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ABSTRACT 
 

There is an abundance of literature regarding the human response to constant-load 

exercise, however there is much less clarity surrounding self-paced exercise and 

performance. The purpose of this thesis was to examine the physiological, neuromuscular 

and stress responses to self-paced exercise in the heat, in healthy men and women. The first 

study investigated the performance and thermoregulatory response of males to a 

dopamine/norepinephrine (DA/NE) reuptake inhibitor during self-paced exercise in a warm 

environment. The second study focussed on healthy oral contraceptive (OC) users to 

investigate performance, thermoregulation and neuromuscular function during self-paced 

exercise in a warm environment. The final study investigated the cellular stress and 

thermoregulatory responses of healthy men and women to a self-paced cycling protocol. All 

studies were conducted in a cool and a warm ambient temperature and consisted of a 

standardised protocol: the first 30 min was fixed-intensity cycling at 50% Wmax followed by a 

30 min self-paced time trial. Each 30 min period was interspersed with a maximal 30 sec 

sprint at 9, 19 and 29 min. Thermoregulatory, perceptual and heart rate responses were all 

recorded at regular intervals throughout cycling trials. Neuromuscular measures were taken 

pre- and post-cycling exercise to examine fatigue and attempt to identify the origin of 

fatigue during self-paced exercise.  

The main findings of each study were 1) that a DA/NE reuptake inhibitor affected 

thermoregulation (38.6°C in BUP32 v 37.7°C in PLA32) but did not affect self-paced cycling 

exercise in males (distance covered was 12.8 km v 13.0 km for BUP20 and PLA20, 

respectively and 12.7 v 13.1 km for BUP32 and PLA32, respectively), in warm and moderate 

conditions; 2) that OC use did not affect self-paced cycling exercise, nor neurotransmission 

but did affect thermoregulation in warm conditions, with females reaching core 



 

xvi 
 

temperatures of 38.5°C and 38.4°C for WARM and COOL, compared with 38.2°C for CON 

and 3) that women exhibited higher levels of cellular stress (HSP 246 pg.l-1 compared with 

120 pg.l-1), higher core temperature (38.5°C v 37.9°C)and heart rate (177 bpm v 175 bpm), 

along with perceived exertion (8.1±1.5 v 7.8±0.5) than men, despite men exercising at a 

higher intensity than women in all conditions. 

The conclusions for these studies are that a DA/NE re-uptake inhibitor influenced 

thermoregulation but not exercise performance in either warm or moderate conditions. We 

also show that the drug could act peripherally to reduce twitch characteristics of muscle. For 

women taking an OC pill formulation, irrespective of environmental condition, self-paced 

cycling performance was not different, nor was neuromuscular performance influenced 

across the OC cycle. Finally, in the third study, females had a two-fold higher HSP72 

concentration than males, regardless of environmental condition. The mechanisms for this 

remain unclear due to the fact that women attained higher Tc, HR and perceived exertion, 

however men exercised at higher intensities in all conditions.  
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1. Introduction 
 

Road cycling is an endurance sport with very high energy demands (Padilla, Mujika, Cuesta 

& Goiriena, 1999), with the total distance cycled per year by endurance cyclists in both 

training and competition reaching ~30,000 – 35,000 kilometres (Fernandez-Garcia et al., 

2000; Lucia et al., 2001). Due to the nature of their sport, road cyclists need to be able to 

perform for long times and distances over various terrains and in different weather 

conditions. To win races they need to have energy and enough ‘drive’ remaining toward the 

end of a race to finish successfully, just as they need energy and drive at the start and in the 

middle of the same race.  

 

Fatigue has many differing definitions, however for the purpose of this thesis, fatigue is 

defined as the inability or failure to maintain specific force or power output or the 

development of less than expected amount of force (Green, 1997; Kay & Marino, 2000; 

Lepers, Maffiuletti, Rochette, Brugniaux & Millet, 2002; Spendiff, Longford, & Winter, 

2002).Fatigue of this nature is characterised by a reversible decline  in voluntary force 

generating capacity that culminates in momentary failure (Spendiff, et al., 2002), almost 

exclusively resulting in reduced performance and function (Kay, Marino, Cannon, St Clair 

Gibson, Lambert & Noakes, 2001). An additional view considers that fatigue can be 

interpreted as a safety mechanism, controlled by either central or peripheral mechanisms, 

preventing metabolic crisis and preserving the integrity of the muscle fibre, as well as 

preserving vital organs such as the heart and brain (Kay, et al., 2001; Gandevia, 2001; 

Noakes, 2012; González-Alonso, 2007).  
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Fatigue can be considered to have one of two origins, each occurring at different points 

along the efferent pathway and both producing a decline in force production. Central 

fatigue is spinal or supra-spinal in origin and results in a decrease in neural drive to the 

exercising muscles, leading to a decline in force production or tension development, 

irrespective of any change in muscle activity (Enoka & Stuart, 1992; St Clair Gibson, Schabort 

& Noakes, 2001). Peripheral fatigue on the other hand, causes a decline in the force-

generating capacity of skeletal muscle due to changes at or distal to the neuromuscular 

junction (NMJ). This type of fatigue is thought to be caused by factors such as changes in the 

cross-bridge cycling activity, excitation-contraction coupling failure or failure of action 

potential propagation despite unchanged or increasing neural drive (St Clair Gibson, et al., 

2001a; Taylor, Bronks, Smith, & Humphries, 1997). 

 

The complexity of the neuromuscular system does not allow for the evaluation of all the 

events that occur during fatigue development, therefore, it is difficult to definitively state a 

physiological basis for the phenomenon that is fatigue development. It has been suggested 

that elevated environmental temperature is a potential limiting factor for human 

performance due to an increased internal thermal load, thus prematurely developing 

fatigue during exercise (González-Alonso, Teller, Andersen, Jensen, Hyldig & Nielsen , 1999; 

Kay, et al., 200 1; Nielsen, Hales, Strange, Christensen, Warberg & Saltin, 1993). 

 

Environmental conditions including heat and humidity have the potential to limit an 

athletes’ performance in an endurance event. Heat loss and gain are thought to begin with 

behavioural changes and are controlled by the autonomic nervous system’s alteration of 

heat flow from the core to the skin via the blood and sweating and the availability of 
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evaporation of sweat (Noakes, 2012; González-Alonso, 2007).  Depending on the type of 

exercise, 70 to 100 percent of metabolism is released as heat and needs to be dissipated in 

order to maintain body heat balance (Sawka, Young, Latzka, Neufer, Quigley & Pandolf, 

1992). The evaporation on sweat off the surface of the skin is limited in humid conditions, 

potentially leading to an imbalance between heat production and dissipation. This means 

that an athlete participating in endurance exercise in a warm, humid environment could be 

hampered by their own thermoregulatory response (González-Alonso, et al., 1999; Nielsen, 

et al., 1993). 

 

Thermoregulation is thought to be a complex feedback system that involves physical, 

chemical and behavioural means to allow for homeostasis under conditions of variable heat 

loads (Kaciuba-Uscilko & Gruzca, 2001). In particular, thermoregulation allows for the 

maintenance of body temperature within a very restricted range. With an increase in body 

temperature, thermoreceptors in the skin and body provide input to the thermoregulatory 

centre where the information is processed, with the outcome of heat loss from sweat 

evaporation and alterations in skin blood flow (Sawka and Wenger, 1988). Exercise 

performance in the heat is impaired during both self-paced and externally regulated 

exercise (Tucker, Rauch, Harley & Noakes, 2004). During exercise in a warm environment, 

fatigue has been shown to occur at approximately 40˚C, regardless of the rate of heat 

storage or pre-exercise core temperature.  

 

Presently it is known that fatigue during exercise in the heat is unlikely to be caused by 

reductions in cardiac output, exercising muscle blood flow, impaired substrate availability or 

by the accumulation of lactate or potassium (Febbraio, 2000; González-Alonso, et al., 1999). 
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González-Alonso et al (1999) proposed that fatigue during exercise in the heat is associated 

with a ‘critical core temperature limiting exercise performance’, in which a high body 

temperature directly affects central nervous functions. However, the mechanism by which 

this occurs is not well understood.  

 

It is inherently difficult to control ambient temperature and how the body reacts to thermal 

stress, however, what an individual may control during exercise or competition is how they 

pace themselves to complete the session or course. Pacing is a strategy used by athletes to 

regulate their effort and rate of energy expenditure in order to achieve maximal 

performance (Aisbett, Le Rossignol, & Sparrow, 2003; Nikolopolous, Arkinstall, & Hawley, 

2001). During prolonged time-trial exercise, athletes must self-select a work rate which best 

delays fatigue and optimises performance (Johnson, Stannard, Chapman & Thompson, 

2006). Pacing strategy is believed to be a function of metabolic and biochemical afferents to 

the CNS that are ‘hardwired’ through past experiences and/or modified by afferent 

feedback signals from factors such as substrate availability, heart rate and lactic acidosis 

(Rauch, St Clair Gibson, Lambert, & Noakes, 2005; St Clair Gibson, et al, 2001). Experience in 

the form of acclimation to conditions, practice on the circuit or track, knowledge of distance 

and intensity and self-awareness all contribute to the ability of an athlete to complete their 

race. When these factors are manipulated by pharmaceutical or other interventions, self-

selected work rate may be affected (Johnson, et al., 2006).  

 

Various physiological parameters affect athletic performance, including neurotransmitters, 

hormones and differences in sex. Dopamine (DA) and norepinephrine (NE) are 

catecholamines implicated in arousal, motivation, reinforcement and reward, control of 
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motor behaviour and mechanisms and depletion of these catecholamines have been linked 

to central nervous system fatigue  Watson, Hasegawa, Roelands, Piacantini, Looverie & 

Meeusen, 2005). Further, dopamine has been implicated in the control of body 

temperature, tolerance to exercise in the heat, recognised effects on motor behaviour and 

is expected to have an enhancing effect on exercise performance by way of increased 

motivation (Piacentini, Meeusen, Buyse, De Schutter & De Meirleir, 2004). Norepinephrine 

is known to play a primary role in the control of the level of arousal, regulation of vigilance, 

consciousness, sleep, anxiety and reward mechanisms. Because of their role in motivation 

and motor behaviour, dopamine and noradrenaline are linked to the central fatigue 

hypothesis. The central fatigue hypothesis proposes that an exercise-induced increase in 

serotonin, a third neurotransmitter, is involved in the development of central fatigue 

(Piacentini, et al., 2004; Davis, 1995). Serotonin is linked to depression, sensory perception, 

sleepiness and mood thus it has been suggested that increases in serotonin concentration 

and activity could be detrimental to prolonged sport and exercise (Davis, Alderson & Welsh, 

2000). In fact, it has been suggested that ratio of serotonin to dopamine brain content 

during exercise may be a critical factor in the development of central fatigue. Thus, the 

administration of DA/NE reuptake inhibitors may be useful in attenuating the development 

of central fatigue, especially in circumstances where serotonin is thought to be increased. 

 

Different reuptake inhibitors in humans have been used to evaluate the effects of an 

increased neurotransmitter release on exercise performance and CNS fatigue (Hasegawa, 

Meeusen,  Sarre, Diltoer, Piacentini, & Michotte, 2005). A reuptake inhibitor is a chemical 

that blocks reabsorption of neurotransmitters, thus increasing extracellular concentrations 

of the neurotransmitter and, in turn, its activity. Bupropion is a weak but selective inhibitor 
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of dopamine reuptake (Hasegawa, et al, 2005; Piacentini, et al., 2004; Watson, et al., 2005). 

The drug bupropion has been suggested to dampen or override the inhibitory signals arising 

from the CNS to cease exercise due to hyperthermia, by inhibiting the uptake and increasing 

circulating concentration of dopamine. A further potential performance benefit could be 

that the athlete can maintain motivation to produce a higher power output. 

 

Brain neurotransmitter systems are clearly involved in regulating the genesis of fatigue 

during exercise, however, it appears unlikely from the literature, that a single 

neurotransmitter system is responsible for central fatigue (Meeusen, Watson, Hasegawa, 

Roelands & Piacentini, 2007).  

 

The menstrual cycle presents a unique environment to women as opposed to men, 

therefore it is of interest to investigate whether there is any impact of these hormonal 

fluctuations on factors influencing performance such as thermoregulation, pacing and 

stress. A normal healthy body is expected to approximate an ideal in form and function. 

Hence, for example, most women ‘‘should have’’ 28-day menstrual cycles. In the absence of 

conception, the principal hormonal changes that occur during an ovulatory cycle, feedback 

mechanisms involving hormones from the ovary (steroids, oestradiol and progesterone and 

proteins, inhibins A and B), anterior pituitary (gonadotrophins: follicle stimulating hormone 

(FSH) and luteinising hormone (LH), and hypothalamus: gonadotrophin-releasing-hormone 

(GnRH), regulate follicle maturation, the timing of ovulation, and the proliferation of the 

endometrium (Messinis, 2006). 
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Throughout the menstrual cycle, concentrations of female sex hormones, oestrogen and 

progesterone fluctuate, stimulating a cascade of physiological events, including the increase 

of core body temperature of approximately 0.3-0.5°C (Kaciuba-Uscilko & Gruzca, 2001).  

 

Differences in research methodology, including exercise protocol, participant selection and 

physical attributes make it difficult to extrapolate consistent findings regarding the 

endurance performance of women during different menstrual phases (Oosthuyse, Bosch, & 

Jackson, 2005). A further confounding observation is that fluctuations in muscle strength 

have been noted across the normal menstrual cycle and these appear to be related to 

changes in oestradiol levels (Sarwar, Niclos & Rutherford, 1996; Phillips, Rook, Siddle, Bruce 

& Woledge, 1993). Sarwar et al. (1996) reported that accompanying the increases in 

strength across the menstrual cycle, there was a significant slowing of relaxation time and 

an increase in fatigue index of the quadriceps muscle group at mid-cycle. Fatigue index 

refers to the percentage of force lost over three minutes, during which time the muscles 

were simulated at 40 Hz for 0.25 s, every second (Sarwar, et al., 1996). Increases in muscle 

strength have been reported late in the follicular phase, corresponding to increases in 

oestradiol before ovulation, whereas strength has been shown to decrease in the luteal 

phase which may be due to a detrimental effect of increases in deep muscle temperature. 

The relationship between oestrogen and muscle strength could explain findings of a decline 

in muscle strength around menopause, which is reversed with hormone replacement 

therapy (HRT) (Phillips et al., 1993). 

 

Oral contraceptive (OC) use among athletic women is rapidly increasing in popularity, not 

only for contraceptive purposes, but for bone health, cycle manipulation during training and 
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competition, and control of premenstrual symptoms including water retention (Bennell, 

White, & Crossley, 1999). OC are usually prescribed in the form of a combined oestrogen 

and progesterone tablet. Monophasic OC contain a dose of hormones that are constant 

through the cycle for 21 days, with 7 d of ‘inactive’ or placebo pills completing the 28-d 

cycle. In a triphasic OC the hormone dosage varies three times during 21 d, also with 7 d of 

inactive pills. The drawback of a triphasic prescription is the difficulty in cycle manipulation.  

 

When OC were first introduced in the 1960s, the oestrogen dosage was as high as 150 μg, 

but typically now OC contain 35 μg or less of oestrogen as ethinyloestradiol. Advantages of 

OC use, in addition to being a reliable and reversible form of contraception, include 

decreasing the risk of anaemia by reducing menstrual blood loss, allowing for manipulation 

of the cycle for travel, training and competition commitments and causing a positive effect 

on premenstrual symptoms with a possible resultant effect on performance and injury risk 

at this time (Bennell, et al., 1999). Typical disadvantages include headaches, fluid retention 

and nausea, increased risk of hypertension, thromboembolism, small increases in the risk of 

breast cancer and weight gain, which could be caused either by fluid retention or appetite 

stimulation. Weight gain is a particular concern faced by athletes and coaches, especially 

those participating in low body weight sports such as distance running, light weight rowing 

and gymnastics. 

 

The reported fluctuations in muscle strength associated with oestradiol can be alleviated by 

the use of OC which reduce the variations in hormones by maintaining a constant, low-dose 

of oestrogen and progesterone across 21 d of the pill cycle 
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The body attempts to maintain homeostasis despite continuous challenges. However, in 

some situations such as during exercise and heat stress, this maintenance may be difficult. 

Therefore, in addition to circulating levels of cortisol, the stress hormone, another 

important marker of cellular stress are cell chaperones. Any disruption to cell homeostasis 

could, if left unchecked, lead to irreversible damage. To combat this, in relation to protein-

related disruption, cells produce a family of highly conserved proteins known as heat shock 

proteins (HSPs) (Febbraio & Koukoulas, 2000) which bind to denatured proteins and are 

involved in the assembly of protein complexes. HSPs are a family of endogenous, protective 

proteins (Voss, Stallone, Li, Cornelussen, Knuefermann & Knowlton, 2003), thought to play 

important roles in homeostasis, immune system function and protection of cells from harm 

caused by stress. The most abundant and widely studied family of HSPs is the 70-kDa family 

which includes the inducible form known as HSP72 (Yamada, Amorim, Moseley, Robergs & 

Schneider, 2007; Fehrenbach, Niess, Voelker, Northoff & Mooren, 2005). Cellular stress may 

originate from any number of factors including, but not limited to: hypoxia (Fehrenbach, et 

al., 2005), ischemia, acidosis, protein degradation, acidosis, lack of glucose availability, 

increased calcium ions, exercise (Febbraio, Steensberg, Walsh, Koukoulas, van Hall, Saltin & 

Pedersen, 2002; Milne and Noble, 2002) and, as the name suggests, heat (Febbraio and 

Koukoulas, 2000).  

 

The significant relevance of cellular chaperones is important because cellular events, such as 

increased temperature, acidosis, and reduced glucose availability, take place throughout 

exercise. Whilst not a limiting factor during exercise performance, the release of HSP72 

appears to be a protective mechanism that is both intensity- and duration-dependent. Low 
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levels of HSP may be detected in the circulation at rest and it would be expected that both 

exercise and heat would increase the concentration of this protein, with the combination of 

heat and exercise increasing production further.  

 

There are differences in the response of HSP72 in the presence of various sex hormones, 

particularly oestrogen and testosterone, however the mechanisms by which these 

differences occur are not completely understood, therefore, research must be undertaken 

to properly understand the interactions between cellular chaperones and circulating sex 

hormones. 
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A review of the literature has identified several avenues for investigation. These include: the link 

between brain neurotransmitters, heat stress and exercise performance; female sex hormones and 

the effect on muscular function and thermoregulation and finally, the cellular stress response to 

exercise and heat stress.  
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Figure 1 – Concept Map Showing the Relationship Between Factors Affecting Exercise in the Heat 
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2.1 Exercise Fatigue 
 

In the exercise sciences, a universal definition of fatigue is elusive despite the study of the 

phenomenon itself stretching back centuries (Marino, Gard & Drinkwater, 2010). For the 

purpose of this review, fatigue is defined as a failure to maintain specific force or power 

output or the development of less than the expected amount of force (Green, 1997; Kay & 

Marino, 2000; Lepers, et al., 2002; Spendiff, et al., 2002)  and is characterised by a reversible 

decline in a muscle’s force generating capacity that culminates in momentary failure 

(Spendiff, et al., 2002), almost exclusively resulting in reduced performance and function 

(Kay, Marino, Cannon, St Clair Gibson, Lambert & Noakes, 2001). It is important to note that 

fatigue should be viewed as a continuous process that transforms the functional state, with 

exhaustion being the point at which exercise is terminated (Kay & Marino, 2000). An 

additional view considers that fatigue can be interpreted as a safety mechanism, controlled 

by either central or peripheral input, preventing metabolic crisis and preserving the integrity 

of the muscle fibre (Kay, et al., 2001). Recently, it has been pointed out that fatigue can 

refer to both states and processes and therefore these need to be considered both 

separately and synergistically (Marino, et al., 2010).  

 

Different classifications of fatigue place the causes of fatigue into two main sections: central 

and peripheral, both of which can have a limiting effect on performance, however, the way 

they manifest may differ. Central fatigue is spinal or supraspinal in origin and results in a 

decline in neural drive to the exercising muscles, resulting in a decline in force production or 

tension development regardless of any change in muscle contractility (Enoka & Stuart, 1992; 

St Clair Gibson, et al., 2001). Peripheral fatigue on the other hand, causes a decline in the 

force-generating capacity of skeletal muscle due to changes at or distal to the 
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neuromuscular junction (NMJ). This type of fatigue is thought to be caused by factors such 

as changes in the cross-bridge cycling activity, excitation-contraction coupling failure or 

failure of action potential propagation despite unchanged or increasing neural drive (St Clair 

Gibson, et al., 2001; Taylor, et al., 1997). 

 

Successful performance of athletic activity, including cycling, relies on the maintenance of 

neuromuscular function, however the control systems and respective functions may be 

negatively affected by temperature. The most obvious effect in this case is the development 

of fatigue. The complexity of the neuromuscular system does not allow for the evaluation of 

all the events that occur during fatigue development, therefore, it is difficult to definitively 

state a physiological basis for the phenomenon that is fatigue development. Fatigue 

development is activity and contraction-type specific (Enoka & Stuart, 1992; Hunter, 2009; 

Kay & Marino, 2000; Tesch, Thorsson, & Colliander, 1990). It has been suggested that 

environmental thermal stress is a potential limiting factor for human performance due to an 

increased internal thermal load, thus prematurely developing fatigue during exercise 

(González-Alonso et al., 1999; Kay, et al., 2001; Nielsen, Hales, Strange, Christensen, 

Warberg, & Saltin, 1993).  

 

Noakes and colleagues (2004) have proposed that fatigue is a sensory perception and 

suggest that homeostasis is maintained during exercise by reduced activation of motor units 

(MU) by the central nervous system (CNS), which occurs ahead of time to protect against 

peripheral “catastrophes” such as glucose depletion, hypoxaemia or extreme acidosis 

(Noakes, St Clair Gibson, & Lambert, 2004). 
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In a study performed on physically active men and women (n = 11), Kay and colleagues 

(2001) examined the neuromuscular events associated with fatigue using a self-paced 

cycling protocol of 60-min duration, under elevated environmental conditions. Participants 

in this study undertook a 60 min self-paced cycling time trial (TT), with the primary goal to 

complete the greatest distance possible within the allotted time. In attempt to provide an 

additional measure of performance, six 1 min ‘all out’ sprints were performed in the 10th, 

20th, 30th, 40th, 50th and 60th min of the cycling trials. The authors found a reduction in 

efferent drive (71% - 77% initial sprint values) and power output (87% - 94% initial sprint 

power) commencing in the early stages of exercise, accompanied by an increasing efferent 

output to the active muscle during the concluding stages of exercise, resulting in a 

concomitant increase in power output (90% and 94% initial values, respectively) (Kay, et al, 

2001). Subjects were able to increase the neural drive to the muscle in conjunction with an 

increasing power output during the final sprint, suggesting maintenance of the ability to 

activate the muscle and the presence of a neuromuscular reserve during self-paced exercise 

(Kay, et al., 2001). An additional finding of the study was that the neuromuscular response 

pattern to stochastic self-paced exercise was reproducible between exercise trials.  

