 1.604 F (4, 60) = 76.10 P < 0.0001 

Training 0.4850 1 0.4850 F (1, 15) = 1.101 P = 0.3107 

Subjects (matching) 6.608 15 0.4405 F (15, 60) = 20.90 P < 0.0001 

Residual 1.265 60 0.02108 
  Number of missing values 0 
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Appendix Table E23 Statistical result for Study 4 comparing Tc of YT and YU during lower intensity sections in the hot environment 

Table Analyzed TC L YT YU Hot 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 0.7686 0.1070 ns No 
 Lower intensity 39.49 < 0.0001 **** Yes 
 Training 1.591 0.5119 ns No 
 Subjects (matching) 52.88 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 0.1548 4 0.03869 F (4, 60) = 1.994 P = 0.1070 

Lower intensity 7.952 4 1.988 F (4, 60) = 102.4 P < 0.0001 

Training 0.3204 1 0.3204 F (1, 15) = 0.4514 P = 0.5119 

Subjects (matching) 10.65 15 0.7098 F (15, 60) = 36.57 P < 0.0001 

Residual 1.164 60 0.01941 
  Number of missing values 0 
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Appendix Table E24 Statistical result for Study 4 comparing Tc of YT and YU during sprint sections in the hot environment 

Table Analyzed TC S YT YU Hot 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 0.7547 0.0832 ns No 
 Sprint 36.81 < 0.0001 **** Yes 
 Training 2.300 0.4423 ns No 
 Subjects (matching) 55.40 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 0.1668 4 0.04170 F (4, 60) = 2.170 P = 0.0832 

Sprint 8.136 4 2.034 F (4, 60) = 105.8 P < 0.0001 

Training 0.5084 1 0.5084 F (1, 15) = 0.6228 P = 0.4423 

Subjects (matching) 12.24 15 0.8163 F (15, 60) = 42.48 P < 0.0001 

Residual 1.153 60 0.01922 
  Number of missing values 0 
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Appendix Table E25 Statistical result for Study 4 comparing normalised power output of YT and YU during sprint sections in the cool environment  

Table Analyzed Normalised power S YT YU Cool 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 1.498 0.3255 ns No 
 Sprint 12.16 < 0.0001 **** Yes 
 Training 33.86 0.0014 ** Yes 
 Subjects (matching) 33.06 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 380.4 4 95.10 F (4, 60) = 1.188 P = 0.3255 

Sprint 3089 4 772.2 F (4, 60) = 9.643 P < 0.0001 

Training 8600 1 8600 F (1, 15) = 15.36 P = 0.0014 

Subjects (matching) 8397 15 559.8 F (15, 60) = 6.991 P < 0.0001 

Residual 4804 60 80.07 
  Number of missing values 0 
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Appendix Table E26 Statistical result for Study 4 comparing normalised power output of YT and YU during sprint sections in the hot environment  

Table Analyzed Normalised power S YT YU Hot 
    Two-way RM ANOVA Matching: Stacked 
    Alpha 0.05 
    Source of Variation % of total variation P value P value summary Significant? 

 Interaction 0.7803 0.6691 ns No 
 Sprint 12.05 < 0.0001 **** Yes 
 Training 26.47 0.0070 ** Yes 
 Subjects (matching) 40.82 < 0.0001 **** Yes 
 ANOVA table SS DF MS F (DFn, DFd) P value 

Interaction 210.0 4 52.49 F (4, 60) = 0.5930 P = 0.6691 

Sprint 3243 4 810.8 F (4, 60) = 9.160 P < 0.0001 

Training 7122 1 7122 F (1, 15) = 9.725 P = 0.0070 

Subjects (matching) 10985 15 732.3 F (15, 60) = 8.273 P < 0.0001 

Residual 5311 60 88.52 
  Number of missing values 0 

     