 

After two hours of cycling at a constant power output (65% VO2peak), eight well-trained male 

cyclists and triathletes exhibited a reduction in  maximal voluntary contraction (MVC) of the 

quadriceps muscles, which may have resulted from changes in central and peripheral 

mechanisms such as reduced neural drive and changes in the twitch properties and 

isometric muscular force (Lepers, Hausswirth, Maffiuletti, Brisswalter, & Van Hoecke, 2000). 

Before and after the exercise, maximal concentric, isometric and eccentric contractions, 
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electromyographic (EMG) activity of vastus lateralis (VL) and vastus medialis (VM) were 

recorded, as well as neural and contractile properties of the quadriceps muscle. Post-

exercise, peak torque reduced in both VL and VM  by ~13%, alongside decreases in maximal 

twitch tension, maximal rate of twitch tension development. Lepers et al (2000) concluded 

that the reduction of muscular capacity following prolonged cycling exercise resulted from 

both reduced neural command to the quadriceps and a failure of peripheral contractile 

mechanisms.  

 

During prolonged exercise performed at a constant intensity, there are signs that changes 

occur in the neuromuscular system that could influence the efficacy or the pattern with 

which the contractile proteins are activated (Lepers, et al, 2002). To examine the time 

course of impairment of central and peripheral processes during long-duration cycling 

exercise, nine well-trained male cyclists and triathletes cycled at 55% of maximal aerobic 

power for five hours. Contractile and neural properties of the quadriceps muscle; isometric 

torque, muscular twitch and voluntary activation were evaluated every hour. MVC torque 

was significantly reduced by exercise, declining from pre-exercise values by 9% after the first 

hour and by 18% at the completion of the cycling protocol. After 30 min of recovery, MVC 

was ~16% lower than pre-exercise values, indicating that participants had not recovered in 

this time period. Voluntary activation was significantly decreased and contraction time 

decreased by ~10% from pre-exercise at the completion of the cycling protocol. The findings 

of this study demonstrated that 5-h cycling exercise performed at 55% of maximal aerobic 

power (MAP) progressively reduced the maximal force-generating capability in the 

quadriceps muscle. The time course was that the contractile properties were significantly 



 

22 
 

altered after the first hour of steady-state exercise, whereas excitability and neural drive 

were more impaired towards the latter stages of the trial (Lepers et al, 2002).    

 

A study examining the impact of sport specificity on the time course of fatigue utilised the 

efforts of seven cyclists and seven triathletes to perform a fatiguing exercise consisting of 

nine sets of 31 isokinetic concentric knee extensions following a submaximal isokinetic 

fatiguing exercise (Garrandes, Colson, Pesini & Legros, 2006). Fatigue was assessed pre-

exercise, after three and six sets, and post-exercise. Maximal voluntary eccentric torque 

production declined in cyclists (18 ± 3.5 %,) but not to a significant degree in triathletes (5 ± 

2.5 %). Although no significant difference was observed between groups, there was a time 

effect on maximal concentric and isometric torque, twitch contractile and 

electrophysiological response properties. No modification in the activation and coactivation 

levels was observed, allowing the authors to conclude that these results indicate that the 

time course of fatigue, especially during eccentric contractions, is mediated by sport-specific 

adaptations likely due to the mode of muscle contraction used in the activity (Garrandes, et 

al., 2006). 

 

 

2.1.1 Pacing Strategies 

 

Pacing is a strategy used by athletes to regulate their effort and the rate of energy 

expenditure in order to achieve a maximal performance (Aisbett, Le Rossignol, & Sparrow, 

2003; Nikolopolous, Arkinstall, & Hawley, 2001). During prolonged time-trial exercise, 

athletes must self-select a work rate which best delays fatigue and optimises performance 
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(Johnson, et al., 2006). Pacing strategy is thought to be a function of metabolic and 

biochemical afferents to the CNS that are ‘hardwired’ through past experiences and/or 

modified by afferent feedback signals from factors such as substrate availability, heart rate 

and lactic acidosis (Rauch, et al., 2005; St Clair Gibson, et al., 2001). When these factors are 

manipulated by pharmaceutical or other interventions, self-selected work rate may be 

affected (Johnson, et al., 2006).  

 

It has been demonstrated that in trials where well-trained cyclists perceived time trials 

which varied in actual distance to be the same, they rode at comparable power outputs and 

heart rates (Nikolopoulos, et al., 2001). Six well-trained cyclists and triathletes performed 

seven time trials on a cycle ergometer, varying from 34 to 46 km in length, but believing 

they were cycling 40 km on each occasion. During the final three TT, participants were 

permitted to view their HR responses, while being deceived again about the distance cycled. 

Finishing times varied significantly from 47:23 ± 4:23 vs 55:57 ± 3:24 vs 65:41 ± 3:56 min for 

the 34, 40 and 46 km, respectively, but despite these differences, mean power output (~292 

W) and mean HR (~173 beats/min) were similar.  It appears from this study that participants 

completed each exercise bout according to a pre-determined intensity that was perceived 

to optimise performance at each different time trial distance (Nikolopoulos et al, 2001).  

 

Conversely, Paterson & Marino (2004) report that when participants are deceived regarding 

the actual distance of a cycling TT, they select their pacing strategy based upon perceived 

effort. Healthy participants (n = 21) were allocated to one of three groups; all were 

informed they would complete three self-paced 30 km cycling TT. The first and third TT for 

each group was 30 km in length, however each experimental group was deceived as to the 
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length of the middle trial. The short distance group cycled 24 km, the long distance group 

cycled 36 km and the control group cycled 30 km. The key finding from this study was that 

compared to the first 30 km trial, participants in the short distance group took ~8.4 min 

longer to complete the final 30 km trial, while the long distance group were ~8.9 min 

quicker. The time to complete the 30 km for the control group was similar in all three trials. 

In the final trial for each group, there was no significant change in RPE or HR response, 

indicating that the participants perceived their exertion to be similar in trials 1 and 3. The 

authors concluded that when deceived regarding the end-point of an exercise bout, 

participants are unable form an effort template and will therefore perform based upon the 

situational requirements and perceived exertion.   

 

Albertus and colleagues (2005) reported that exercise performance, pacing and RPE during a 

20 km were not altered by providing incorrect distance information, supporting the 

hypothesis of pacing strategy that is set before exercise and unaffected by external 

feedback. Fifteen well-trained cyclists performed four 20-km TT, with the only feedback 

provided as 1-km splits. The conditions were: accurate feedback, longer split-length 

feedback, shorter split-length feedback and random split-length feedback. There were no 

significant differences in finishing times between trials, nor were there differences in pacing 

strategy as reflected by power output profile, or RPE in any trials, however there were 

variances in average HR (Albertus, Tucker, St Clair Gibson, Lambert, Hampson & Noakes, 

2005).  

 

Recreational cyclists (n = 6) performed three 6-min cycling tests evaluating pacing strategies 

on performance, oxygen uptake, oxygen deficit and blood lactate accumulation. The three 
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tests required cyclists to adopt fast-start, even-pacing and slow-fast pacing strategies and 

performance was measured as mean power output for each test (Aisbett et al, 2003). There 

was no significant difference detected between pacing conditions for mean power output, 

O2 consumption or blood lactate accumulation, however there was a significant change in 

the O2 deficit measured over time, between the condition, which occurred independently 

and did not affect performance. Following on from this work, Aisbett and colleagues (2009) 

examined the same start strategies on TT performance in 26 well-trained male cyclists, 

where performance was measured as time taken to complete a set amount of work, 

established from habituation trials. Finishing times in fast-start TT was significantly faster 

than for the even-start and slow-start TT (4:53 min, 5:04 min and 5:09 min, respectively) 

(Aisbett, Le Rossignol, McConell, Abbiss & Snow, 2009). 

 

The preceding findings from these research studies suggest that the topic of pacing is highly 

complex. Much has been done in the area of pacing research, highlighting its importance to 

the performance of cycling exercise, not only for competitive athletes but also for 

recreational riders. Knowledge of end-point, cycling experience, start- or finish-strategy and 

substrate availability all contribute to the ability of athletes to regulate their performance 

and delay fatigue. A further point of interest is muscle recruitment patterns in exercised 

muscles, however many current theories of regulation of muscle function during exercise do 

not adequately explain all observed features of such pacing strategies (Ansley, Schabort, St 

Clair Gibson, Lambert & Noakes, 2004). Seven highly trained cyclists were examined for 

power output, oxygen consumption and muscle recruitment strategies during three 

successive 4-km TT to determine whether alterations in muscle recruitment could explain 

observed pacing strategies. Participants were required to complete the trials as fast as 
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possible, while integrated EMG (iEMG) was recorded in the final 90 s of each trial. Peak 

power output was highest in the first TT, but average power output was similar across all 

three trials. In the final 60 s of each trial, PO and iEMG increased in a similar fashion, 

indicating that the observed pacing strategies were not regulated by peripheral 

mechanisms. These findings agree with the proposal of a centrally-mediated mechanism 

that regulates the recruitment of motor units during exercise based upon peripheral 

feedback or anticipatory feed-forward (Ansley et al, 2004).  

 

In contrast to the above, Hettinga and colleagues (2008) proposed that changes in iEMG and 

mechanical power output was consistent with peripheral fatigue rather than central control 

of power output after examining the role of central and peripheral fatigue on 4000-m 

cycling TT performance, and comparing changes in PO and iEMG in differently paced 

maximal efforts. Eight well-trained men performed three different trials in which the first 

2000-m were manipulated to induce an increasing, even or decreasing power output profile 

and the final 2000-m were completed as quickly as possible. Biceps femoris (BF), VL and 

rectus femoris (RF) iEMG activity were recorded throughout the trials. The increase in 

mechanical power was associated with higher iEMG activity in all muscles, while, 

interestingly, decreases in mechanical power output near the end of TT was also marked 

with an increase in iEMG for BF and VL (Hettinga, De Koning, Broersen, Van Geffen & Foster, 

2008). 
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2.1.2 The Central Governor Theory 

 

The ‘Central Governor Theory’ is one which suggests that exercise performance is limited by 

an anticipatory mechanism termed ‘teleoanticipation.’ Essentially a mechanism for 

explaining fatigue, this theory attempts to encompass events in which fatigue exists without 

‘exhaustion’. The term ‘exhaustion’ is not intended to describe complete physical failure, 

but task failure, the inability to maintain the prescribed task (Marino, Gard & Drinkwater, 

2010). The Catastrophe Model of fatigue, initially proposed by AV Hill makes it difficult to 

extrapolate fatigue indicators to self-paced exercise bouts such as cycling time trials, team 

sports or the fatigue associated with disease states (Marino et al, 2010), however is useful 

to interpret laboratory-based tests such as the VO2max test, where work is dictated by the 

researcher, there is no known end-point and ends with voluntary termination. Thus, by 

removing conscious control of pacing, trying to understand fatigue in self-paced events 

using tests such as the VO2max is difficult.  

 

Nielsen (1938) described the thermoregulatory effector responses in humans and concluded 

that temperature regulation during exercise is different to that during fever. Essentially, the 

human thermoregulatory system during exercise is similar to that of a thermostat, whereby 

the increase in core temperature is proportional to the metabolic rate and almost 

independent of the environmental conditions. It is well accepted that the human is able to 

thermoregulate efficiently during exercise in a range of cool to moderate ambient 

conditions but this has been shown to be more difficult during exercise in warm conditions 

(Marino, 2004). For many years now, it has been thought that the CNS is greatly affected by 

rising body temperature. Initially it was thought that exercise in the heat induces 
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physiological responses such that the cardiovascular and thermoregulatory systems are at 

their limit, giving rise to the belief that this situation reduces the drive and motivation for 

further exercise (Brück and Olschewski, 1987). It was also thought that substrate availability 

might also contribute to fatigue in the heat however, this line of thought is now 

questionable (Febbraio & Koukoulas, 2000). The observation that subjects always stopped 

exercising at similar core temperatures of 39.5 – 40 °C regardless of the level of acclimation, 

disseminated the hypothesis that a critical limiting temperature exists at which subjects are 

no longer able to continue exercising (Nielsen, et al., 1993). Nielsen and colleagues (1993) 

concluded that the drive for exercise was reduced but the mechanisms responsible for the 

reduced drive for further exercise was at this stage undetermined. The hypothesis that 

suggests that exercise in the heat and associated performance is ultimately determined by a 

critical limiting temperature is indirectly supported by studies manipulating the pre-exercise 

body temperature, so that subjects begin exercise with a slightly lowered core temperature, 

allowing for a longer period or higher intensity before reaching the so-called critical limiting 

temperature (Booth, Marino & Ward, 1997; Kay, Taaffe & Marino, 1999; Lee and Haymes 

1995; Schmidt and Bruck 1981). Even more recently, the suggestion that athletes might 

utilise an anticipatory control mechanism during exercise to ensure the maintenance of 

homeostasis and the avoidance of catastrophe has been receiving attention (Marino, Kay, & 

Serwach, 2004; Marino, Lambert, & Noakes, 2004; Morrison, Sleivert, & Cheung, 2004; 

Tucker, et al., 2004). These studies provide evidence that indicates a continual adjustment 

of muscle recruitment during exercise with gradual heating or that running speed and 

power are reduced long before athletes become hot.  

 

Teleoanticipation is a concept that is thought to allow athletes to reach the end of the 

exercise bout without failure (Hanson & Buckworth, 2016). Every exercise bout requires a 
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start and an endpoint, and knowledge of that endpoint can influence pacing, motivation and 

attention.  Feedback and feedforward regulation of metabolic reserves and efferent 

commands based on afferent feedback from the periphery and knowledge of the finishing 

points of the finishing points are all important factors here, to allow maximal effort until the 

completion of exercise, without initiating cellular catastrophe (Tucker, et al, 2004). 

 

Exercise fatigue is a complex phenomenon, with multiple definitions and theories utilised to 

try and explain it. Research has suggested that the development of fatigue could be activity 

and muscle contraction-type dependent, however sport-specific adaptations could mediate 

the response, with athletes possibly possessing the ability to activate muscle and call on a 

neuromuscular reserve during self-paced exercise. Regardless of the definition used to 

define fatigue, it is universally accepted that the onset of fatigue results in decreased 

exercise performance and muscular function. Further, environmental thermal stress is 

widely considered to be a limiting factor, leading to the premature development of fatigue. 

In order to delay the onset of fatigue and optimise performance, the Central Governor 

Theory proposes that the body has the ability to anticipate, through previous experience, 

the requirements of the task and avoid task failure. Extending from this, athletes are able to 

regulate their effort and energy expenditure, termed ‘pacing’, ultimately reserving energy to 

call upon to complete the exercise bout.  

 

2.2 Thermoregulation 
 

A potential limiting factor for human performance is the capacity to store heat. Elevated 

ambient temperatures and humidity reduce the capacity of the body to dissipate heat to the 
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environment (González-Alonso, et al., 1999; Nielsen, et al., 1993). Human environmental 

adaptability is influenced by a variety of factors including aerobic capacity and body 

composition (Maeda, Sugawara, Fukushima, Higuchi, & Ishibashi, 2005). 

 

Thermoregulation is thought to be a complex feedback system that involves physical, 

chemical and behavioural means to allow for homeostasis under conditions of variable heat 

loads (Kaciuba-Uscilko & Gruzca, 2001). In essence, thermoregulation allows for the 

maintenance of body temperature within a restricted range with factors identified as 

affecting basal body temperature are sex, muscle mass, fat intake and daytime temperature 

(Maeda et al, 2005). Fatigue during prolonged exercise in temperate conditions are typically 

associated with depletion of muscle glycogen, accumulation of metabolites, inadequate O2 

delivery and development of hypohydration (Watson et al., 2005). In warm conditions, 

however, factors influencing fatigue are less clear. Exercise capacity is thought to be 

primarily limited by thermoregulation and fluid balance factors and the actions of the CNS 

may become important in the development of fatigue when body temperature is slightly 

elevated (Watson, et al., 2005; Nybo & Nielsen, 2001; Marino, et al, 2004b; Saboisky, 

Marino, Kay & Cannon, 2003; González-Alonso, et al, 1999; Nielsen, et al, 1997; Nielsen 

1996).  

 

Exercise performance in the heat is impaired during both self-paced and externally 

regulated exercise in hot, compared to cool conditions (Tucker, et al, 2004). Presently it is 

understood that fatigue during exercise in the heat is unlikely to be caused by reductions in 

cardiac output, exercising muscle blood flow, impaired substrate availability or by the 

accumulation of lactate or potassium (Febbraio & Koukoulas, 2000; González-Alonso et al, 
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1999). During exercise in a warm environment fatigue has been shown to occur at core 

temperatures of 39 - 40˚C, regardless of the rate of heat storage, pre-exercise core 

temperature or heat acclimation (Galloway & Maughan, 1997; Nybo & Nielsen, 2001). 

González-Alonso et al (1999) proposed that fatigue during exercise in the heat is associated 

with a ‘critical core temperature limiting exercise performance’, in which a high body 

temperature directly affects central nervous functions. Nybo and Nielsen (2001) 

demonstrated that force production and voluntary activation in the knee extensors 

(exercised muscles) were lower during isometric MVC following cycling exercise at Tcore of 

40˚C than at Tcore of 38˚C. This indicates that the force-generating capacity of the exercised 

muscle was unaffected by the elevated core and muscle temperatures after exercise in the 

heat and the authors concluded that exercise-induced hyperthermia causes a form of 

‘central fatigue’ in which elevated body temperature caused reduced central activation in 

the exercised muscle leading to a lower force production (Nybo & Nielsen, 2001). A 

limitation of this study was that the central activation of the wrist flexors was not measured. 

 

It is now proposed that central neural recruitment of skeletal muscle motor units is reduced 

when core body temperature rises to ‘critical’ levels (Tucker, et al., 2004). Tucker et al 

(2004) investigated whether centrally-regulated recruitment of skeletal muscle motor units 

is altered during dynamic exercise in hot (35˚C) compared with cool (15˚C) environments. 

Ten male participants performed two 20-km cycling time trials, in a hot and a cool ambient 

temperature, reaching maximal rectal temperatures of ~39.2°C and ~38.8°C, respectively. In 

the hot condition, power output began to decline after 30% of the total trial duration, 

however rectal temperatures were not different between the hot and cool environments, 

suggesting that the reduction in power output could not have been caused by a higher Tcore 
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acting directly on the active skeletal muscles or the brain to cause fatigue (Tucker, et al., 

2004). Additionally iEMG activity was significantly reduced at 10 and 20 km in the hot 

condition, indicating that the recruitment of motor units was decreased even when Tcore was 

below 40˚C. The findings showed that when self-paced exercise is performed in the heat, 

work output and skeletal muscle recruitment are down-regulated early during the trial, 

before body temperature is significantly elevated, with the result that thermal homeostasis 

is maintained similarly during exercise (Tucker, et al., 2004).  

 

Nybo and Nielsen (2001) also showed that force production and VA percentage in the 

exercised muscle groups (knee extensors) were lower in 14 endurance-trained cyclists 

during a sustained MVC following cycle exercise in hot (40°C) than in temperate (18°C) 

conditions, when the Tcore reached 40°C and 38°C, respectively. Cycling work load was 

limited to 60% VO2max (~188 W) but the differences in conditions were dictated by time. In 

the temperate condition, participants were required to cycle for 60 min which was designed 

to avoid exhausting the participants, whereas in the hot condition participants were 

required to cycle until exhaustion (~50 min). Measures of maximal voluntary isometric force 

and electrically stimulated (EL) force of the knee extensors were determined, along with the 

participant’s activation percent during MVC were taken before commencing cycling 

exercise. Immediately (within 1 min) after termination of the cycle trial, the subjects 

performed one of three post-exercise MVC protocols; the first (n = 7) consisted of 40 

maximal knee extensions repeated every 5 s. On contraction 40, EL was superimposed to 

assess the voluntary activation percentage. The second post-exercise protocol (n = 8) 

consisted of 2 min of sustained maximal isometric knee extension with EL superimposed at 

30, 60, 90, and 120 s. Electromyography (EMG) and force were measured continuously 
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during both post-exercise knee extensor MVC protocols, and muscle temperature (Tmu) was 

measured immediately after the contraction. The final post-exercise protocol (n = 8) 

consisted of 2 min of sustained maximal isometric handgrip contraction. The significant 

finding of this study was that the force produced when electrical stimulation was 

superimposed upon voluntary contraction was unchanged from values measured during the 

temperate trial. The results show that following the brief MVC there was no difference 

between cycling protocols in force development, VA% or iEMG. Following the sustained 

MVC, force development in both conditions was similar initially but declined from 30 s 

onwards. The decline in force was much more pronounced in the hyperthermia condition 

and was associated with a significantly lower VA% and iEMG. Finally, a decline in handgrip 

strength was noted in the hyperthermic compared with the temperate condition. The 

results show that the ability to generate force during sustained MVCs is diminished with 

hyperthermia and that impaired performance was highly related to a reduction in VA%. The 

authors concluded that the capacity of skeletal muscle to generate force is not affected by 

hyperthermia and that exercise-induced hyperthermia causes a form of ‘central fatigue’, in 

which elevated Tbody (above 40°C) caused reduced central activation in the exercised 

muscles leading to a lower force production, as total muscle force was not different 

between hyperthermic and normothermic conditions.  

 

 

2.2.1 Sex Differences in Thermoregulation 

 

Sex-related differences in thermoregulation have been attributed to morphological 

differences, differing sweating responses and mechanisms and cardiac systemic differences, 
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however, similar thermoregulatory responses in both sexes have been reported (Hazelhurst 

& Claassen, 2006). Women differ from men in thermal responses to heat loads and heat loss 

during exercise (Kaciuba-Uscilko & Gruzca, 2001). In females, who thermoregulate less 

effectively than men, hormonal fluctuations of oestrogen and progesterone may alter the 

performance and tolerance to exercise-heat stress. Physiological responses to exercise-heat 

stress may be different between men and women because of several factors including the 

female sex hormones, body water retention, cardiorespiratory fitness, body fat and weight, 

body surface area and surface area-to-mass ratio (Kaciuba-Uscilko & Gruzca, 2001; Moran, 

Shapiro, Laor, Izraeli, & Pandolf, 1999).  

 

Men and women appear to respond to deviations in Tcore in a similar manner, apart from 

differences in sweat rate. Sweating in women during heat exposure is generally more 

delayed and less intensive than in men (Kaciuba-Uscilko & Gruzca, 2001). 

Females have demonstrated a greater and more prolonged elevation in post-exercise 

oesophageal temperature and active and inactive muscle temperatures which is paralleled 

by a greater post exercise hypotensive response (Kenny & Jay, 2007).  

 

It has been argued by Stephenson and Kolka (1999) that most studies that have compared 

the responses of men and women were not controlled for menstrual cycle phase and as a 

result, have been limited in their conclusions. The female sex hormone, progesterone has a 

known thermogenic effect, thus the concentration of circulating sex hormones must be 

accounted for when conducting and interpreting research using women of reproductive 

age. 
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Moran et al (1999) investigated the ability of a physiological strain index (PSI) based on Tre 

and HR as representative of the combined strain reflected by the thermoregulatory and 

cardiovascular systems, as a tool to evaluate and assess gender heat strain differences at 

different exercise intensities and climate conditions (Moran, et al., 1999). It was found that 

the PSI for three experimental groups correctly described the relative heat strain during the 

three exercise intensities and three climate conditions. Tre values for women were markedly 

higher than that of either of the male experimental groups throughout the experimental 

exposures. The authors did not control for menstrual cycle phase, therefore the findings are 

unable to be directly applied to the impact of menstrual cycle phase (Moran, et al., 1999).  

 

Importantly, in workplaces of mixed gender, females are expected to perform the same 

workload as males despite anthropometrical differences. However, it is typically the job 

demands that determine workload as opposed to physical characteristics (Gagnon, Dorman, 

Jay, Hardcastle, & Kenny, 2009). It has been suggested that women are less effective than 

men in terms of thermoregulation, potentially putting them at higher risk of heat-induced 

illness or injury. The reason for this is that women demonstrated higher Tcore than men 

when performing the same exercise at the same workload (Gagnon, et al., 2009). However, 

Gagnon and colleagues (2009) demonstrated that males and females have a similar whole-

body thermoregulatory response during intermittent exercise performed at a given rate of 

metabolic heat production. Females had similar rates of total heat loss during exercise and 

similar changes in body heat content compared to males, they had greater increases in 

oesophageal temperature at the end of the first and third exercise bouts and a trend for 

rectal temperature to be greater at the end of each exercise period. This suggests that 
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higher core temperatures in females are not necessarily due to a ‘‘less effective’’ 

thermoregulatory response (Gangon, et al, 2009). Rather, the higher levels of core 

temperature are likely due to physical differences (body mass and composition) between 

sexes. Therefore, it could be hypothesized that typical females would approach 

hyperthermic levels in a shorter time period during work performed for longer durations 

and in hotter and/or more humid conditions than the ones used in the present study. Also, 

the females had a greater cardiovascular strain, represented by the greater heart rate, 

throughout all three exercise bouts. As such, typical females performing a given workload 

would likely have a faster onset of fatigue compared to males which may result in decreased 

productivity and require longer periods of rest in order to accomplish similar work tasks. 

 

It is clear from the literature that the ability to regulate body temperature during self-paced 

exercise is of utmost importance for endurance athletes. Elevated Tcore is a potential limiting 

factor on the body’s ability to maintain homeostasis and can have associated effects on 

muscle activity, either centrally and peripherally; force production; thermal comfort, heart 

rate and perceived exertion. While an athlete may be able to adjust their effort during self-

paced activity, the aim of endurance athletes is to perform their activity in the fastest time 

possible. Exacerbating the issue of thermoregulation further, is the fact that females of 

reproductive age, who experience a natural menstrual cycle, experience fluctuations in Tcore 

that mirror the changes progesterone, a thermogenic hormone that raises Tcore by up to 

0.5°C. Women appear to be less effective than men in thermoregulation, exposing them to 

higher risk of heat-illness or injury. In the modern workplace, where equal gender roles are 

demanded and therefore equal workrates are expected, women are distinctly 

disadvantaged compared to their male counterparts. Thus, the understanding of the effects 
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of thermoregulation and performance, particularly between the sexes, can further enhance 

athletic performance.  

 

2.3 Neuromuscular Function and Measurement 
 

Fatigue during long duration exercise is thought to be due to a combination of peripheral 

and central factors (Davis, 1995). Although factors such as muscle glycogen depletion 

(Blomstrand and Saltin, 1999) and thermoregulatory and cardiovascular strain (González-

Alonso, 2012; Nielsen et al., 1993)  have not been discounted as the sole causes of fatigue 

under given conditions, it has also been shown that exercise-induced hyperthermia reduces 

central drive to the exercised muscle group immediately post exercise (Nybo and Nielsen, 

2001; Saboisky et al., 2003) and possibly during exercise (Kay et al., 2001; Marino et al., 

2010). These latter studies have implicated the CNS as a regulator of exercise establishing 

fatigue as a multifactorial process mediated by feed forward and feedback mechanisms 

(Tucker, Marle, Lambert & Noakes, 2006; Tucker and Noakes, 2009; Tucker et al., 2004). 

Muscle fatigue is classically defined as exercise-induced decline in maximal voluntary muscle 

force or power (Hunter, 2009). It develops in humans soon after the onset of sustained 

physical activity and is often quantified as a reduction in MVC force after or during maximal 

or submaximal exercise.  

 

Impaired neuromuscular function has been observed after single, prolonged (>2 h) bouts of 

physical activity (Ross, Gregson, Williams, Robertson, & George, 2010). Knee extensor 

strength loss (measured by isometric (ISO) MVC) of between 18% and 30% has been 

reported after prolonged running and between 13% and 18% after prolonged cycling. The 



 

38 
 

etiology of neuromuscular fatigue is complex because failure or impairment can occur at 

any site from the motor centres in the brain to the actin-myosin cross bridging (Abbiss & 

Laursen, 2005). Peripheral impairment occurs at or distal to, the neuromuscular junction, 

such as disruption of action potential propagation, excitation-contraction coupling  or cross 

bridge cycling and impaired calcium kinetics, in the presence of unchanged or increasing 

neural drive (Hakkinen & Komi, 1983; Ross, et al., 2010; Starr, Scalise, Gordon, Michalewski, 

& Caramia, 2000; Wada, Kuratani & Kanzaki, 2013). Disruptions such as these are 

manifested as a reduction in the resting muscle twitch and muscle compound action 

potential (M-wave) amplitude, elicited by electrical or magnetic stimulation of the muscle or 

motor nerve after prolonged physical activity. Central impairment is a progressive exercise-

induced reduction in voluntary activation (VA) or neural drive to the muscle, resulting in a 

decline in maximal force production (Gandevia, 2001; Verin, Ross, & Demoule, 2004). A 

decrease in VA, measured by the twitch interpolation technique, of up to 14% has been 

observed after five hours of cycling exercise (Lepers, Maffiuletti, Rochette, Brugniaux & 

Millet, 2002). Although single prolonged exercise bouts have been shown to induce both 

central and peripheral fatigue, there is little evidence regarding alterations in 

neuromuscular function after repeated bouts of prolonged exercise, that is, what occurs to 

force output when exercise is conducted multiple times per day or across multiple days? 

 

Thomas and colleagues (2016) hypothesised that central and peripheral fatigue following 

constant-load cycling exercise would vary with exercise duration and intensity. 12 well-

trained male cyclists performed three constant-load cycling trial until volitional fatigue. 

Intensity for all three trials were different from each other but were classified as ‘severe and 

heavy’. Pre- and post cycling twitch responses from quadriceps via stimulation of the 
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femoral nerve were conducted to examine neuromuscular function. All trials resulted in a 

similar decline in maximal voluntary force, however the percentage of peripheral fatigue 

declined in a manner dependent on intensity (-11 to -33%). The conclusion was that the 

magnitude of peripheral fatigue following constant-load cycling exercise is exacerbated with 

exercise intensity (Thomas, Elmeua, Howatson & Goodall, 2016). 

 

Similarly, Goodall and colleagues investigated the magnitude and mechanisms of 

neuromuscular fatigue following high-intensity, constant-load exercise in the heat and 

hypothesised that a hot environment would contribute to a greater amount of 

neuromuscular fatigue compared with a cool environment. This investigation was 

specifically concerned with supraspinal fatigue, citing a limitation of previous studies 

investigating muscle fatigue at the level of the muscle or motor nerve (Goodall, et al, 2015). 

Seven trained male endurance cyclists performed two high-intensity cycle testing bouts until 

voluntary fatigue, one in 34°C and one in 18°C. The major findings of the study showed that 

exercise in a cool environment produced deficits in maximal voluntary force, voluntary 

activation and potentiated twitch force. In the heat, the fatigue profile was similar, with the 

exception of supraspinal fatigue, which was attributed to ~54% of the force loss in the heat, 

compared with only ~33% in the cool condition. This is an important finding because the 

inability of the motor cortex to drive the exercising muscle might explain commonly 

observed performance decrements whilst exercising in the heat.  

 

Constant load exercise as the stressor of choice in exercise studies is limited in the 

applicability to competitive exercise and performance due to fixed-intensity exercise not 

featuring in the athletic arena (Goodall, et al, 2015).  On the other hand, self-paced exercise, 
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whilst more applicable to athletic competition is variable due to the reliance on the 

participant’s motivation and level of effort, thus reproducibility becomes an important 

factor to consider when selecting an exercise testing procedure. 

 

Repeated sprint cycling performance and isometric knee extension function was examined 

in a hot (35°C) and neutral (24°C) environment, where 12 physically active males were 

required to perform an initial 10 x six second “all-out” sprints, followed by a break of six 

minutes and a further five x 6 second “all-out” sprints (Girard, Bishop & Racinais, 2013). 

Post-exercise measurements of voluntary and electrically evoked isometric contractions of 

the knee extensors showed that despite declines in voluntary activation and resting twitch 

amplitude (~42%) these measures were not affected by ambient temperature. The authors 

concluded that heat exposure has no effect on the pattern and extent of knee extensor 

fatigue following repeated sprints.  

 

2.3.1 Interpolated Twitch Characteristics 
 

The ability to activate a muscle maximally by means of a voluntary contraction (MVC) may 

be assessed using the twitch-interpolation technique (Becker & Awiszus, 2001). When an 

electrical stimulus is applied to the nerve of an active muscle during a voluntary contraction, 

the motor units which have not already been recruited respond by generating a twitch 

response (Shield & Zhou, 2004). 

Well-motivated subjects can achieve near complete voluntary activation during attempted 

maximal contractions of most muscle groups with the exception of the ankle plantar flexors 

(Allen, McKenzie, & Gandevia, 1998). The superimposition of evoked stimulation on a 
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voluntary contraction is said to activate muscle fibres not voluntarily activated by the CNS 

(Behm, Power, & Drinkwater, 2001). Many studies use a single interpolation (IT) ratio to 

compare muscle activation differences under a variety of conditions including fatigue, aging 

and a range of pathological processes (Behm, et al., 2001).  

 

A study designed to investigate the chronic effects of repetitive prolonged cycling bouts on 

neural and contractile properties of the quadriceps muscle and the relationship between 

central and peripheral changes was performed on eight experienced endurance-trained 

cyclists (Ross, et al., 2010). The cyclists completed 20 prolonged cycling stages interspersed 

by two rest days, which replicated the 2007 Tour de France route and schedule. ISO knee 

extensor torque and EMG measurements of the VL in response percutaneous electrical 

stimulation and transcranial magnetic stimulation were measured before, on the two rest 

days and 2 d after completion of the final cycling stage. The mean daily distance cycled was 

165 ± 66 km and maximal force generation of the knee extensors was decreased by 16 ± 8% 

on day 9 and was further decreased on the second rest day (day 17). VA was 85 ± 5% prior 

to the cycling program and declined to 75 ± 8% on day 9 and 78 ± 6% on day 17. VA 

remained significantly reduced from baseline 2 d after the 22-d prolonged exercise task. The 

main findings of the study were during an extended period of repetitive prolonged cycling 

bouts, a sustained impairment of central and peripheral function was observed and 

peripheral function was restored after 2 d of rest at the completion of the exercise period, 

however CNS function remained impaired (Ross, et al., 2010). 

 

 



 

42 
 

2.3.2 Electromyography 

Electromyography (EMG) allows for the motor unit pool activation patterns to be evaluated 

(Viitasalo & Komi, 1977) and allows for quantification of total activity in working muscles, as 

well as a non-invasive estimation of muscle fatigue (Mäestu, Cicchella, Purge, Ruosi, & 

Jürimäe, 2006). EMG allows for motor unit pool activation patterns to be assessed in regard 

to fatigue development (Kay, et al., 2001). 

An increase in EMG activity has been reported to reflect the recruitment of additional motor 

units and an increase in motor unit rate coding to compensate for the deficit in contractility 

resulting from impairment of fatigued motor units as the strength of muscle contraction 

increases (Mäestu, et al., 2006). Some studies have shown that a linear relationship exists 

between EMG and ergometer cycling intensity. The term neuromuscular fatigue threshold 

refers to a measurement that would characterise the intensity that could be sustained 

without evidence of muscle fatigue (Mäestu, et al., 2006). In healthy subjects, they showed 

that the highest exercise intensity could be determined using EMG parameters. They found 

that the greater the power loading imposed during high-intensity tests, the greater was the 

corresponding in iEMG slope, indicating greater fatigability. The EMG threshold  has widely 

been used to quantify fatigue in muscles (Mäestu, et al., 2006) and occurs at a similar time 

as ventilatory threshold and lactate threshold, which suggests that these concepts are 

related to one another, however a physiological explanation for this coincidence is yet to be 

established (Latasa, Cordova & Rodriguez-Falces, 2016). Nevertheless, Mäestu et al., (2006) 

compared neuromuscular fatigue threshold and EMG threshold to investigate the onset of 

muscle fatigue that is local in nature and not dependent on aerobic-anaerobic transition. 

Nine competitive national-level medal winning male rowers performed a graded exercise 

test  and 500, 1000 and 2000 m all-out tests, with EMG activity continuously recorded from 
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VL. The second VT and EMG threshold were not significantly different, but were significantly 

lower than neuromuscular fatigue threshold, which showed no relationship with VO2 

parameters. The authors concluded that a work intensity higher than EMG threshold but 

lower than neuromuscular fatigue threshold will cause development of fatigue via the 

failure of the cardiovascular system, but during intensities higher than neuromuscular 

fatigue threshold, the onset of fatigue is found locally, at the muscular level (Mäestu, et al., 

2006). 

 

2. 3.3 Sex Differences 

Women exhibit different fatigue characteristics than men, for example when women and 

men perform a submaximal fatiguing contraction at the same relative intensity, women are 

often able to sustain the contraction for a longer duration than men before task failure 

occurs (Hunter 2009; 2014; 2016). In addition, women experience less of a reduction in 

maximal force during sustained or intermittent maximal contractions. It has been 

highlighted that the magnitude of the sex difference is specific to the task performed and 

that these differences can change across the lifespan (Hunter, 2009). Most studies indicate a 

sex difference that corresponds to young women being less fatigable than men when 

performing sustained and intermittent isometric contractions. The reduced difference in 

muscle fatigability among older age groups is clear. Hunter (2009) provides evidence that 

the magnitude of the sex difference in muscle fatigue depends on the task details, including 

the type of contraction performed, intensity of the contraction and the age of the person 

performing the task.  
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The decline in force during a fatiguing task may be due to impairments at a number of sites 

within the neuromuscular system, ranging from an inadequate activation of the motor 

cortex to impairment of the contractile proteins within the skeletal muscle itself (Hunter, 

2009). Multiple mechanisms may contribute to force impairment with the dominant 

mechanism specific to the process that is stressed the most. Ultimately however, the 

mechanisms responsible for task failure are specific to the details of the task performed. 

There is not one single cause of muscle fatigue because the potential mechanisms vary 

according to the requirements of the task. Some of the variables that influence the involved 

mechanisms include the type and intensity of contraction, the muscle groups involved, the 

limb support provided and the physical environment in which the task is performed (Hunter, 

2009).  

 

Sex-related differences within the neuromuscular system impact physiological adjustments 

that occur during a fatiguing task performed by men and women and the mechanisms for 

the sex difference change when the task is varied because of a shift in the stress on the 

different processes within the neuromuscular system. Accordingly, no single mechanism can 

explain the sex difference in performance of a fatiguing contraction (Hunter, 2009). 

Potential mechanisms and physiological adjustments that may occur during fatiguing 

contractions include but are not limited to muscle perfusion, sex hormones, mechanical 

compression, glycogen utilisation, type 1 muscle fibres and sympathetic activation and can 

result in women being less fatigable than men in tasks performed at the same relative 

intensity by both sexes (Hunter, 2009). 
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Comparison of sustained and intermittent isometric tasks indicates that mechanisms other 

than absolute strength contribute to the sex difference in the rate of muscle fatigue during 

an intermittent task (Hunter, 2009). Relative to women, a mean 33% difference was found 

for men performing intermittent isometric voluntary contractions compared with only a 

23% difference for sustained isometric contractions. A fundamental difference between 

sustained and intermittent fatiguing contractions is that blood flow is not a limiting factor 

during the intermittent task when the work to rest ratio is not large (Hunter, 2009). 

In comparison to isometric contractions, dynamic contractions do not show a systematic sex 

difference for most muscle groups.  

 

There are limited controlled studies that have assessed the sex difference in muscle fatigue 

across different muscles. However, the sex difference in performance of a fatiguing 

contraction may not be as large for some muscle groups compared with others. For 

example, many studies show no sex difference for the dorsiflexor muscles for submaximal 

and maximal contractions (Kent-Braun, Ng, Doyle, & Towse, 2002; Russ, Lanza, Rothman, & 

Kent-Braun, 2005; Russ, Towse, Wigmore, Lanza, & Kent-Braun, 2008). However, sex 

differences are found in most studies for the elbow flexors at low and high forces (Kent-

Braun, et al., 2002; Russ, et al., 2005; Russ, et al., 2008). This suggests that the mechanisms 

contributing to muscle fatigue will differ (Hunter, 2009). The contributions of neural 

mechanisms to the sex difference in muscle fatigue can vary with the muscle group 

involved. One method to assess fatigue within the CNS involves stimulating the nervous 

system during maximal contractions to quantify the magnitude of voluntary drive to the 

muscle (voluntary activation) during or after a fatiguing contraction (Gandevia, 2001). Any 

observed increase in the increment in contraction force evoked by the superimposed 
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stimulation implies a failure of voluntary drive at one or more sites proximal to the site of 

stimulation. A failure in voluntary activation during maximal efforts means that the level of 

neural drive to the muscle is less than optimal because either the motor units were not all 

recruited voluntarily, or they were discharging at rates that were not high enough to realise 

the force capacity of the muscle (Gandevia, 2001).  

Reduction in VA of the elbow flexors during and after isometric fatiguing contractions 

showed no sex difference (Hunter, Butler, Todd, Gandevia, & Taylor, 2006; Yoon, Schlinder, 

Delap, Griffith & Hunter, 2007). When assessed at the motor nerve, VA was reduced 

similarly in both men and women (~14% reduction) after a low-force sustained fatiguing 

contraction. Similarly, both sexes exhibited similar levels of VA (~77%) at the end of six 22-s 

sustained maximal contractions when assessed with transcranial magnetic stimulation to 

quantify the magnitude of supraspinal fatigue (Yoon, et al., 2007).  

 

In comparison, the sex difference found in the knee extensor and dorsiflexor muscle groups 

for VA is explained by greater reductions in VA for men compared with that for women. 

Men experienced a 24 % reduction in knee extensor force compared with that for women 

(16% reduction) during a sustained maximal contraction, which is caused by larger 

reductions in VA in men (22%) than in women (9%) when assessed with evoked contractions 

elicited at the femoral nerve (Martin & Rattey, 2007). Likewise, men exhibited greater 

declines in VA assessed with peroneal nerve stimulation during intermittent maximal 

contractions with the ankle dorsiflexor muscles.  
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Women can be less fatigable than men for many muscle groups under controlled conditions 

during ISO contractions. When task demands are altered by increasing contraction intensity, 

increasing the cognitive load during a contraction, changing the contraction type to include 

dynamic contractions or assessing old adults, for example, the magnitude of sex difference 

is diminished (Hunter, 2009). Accordingly, the magnitude of sex difference in muscle fatigue 

is specific the task details including the involved muscle group. This is due to sex-related 

differences within the neuromuscular system. The rate-limiting mechanism or mechanisms 

that restricts performance of a fatiguing contraction differs between men and women, 

therefore, it can be concluded that there is not one global cause for sex difference in muscle 

fatigue (Hunter, 2009).  

 

Fatigue and impaired muscle function appears to be duration, intensity, task and/or 

temperature dependent. The sex differences exhibited between men and women during 

muscle function assessment show that women are typically less fatiguable than men in that 

they are able to maintain longer durations in submaximal and maximal contractions. 

Currently, there is limited evidence regarding the alterations in neuromuscular function 

following repeated bouts of prolonged exercise, irrespective of whether those bouts are 

performed multiple times per day or across multiple days.    

 

2.4 Catecholamines 
 

Dopamine and noradrenaline are catecholamines implicated in arousal, motivation, 

reinforcement and reward, control of motor behaviour and mechanisms and depletion of 

these hormones have been linked to central nervous system fatigue (Watson, et al., 2005). 

Further, dopamine has been implicated in the control of body temperature, tolerance to 
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exercise in the heat, recognised effects on motor behaviour and is expected to have an 

enhancing effect on exercise performance by way of increased motivation (Piacentini, et al., 

2004). Noradrenaline is known to play a primary role in the control of the level of arousal, 

regulation of vigilance, consciousness, sleep, anxiety and reward mechanisms. Because of 

their role in motivation and motor behaviour, dopamine and noradrenaline are linked to the 

central fatigue hypothesis. The central fatigue hypothesis proposes that an exercise-induced 

increase in serotonin, a third neurotransmitter,  is involved in the development of central 

fatigue (Piacentini, et al., 2004; Davis, 1995). Serotonin is linked to depression, sensory 

perception, sleepiness and mood thus it has been suggested that increases in serotonin 

concentration and activity could be detrimental to prolonged sport and exercise (Davis, et 

al, 2000).  In fact it has been suggested that ratio of serotonin to dopamine content in the 

brain during exercise may be a critical factor in the development of central fatigue. The 

relationship between dopamine, noradrenaline and serotonin is illustrated in Figure XX. 

Thus the administration of DA/NE reuptake inhibitors may be useful in attenuating the 

development of central fatigue, especially in circumstances where serotonin is thought to 

be increased. 
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Figure 2.1 Interrelationship between norepinephrine, serotonin and dopamine. 

 (Schlaepfer, et al, 2012). 

Different reuptake inhibitors in humans have  been used to evaluate the effects of an 

increased neurotransmitter release on exercise performance and CNS fatigue (Roelands & 

Meeusen 2013; Hasegawa, et al, 2005; Piacentini, Meeusen, Buyse, De Schutter, & De 

Meirleir, 2004; Watson et al, 2005). A reuptake inhibitor is a chemical that blocks 

reabsorption of neurotransmitters, thus increasing extracellular concentrations of the 

neurotransmitter and, in turn, its activity. Bupropion is a weak but selective inhibitor of 

dopamine reuptake. Its potency on noradrenaline is about half that of dopamine in animals 

and show little affinity for the serotonergic transport system (Hasegawa, et al, 2005; 

Piacentini, et al, 2004; Watson, et al., 2005). The drug bupropion has been suggested to 

dampen or override the inhibitory signals arising from the CNS to cease exercise due to 
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hyperthermia, by inhibiting the uptake and increasing circulating concentration of 

dopamine. A further potential performance benefit could be that the athlete can maintain 

motivation to produce a higher power output. In addition, the brain catecholamines are 

considered to be involved in thermoregulation, especially in the preoptic area and anterior 

hypothalamus – the primary site for maintenance of body temperature (Hasegawa, et al, 

2005).  

 

In a study performed on Wistar male rats, an injection of bupropion significantly increased 

both Tbrain and Tcore (Hasegawa, et al, 2005), which was maintained until 100 and 120 min 

after the initial injection. The authors concluded that an acute injection of bupropion acts 

on the brain and affects brain and core temperatures through an increase in norepinephrine 

and dopamine release in the preoptic area and anterior hypothalamus. If results of the 

study could be extended to humans, the authors suggest that bupropion could probably 

increase Tbrain in humans also. The pharmacological profile of bupropion is different in 

humans compared to animals because rodents lack the metabolite hydroxybupropion. In 

humans, effects of the drug may result from the large concentration of the metabolite, 

which acts as a noradrenaline transporter (Piacentini, et al., 2004). Because of the 

differences in humans and animals, it is difficult to compare the results between studies.  

 

Watson et al (2005) examined the effects of an acute dose of a dual dopaminergic and 

noradrenergic reuptake inhibitor (bupropion) on the performance, thermoregulatory and 

hormonal responses to exercise in temperate and warm environmental conditions. Healthy, 

well-trained male cyclists and triathletes (n = 9) who were unaccustomed to exercising in 

the heat performed 60 min cycling at ~55% Wmax, followed by a time trial (equivalent to 30 
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min at 75% Wmax), which they were required to complete as quickly as possible. Prior to the 

exercise session, the participants were required to ingest either 600mg bupropion or 

placebo spread over two doses (Watson, et al., 2005). The main finding was that 

performance of a relatively short, preloaded time trial was improved by bupropion in a 

warm environment, but no ergogenic benefit was apparent in temperate conditions. A 9% 

improvement in performance was observed in the heat and was accompanied by a higher 

time trial heart rate and the attainment of a significantly higher Tcore at the completion of 

the time trial. The authors observed that bupropion appeared to enable the maintenance of 

an elevated power output and the attainment of a higher Tcore, with the same perception of 

effort and thermal discomfort reported during the placebo trial. The conclusion from this 

study was that the drug bupropion may dampen or override the inhibitory signals arising 

from the CNS to cease exercise due to hyperthermia and enable them to continue to 

maintain a higher power output.  

 

Piacentini et al (2004) investigated the effects of bupropion on exercise performance in 

healthy well-trained cyclists (n = 8) in temperate conditions and observed a failure of the 

drug to alter exercise performance compared to that of the placebo trial. Here, the 

participants were required to cycle for 90 min at ~65% Wattmax in as short a time as 

possible. Time to complete the work and RPE throughout the trial was not different 

between BUP and placebo groups, however, a marked difference in the hormonal response 

to exercise was reported, suggesting that the treatment altered neurotransmission but the 

change was not sufficient to influence the development of fatigue (Piacentini, et al., 2004). 

The observation of increased dopamine activity has been observed in numerous studies, 

with the effects including increased tolerance to exercise in the heat through higher power 
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output or workrate and higher metabolic heat production, thus an increased Tcore, without 

any alteration in perceived exertion (Bridge et al, 2003; Roelands et al, 2008; Swart, et al, 

2009; Tucker et al, 2009). 

 

Several pharmacological and nutritional intervention studies have attempted to manipulate 

central neurotransmitter activity during exercise and while most studies have focused on 

serotonergic activity, there is yet to be strong evidence provided for a significant role of 5-

HT in the fatigue process. Serotonin release is thought to be influenced by the activity of 

other neurotransmitter systems, including DA and gamma aminobutyric acid, as well as 

cerebral glucose availability. It is in fact possible that the interaction between brain 5-HT 

and DA could play a regulative role in the onset of fatigue. The role of DA activity in exercise 

performance is made clearer when we consider that DA plays an important role in 

motivation, memory, reward and attention. NA mechanisms on the other hand, are involved 

in feelings of reward. Davis and Bailey (1997) provided a revision of the central fatigue 

hypothesis by suggesting that an increase in the brain content ratio of 5-HT to DA is 

associated with feelings of tiredness and lethargy, accelerating the onset of fatigue, 

whereas a lower ratio favours improved performance through the maintenance of 

motivation and arousal (Davis & Bailey, 1997). There have been a number of neurobiological 

mechanisms proposed to explain the loss of neural drive or central fatigue (Acworth, 

Nicholass, Morgan, & Newsholme, 1986; Meeusen, et al., 2007; Newsholme, Acworth, & 

Blomstrand, 1987). The central fatigue hypothesis is based on the assumption that during 

prolonged exercise the synthesis and metabolism of 5-HT, DA and NA in particular are 

influenced. Newsholme and colleagues (1987) suggest that increased brain serotonergic 

activity as a result of prolonged exercise may augment lethargy and loss of drive, resulting in 
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a reduction of motor unit recruitment. As a result, physical and mental efficiency of the 

exercising individual would be affected, which could be regarded as central fatigue. It has 

been suggested that the sense of effort and its relationship with the willingness to start and 

continue exercise can be significantly influenced by the CNS (Davis & Bailey, 1997; Gandevia, 

2001; Meeusen & De Meirleir, 1995; Meeusen, Watson, & Dvorak, 2006; Meeusen, et al., 

2006; Newsholme, et al., 1987; Nybo & Secher, 2004). 

 

Exercise is a powerful physiological perturbation imposed upon the human body. It requires 

major metabolic and cardiovascular adjustments to increase the supply of oxygen (O2) and 

fuels to the working muscles, while maintaining internal homeostasis (Meeusen, et al., 

2007). In order to control these functions, the CNS needs to be provided with sufficient 

glucose and O2. It is of interest to examine the effect of acute and chronic exercise on 

neurotransmitter release because several motor functions, movement initiation and control 

of locomotion, as well as emotions and cognitive functions, have been shown to be related 

to brain neurotransmitter systems. There are numerous levels at which central 

neurotransmitters can affect motor behaviour, from sensory perception to sensory motor 

integration, to motor effector mechanisms. The limits of performance during prolonged 

exercise have been the subject of numerous physiological and psychological studies. Fatigue 

has traditionally been attributed to the occurrence of a ‘metabolic end point’ where muscle 

glycogen concentrations are depleted, plasma glucose concentrations are reduced, and 

plasma FFA are elevated. However, the causes of fatigue are believed to be of both central 

and peripheral origins, and therefore fatigue should be acknowledged as a complex 

phenomenon influenced by both central and peripheral factors (Meeusen, et al, 2007).  
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The capacity to perform prolonged exercise is reduced in a warm environment. Fatigue 

during prolonged exercise in a warm environment may coincide with the attainment of a 

critical core temperature, suggesting there is a thermal limit to exercise performance 

(Meeusen, et al., 2007). Presently it is unclear how an elevated body temperature 

contributes to the development of fatigue but it seems possible that a critical core 

temperature may serve as a protective mechanism preventing potential damage to the 

body’s tissues by limiting further heat production (Meeusen, et al., 2007). Thermoreceptors 

in the preoptic anterior hypothalamus (PO/AH) are responsible for regulation of body 

temperature, with changes in body temperature detected through inputs from peripheral 

osmoreceptors and pressure receptors, as well as the temperature of blood flowing to the 

brain. Serotonergic and catecholaminergic projections innervate areas of the hypothalamus, 

so any change in the activity of these neurons may be expected to contribute to fatigue 

when Tcore is elevated (Gandevia, 2001). There is limited evidence that high levels of DA 

activity is associated with an increased tolerance to exercise in the heat.  

 

Physical exercise influences the central dopaminergic, noradrenergic and serotonergic 

systems, however, studies investigating neurotransmitter concentrations in whole brain or 

brain regions provide a snapshot of the neurotransmitter amount, giving no indication of 

neuronal activity. Great variances exist in experimental protocols, including limited self-

paced exercise studies, differing workloads in fixed-intensity and varying ambient 

temperatures, however, results of neurotransmitter studies suggest evidence of changes in 

synthesis and metabolism of monoamines during exercise (Meeusen & Piacentini, 2001; 

Meeusen, Piacentini, & De Meirleir, 2001; Meeusen, et al., 2007).  
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Dopamine and noradrenaline are involved in a number of mechanisms within in the body, 

including arousal, motivation, body temperature, motor behaviour and the tolerance to 

exercise in the heat. Therefore, depletions in these hormones are linked to exercise fatigue. 

When considered in conjunction with exercise-induced increases in serotonin, a 

neurotransmitter associated with depression, the relationship between these three 

hormones becomes clear. The central fatigue hypothesis proposes that the ratio of 

serotonin:dopamine/noradrenaline can impact exercise performance. Pharmacological 

manipulations such as reuptake inhibitors allow for increased extracellular levels of 

particular hormones and therefore increased activity of those hormones. Dopamine 

reuptake inhibition has been shown to increase exercise performance despite an increased 

Tcore, thus suggesting that there is an ability to override the protective mechanisms that 

signal exercise to cease during hyperthermia. Further investigation is required to gain a 

clearer understanding of the effects of these pharmacological interventions in relation to 

neurotransmitter activity.  

 

2.5 The Menstrual Cycle 
 

There is not much that is indisputably certain about the specifics of women’s reproductive 

biology. A normal healthy body is expected to conform to an ideal in both appearance and 

functionality. Typically, during their reproductive years, human females experience a 28 day 

menstrual cycle that involves cyclical changes to hormone production from both the 

anterior pituitary and the ovaries, as well as changes to the uterine lining, in anticipation of 

housing a fertilised embryo for nine months. The female menstrual cycle involves 

fluctuation in four key endogenous hormones: follicle-stimulating hormone (FSH) and 

luteinising hormone (LH), synthesised and released by the anterior pituitary and oestrogen 
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and progesterone, produced and released by the ovaries (Janse de Jonge, Boot, Thom, Ruell 

& Thompson, 2001).   

 

The menstrual cycle is coordinated by the central nervous system. First, release of 

gonadotropin-releasing hormone (GnRH) from the hypothalamus regulates the release of 

FSH and LH that in turn regulate the secretion of oestrogen and progesterone (Baker and 

Driver, 2007). The menstrual cycle exhibits two distinct ovarian phases, the follicular and 

luteal phases, each characterised by secretion of FSH and/or LH from the anterior pituitary 

and the production of differing concentrations of oestrogen and progesterone. The follicular 

phase (FP) begins with low concentrations of all four hormones, menstrual flow and involves 

the maturation of an oocyte to be released at ovulation, approximately day 14 of the cycle. 

During this phase, progesterone levels remain low and FSH and oestrogen increase 

gradually, with the peak in oestrogen triggering a surge in luteinising hormone (LH) from the 

anterior pituitary, prompting the ejection of a mature oocyte from an ovarian follicle. 

Following the release of the oocyte into the fallopian tube, termed ovulation, the luteal 

phase is characterised by the development of the corpus luteum, the remnant of the 

ovarian follicle, which produces high levels of both oestrogen and progesterone, providing 

an optimum environment for implantation and subsequent pregnancy. After approximately 

7-10 days, if fertilisation does not occur, the corpus luteum degenerates, causing a rapid 

decline in progesterone and thus providing the stimulus for uterine shedding and the 

commencement of the menstrual cycle from day one.  
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2.5.1 The Roles of Oestrogen and Progesterone 

 

Oestrogen and progesterone, whilst both released from the ovary and similar in molecular 

structure to testosterone, have vastly differing effects on both the female body and the 

exercise response. The presence of, and fluctuations in, sex hormones appear to be 

important in a multitude of events occurring through the body during exercise, including 

regulation of substrate utilisation, muscle fatigue, temperature regulation, endocrine and 

immune responses (Timmons, Hamadeh, Devries, & Tarnopolsky, 2005) and pain perception 

at rest (Hoeger Bement et al., 2009). 

 

2.5.1.1 Oestrogen 

 

Sex steroid effects involve a complex interaction between oestrogen and progesterone. 

Optimal brain function in women may depend on oestrogen, which is also involved in 

temperature and sleep regulation. A decrease in levels of oestrogen in the brain below a set 

point may contribute to symptoms commonly exhibited in premenstrual syndrome, peri and 

menopausal periods and postpartum depression, including mood disturbances such as 

anxiety and depression and temperature intolerance (Driver and Baker, 1998). The FP, when 

oestrogen levels are increasing and peaking, has been associated with improved aerobic 

performance, muscle strength and growth hormone levels (Nichols, Hetzler, Villanueva, 

Stickley & Kimura, 2008). 
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2.5.1.2 Progesterone 

 

In addition to the fluctuations to hormones across the menstrual cycle, there is an 

additional temperature rhythm present, thought to be mediated by progesterone. 

Progesterone is a hormone with a known thermogenic effect in females; with increased 

concentrations during the LP corresponding to an increase in core body temperature of 

approximately 0.5°C (Kaciuba-Uscilko & Gruzca, 2001; Nichols et al, 2008; Pivarnik et al, 

1992; Baker, Mitchell & Driver, 2001; Baker & Driver 2007). The increase in core 

temperature could negatively affect heart rate during exercise, metabolic rate, aerobic 

performance and perceived effort.  

 

An important issue encountered during menstrual cycle research is the timing of testing. 

Hormone concentrations can change rapidly and at any time of day (Janse de Jonge, et al, 

2001) meaning that it is difficult to predict the exact phases of the cycle and the 

accompanying fluctuations in reproductive hormones and core body temperature. Counting 

days from the onset of bleeding, urinary testing and charting of basal body temperature are 

useful estimates, however, for confirmation of cycle phase, serum hormone levels are most 

accurate. Not only do the concentrations of oestrogen and progesterone change across the 

cycle, large variations in hormone concentrations have been found within each menstrual 

cycle phase. During a study using naturally cycling women during late FP, oestrogen 

concentration varied from 157 to 1038 pmol/l (Janse de Jonge, et al, 2001).  
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2.5.2 Oral Contraceptives 

 

Oral contraceptive (OC) use among athletic women is popular, not only for contraceptive 

purposes, but for bone health, cycle manipulation during travel, training and competition, 

decreased risk of anaemia by reducing menstrual blood loss, and control of premenstrual 

symptoms including water retention and reduced injury risk, which could be perceived as a 

positive effect on performance (Bennell, White, & Crossley, 1999; Nichols, et al, 2008). 

Common disadvantages include headaches, nausea, breakthrough menstrual bleeding, 

increased risk of hypertension, thromboembolism, small increases in the risk of breast 

cancer and weight gain, which could be caused either by fluid retention or appetite 

stimulation (Bennell et al, 1999; Nichols et al, 2008). Weight gain is a particular concern 

faced by athletes and coaches, especially those participating in low body weight sports such 

as distance running, light weight rowing and gymnastics.  

 

OC are usually prescribed in the form of a combined oestrogen and progesterone tablet. 

The most common prescriptions of OC are either monophasic or triphasic. Of particular 

interest for this thesis is monophasic OC, which contain a low dose of exogenous hormones 

that are constant through the cycle for 21 days, with 7 d of ‘inactive’ or placebo pills 

completing the 28 d cycle. OC suppress endogenous production of oestrogen and 

progesterone to maintain low, steady levels of hormones, preventing ovulation through the 

inhibition of GnRH from the hypothalamus and LH and FSH from the anterior pituitary and 

preventing the increase in progesterone levels evident in the natural LP (Rechichi and 

Dawson, 2009). Since OC stabilise serum oestrogen and progesterone levels, they could 
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allow for consistency of body temperature throughout the menstrual cycle and facilitate the 

ability to exercise consistently throughout the cycle.  

  

There is disagreement about the magnitude and direction of the effects of OC use on 

physiological tests, in both laboratory and field settings. Discrepancies may be due to 

methodological differences including study design, using trained versus untrained 

participants, OC dosage and duration of use, body mass differences, outcome measures and 

the inherent variability and ambiguity of hormone concentrations across not only the 

menstrual cycle but within the same participant. Daggett et al. (1983) reported an 11% 

decrease in VO2max (44.6 – 39.8 ml.kg-1.min-1), which was reversed six weeks after 

participants ceased taking OC (Daggett, Davies, & Boobis, 1983). The negative effect of the 

OC on performance on laboratory tests has failed to be confirmed by others. Lynch and 

Nimmo (1998) for example, found no differences in exercise performance between groups 

(OC and non-OC users) despite differences in metabolism including temperature and lactate 

(Lynch & Nimmo, 1998).  

 

2.5.3 The Menstrual Cycle, Oral Contraceptives and Performance 

 

There are mixed results regarding women during different menstrual phases and endurance 

performance, including minute ventilation, blood lactate, exercise time to exhaustion, 

aerobic capacity, cardiorespiratory responses, skin temperature, sweat loss and rating of 

perceived exertion (Oosthuyse, Bosch, & Jackson, 2005; De Souza, Maguire, Rubin & 

Maresh, 1990; Jurkowski, Jones, Toews & Sutton, 1981; Pivarnik, et al, 1992).  
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One particular study has examined the effects of menstrual cycle phase (early FP and mid-

LP) and menstrual status (amenorrhea and eumenorrhea) on various physiological 

parameters measured during submaximal and maximal exercise (De Souza et al, 1990). 

Exercise testing consisted of four exercise tests for eumenorrheic women: one maximal and 

one sub-maximal (80% VO2max) exercise test during the early FP and mid-LP. No differences 

were found between the early FP and mid-LP for VO2max, HRmax, RPE, 4-min post plasma 

lactate and Tmax in response to maximal exercise, nor were there differences between 

menstrual phases for VO2, HR, RPE and plasma lactate in response to sub-maximal exercise 

in eumenorrheic women. Further, no differences were reported between amenorrheic and 

eumenorrheic women for VO2, HR, plasma lactate and RPE during maximal and sub-maximal 

exercise. The authors reason that their results indicate that exercise performance is not 

limited during different phases of the menstrual cycle, and it is likely that amenorrheic 

athletes are capable of performance equal to that of their eumenorrheic counterparts (De 

Souza et al, 1990). 

 

In a cycling study, nine trained (T) and eight untrained (UT) healthy eumenorrhoeic women 

recorded their oral temperature during three to four menstrual cycles and completed three 

performance trials, each corresponding with a different menstrual cycle phase (Oosthuyse 

et al, 2005). The three phases classified in this study were; early follicular (EF) – 2 – 7 days 

after the onset of menses, late follicular (LF) – up to 2 days prior to LH surge and mid-luteal 

(ML) – 4 – 10 days following a positive LH reading. Performance trials consisted of cycling a 

set distance as quickly as possible (15km for UT and 30km for T). Major findings of the study 

included; no difference in time to complete the set exercise for either group between 
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menstrual phases, nor were there significant differences in exercise intensity, RER, HR or 

ventilaton equivalent for each group. When the results were pooled however, exercise in 

the LF phase showed a trend towards improvement in finishing time of 2.12 ± 1.13 minutes 

(5.2 ± 2.9%) when compared with EF but no performance differences between the EF and 

ML phases were observed. From these findings the authors concluded that cycling time trial 

performance is not altered in the EF or ML phases of the menstrual cycle and raised the 

question of menstrual phase consideration during competition and training for cycling time 

trial performance, based on the improved cycling time trial performance during the LF 

phase (Oosthuyse, et al, 2005). 

 

A study investigating the effects of long-term OC use on endurance performance in 

recreationally active women suggested that long-term OC use negatively affects VO2peak and 

VO2 at the anaerobic threshold (AT) but does not affect endurance exercise performance 

(Joyce, Sabapathy, Bulmer & Minahan, 2013). Sixteen healthy, physically active but not 

specifically cycling trained women were separated into a CON group (n=8, control) and an 

OC group (n=8). Each participant completed a cycle test to exhaustion to calculate VO2peak 

and to estimate the anaerobic threshold; followed by a continuous submaximal cycle test 

across three work rates. OC users had a lower VO2peak than CON but there were no 

significant differences observed in mean cycling time to exhaustion, HR, RPE or cycling 

economy, allowing the authors to conclude that long-term OC use did not affect endurance 

exercise performance when exercising at a relative intensity to normally menstruating 

women (Joyce, et al, 2013). 
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2.5.4 The Menstrual Cycle, Oral Contraceptives and Thermoregulation 

 

Few studies have looked at the relationship between exercising in the heat and the different 

phases of the menstrual cycle, despite numerous international competitions being 

organised in hot climates. The studies that have been conducted have concluded that 

cycling and walking performance was unaffected by menstrual phase. Many women mask 

their normal cyclical hormonal changes during the menstrual cycle by taking OC.  

 

Oestrogen and progesterone serve multiple roles within the female body. They not only 

mediate reproductive function but also other regulatory processes, such as 

thermoregulation. Various studies have shown differing influences of oestrogen and 

progesterone on the circadian rhythm of body temperature (Baker et al, 2001). One possible 

reason for the effects on thermoregulation are thought to be related to the discovery of 

oestrogen and progesterone receptors in the hypothalamus and the responsiveness of 

temperature sensitive neurons to oestrogen and progesterone, which suggests that they 

may act centrally to change body temperature regulation. 

 

During the luteal phase in eumenorrheic women, when progesterone is elevated, women 

exhibit an increased core body temperature of approximately 0.5°C compared to the FP 

(Pivarnik, et al, 1992). The differences at rest are usually maintained during exercise, which 

could limit endurance performance by negatively impacting a woman’s ability to maintain 

thermal balance if the exercise is sufficient in both intensity and duration (Pivarnik, et al, 

1992; Sunderland & Nevill, 2003). 
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Synthetic steroids, such as those contained in OC, may influence thermoregulation in a 

manner similar to that of endogenous steroids. Women taking OC have elevated rectal 

temperatures and sweating thresholds, similar to that seen in naturally cycling women in 

the LP at rest, during exercise and after passive heating. Exogenous hormones are more 

potent than endogenous hormones and may remain active in the brain for a longer period, 

which could impact core body temperature even during the withdrawal phase of the OC 

cycle (Baker, et al, 2001). To avoid effects of menstrual cycle fluctuations in body 

temperature, thermoregulation researchers often prefer to study women who are taking 

OC. It is presumed that these women are free of day-to-day variations in body temperature 

characteristic of natural ovulatory cycles. However, synthetic hormones interfere with 

thermoregulation, elevating body temperature consistently over 24 h, to the same extent as 

it is in ovulating women in the LP (Baker, et al, 2001; Baker, Waner, Viera, Taylor, Driver & 

Mitchell, 2001b).   

 

In a study comparing women taking an OC and naturally cycling women for sleep and body 

temperature over multiple cycles, women taking OC were found to have differing body 

temperature and sleep patterns from the natural group (Baker, et al, 2001).  

 

Pivarnik, et al (1992) investigated whether menstrual cycle phase affects temperature 

regulation during 60 min of steady-state endurance exercise in a room at ~22°C. Nine 

aerobically trained and heat acclimatised women performed two 60 min steady-state 

(~65 – 70% VO2peak) cycling exercise bouts ~7 d before (F) and ~7 d following (L) ovulation. 

The results showed an interaction between menstrual cycle phase and time of exercise. 

During F, rectal temperature plateaued in the later part of exercise but in L, continued to 
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rise. Also of interest was that HR values were higher by ~10 beats/min at rest and during 

exercise in L compared with F. There was no difference in sweat loss, VO2 or skin 

temperature across the menstrual cycle. The authors concluded that participants were not 

able to achieve thermal equilibrium during exercise performed after ovulation, despite 

similar skin temperature and sweat loss. This was supported by adverse effects of 

temperature regulation, cardiovascular strain and perceptual responses to steady-state 

exercise during the luteal phase as opposed to the follicular phase (Pivarnik et al, 1992). 

 

Fifteen well-trained eumenorrheic and OC using women performed the Loughborough 

Intermittent Shuttle Test in hot environmental conditions (31°C) on two occasions: for the 

normal group ~7 d after the onset of menstruation (FP) and ~21 d of the cycle (LP) and at 

equivalent times for the OC group (Sunderland & Nevill; 2003). The results showed that 

performance, rectal temperature, HR and RPE was not different between menstrual cycle 

phase in eumenorrheic women. Of particular interest however, for OC users, running 

performance was improved during days 15-28 compared to days 1-14. The reason for this 

improvement is difficult to interpret but the authors proffer that there is a possible glycogen 

sparing effect or a biomechanical improvement that may contribute to performance in this 

phase (Sunderland & Nevill, 2003). 

  

2.5.5 The Menstrual Cycle, Oral Contraceptives and Skeletal Muscle Function 

 

A variety of studies have provided conflicting results regarding the effect of monophasic OC 

on physical performance. It has been suggested that OC use does not significantly affect 

peak torque of knee flexion and extension, forearm isometric endurance, maximal force 
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production by adductor pollicis longus, or anaerobic performance (Nichols, et al, 2008). 

Handgrip endurance time and force output however have been reduced in users of OC 

whilst studies of endurance performance have provided mixed results: declines or not 

change but no apparent improvements. 

 

It has been proposed that oestrogen can influence force generating capacity of skeletal 

muscle (Sarwar, et al, 1996). Muscle becomes weaker following the menopause because of 

a reduction in muscle size and a decline in force generating capacity. The reduction in force 

can be prevented by hormone replacement therapy, suggesting that the decline in sex 

hormone levels following the menopause affects the muscle’s ability to generate force. This, 

taken with evidence of a peak in isometric strength around the time of ovulation, which 

coincides with a surge in oestrogen, indicates a rapid effect of oestrogen on the ability of a 

muscle to produce force.  

 

Sarwar, et al (1996) was the first group to show changes in muscle relaxation times during 

the menstrual cycle. There was no definitive explanation, however the changes could be 

caused by the activity of the myosin ATPase or the reuptake of calcium by the sarcoplasmic 

reticulum. Temperature is also known to strongly affect relaxation rate with increases in 

rate accompanying temperature rises. During the LP, muscle may be warmer, caused by the 

rise in basal body temperature, brought about by progesterone. This may, in turn, increase 

blood supply to the muscle, which may reduce fatigue. 
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OC with high levels of hormones could enhance muscular strength and athletic performance 

in a multitude of ways, including increased levels of growth hormone in response to 

exercise, attenuation of delayed-onset muscle soreness, reduction of premenstrual 

symptoms and in turn, reduction of traumatic injury (Nichols, et al, 2008).  

 

In menstrual cycle research there remains controversy regarding the effects on athletic 

performance and fitness. The purpose of a study conducted by Sarwar, et al (1996) was to 

investigate the effect of the menstrual cycle phase on the quadriceps strength and 

stimulated contractile properties, and handgrip strength. Two groups of ten relatively 

sedentary women, one group taking a combined, low-dose OC for at least 6 mo and the 

other group not taking any form of hormonal treatment, with regular menstrual cycles. All 

women were tested weekly for two complete cycles, where both legs were tested for 

strength, fatiguability and contractile properties and the dominant hand tested for grip 

strength. The results demonstrate that quadriceps strength and handgrip strength peaked 

around ovulation for the non-OC group but no differences were evident for the OC group. 

Lastly, quadriceps fatiguability peaked and relaxation time was slowest around the time of 

ovulation in the non-OC group but no differences existed for the OC group. An important 

point made by the authors is that testing during the withdrawal phase may not be indicative 

of ‘low’ levels of hormones because ethinyl oestradiol levels remain elevated up to at least 

24 h after ingestion and progestin levels for up to 4-5 d. Depending on testing time, any 

changes in muscle function or other parameter could be obscured by testing too soon after 

taking an active pill (Sarwar, et al, 1996).  
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Oestrogen is thought to have a muscle strengthening action, which could explain findings of 

a decline in muscle strength around menopause, which is reversed with hormone 

replacement therapy (HRT) (Phillips et al., 1993). Fluctuations of muscle strength have been 

noted across the normal menstrual cycle and these appear to be related to changes in 

oestradiol levels. Increases in muscle strength were reported late in the FP, corresponding 

to increases in oestradiol before ovulation, whereas strength is shown to decrease in the LP 

which may be due to the detrimental effect of increases in deep muscle temperature, or a 

decline in oestrogen exhibited just prior to menstruation (Phillips et al, 1996). Twenty seven 

women, trained and untrained, were tested for maximal voluntary force (MVF) of adductor 

pollicis across one to three menstrual cycles (eight testing sessions in total). Increases in 

MVF of approximately 10% was evident in both trained and untrained women during the FP 

and a rapid fall in force producing capabilities following ovulation.  

 

The work of Sarwar, et al (1996) and Phillips, et al (1993, 1996) report skeletal muscle as 

being stronger, more fatiguable and slower around mid-cycle, suggesting that oestrogen has 

a strengthening action on skeletal muscle, however, the mechanism remains unclear. In 

opposition, Greeves reported highest quadriceps strength later in the cycle, corresponding 

to an elevation in progesterone.  

 

Janse de Jonge, et al (2001), evaluated the influence of different phases of the menstrual 

cycle on skeletal muscle contractile characteristics in regularly menstruating women. In 19 

healthy women, muscle function was tested on three occasions; first, when oestrogen and 

progesterone were low (menstruation), next, when oestrogen was elevated and 

progesterone was low (late FP) and lastly, when oestrogen and progesterone were both 
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elevated (LP). Muscle function was tested by way of isometric quadriceps strength and 

contractile properties, isokinetic knee extensor and flexor strength and fatiguability and 

handgrip strength. There were no significant changes over the phases of the menstrual cycle 

for isometric quadriceps strength with superimposed electrical stimulation, nor for neural 

activation, contractile properties, isokinetic strength and fatiguability of knee flexors and 

extensors or handgrip strength, leading the authors to conclude that fluctuations in female 

reproductive hormones do not affect muscle strength, fatiguability and contractile 

properties.  

 

A study by Elliott, Cable and Reilly (2005) investigated whether low levels of endogenous 

ovarian hormones induced by OC use affects maximal force production in young healthy 

women by comparing strength measures during pill consumption and withdrawal. The 

researchers hypothesised that maximal force production would be highest during pill 

withdrawal, assuming that endogenous levels of oestradioal and progesterone increase 

during withdrawal as a result of exogenous hormones being withheld. 21 healthy sedentary 

females were recruited, with 14 participants taking an OC formulation and seven reporting 

normal menstrual cycle function. On three separate occasions for the OC group and two 

occasions for the eumenorrheic group over two months, each corresponding to a different 

cycle phase, participants reported to the lab for testing of maximal voluntary isometric force 

of the first dorsal interosseous muscle and maximum dynamic and isometric force of 

quadriceps and hamstrings. No differences were found for maximum dynamic and isometric 

force generating capacity for either OC users or their eumenorrheic counterparts. 
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The menstrual cycle is characterised by fluctuations in a number of hormones, particularly 

ovarian hormones, oestrogen and progesterone. These fluctuations could exert effects 

during exercise by way of substrate utilisation, muscle fatigue, temperature regulation and 

endocrine and immune responses. The body temperature increase caused by the 

thermogenic effects of progesterone could influence heart rate, metabolic rate, perceived 

effort and aerobic performance during exercise. Based on research into the menstrual cycle 

and its effects on exercise performance, thermoregulation and skeletal muscle function, 

there are limited and conflicted findings. Oral contraceptives allow for cycle manipulation, 

control of symptoms exerted by endogenous hormones and work to suppress endogenous 

hormone production. The main difficulties in interpreting and comparing menstrual cycle 

and oral contraceptive research are the vast differences in methodology, particularly 

exercise mode and the timing of data collection or interventions.   

 

2.6 Cellular Chaperones 
 

Any disruption to cell homeostasis could, if left unchecked, lead to irreversible damage. To 

prevent the possibility of this occurring to protein-related disruption, cells produce a family 

of highly conserved proteins; heat shock proteins (HSPs) (Febbraio & Koukoulas, 2000) 

which bind to denatured proteins and are involved in the assembly of protein complexes 

and as such, are known as molecular chaperones. HSPs are a family of endogenous, 

protective proteins (Voss, et al., 2003), thought to play important roles in homeostasis, 

protection of cells from harm caused by stress (Yamada, et al., 2007; Fehrenbach, et al., 

2005). Additional roles are thought to include antigen processing, as extracellular signals to 

activate the immune response and facilitate host defence or pathogenic challenges (Yamada 

et al, 2007). 
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Cellular stress may originate from any number of factors including many that are 

characteristic of contracting mammalian skeletal muscle, such as hypoxia (Fehrenbach, et 

al., 2005), ischemia, protein degradation, acidosis, lack of glucose availability, increased 

calcium ions, cytokines, exercise (Febbraio, et al., 2002; Milne and Noble, 2002, Yamada et 

al, 2007) and, as the name suggests, heat (Febbraio and Koukoulas, 2000). Heat shock 

proteins are classified into families according to their mass. The most abundant and widely 

studied family of HSPs is the 70-kDa family which includes the inducible form of HSP known 

as HSP72 (Fehrenbach et al, 2005).  

 

During exercise, a number of physiological and metabolic events occur within muscle cells. 

This includes increases in muscle temperature (Tmu), oxidative stress, altered pH and 

structural damage to proteins. Exercise is a powerful stimulus of intracellular HSP 

production in immune cells, muscle and other tissues including myocardium, spleen, liver 

and brain (Milne & Noble, 2002; Fehrenbach et al, 2005), however, the relative intensity 

required to illicit any beneficial increase in HSP70 is not well known. Studies in rats have 

demonstrated increased HSP gene and protein expression up-regulation in the heart, liver 

and skeletal muscle in rodents in response to acute treadmill running, but no such increase 

in HSP mRNA was found in rat heart muscles after swimming (Febbraio & Koukoulas, 2000).  

 

Whether HSP gene or protein expression increases during concentric exercise in human 

skeletal muscle is unclear. It is possible that HSP expression may only increase in human 

skeletal muscle in response to exercise, which is predominantly eccentric in nature because 
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of the greater susceptibility to protein damage. However, because the increase in core and 

muscle temperature and other cellular events take place simultaneously during contraction, 

it is not clear whether HSP72 expression can increase during exercise independent of 

changes in cell temperature. In fact, when rats exercised in a cool environment, so that 

colonic temperature did not differ from the basal state, the rats exhibited elevated levels of 

HSP in skeletal muscle 30 min after exercise, indicating that heat is not the single factor 

which contributes to accumulation of HSP72 during exercise (Skidmore, Gutierrez, Guerriero 

& Kregel, 1995).  

Although the effect of exercise on the HSP response in rodents is well documented, there 

are relatively few studies that have examined this phenomenon in humans, and these have 

produced conflicting findings.  

 

In mammals, HSP70 is associated with protecting striated muscle from ischemia-reperfusion 

injury and attenuation of skeletal muscle atrophy during hind limb unweighting (Milne & 

Noble, 2002). Animal studies have shown enhanced contractile and metabolic myocardial 

recovery post-ischemia, providing evidence for a vital role of HSP70 in protection of cells. 

Various authors have reported elevated levels of HSP70 in high-intensity exercise. For 

example, rats permitted to exercise voluntarily on a free wheel for 8 weeks did not exhibit 

significant increases in cardiac HSP70 content. In contrast, in animals trained to run at 30 

m/min expressed higher levels of HSP70 (Noble, Moraska, Mazzeo, Roth, Olsson, Moore & 

Fleshner, 1999). Similarly, in humans, exercise-induced elevations of skeletal muscle HSP70 

were more dependent on the intensity of the exercise bout than duration in male rowers 

(Liu, Lormes, Baur, Optiz-Gress, Altenberg, Lehmann & Steinacker, 2000).  
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Puntschart, Vogt, Widmer, Hoppeler & Billeter (1996) had five humans undertake treadmill 

exercise for 30 min and examined HSP72 mRNA and total protein content before and after 

exercise. The authors reported an exercise-induced increase in HSP72 mRNA 4 min after 

exercise but no increase in total HSP72 protein content. No studies have previously 

measured HSP gene expression in human skeletal muscle throughout exercise, therefore 

this finding is important because cellular events, such as increased temperature, acidosis, 

and reduced glucose availability, take place throughout exercise. In addition, because 

protein damage is a major stimulus of HSP expression, it is important to examine HSP gene 

expression during exercise that is predominantly concentric or non weight bearing in nature 

to investigate whether cellular events other than muscle protein degradation or damage can 

induce a heat shock response. 

 

The aim of a study conducted by Fehrenbach et al (2005) was to determine how running 

exercise of varied intensity and duration influences extracellular HSP72 in the peripheral 

blood of athletes. Trained participants completed four different exercise protocols with 

regard to duration and intensity: (1) marathon run within 260 ± 39 min, (2) continuous run 

for 60 min at 75% VO2max, (3) long run for 120 min at 60% VO2max and (4) interval training, 

consisting of 10 x 1000 m bouts, separated by 2 min rest (equivalent to ~35 min at 88% 

VO2max). Untrained participants completed two exercise protocols: (1) exhaustive test for 

~24 ± 7 min at 80% VO2max and (2) moderate test for ~24 ± 7 min at 60% VO2max. The results 

indicate that HSP72 was significantly elevated immediately post-exercise in all groups, with 

the highest levels following the marathon bout and a tendency towards duration-dependent 

graduation of HSP72 level. Running time in the marathon test was twice as long as the long 

run but approximately equal in intensity, however there was greater than a 2.5 fold increase 



 

74 
 

in HSP72 concentration. After exercise, extracellular, intracellular and mRNA levels of HSP72 

in peripheral blood were all elevated. It appears from this study that duration has a major 

influence on concentration of HSP72 in the circulation possibly due to the expression which 

was more pronounced with prolonged duration compared to more intensive but shorter 

duration exercise.  

 

In examining HSP72 mRNA expression in human skeletal muscle during steady-state 

exercise, Febbraio & Koukoulas (2000) also measured muscle temperature, glycogen 

availability and lactate formation, all of which are known to stimulate HSP expression in 

human muscle. Five healthy but untrained humans cycled at 65% VO2peak, maintaining a 

pedal rate of 80-90 rpm until fatigue in ambient temperature of 20°C. Muscle samples were 

taken from v. lateralis at rest, 10 min, 40 min before fatigue and at fatigue. This study 

demonstrates that HSP72 mRNA increases progressively in human skeletal muscle during 

prolonged exercise. Despite a pronounced increase in Tmu and lactate accumulation in the 

first 10 min of exercise, HSP72 mRNA did not increase until 40 min before fatigue, which 

coincided with decreased intramuscular glycogen availability. Febbraio and Koukoulas 

(2000) concede that the progressive increase of HSP gene expression during submaximal 

exercise could result from cellular processes that take place throughout prolonged 

concentric exercise which are capable of initiating a heat shock response. 

 

Yamada et al (2007) report that studies have shown that marathon runners can tolerate 

Tcore as high as 41.5°C without exhibiting clinical symptoms of heat illness. Runners who 

collapsed during a triathlon were not more hyperthermic than other non-collapsed runners, 

so it appears that some athletes are more ‘protected’ from heat illness. It also appears that 
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some athletes may acquire heat acclimatisation and cellular preconditioning during training, 

enabling them to withstand a severe, subsequent stress and that intracellular HSP72 may be 

involved in improving cellular and animal thermotolerance. The aims of that study were to 

determine whether heat acclimation could be used to ‘precondition’ humans and improve 

thermotolerance as manifest by an increase in HSP72 and a decrease in proinflammatory 

cytokine response. Twelve healthy non-smokers (10 males, 2 females) underwent a 10 day 

heat acclimation protocol, exercising in 42.5°C at 56% of VO2max for 100 min (2 x 50 min w 

15 min break). Termination of exercise was indicated by the completion of the exercise 

protocol, attainment of Tcore of 39.5°C, 95% of HRmax, the participant’s request to stop or 

showing symptoms of exertional heat illness. The results indicate that heat acclimation 

occurred as participants were able to exercise with a lower Tcore and HR on day 10 rather 

than on day 1. Blood analysis indicates that iHSP72 increased within the first six days but 

there was no change in eHSP72 or extracellular interleukin-10 during heat acclimation. The 

elevated levels of serum HSP72 may indicate that the immune system was preparing for a 

pathogenic challenge or initiating an immune response. Yamada et al (2007) concluded that 

physiological adaptations of heat acclimation traditionally include whole body adaptations, 

demonstrated by a decline in relative stress during ten days of heat acclimation and 

elevation of HSP72, perhaps pointing towards a lower threshold for HSP72 production. 

 

Milne & Noble (2002) report that increased muscle temperature alone cannot be associated 

with the typical exercise-induced expression of HSPs and exercise in the absence of 

increased temperature can still lead to increased HSP expression in exercising muscle. 

Temperature is an important stimulus to the stress response and likely contributes at least 

in part, to the exercise-induced increase in HSPs. Acute exercise heat stress presents both 
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thermal and sympathetic challenge and as such, increases physiological strain on the body 

in comparison with temperate conditions (Gibson, Dennis, Parfitt, Taylor, Watt & Maxwell, 

2014). The aim of this study was to determine whether increased concentration of eHSP72 

were correlated to endogenous markers of heat strain and to identify the most appropriate 

endogenous markers for eliciting effecting exercise-heat administration in humans. Healthy 

males (n=10) performed 90 min of continuous cycling exercise at 50% VO2max in either 

temperate (20.3 ± 0.4), hot (30.2 ± 0.1) or very hot (40.2 ± 0.4) conditions. In the very hot 

condition the average exercise time was 86.5±7.5 min, compared to the other two 

environmental conditions where participants cycled for the full 90 min. Significant changes 

in concentration of eHSP72 occurred only from pre- to post-exercise in the very hot 

condition, supporting the hypothesis that endogenous thermal and physiological strain in 

such conditions provided sufficient stimuli for eHSP72 response (Gibson et al 2014). 

 

One confounding point arising from the extensive research into HSP72 release is that there 

is no clear indicator from which tissue circulating HSP72 arises. Possible explanations 

include release from the cardiac muscle, skeletal muscle, liver cells, however, there is no 

conclusive evidence to identify one factor as more favourable over any other. In exercising 

muscle, many physiological functions occur simultaneously, therefore, the influence of 

ambient temperature, prevailing weather, exercise protocol, competitive situation, 

sampling protocol, training status, age, BMI cannot be excluded as potential influences for 

HSP72 release. It does appear, however, that HSP72 is exercise duration and intensity 

dependent in initiating an immune response. 
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2.6.3 Sex Differences 

 

It has been observed that 17ß-estradiol increases levels of HSP72 in male rat cardiac 

myocytes but has no effect on HSP27, HSP60 or HSP90 (Voss, et al., 2003). Voss et al (2003) 

hypothesised that there were sex differences in HSP72 expression related to oestrogen and 

the effects of ovariectomy were compared with oestrogen replacement on HSP72 (Voss, et 

al., 2003). The experiment showed that female rat hearts express higher levels of HSP72 and 

that ovariectomy reduced the level of HSP72. Oestrogen replacement therapy prevented 

the reduction in HSP72 (Voss, et al., 2003).  

The exercise stress response, specifically an increase in protective HSPs, appears to be 

mediated by sex hormones, although the mechanism by which this occurs is not clearly 

understood. Observations that oestrogen inhibits the ability of a single bout of exercise to 

elicit a significant increase in cardiac HSP70, whereas testosterone appears to be permissive 

are most pronounced after a single bout of exercise, because chronic exercise protocols as 

few as 3 days in both males and females enhance cardiac HSP70 expression (Noble, Milne & 

Melling, 2008). In female rats, exercise-induced elevations in HSP70 appear to vary with 

stage of reproductive cycle and is negatively correlated with circulating oestrogen 

immediately before the exercise bout. Further, female hearts recover better and show less 

infarct size than male hearts after ischemia, however, this does not correlate with basal HSP 

levels, although females are known to be more resistant to muscle membrane damage and 

subsequent damage with exercise so it stands to reason that intrinsic protective factors will 

limit the need for an additional response. It could be that oestrogen limits and testosterone 

exacerbates the stresses presented in the tissue (Noble, et al, 2008). 
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Controversy exists over the thermal adaptive response of women, particularly in relation to 

the menstrual cycle (Chang, Lambert, Moseley, Chapler & Gisolfi, 1998). Some studies show 

no effect of sex hormones on adaptation to heat, however, oestrogen supplementation 

decreases the Tcore threshold for the increase in forearm blood flow and the initiation of 

sweating in postmenopausal women exercising in warm environments.  Rats treated with 

oestrogen regulate Tcore at a lower level during heat exposure and show an increased 

evaporated water loss at all levels of Tcore, with decreased Tcore threshold for the onset of 

saliva spreading (Baker, Dawson, Peters & Walker, 1994). Cellular chaperones are 

differentially regulated in males and females and an increase in HSP70 and HSP90 occur in 

ovariectomised female rats following oestrogen supplementation (ES).  

 

Because ES has been shown to enhance HSP synthesis and improve thermoregulatory 

responses during exercise in heat, Chang et al (1998) hypothesised that short-term ES could 

improve thermoregulation responses in exercising women and that HSP might serve as a 

convenient and rapidly assayed biomarker of thermal tolerance, allowing it to be used to 

develop therapeutic strategies to optimise temperature regulation in women. 21 women in 

the early FP received ES for three days to elevate estradiol levels (>1000 pg/ml) and 

performed 20 min cycling exercise at 60% VO2max in 25°C. The evidence arising from the 

study indicates that 3 days of ES during the early-FP of premenopausal women had no effect 

on thermoregulatory responses during moderate exercise in a neutral environment. In this 

study, 3 days of ES did not alter HSP70 accumulation which may be attributed to subject-to-

subject variability in the degree of stress encountered under the exercise protocol and thus 

the changes in HSP observed, or to the tissue specificity of HSP70 response. In this study, 

Tcore only reached 38.1°C, which may not have been sufficient to represent thermal stress.  
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The inability of researchers to come to a consensus regarding the effect of sex on the HSP 

response is in part due to:  

o Differences in populations/species: researchers choose between, or compare 

pre and post-menopausal humans or ovariectomised animals. Also important 

to consider is training status, body composition and oral contraceptive use; 

o Phase of menstrual cycle: it has been demonstrated that Tbody is regulated at 

a higher level during LP than FP in women with normal periods, therefore it is  

critical to control for both time of day and phase of cycle; 

o Dosage of ES: studies have supplemented oestrogen with between 1.5 mg 

and 18 mg anywhere from 3 days to 23 days; 

o Type of ES: it is currently unclear what effect differences in oestrogen 

formulations have on blood vessels. 

o Testing protocol: It is difficult to compare studies as they have not been 

conducted in similar environmental conditions or used the same exercise 

mode.  

 

There has been extensive work investigating HSP release and mechanisms of action, 

however, researchers are unable to agree upon or even identify the tissue from where HSPs 

are released during exercise, nor are they able to isolate an exact stimulus for that release. 

Exercise duration and intensity, combined with elevated Tcore appear to be the most likely 

stimulus, however it is difficult to isolate and identify additional factors during the multi-

faceted response to exercise. It also appears that HSP production is affected by multiple 

stimuli, particularly training status, menstrual cycle phase and oral contraceptive use. 
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Importantly for this thesis, although there is a dearth of information about the role of HSP in 

the body, there does not appear to be evidence of research into oral contraceptive use and 

the possible relationship with the HSP response during self-paced exercise.  

 

In summary, the literature shows much evidence of research into laboratory based, 

constant-load exercise and the physiological and biochemical responses, however the 

responses to self-paced exercise are less clear-cut. Therefore the aims of this thesis are to 

evaluate the physiological, neuromuscular and stress responses to self-paced exercise in the 

heat, in healthy men and women. The focus will be narrowed by investigating the potential 

performance enhancing effect of a pharmacological intervention thought to override signals 

to cease exercise in men. The effects of oral contraceptive use will be examined in relation 

to cycling performance, thermoregulation and neuromuscular performance and lastly, the 

response of the body exercising in the heat will be examined through the consideration of 

heat shock protein and cortisol production.   

 

The main topic to be explored in this thesis is focused on performance in the heat and the 

hormonal responses to the stressors of heat and exercise. The purpose of thesis is to better 

understand what factors contribute to regulating performance in the heat. The first study 

examined an intervention that affects the hormonal response to exercise in the heat, the 

second study assessed whether the hormonal response would be altered by OCP and third 

study was designed to assess whether the Study 2 hormonal response would differentiate 
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the HSP response in the heat. Ultimately, the three studies are designed to better 

understand the interaction between heat stress and hormones.  
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2.7 Research Questions 
 

The aim of this thesis was to investigate the physiological response to exercise and heat 

stress, including thermoregulatory and cellular stress responses in men and women. Guided 

by the literature, the three studies were designed with this aim in mind.  

Study 1 

The aim of the first study was to compare the effects of acute administration of a DA/NE re-

uptake inhibitor on neuromuscular performance and efferent drive following fixed intensity 

and all-out time trial performance in both moderate (20°C) and warm (32°C) ambient 

conditions. Based upon a review of the literature we hypothesise that cycling performance 

in moderate and warm ambient conditions will be attenuated under administration of a 

DA/NE reuptake inhibitor, despite an increase in thermoregulatory strain. Further, we 

hypothesise that due to the increased thermoregulatory strain, the stress response to 

exercise in the heat will be magnified.  

The following four research questions will be used to address this aim: 

1. What effect does the administration of a DA/NA reuptake inhibitor have on 

thermoregulation during self—paced exercise in the heat?  

2. Is there a decline in neural drive (motor output) to exercised and non-exercised muscles 

following self-paced endurance exercise in the heat? Does the administration of a 

dopamine/noradrenaline (DA/NA) reuptake attenuate the decline in neural drive? 

3. Is self-paced endurance exercise improved by ingestion of a DA/NA reuptake inhibitor? 

4. Does a DA/NA reuptake inhibitor affect the stress response during self-paced exercise in 

the heat? 
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Study 2 

 

The aim of study 2 was to examine the effects of oral contraceptives throughout the pill 

cycle (comparing active hormonal pills with placebo, or sugar pills), with the secondary aim 

to evaluate combined effects on NM performance. It remains to be determined whether the 

combined effects of heat stress with and without OC alters exercise performance and 

muscular strength. To this end, the present study examined the effect of OC use at 

corresponding time points to match the menstrual cycle on self-paced exercise performance 

in the heat. A further aim was to evaluate these combined effects on neuromuscular 

performance. 

We hypothesise that monophasic OC users will produce consistent cycling and 

neuromuscular performance in both active and inactive pill tests, irrespective of 

environmental condition. Further, we hypothesise that the thermoregulatory response to 

exercise will be magnified in the warm OC trial compared to the cool OC trial.    

 

To address these aims and hypotheses, the following research questions were considered:  

 

1. Does oral contraceptive (OC) use eliminate fluctuations in self-paced time trial 

performance at various stages of the menstrual cycle and in different ambient conditions?  

2. Does OC use influence neural drive to exercised and non-exercised muscles following self-

paced endurance exercise in the heat? 
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3. Does OC use influence the stress response during self-paced exercise in the heat?  

 

Study 3  

The aims of this study were many: 1) to determine whether exercise in the heat is 

associated with cortisol and the HSP72 response; 2) to examine the association between the 

stress response to exercise in the heat and exercise performance; 3) to investigate whether 

the stress response associated with exercise performance differs between males and 

females and 4) to determine whether OC use influences the stress response associated with 

exercise and exercise performance in females. We hypothesise that both men and women 

will exhibit higher levels of cellular stress markers, that will be more pronounced in the heat 

and that men, cycling at higher intensities than women, will produce a greater cellular stress 

response despite the effects of female sex hormones on HSP72 production. We considered 

the following research questions to assist in addressing these aims and hypotheses: 

 

1. Is the heat shock protein (HSP) response influenced by self-paced cycling performance in 

the heat? 

2. Does self-paced exercise in the heat promote cell and hormonal stress response? 

3. Will OC use influence the HSP response in females exercising in the heat compared to 

males?  
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3.1 Abstract 
 

Dopamine/norepinephrine (DA/NE) reuptake inhibitors have been used to manipulate the 

central mechanisms affecting arousal and motivation during exercise. Eight healthy, 

physically active males performed 30 min fixed-intensity cycling at 50% Wmax followed by 30 

min of self paced time trial (TT) with each section interspersed with a 30 s maximal sprint at 

9, 19 and 29 min. The DA/NE re-uptake inhibitor administered was bupropion (BUP) versus a 

placebo (PLA) in either warm (32°C, BUP32 or PLA32) or moderate (20°C; BUP20, PLA20) 

ambient conditions. Core and skin temperature, heart rate and perceptual responses, 

neuromuscular and hormonal measures were assessed at multiple times throughout the 

trials and post exercise. Time trial performance remained unchanged across conditions (12.7 

– 13.1 km) although core temperature was elevated in the fixed intensity section of the 

trials for BUP32 and BUP20 but continued to rise only in BUP32 during the time trial 

reaching 38.6 °C (P < 0.05). NE increased in all conditions from pre-exercise with BUP32 

values peaking at the end of TT to 1245.3 ± 203.1 pg/ml (P < 0.05) compared to the other 

conditions. Neuromuscular responses were similar among conditions although peak force 

was significantly reduced from pre (262 ± 31 N) to post (202 ± 31 N, P < 0.05) exercise along 

with contraction duration (22%, P < 0.05) in BUP20. We conclude that DA/NE re-uptake 

inhibitors influenced thermoregulation in the heat but not exercise performance. DA/NE re-

uptake inhibitors are likely to act centrally to override the inhibitory signals for the cessation 

of exercise with these drugs acting peripherally to reduce the twitch characteristics of 

skeletal muscle in cooler conditions.
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3.2 Introduction 
 

Fatigue during long duration exercise is thought to be due to a combination of peripheral 

and central factors (Davis, 1995). Historically, reductions in exercise endurance have been 

attributed to muscle glycogen depletion (Blomstrand and Saltin, 1999) and 

thermoregulatory and cardiovascular strain (González-Alonso, 2012; Nielsen et al., 1993). 

Although these factors have not been discounted as putative causes of fatigue under given 

conditions, Nielsen et al. (1993) showed that even after a period of heat acclimation 

termination of endurance exercise occurred at the same core temperature (Tcore) as non 

acclimated controls whilst exhaustion was not associated with reductions in muscle or skin 

blood flow, lack of substrate availability or metabolite accumulation. It has also been shown 

that exercise-induced hyperthermia reduces central drive to the exercised muscle group 

immediately post exercise (Nybo and Nielsen, 2001; Saboisky et al., 2003) and possibly 

during exercise (Kay et al., 2001; Marino et al., 2010). These latter studies have implicated 

the central nervous system (CNS) as a regulator of exercise establishing fatigue as a 

multifactorial process mediated by feed forward and feedback mechanisms (Tucker et al., 

2006; Tucker and Noakes, 2009; Tucker et al., 2004). 

 

Given the intimate involvement of the CNS as a modulator of fatigue, there is interest in the 

manipulation of CNS mechanisms responsible for arousal and motivation. Destruction of 

dopaminergic and noradrenergic neurons (via administration of 6-hydroxydopamine (6-

OHDA)) in rats (Heyes et al., 1985) and depletion in humans is linked to fatigue (Chaouloff, 

1989). Others (Newsholme and Blomstrand, 1996) have also presented evidence suggesting 

that increases in serotonin as 5-hydroxytryptamine (5-HT), known to be associated with 
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inducing sleep, might modulate the release of many neurotransmitters including dopamine 

(DA) and norepinephrine (NE). Reductions in exercise performance in the heat might in part 

be due to reductions in motivation and central drive due to rising body temperature and 

overall physiological strain that develops as exercise capacity approaches its limits (Brück 

and Olschewski, 1987; Maughan et al., 2007; Périard et al., 2011). Therefore, if CNS 

neurotransmission is maintained above that which would otherwise be the case in 

hyperthermia, motivation and efferent drive could either be maintained or increased. It is 

also possible that maintaining DA could alter the heat loss mechanisms through direct 

action on the pre-optic area and anterior hypothalamus (Hasegawa et al., 2000). 

 

DA/NE re-uptake inhibitors have been used to manipulate the central mechanisms affecting 

arousal and motivation during exercise (Hasegawa et al., 2005; Piacentini et al., 2004). In 

temperate conditions, the DA/NE re-uptake inhibitor, bupropion (BUP), failed to improve 

the time to complete the target work of 90 min of cycling at 65% Wmax; although all 

hormonal response increased with exercise, only the plasma COR concentrations were 

comparably higher with BUP (Piacentini et al., 2004). Similarly, the ingestion of BUP prior to 

60 min of constant load cycling at 55% Wmax followed immediately by a time trial (TT; 

predetermined amount of work equal to cycling for 30 min at 75% Wmax) in both 18 and 

30°C improved TT by ~ 3.4 min compared with placebo (PLA) only in the heat (Watson et al., 

2005). Therefore, if DA/NE re-uptake inhibitors can maintain motivation and central drive, 

both maximal muscle force and voluntary activation should be preserved with such an 

intervention. As far as we are aware there are no studies that have examined the 

relationship between DA/NE re-uptake inhibitor and the maintenance of efferent drive.  

Therefore, the aim of this study was to compare the effects of acute administration of a 
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DA/NE re-uptake inhibitor on neuromuscular performance and efferent drive following fixed 

intensity and all-out time trial performance in both moderate (20°C) and warm (32°C) 

ambient conditions.  

 

3.3 Methods 

3.3.1 Participants & design 
 

Eight (8) healthy, physically active males (mean ± SD; age 22.1 ± 5.3 yr; mass 74.2 ± 5.1 kg; 

height 1.78 ± 0.03 m; peak oxygen consumption (VO2peak) 3.9 ± 0.74 L/min) gave written 

informed consent to participate in the study approved by the Institutional Ethics in Human 

Research Committee. Participants were classed as recreationally trained according to the 

criteria outlined by de Pauw et al. (2013) (De Pauw et al., 2013), were non-smokers, 

physically active for at least 1 h  three times per week, unaccustomed to exercising in the 

heat and free from knee or shoulder injury. A local physician examined each participant to 

ensure they would not experience adverse effects from the administration of DA/NE 

reuptake inhibitor (bupropion; BUP). Environmental condition and drug/placebo were 

assigned to the participants in a randomised, single-blind design. 

 

3.3.2 Testing protocol 

 

Participants were required to report to the laboratory on five separate occasions returning 

on each occasion at the same time of day to minimise any diurnal variations. The first visit 

was a familiarisation session to obtain a baseline measure of VO2peak and for familiarisation 

with the cycling apparatus and the neuromuscular assessment procedures to be used during 

testing. During this visit participants were also familiarised with the experimental exercise 

trial by cycling for 10 min at a fixed intensity and then 10 min in a self paced mode each 

with practice sprints. The remaining laboratory sessions were identical and involved a 
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cycling protocol consisting of 30-min at a fixed intensity followed by a 30-min self-paced 

time trial (TT), which were performed inside a climate chamber. A 3-min rest elapsed 

between the fixed intensity and self-paced bouts to permit blood sampling. This protocol 

was conducted under each of the following four (4) conditions in a randomised fashion: BUP 

with exercise in ambient temperature of 32ºC (BUP32; 32 ± .5°C, rh 48 ±3%) a 

corresponding placebo condition (PLA32), BUP with exercise in 20ºC (BUP20) and a 

corresponding placebo condition (PLA20). During all trials a fan was placed directly in front 

of the participant which provided an air flow of ~ 11 km/h. Testing sessions were separated 

by a minimum of 3 days, to allow for drug washout and recovery, but not more than 7 days. 

 

Participants reported to the laboratory rested and fasted for a minimum of 3 h prior to 

testing. Additionally, they were asked to refrain from exercising and consuming alcohol or 

caffeine in the 12 h preceding testing. A 24 h food diary was maintained for the day prior to 

the first test so that individuals could follow the same eating patterns on the days 

immediately prior to all remaining tests. Nude body mass was measured after voiding with 

scales accurate to 10 g, after which an indwelling cannula (BD Saf-T-Intima™, Utah) was 

introduced into a superficial forearm vein to allow for repeated blood sampling throughout 

the testing session. Site preparation for electrode or thermistor attachment consisted of 

identifying the correct site, shaving the hair, abrading the outer layer of the epidermal cells 

and cleaning with an alcohol swab. After attachment, all electrodes and thermistors were 

firmly taped to the skin to minimise sweat interference. 

 

Following a 2 min warm up on a stationary bike at self-selected intensity, participants 

performed neuromuscular assessments for maximal voluntary isometric force (MVC), 
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voluntary activation (VA), and resting evoked potentiated twitch contractile properties for 

the right thigh and right forearm flexors. These muscle groups were chosen as we have 

previously observed that skeletal muscle used in the exercise bout versus those not used 

might alter VA (Martin et al., 2005; Saboisky et al., 2003). Surface electromyogram was also 

used to measure the electrical activity of skeletal muscle during testing (described in detail 

in section 3.39 below). Participants then commenced a cycling protocol under one of the 

four (4) testing conditions. Within no more than 10 – 12 min of completing the cycle 

protocol participants repeated the neuromuscular assessment. During all tests, participants 

were permitted to consume plain water ad libitum. 

 

3.3.3 Dopamine/norepinephrine reuptake inhibitor administration 

 

Bupropion (BUP; ZybanTM., GSK, Middlesex, UK) or placebo (PLA, glucose powder; Glucodin) 

were administered in two 300 mg doses (total dose 600mg). This dose is equivalent to the 

maximum daily therapeutic dose typically prescribed to assist in the cessation of cigarette 

smoking and has been demonstrated to affect the catecholamine response to prolonged 

exercise (Piacentini et al., 2004; Watson et al., 2005). Participants were instructed to take 

one dose of the treatment drug the night before each test and the second dose 3 h prior to 

each testing session. Since ethical requirement was that clear capsules were to used to 

contain the BUP, glucose powder was chosen for the PLA as the colour and texture was 

similar to the BUP. 
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3.3.4 Peak oxygen uptake test 

 

The peak oxygen uptake (VO2peak) test was conducted on an Avanti road bicycle (Corsa Pro 

Elite Series) mounted on a Tacx cycle ergometer (Cosmos, Model T1970, Tacx bv, 

Netherlands) with the front wheel stabilised by a Tacx Skyliner (Model T1979, Tacx bv, 

Netherlands). After a free paced warm up for 2 min, the test began at a workload of 50 

watts (W) and then increased by 50 W every 2 min until volitional termination. Throughout 

the test participants remained seated but were permitted to change gears and/or cadence 

as desired. The gas analysers (True One 2400 Metabolic Measuring System, Parvo Medics, 

USA) were calibrated with a 3 L calibration syringe (Hans Rudolph Inc, USA) and reference 

samples of oxygen (O2) (16.01%) and carbon dioxide (CO2) (3.98%) (Airgas™, Puritan 

Medical Products, Overland Park, KS, USA). Participants breathed through a one-way valve 

(Hans Rudolph, USA) with the air transported via a 3.5 m hose through a pulmonary 

function filter (Creative Biomedics, Inc., USA) into a mixing chamber where gases were 

analysed for O2 and CO2 concentrations. 

 

3.3.5 Cycling trials 

 

Cycle testing was performed with the same apparatus used during the test. Data for each 

experimental session were recorded through Fortius Software for Cosmos Ergometer (v1.29, 

Tacx bv, Netherlands). The 30 min fixed-intensity cycle period was performed at 50% Wmax 

calculated from the power achieved when subjects attained their individual VO2peak value 

during their peak oxygen uptake test. This was programmed at the beginning of each trial 

through the Fortius Software to ensure that a fixed intensity was maintained throughout the 

test. Gear settings were kept constant throughout the entire 30 min. Subsequently, a 3 min 
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rest was provided in the climate chamber to allow for collection of blood samples. 

Immediately following the 3min rest period, the 30 min self-paced TT commenced. During 

both the fixed intensity bout and TT, 30 s sprints were completed at the 9, 19 and 29 min 

mark.  

 

For each TT, the participant was instructed to cycle as far as possible in the 30 min. 

Participants were permitted to change the bicycle gears as desired throughout the TT. No 

feedback was provided to the participant during any part of the trial apart from a 

countdown to the next sprint given at 2 min, 30 s and 10 s prior to the commencement of 

the sprint. The participants were given strong verbal encouragement by the same 

researchers during the sprints. During the sprints EMG was recorded from four sites on the 

right thigh (EMGworks Signal Acquisition and Analysis Software version 3, Delsys, USA), 

described in detail subsequently. Upon completion of the 30 min TT, a final blood sample 

was taken before the participant exited the climate chamber after which the neuromuscular 

measurements were reassessed in the same order as those performed prior to cycle testing. 

The participant was disconnected from the apparatus and a final nude body mass was 

recorded to estimate total body sweating. Distance covered in km, average and peak 

cadence in rpm, average and peak speed in km/h and average and peak power (W) recorded 

from the Tacx software at 5 min intervals throughout the cycling protocol. 

 

3.3.6 Body temperature 

 

Intestinal temperature as an index of core temperature (Tcore) was recorded at 5 min 

intervals throughout each session utilising a telemetry pill (Vital Sense®, Mini Mitter 
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Company Inc., USA) ingested 4 hours prior to testing.  Mean skin temperature (Tskin) was 

determined via skin thermistors fastened to four sites as previously described and 

(Ramanathan, 1964) calculated at 5 min intervals throughout the cycling protocol.  

 

3.3.7 Perceptual measures 

 

A rating of perceived exertion (RPE) (1-10; (Borg, 1990) and perception of thermal sensation 

(Gagge et al., 1967) were recorded at 5 min intervals from the beginning of the cycling 

protocol until the completion of the final sprint. Participants were familiarised with the use 

of these scales during the initial familiarisation session. 

 

3.3.8 Heart rate 

 

Heart rate was continuously monitored and recorded at 5 min intervals (FS1; Polar Electro 

Oy, Kempele, Finland) during the cycling protocol. In order that no feedback was available to 

participants, the HR receiver was attached to the heart rate monitor strap on the 

participant’s back.  

 

3.3.9 Neuromuscular measurements 

 

For neuromuscular measures, all testing was performed on a Kin-Com isokinetic 

dynamometer (Model 125H; Chattanooga Group, Inc., Hixon, Tennessee) linked to a signal 

acquisition system (PXI1024 & BNC2100; National Instruments, Austin, Texas), which 

performed A/D conversion at 16-bit resolution, where a host computer synchronously 
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sampled all data at a rate of 2000 Hz. Participants were seated on the dynamometer with 

their upper body supported by the chair back with the hip at an angle of 100° flexion (0° 

being full extension) and secured by a waist strap. During the lower body measurements, 

participants positioned their arms across their chest to minimise additional force 

contribution to performance. The axis of rotation of the dynamometer was aligned with the 

lateral epicondyle of the femur with the lower leg attached to the lever arm 1 cm above the 

lateral malleolus of the ankle. The knee was flexed at 90◦ for all lower limb testing. During 

the biceps measurements, the right arm was supported at the elbow, which was flexed at 

60 - 70° (0° being full extension). The axis of rotation of the dynamometer was aligned with 

the lateral epicondyle of the humerus and the forearm was attached to the lever arm at the 

styloid processes of the radius. The order of activation and contraction of the limbs was 

counter balanced by trial. After the participant was positioned and prior to testing, they 

performed a standardised warm up, consisting of a series of isometric contractions. 

Specifically, the warm up consisted of 1) 3 x contractions at ~50% maximal effort; 2) 2 x 

contractions at ~75% maximal effort; 3) 2 x contractions at ~90% maximal effort and 4) 

100% maximal effort. There was a 10 s rest between each contraction and a 2 min rest 

between the warm up and the commencement of testing. The neuromuscular test protocol 

was 6 x resting twitches followed by 4 x MVCs with a potentiated twitch force. The tests for 

the forearm flexors and leg extensors were counterbalanced by trial. 

 

3.3.9.1 Muscle activation  

 

For the knee extensors, the applied current to the femoral nerve was delivered using two 

90mm x 50mm reusable gel adhesive electrodes with the cathode positioned in the femoral 

triangle and the anode positioned 10mm directly below the cathode. This configuration 
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resulted in extensive activation of the knee extensor group during testing. For the biceps 

brachii, the musculocutaneous nerve was delivered by two 50mm x 50mm reusable gel 

adhesive electrodes with the cathode and anode positioned over the proximal and distal 

regions of the belly of the muscle, respectively. Stimulation was achieved through a 

constant-current stimulator (DS7AH; Digitimer; Welwyn Garden City, Hertfordshire, UK) 

linked to a BNC2100 terminal block connected to a signal acquisition system (PXI1024; 

National Instruments) using a single square-wave pulse with a width of 200 μs (400 V with a 

current of 250 – 480 mA), which was driven using customised software (v8.0, LabView; 

National Instruments). To begin, the current was applied in incremental steps until the 

resting evoked twitch amplitude plateaued. The current was then increased by a further 

25% to ensure supra-maximal stimulation of the intramuscular nerve branches and was 

used for both pre-exercise and post-exercise tests. 

 

 

3.3.9.2 Superimposed isometric MVCs and resting evoked potentiated twitch contractions 

 

For isometric superimposed testing, participants were instructed to produce a maximal 

isometric effort as fast as possible and to continue exerting a maximal effort until instructed 

to relax, which was typically 3 – 4 s. The stimulus was delivered 1 – 2 s after initiation of 

each contraction, when peak force was observed to plateau. Within 5 s following each ISO 

superimposed contraction, a second stimulus was delivered with the muscle at complete 

rest (see figure 3.6 for visual explanation). Participants performed 4 x superimposed 

contractions for both the quadriceps and biceps.  
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Force-time curves from the resting potentiated evoked twitch contractions were averaged 

across all trials with mean data used to determine the following: 1) peak twitch force (Pf; 

the highest force value obtained during the resting evoked contraction); 2) rate of force 

development (RFD; the mean tangential slope of the force-time curve between the onset of 

force development and Pf); 3) time to peak force (TPf; time from evoked force onset to Pf); 

4) rate of relaxation (RR; the mean tangential slope of the force-time between Pf and ½RT); 

half-relaxation time (½RT; the time required for Pf to decline by half) and contraction 

duration (CD;  TPf plus ½RT). RFD and RR were calculated as the first derivative of the force-

time curve between force offset and Pf and Pf and HRT, respectively. These procedures 

were performed using Matlab™ Software (R2009b 7.9.0.529, The Mathworks Inc, Natick, 

USA). 

 

Voluntary activation levels were calculated using the twitch interpolation technique 

(Herbert and Gandevia, 1999). Superimposed force was determined as the peak force value 

produced during the 50 – 150 ms period subsequent to the delivery of the stimulus. 

Voluntary peak force during each superimposed contraction was determined as the mean 

force value produced during the 50 ms prior to the delivery of the stimulus. Interpolated 

twitch force was subsequently determined as the peak superimposed MVC force minus 

peak voluntary force and was calculated to six (6) decimal places. Voluntary activation levels 

were then determined by expressing the interpolated twitch force (ITF) as a percentage of 

the peak resting evoked potentiated twitch force (Pf) value using the formula: VA (%) = [1 – 

(interpolated twitch force / peak resting evoked twitch force)] x 100. All trials were assessed 

with the trial yielding the highest voluntary activation level used for subsequent analysis. 
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These procedures were performed using Matlab™ Software (R2009b 7.9.0.529, The 

Mathworks Inc, Natick, USA).  

 

3.3.9.3 Muscle Electrical Activity 

 

Surface electromyography (EMG) signals were sampled during the superimposed isometric 

contractions and during the entirety of each 30 s sprint. M-waves were also captured during 

the assessment of the resting evoked potentiated twitches.  All EMG signals were sampled 

with single differential pre-amplified recording electrodes with a bandwidth of 20-450 Hz 

(model DE2.1, Delsys; bar configuration of 1mm x 10 mm with a 10 mm inter-electrode 

distance) and EMG amplifier (model Bagnoli-4, Delsys, Boston, MA, U.S.A.) with a gain of 

100 v/v for neuromuscular testing or 1000v/v during cycling with a common mode rejection 

ratio of > 90 dB . A disposable gel adhesive EMG reference electrode was positioned on the 

left patella during neuromuscular measurements and on the left elbow during cycling (Q-

Trace® Gold, Kendall®, Chikopee, Massachusetts, USA). EMG electrodes were placed over 

the distal end of the muscle bellies proximal to motor end plate regions on four sites on the 

thigh for the measurement of electrical activity of vastus lateralis (VL), vastus medialis (VM), 

rectus femoris (RF) and biceps femoris (BF). EMG measurement of the biceps brachii 

involved placing one single differential recording electrode over the muscle belly of the 

biceps brachii, and a second electrode on the triceps brachii, in line with the biceps 

electrode. To minimise movement artefact and sweat interference throughout the cycling 

test, the electrodes were firmly taped to the thigh using micropore tape.  Preparation of all 

EMG sites consisted of shaving the area where the electrode would be placed, abrading the 

outer layer of epidermal cells with sandpaper and removing oil and dirt on the skin with an 

alcohol swab. 
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For EMG processing, a second order Butterworth bandstop filter was applied between 49 – 

51 Hz to remove mains noise and a Butterworth bandpass filter between 20 – 450 Hz 

applied to remove DC bias and movement artefact. Voluntary EMG amplitude during each 

superimposed contraction was determined as the root mean square (RMS) of the signal 

obtained during the 100 ms prior to the delivery of the stimulation. Cycling EMG was 

obtained during each 30 s sprint and was quantified as the RMS across the middle 20 s of 

data for each channel. The data collected during the initial sprint in each testing session is 

described as 100% RMS activity with all subsequent RMS data normalised using this value as 

the denominator so that RMS (#) (%) = [RMS (#) / RMS(1)] x 100; where RMS(#) represents 

RMS from sprints 2 – 6 to be compared with the RMS from sprint 1 [RMS(1)]. Power 

spectrum compression was estimated from sprint data using raw EMG data as previously 

described (Lowery et al., 2000) using a Fast Fourier Transformation algorithm. Spectral 

power of the raw signals was determined for each frequency between the 65th to 90th 

percentiles. An estimate of power shift at each frequency was then determined by 

normalising data against the same frequency range obtained from the first 20 s of EMG data 

recorded at the start of exercise. Spectral compression at each interval was finally 

calculated as the ratio of the average change in spectral power across the entire mid 

frequency range. These procedures were performed using MatlabTM software (R2009b 

7.9.0.529, The Mathworks Inc, Natick, USA). 

 

3.3.10 Blood sampling and analysis 

 

Blood samples were collected via a 20-gauge cannula (BD Saf-T-IntimiaTM – Becton 

Dickinson, Utah) inserted into a superficial forearm vein in the left arm. Blood samples were 
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drawn immediately following the cannula set up, immediately following the fixed intensity 

cycling protocol and upon completion of the 30 min time trial. The line was kept patent by 

flushing with 0.9% sodium chloride (Pfizer, Australia) after each blood draw and 

approximately every 5 min. After drawing off the sodium chloride into a 3 mL syringe 

(Becton Dickinson, Singapore), blood samples were divided into pre-cooled lithium-heparin 

tubes (containing 0.01 mg of sodium metabisulphite) for determination of NA and K3EDTA 

tubes for determination of COR (COR; Vacutainer, S-Monovette, Sarstedt, Germany). Plasma 

was separated by centrifugation and aliquots stored at – 80°C. 

 

3.3.10.1 Hormonal analysis  

 

Plasma NE was determined by HPLC with electrochemical detection.  Amines were extracted 

from plasma by absorption onto alumina (Henry, Starman et al. 1975), followed by 

separation on a reverse phase HPLC column and measurement using an electrochemical 

detector (colorimetric) (Royal Prince Alfred Hospital, Sydney Australia). Intra-assay reliability 

was reported to be 9.1%. Before analysis the serum was thawed to room temperature and 

mixed gently via inversion. Plasma DA was determined using an ELISA kit (ALPCO 

Diagnostics, Salem, NH, USA). To limit the effect of inter-assay variability, all samples for 

each subject were assayed in the same assay run. A similar method was used for DA analysis 

but concentrations were below the level of detection using this assay. Before analysis of 

COR the serum was thawed to room temperature and mixed gently via inversion. Plasma 

COR concentrations were determined by a solid-phase, two-site chemiluminescent 

immunometric assay (Immulite 2000, Diagnostic Products Corporation, Los Angeles, CA, 

USA), with detection limits of 5.5 nmol.L-1. To avoid inter-assay variations, all samples for 

each subject were assayed in the same assay run. For COR, intra-assay reliability was 
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calculated as SD/mean * 100 and is reported as 30.8%. Serum hormone and catecholamine 

concentrations were not corrected for plasma volume shifts, thus all statistical analyses 

were performed on hormone values based on actual measured circulating concentrations.  

 

3.3.11 Statistical Analyses 

 

Power calculations were conducted a priori using G*Power (G*Power 3.1.2, Franz Faul, 

Germany) with input variables of 4 x groups and 1 - b = 0.95 resulting in a sample of n = 7 

per group for repeated measures ANOVA. Data sets for each variable were entered into 

GraphPad Prism (v 6.0h). A Shapiro – Wilk normality test was performed on the data sets. 

While not every time point within each data set was normal or homogeneous, the majority 

were (P > 0.05; for example, six time points out of seven for Tcore), thus parametric tests 

were considered appropriate.  Repeated measures ANOVAs, performed separately for fixed-

intensity and time trial cycling, were used to determine differences between environmental 

and drug conditions in cycling performance, neuromuscular properties or biochemical 

markers. When interactions or main effects achieved statistical significance, Tukey’s HSD 

post hoc test was used to identify differences between means. Statistical significance was 

set at P < 0.05. Data are reported as mean ± SD. 

Finally, to confirm lack of significance, we calculated effect sizes (Cohen’s d) using the 

equation: Cohen’s d = (M2 – M1) / SDpooled, where SDpooled = √((SD12 + SD22) / 2) 

(http://www.socscistatistics.com/effectsize/Default3.aspx; Batterham & Hopkins, 2006). 
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3.4 Results 
 

3.4.1 Cycling performance  

 

Table 3.1 provides the various parameters measured during both fixed-intensity and self-

paced cycle exercise for each condition. 

 

Fixed intensity  

 

There were no significant differences in total distance cycled, mean and peak power output, 

mean speed and cadence between PLA and BUP conditions. However, maximum speed 

during the sprints was significantly higher in PLA compared with the respective BUP in the 

same ambient conditions (P< 0.05). In PLA20, maximum speed during the sprints was 

approximately 1.4 km/h (P < 0.05) faster than BUP20; whereas, PLA32 maximum speed 

during the sprints was approximately 3.2 km/h (P < 0.05) faster than BUP32. 

 

Self-paced  

 

In all conditions, peak power output during the sprints was significantly higher than mean 

power output between sprint periods. However, there were no significant differences 

amongst conditions for total distance, mean power output, maximum speed during the low 

intensity efforts and mean cadence. Notably, the maximum speed during the sprints was 

similar between conditions. 
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3.4.2 Thermoregulatory responses 
 

3.4.2.1 Core temperature 

 

The Tcore response for both fixed intensity and self-paced trials is shown in Figure 3.1.  

  

Fixed intensity  
 

During PLA trials Tcore was not different over the 30 min. However, during BUP the Tcore 

increased significantly compared to PLA. By the end of the 30 min fixed-intensity period Tcore 

reached ~ 38.3°C for BUP32 and 38.1°C for BUP20 compared with ~ 37.7°C for the PLA trials. 

 

Self-paced  
 

Immediately following the commencement of the self-paced section of the trial, Tcore failed 

to increase over the next 30 minutes for PLA20, PLA32 and the BUP20 trials. However, the 

difference observed between the BUP20 and PLA20 at the end of the fixed intensity period 

was no longer apparent. Whereas, Tcore continued to rise only for BUP32 reaching ~ 38.6°C 

(range 38.2 – 39.2°C; P < 0.05) with no differences apparent for PLA32. 

 

3.4.2.2 Skin Temperature  

 

The Tskin response increased significantly at all time points (P < 0.05) in 32°C for both PLA 

and BUP, and was significantly higher (P < 0.05) compared with 20°C for both PLA and BUP. 

There was no significant difference between BUP and PLA in the same ambient 

temperatures. 
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3.4.3 Heart Rate 

 

Figure 3.2 shows the mean HR responses from each of the fixed intensity (A) and self-paced 

exercise periods (B). As no statistically significant differences were detected among 

conditions only the means of responses for each of the sprints have been included for 

clarity. HR was significantly increased from pre-exercise  (~ 93 beats/min) time points. The 

HR was predictably higher during sprints in both sections of the trial. During the sprints HR 

typically reached ~ 172 beats/min in the moderate ambient condition for both PLA and BUP. 

These values were similar during the self-paced section of the trial and were not different to 

those observed in the fixed intensity period. Following each of the sprints HR was reduced 

to ~ 143 beats/min across both fixed intensity and self-paced periods. 

 

Although HR was marginally higher during the sprints in BUP32, there were no statistically 

significant differences between fixed intensity and self-paced efforts either over time or 

between PLA and BUP trials.  
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Table 3.1. Fixed-intensity and self-paced cycling performance measures (mean ± SD) 

 Fixed intensity  Time trial 

 BUP20 PLA20 BUP32 PLA32 BUP 20 PLA 20 BUP 32 PLA 32 

Total distance (km) 16.6 ± 3.2 16.8 ± 3.2 16.1 ± 3.7 17.0 ± 2.9 12.8 ± 2.1 13.0 ± 1.8 12.7 ± 2.7 13.1 ± 2.6 

Mean power output 
(W) 155 ± 23 155 ± 23 155 ± 23 155 ± 23 177 ± 54 189 ± 48 169 ± 53 187 ± 65 

Peak power output  
sprints (W) 155 ± 23 155 ± 23 155 ± 23 155 ± 23 612 ± 101# 611 ± 76# 613 ± 125# 609 ± 113# 

Mean speed (km.h-1) 32.9 ± 6.8 33.8 ± 6.0 31.3 ± 7.1 32.9 ± 5.8 24.5 ± 4.8 24.5 ± 4.0 23.9 ± 5.5 22.9 ± 5.1 

Max speed  
sprints (km.h-1) 64.9 ± 3.0* 66.3 ± 

1.0*§ 62.8 ± 5.4* 66.4 ± 
1.4*§ 

46.3 ± 3.5* 
46.8 ± 
5.4*§ 

46.5 ± 4.9* 
49.5 ± 
7.9*§ 

 
 
*P < 0.05 mean vs maximal speed within conditions. §P < 0.05 maximal speed during intermittent sprints for BUP20 vs PLA20 and for 

BUP32 vs PLA32. #P < 0.05 mean vs maximal power output within conditions. BUP is bupropion, PLA is placebo, 20 & 32 is 20°C and 

32°C ambient temperatures, respectively.  
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Figure 3.1. Core temperature response during fixed-intensity (0 - 30 min) and self-paced time 

trial performance (35 - 65 min). Conditions: BUP20 and PLA20 are bupropion and placebo, 

respectively in 20°C; BUP32 and PLA32 are bupropion and placebo, respectively in 32°C. *P < 

0.05 significant differences between BUP32 and PLA32, #P < 0.05 significant differences 

between BUP20 and PLA20 and ^P < 0.05 significant differences between BUP20 and BUP32 

values.  
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Figure 3.2. Heart rate during low intensity efforts (A) and sprints (B) over the entire trial. BUP 

is bupropion, PLA is placebo, 20 & 32 is 20°C and 32°C ambient temperatures, respectively. 

*P < 0.05 significant difference between low intensity and sprints. HR during exercise was 

significantly higher than pre-exercise (0 min). 
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Table 3.2. Mean ± SD rating of perceived exertion (RPE) during the low intensity effort and sprints in fixed intensity and self-paced trials 

 
 

 
   

 
Intensity 

 
BUP20 

 

 
PLA20 

 
BUP32 

 
PLA32 

 
 
 

Fixed-intensity 

 
Low 
RPE 

 
4.2 ± 1.1 

 
3.1 ± 1.1 

 
4.0 ± 1.4§ 

 

3.3 ± 1.2 

 
Sprints 

RPE 
 

 
5.8 ± 1.0* 

 
6.0 ± 0.6* 

 
6.0 ± 1.5* 

 
6.1 ± 1.1* 

 
 

 
 

Self-paced 

 
Low 
RPE 

 
4.1 ± 0.6 

 
4.0 ± 0.3 

 
5.1 ± 1.0§ 

 
5.0 ± 0.8 

 
Sprints 

RPE 
 

 
6.9 ± 0.3* 

 
7.1 ± 0.4* 

 
7.9 ± 0.8*§ 

 
7.8 ± 0.5* 

 

 

*P < 0.05 increase in RPE from low to high intensity efforts within conditions; §P < 0.05 between corresponding environmental conditions. BUP 

is bupropion, PLA is placebo, 20 & 32 is 20°C and 32°C ambient temperatures, respectively. 
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3.4.4 Rating of Perceived Exertion  

 

Table 3.2 includes the mean RPE responses from each of the fixed-intensity and self-paced 

exercise periods. As no statistically significant differences were detected among conditions 

only the means for sprints and low intensity efforts have been included for clarity. Similar to 

the HR response, the RPE during the sprints increased from the start of exercise to reach 

values of ~ 6 then decreasing to ~ 5 during the low intensity efforts in both the fixed 

intensity and self-paced trial in 20°C. In 32°C the RPE reached marginally higher values 

during the sprints but were reduced during the low intensity efforts. 

 

3.4.5 Thermal sensation 
 

Fixed intensity  

 

Thermal sensation was significantly increased from pre-exercise compared with all other 

time points (P < 0.05) in both PLA20 and BUP20. However, these values were significantly 

lower than the thermal sensation in PLA32 and BUP32 at all time points (P < 0.05).  

 

Self-paced  

 

Thermal sensation during BUP20 and PLA20 was significantly increased from pre-exercise 

compared with all other time points (P < 0.05) but were not significantly different between 

conditions. However, thermal sensation was significantly higher in BUP32 at 10, 15, 25 and 

30 min compared with/to (P < 0.05). Thermal sensation in PLA32 was significantly higher 

than PLA20 at all time points (P < 0.05). In BUP32, thermal sensation was significantly higher 

than PLA32 at 15 min (P < 0.05). 
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3.4.6 Neuromuscular responses 
 

3.4.6.1 MVC and Voluntary Activation  

 

In BUP20 post-exercise MVC was maintained for both forearm flexors and leg extensors 

compared to the PLA trial (Table 3.3). However, in BUP32 the MVC was reduced in both 

forearm flexors and leg extensors post-exercise, although the post exercise MVC was also 

reduced from pre-exercise values in the PLA condition for leg extensors but not forearm 

flexors (Table 3). There were no significant differences in VA of the forearm flexors or the 

knee extensors during pre- and post-exercise MVC among conditions.  

 

3.4.6.2 Resting potentiated twitch contractile properties  

 

Table 3.4 includes mean data for potentiated twitch contractile properties for the leg 

extensors and forearm flexors. There were no significant differences in the contractile 

properties of the forearm flexors. The contractile properties for leg extensors resulted in 

significant decreases post-exercise for Pf, and CD only in BUP20, although TPf was also 

reduced post-exercise for PLA32 compared with pre-exercise. There was a significant 

difference between pre and post measures for the FF in PLA32 for the RR (P < 0.05). 

  

 

3.4.7 Cycling EMG  

 

EMG RMS and EMG spectral compression did not change between environmental 

conditions, sprint repetitions or muscle group for either PLA or BUP.  
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3.4.7 Biochemical markers  

 

All biochemistry samples in all conditions were increased from baseline and are shown in 

Figure 3.3. For BUP20, NA was significantly higher than PLA20 (P < 0.001) and BUP32 (P < 

0.005) at the end of 30 min fixed intensity cycling (Fig. 3.3A). At the completion of self-

paced exercise NA in BUP20 was higher than PLA20 (P < 0.001) and lower than BUP32 (P < 

0.001). At the end of the 30 min fixed intensity period COR was higher in BUP20 (P < 0.01) 

compared with PLA20 (Fig. 3.3B). The COR response in BUP32 was higher at the end of the 

time trial compared with pre and end of fixed intensity exercise. Blood lactate increased (P < 

0.05) from pre-exercise compared with post exercise for both fixed-intensity and self-paced 

exercise (Fig. 3.3C).  
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Table 3.3. Maximal voluntary contraction (MVC) and voluntary activation (VA) of the forearm flexors (FF) and leg extensors (LE) pre and post 
cycling exercise.  

  MVC (N) VA% 

  PRE POST PRE POST 

BUP20 

 

FF 

 

369±  85 

 

355 ± 90 

 

99.5 ± 5.9 

 

95.8 ± 12.4 

LE 640 ± 208 618 ± 103 88.2 ± 4.9 90.5 ± 11.5 

PLA20 

 

FF 

 

358 ± 102 

 

342 ± 8 

 

97.1 ± 4.6 

 

97.8 ± 3.8 

LE 690 ± 150 600 ± 101 91.5 ± 7.3 89.6 ± 9.2 

BUP32 

 

FF 

 

381 ± 88 

 

354 ± 87 

 

100.0 ± 2.1 

 

100.0 ± 3.8 

LE 743 ± 141 675 ± 112 88.7 ± 6.3 91.8 ± 11.4 

PLA32 

 

FF 

 

349 ± 75.9 

 

347 ± 74 

 

95.0 ± 6.9 

 

95.5 ± 5.8 

LE 691 ± 123 633 ± 128 92.4 ± 8.4 85.4 ± 9.3 

 

BUP20 and PLA20 are bupropion and placebo, respectively in 20°C; BUP32 and PLA32 are bupropion and placebo, respectively in 32°C.
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Table 3.4. Potentiated twitch contractile properties of the forearm flexors (FF) and leg extensors (LE) pre and post cycling exercise. 

  Pf (N) RFD (N.s-1) RR (N.s-1) TPf (ms) ½ RT (ms) CD (ms) 

  PRE POST PRE POST PRE POST PRE POST PRE POST PRE POST 

BUP20 
FF 68 ± 6 69  ± 16 385 ± 

144 
361 ± 
186 -442 ± 67 -420 ± 92 108 ± 42 101 ± 18 80 ± 21 83 ± 16 176 ± 14 184 ± 20 

LE 262 ± 31 202 ± 
31* 

1189 ± 
337 

1042 ± 
278 

-1440 ± 
471 

-1160 ± 
189 100 ± 8 83 ± 20 99 ± 34 80 ± 32 199 ± 38 163 ± 

47* 

PLA20 
FF 74 ± 19 73 ± 13 398 ± 

203 
376 ± 
151 

-422 ± 
127 

-431 ± 
123 106 ± 41 113 ± 42 75 ± 32 75 ± 34 157 ± 67 163 ± 69 

LE 238 ± 77 213 ± 42 1190 ± 
204 

1174 ± 
145 

-1419 ± 
630 

-1307 ± 
525 95 ± 18 89 ± 15 89 ± 14 89 ± 32 184 ± 11 178 ± 33 

BUP32 
FF 71 ± 16 79 ± 22 345 ± 

133 
389 ± 
136 

-414 ± 
145 

-426 ± 
217 86 ± 20 109 ± 53 82 ± 12 84 ± 42 171 ± 24 193 ± 38 

LE 241 ± 57 223 ± 52 1255 ± 
151 

1256 ± 
190 

-1416 ± 
518 

-1455 ± 
660 94 ± 22 86 ± 11 89 ± 17 84 ± 22 183 ± 16 170 ± 17 

PLA32 
FF 68 ± 7 75 ± 21 362 ± 97 372 ± 

136 -358 ± 91 -498 ± 
155* 98 ± 30 103 ± 23 98 ± 17 77 ± 12 196 ± 29 180 ± 21 

LE 262 ± 45 207 ± 92 1249 ± 
170 

1302 ± 
201 

-1690 ± 
501 

-1463 ± 
188 102 ± 10 94 ± 14* 80 ± 14 84 ± 14 182 ± 17 178 ± 23 

*P < 0.05 pre to post exercise. Pf, peak force; RFD, rate of force development; RR, rate of force relaxation; TPf, time to peak force; ½ RT, half 
relaxation time; CD, contraction duration. BUP is bupropion, PLA is placebo, 20 & 32 is 20°C and 32°C ambient temperatures, respectively.



 

 
 

 

 
Figure 3.3. Hormone and lactate responses pre-exercise (Pre-Ex), end of the 30 min fixed 

intensity cycle (Post-30 min) and at the end of the 30 min time trial (Post TT). *P < 0.01 with 

Pre-Ex; #P < 0.01 for PLA20 at Post-30 min and Post TT. aP < 0.01 for BUP20 vs PLA20; bP < 0.01 

for BUP32 Pre-Ex and Post-30 min; cP < 0.05 vs Pre-Ex.  
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3.5 Discussion  

 

The novel finding of this study is that despite no difference in cycling performance, exertion 

and heart rate response to exercise, core temperature only increased during self-paced 

cycling in BUP32. Previous evidence suggests that exercise-induced hyperthermia leads to a 

decrement in exercise performance as physiological limits are approached and a reduction 

in motivation ensues (Brück and Olschewski, 1987; Nielsen et al., 1993). In the present 

study, the Tcore response was elevated in the fixed intensity section of the trials for BUP in 

both ambient temperatures (Fig 1). However, the DA/NE re-uptake inhibitor had no 

significant effect in cooler conditions on Tcore when compared to the PLA in the self-paced 

TT. As far as we are aware this observation, of a continued rise in Tcore during fixed intensity 

exercise in the heat with DA/NE re-uptake inhibitors has not been previously reported. This 

finding suggests that neurotransmission is maintained with the use of DA/NE re-uptake 

inhibitors during exercise-induced hyperthermia so that potential for hyperpyrexia could be 

masked under these conditions.  

 

Interestingly, the mean speeds achieved during the time trial were slower than those 

achieved in the fixed intensity sections (Table 1). However, this is partly explained by the 

almost four-fold increase in peak power during the time trial across all conditions, 

suggesting that subjects likely used the low intensity sections as a recovery period. Although 

the Tcore in the TT did not reach values normally associated with exercise termination, our TT 

protocol may have been too short (30 min) to allow the development of higher Tcore. 

Nevertheless, the distances achieved in the warm self-paced TT (~ 13.1 km) were very 

comparable to those achieved (12.7 – 13 km) in the moderate environment. At a minimum, 
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these data indicate that subjects achieved significantly higher temperatures for the same 

amount of work achieved in the PLA condition in 32°C. This finding also gives weight to the 

proposition that maintaining dopamine could alter the heat loss mechanisms through direct 

action on the pre-optic area of the anterior hypothalamus (Hasegawa et al., 2000). Further 

to this, the use of DA/NE re-uptake inhibitor reduced the Tcore during the cooler condition 

only after the fixed intensity bout was completed (see Fig 1). Although surprising, this 

finding does suggest that thermoregulatory responses during fixed intensity versus time trial 

conditions are perhaps adjusted relative to the protocol requirements (Marino, 2012; 

Tatterson et al., 2000). 

 

Previous studies evaluating the effects of DA/NE re-uptake inhibitors on exercise 

performance have produced inconsistent findings. For example, 90 min of cycling at 65% 

Wmax did not result in performance improvement compared with a placebo even when BUP 

increased beta endorphins, COR and adrenocorticotropin (ACTH) (Piacentini et al., 2004). 

Conversely, the same group of researchers found that DA/NE re-uptake inhibitors of similar 

dosage to the present study did indeed improve TT performance in the heat but not in 

cooler conditions (Watson et al., 2005).  However, the notable finding from that study was 

that TT performance was improved by ~ 3.4 min with BUP over the PLA in the heat but this 

effect was not apparent in the temperate conditions.  That is, BUP and PLA in the temperate 

conditions resulted in identical TT performance. The authors suggested that this difference 

between DA/NE re-uptake inhibitor effect in warm versus temperate conditions is perhaps 

related to nutritional and pharmacological interaction of the catecholaminergic 

neurotransmitters. The discrepancy between the heat and cooler conditions in TT 

performance where better relative performances are observed in the heat can possibly be 
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explained to some degree by the normal training effect on DA as a mediator for increased 

motivation (Foley and Fleshner, 2008). This suggests that the outcome of habitual physical 

activity is the alteration of the dopaminergic system whereby fatigue may be delayed by 

prolonging the increased DA in these central pathways. 

 

As previously shown, exercise will induce elevations in NE (Greiwe et al., 1999; Peronnet et 

al., 1981; Powers et al., 1981). In the present study NE increased significantly from pre-

exercise values to the end of fixed intensity exercise in all conditions (Fig. 3A). As suggested 

previously (Greiwe et al., 1999), NE response is likely dependent on the absolute and 

relative exercise intensity in both trained and untrained subjects. Their findings indicate that 

the magnitude of the increase in NE can be between 700 – 1200 pg/ml at 60 – 70% of 

VO2max. Our data are within this range with NE at the end of fixed intensity exercise reaching 

similar values across all conditions. However, by the end of the TT, NE continued to increase 

in BUP32 whilst it remained elevated but unchanged for BUP20 and PLA32 from the end of 

fixed intensity exercise. These data confirm that bupropion had a direct and additive effect 

on the NE response. That is, in the cooler condition (BUP20) NE remained elevated and 

similar to PLA in the warm condition, whereas NE continued to rise in BUP32 (Fig. 3). We can 

only conclude that a DA/NE re-uptake inhibitor does not interact to the same degree when 

ambient temperature or heat stress is not sufficient to invoke a natural rise in NE which 

would augment motivation to continue exercising. However, a further consideration is the 

apparent effect that NE re-uptake inhibitor alone might have on time to fatigue (Klass et al., 

2012; Roelands et al., 2008a). Previous work demonstrates that reboxetine, a NE re-uptake 

inhibitor, reduces the target work to be completed by up to 20% in the heat and 10% in 

cooler conditions (Roelands et al., 2008a). This might partly explain why we did not observe 
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a difference in our TT performance since any effect of NE re-uptake inhibitor might have 

been balanced by the combined effect of bupropion as a DA/NE re-uptake inhibitor.  

 

As a neurotransmitter, NE has many functions including producing the ‘fight or flight’ 

reaction to stress (Lundy-Ekman, 2007)(p. 506 – 507). Centrally, NE is predominantly 

secreted from the cluster of neurons in the locus Coeruleus located in the pons (Rang et al., 

2007). It is thought that mood and state of arousal is altered with secretion of NE so that 

elevated levels could lead to heightened motivation. In the present study the relative 

increase in NE in BUP32 suggests that the drug acted as a re-uptake inhibitor which partly 

explains the maintenance of effort whilst Tcore continued to rise above that observed in the 

other conditions. One would normally expect a reduction in power as Tcore increases; 

however, this was not the case. In fact, the RPE response in the heat with BUP was similar to 

the PLA even though subjects were relatively hotter with the drug (Fig. 1 & Table 2). This 

suggests that motivation was at least maintained whilst Tcore was still rising. Evidently, 

during the low intensity efforts, RPE was similar across conditions but increased significantly 

(55 – 77%) during the sprints, suggestive of an increased effort (Table 2). This was also 

reflected in the HR which increased from ~ 150 – 170 beats/min. However, since the 

participants were only recreationally trained, both RPE and HR remained well below 

maximal level.  It is likely that this reserve represents an immature pacing strategy or at 

least a less than optimal ability to judge the requirements of the task. 

We hypothesized that by maintaining central neurotransmission by administration of DA/NE 

re-uptake inhibitors, an improvement in performance would ensue in the heat as a 

consequence of sustained efferent drive, motivation and arousal (Klass et al., 2012; 
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Roelands et al., 2008b). Our neuromuscular data suggests that MVC and VA were unaffected 

by the administration of DA/NE re-uptake inhibitors. Across both environmental conditions 

in drug and PLA treatments, these measures remained relatively unaltered from pre to post 

exercise for the musculature involved (leg extensors) in the cycling exercise and for those 

uninvolved (forearm flexors). Interestingly, in a previous study where DA/NE re-uptake 

inhibitors were administered as separate drugs (Klass et al., 2012), MVC was significantly 

reduced from pre-exercise in each of DA, NE and PLA conditions. However, these authors 

found that voluntary activation alone was reduced up to 10 min post exercise with the NE 

re-uptake inhibitor suggesting that NA is likely an important neurotransmitter in the 

modulation of central fatigue. In fact, in a subsequent study, these authors found that NE 

re-uptake inhibitor reduced the time to task failure of submaximal isometric contractions of 

the knee extensors by 15.6% (Klass et al., 2016). Furthermore, it was shown that MVC 

torque was reduced at a greater rate leading to the conclusion that NE re-uptake inhibitor 

potentially leads to central/supraspinal impairment.  Conversely, the authors also suggested 

that DA re-uptake inhibitors are unlikely to have any additional effect over PLA in 

modulating fatigue (Klass et al., 2012). 

 

In the present study COR response increased immediately post the fixed-intensity trial for 

BUP compared with PLA in the temperate condition (Fig. 3B). Similarly, COR also increased 

for BUP in hot conditions immediately following the TT (Fig 3B). Notably, COR also increased 

by the end of the TT in the warm PLA condition, suggesting that BUP administered in either 

condition will induce a higher COR response and that high ambient temperature alone can 

have a similar effect on COR. Interestingly, BUP administration in the heat did not augment 

the COR beyond that achieved in the heat without the DA/NE re-uptake inhibitor. Although 
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others (Watson et al., 2005) did not show an elevated COR response relative to the ambient 

temperature, our findings are almost identical to those of Bremer et al. (1997) (Brenner et 

al., 1997) who found heat exposure with exercise to increase COR whilst passive heating 

alone did not. These authors suggest that COR is elevated with additional increases in body 

temperature whereby a further requirement of gluconeogenesis is required under such 

conditions. In the present study the COR response increased significantly by the end of the 

time trial in the heat whether or not BUP was administered. The fact that COR did not 

increase in the temperate condition by the end of the TT in PLA, indicates that that DA/NE 

reuptake inhibitors induce a higher stress response similar to what is achieved in the heat 

without the drug. The mechanism by which this might occur is unknown but is likely related 

to the increased motivation for physical exertion. 

 

The twitch contractile properties as given in Table 4 show reductions in each of the 

measurements across conditions; however, the only significant reduction from pre to post 

exercise was observed in BUP20. This is a curious result as previous work suggested there 

would likely be reductions in neuromuscular performance due to the normal progress of 

central and peripheral fatigue under these exercise conditions (Klass et al., 2012; Saboisky et 

al., 2003). The discrepancy in our twitch contractile data can be partly explained by the 

action of bupropion based on its specific action on nicotinic acetylcholine receptors 

(nAChR). That is, bupropion has been shown to be a functional inhibitor of nAChRs in muscle 

and ganglia (Fryer and Lukas, 1999) so that this drug also acts peripherally (skeletal muscle) 

and centrally. Here we show that twitch contractile properties are essentially slowed in the 

presence of bupropion but only when coupled with the cooler ambient temperatures and 

when Tcore remains comparably lower than in warmer conditions. As shown by Arias et al. 
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(2009), the interaction of bupropion with muscle-type nAChRs is mediated by an entropy-

driven process and thus likely to be influenced by the prevailing thermal conditions 

(Savarese et al., 2000). Given that Tcore continued to rise in the warm ambient condition 

(BUP32) with Tskin significantly elevated compared to moderate (BUP20) conditions, we 

suggest that the drug had a selective and localized effect and acted as a nAChR inhibitor. 

Furthermore, either in opposition or simultaneously the elevated body temperature may 

have negated any potential action by bupropion on nAChR given that skeletal muscle 

excitation, contraction-coupling is typically enhanced when local temperature is increased 

(Sargeant, 1987). 

 

In conclusion, our findings show that DA/NE re-uptake inhibitor influenced 

thermoregulation but not exercise performance in either warm or moderate conditions. 

Although our findings support previous reports that DA/NE re-uptake inhibitors are likely to 

act centrally to override the inhibitory signals for the cessation of exercise, we also show 

that these drugs could act peripherally to reduce the twitch characteristics of skeletal 

muscle. This latter finding could partly explain why previous studies do not report 

improvements in performance in cool to moderate ambient conditions. 
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CHAPTER FOUR: STUDY TWO 
 

 

ORAL CONTRACEPTIVES, SELF-PACED EXERCISE AND THERMOREGULATION IN HEALTHY, 

YOUNG WOMEN 
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4.1 Abstract 
The purpose of this study was to investigate the effect of monophasic oral contraceptive 

(OC) use on self-paced cycling performance, thermoregulation and muscle strength and 

contractile properties in healthy women. Eight physically active women performed 30 min 

fixed-intensity cycling at 50%Wmax, followed by 30 min of self-paced time trial (TT) with each 

section interspersed with a 30 s maximal sprint at 9, 19 and 29 min, on three different days 

in a one-month cycle. Test days were randomised according to where the participant was in 

here pill cycle and were: the first day of withdrawal bleeding (20°C, CON), 8th day of OC 

(20°C, COOL) and 18th day of OC (32°C, WARM). Core and skin temperature, heart rate and 

perceptual responses, neuromuscular and hormonal measures were measured at multiple 

times throughout the trials and post-exercise. Time trial performance remained unchanged 

across conditions (10.9 – 11.1 km) although core temperature was elevated in WARM in the 

final 15 min of self-paced exercise, reaching 38.5°C (P < 0.05).  Cortisol concentration was 

not significantly increased from pre-exercise values in all conditions, while lactate was 

elevated in all conditions (P < 0.05). Neuromuscular responses were similar among 

conditions although peak force was significantly reduced from pre- (439 ± 95 and 429 ± 121 

N) to post-exercise (345 ± 91 and 361 ± 94 N) for CON and WARM, respectively (P < 0.05). 

Accompanying the decline in force was a blunted contraction duration (~14%; P < 0.05) in all 

conditions and a slowing of time to peak force (~17%, P < 0.05) in CON and WARM. We 

conclude that OC use does not affect cycling performance of self-paced exercise in either 

warm or moderate ambient conditions, even though core temperature was higher at the 

completion of exercise in warm compared to cooler conditions. We also conclude that OC 

use does not detrimentally alter neuromuscular performance in differing ambient 

conditions.  
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4.2 Introduction 
 

In study 1, we established that a DA/NA reuptake inhibitor influences thermoregulation but 

not performance in males. However, hormonal manipulation of a similar kind is difficult to 

establish in women due to the menstrual cycle and the regularity of oral contraceptive pill 

use.  

As such, it is critical to initially establish the effect of regular OC use on exercise 

performance in the heat, prior to manipulating the dopamine/noradrenaline uptake in 

women. Without establishing these interactions, OC use would be a confounding factor in 

the manipulation of hormonal interaction in the heat. Therefore, in this study we undertook 

to establish the effect of OC on self-paced exercise in the heat in women.   

 

Throughout the menstrual cycle, fluctuations in the female sex hormones, oestrogen and 

progesterone are associated with changes in exercise performance (Moran et al 1999), 

tolerance to exercise-heat stress (Kaciuba-Uscilko & Grucza, 2001) and muscle strength 

(Bennell et al., 1999). During the luteal phase of the menstrual cycle, basal body 

temperature is elevated and thought to be associated with increased levels of progesterone 

concentration (Hessemer & Brück, 1985; Carpenter & Nunneley, 1988). Although the direct 

mechanism for the elevated basal body temperature is still unknown, it is suggested that 

progesterone acts directly on temperature sensitive neurones in the preoptic area 

(Nakayama et al., 1975), altering the thermoregulatory set-point either up or down 

depending on the hormonal concentration (Janse de Jonge, et al, 2012). As the 

thermoregulatory set point during the luteal phase is elevated, it is thought that exercise 

could be hampered especially during elevated ambient temperatures given that exercise 

duration has been shown to be  dependent on ambient temperature (Galloway & Maughan, 
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1997). If this is indeed the case, then certain interventions such as pre-cooling could go a 

long way to ameliorating the higher set-point during the luteal phase of the menstrual cycle 

(Booth, Marino & Ward, 1997; Duffield, Green, Castle & Maxwell, 2010; Janse de Jonge, et 

al, 2012; Tenaglia, et al, 1999). 

 

Despite much work being done in the area of menstrual phase and OC research, the findings 

are limited and conflicting due to the varied methodologies employed. Key studies have 

addressed exercise in the heat for eumenorrheic women cycling at submaximal workloads 

before an incremental exercise test to fatigue (Janse de Jonge, et al, 2012); steady state 

exercise (~60% VO2max) has found that OC alters Tcore and HR similar to that seen when 

comparing the follicular to luteal phase (Martin & Buono, 1997); steady state exercise (~50% 

VO2max) in temperate environment resulted in no change in OC, making the 

thermoregulatory changes to exercise more uniform across the menstrual cycle (Grucza, et 

al, 1993); passive heating has been shown to elicit similar changes in OC users in terms of 

onset of cutaneous vasodilation, suggesting that female steroids act as causative agents in 

thermoregulatory shifts (Charkoudian & Johnson, 1997) and finally, in well-trained 

eumenorrheic women, self-paced exercise was not affected by cycle phase, but was 

impaired by ambient temperature (Lei, et al, 2017). 

 

However, as far as we are aware only one study has evaluated the effect of the menstrual 

cycle on time to exhaustion in the heat (40°C , 30% relative humidity) (Tenaglia et al., 1999). 

These authors found that when women exercised during the follicular phase of the 

menstrual cycle, exercise time was longer compared the luteal phase; but terminal rectal 

temperatures were similar for both. Importantly, when comparing these women based on 
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oral contraceptive (OC) use, menstrual phase had no effect on exercise time to exhaustion. 

Unfortunately, the exercise modality in this study was light, intermittent walking at 4 km/h, 

and it is difficult to conclude whether long duration or high intensity exercise is 

compromised due to altered thermoregulation during either the different phases of the 

menstrual cycle or with the use of OC. To date no studies have compared the effect of OC 

use on exercise performance across ambient conditions.  

 

In addition to altered thermoregulatory function, comparisons of OC users and non-users 

have typically found no differences in muscle strength. However, fluctuations in muscle 

strength have been noted across the menstrual cycle and appear to be related to changes in 

oestradiol levels (Sarwar et al., 1996). Augmented muscle strength has been reported in the 

follicular phase corresponding to increases in oestradiol before ovulation, whereas strength 

was shown to decrease in the luteal phase which may be due to the detrimental effect of 

increased deep muscle temperature (Sarwar et al., 1996). Notably, OC use has been 

associated with the elimination of fluctuations in muscle strength (Elliott et al., 2005).  

 

The 28 day combined monophasic OC cycle consists of seven days of sugar pills and 21 days 

of constant hormone (synthetic oestrogen and progesterone) concentration (Miller & 

Notter, 2001; Sherif, 1999). In a female with a natural cycle, there are fluctuations in both 

follicle stimulating hormone (FSH) and luteinising hormone (LH) released from the anterior 

pituitary gland as well as in oestrogen and progesterone released from the ovaries (Driver et 

al., 1996; Baker & Driver, 2007). The levels of synthetic hormone in the active pills prevent 

events of the natural ovarian and uterine cycles, including follicle maturation, ovulation, LH 

surge, increase in core body temperature and FSH dip from occurring (Halbrecht, 1945; 
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Marshall, 1963; Sherif, 1999; Huber et al., 2000), thus eliminating hormone fluctuations 

across the 28 days. OC suppress endogenous production of oestrogen and progesterone to 

maintain low, steady levels of hormones, preventing ovulation through the inhibition of 

GnRH from the hypothalamus and LH and FSH from the anterior pituitary and preventing 

the increase in progesterone levels evident in the natural LP (Rechichi and Dawson, 2009). 

Increased serum progesterone is associated with the increase in Tcore observed during the LP 

(Janse de Jonge et al, 2012). Since OC stabilise serum oestrogen and progesterone levels 

(Sarwar, et al, 1996), they may allow for consistency of body temperature throughout the 

menstrual cycle and facilitate the ability to exercise consistently throughout the cycle.  

 

In terms of measuring neuromuscular fatigue, this study measures both muscle activity and 

voluntary activation of knee extensors (exercised muscles) and forearm flexors (non-

exercised muscles). Fatigue can be central (occurring at the brain or spinal cord) or 

peripheral (occurring at the level of the muscle) in origin. If fatigue is central in origin, post-

exercise measures of both knee extensors and forearm flexors would be expected to 

decrease, whereas if the fatigue is occurring on the peripheral level, the forearm flexor 

activity will remain consistent from pre- to post-exercise.  

 

It remains to be determined whether the combined effects of heat stress with and without 

OC alters exercise performance and muscular strength. To this end, the present study 

examined the effect of OC use at corresponding time points to match the menstrual cycle on 

self-paced exercise performance in the heat. A further aim was to evaluate these combined 

effects on neuromuscular performance. 
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In order to control for any changes in female reproductive hormones throughout the testing 

period, the women were tested while in the ‘active’ pill phase, meaning that they received 

the same amount of synthetic oestrogen and progesterone derivatives each day. These 

testing sessions were conducted on: 

1. The eighth day of hormone pills with exercise in 20°C (FCOOL) and  

2. The eighteenth day of hormone pills with exercise in 32°C (FWARM).” 

 

We hypothesise that monophasic OC users will produce consistent cycling and 

neuromuscular performance in both active and inactive pill tests, irrespective of 

environmental condition. Further, we hypothesise that the thermoregulatory response to 

exercise will be magnified in the warm OC trial compared to the cool OC trial.    

 

  



 

144 
 

4.3 Methods 

4.3.1 Participants 
 

Eight healthy, physically active females (mean ± SD; age 20.9 ± 2.9 yr; mass 67.9 ± 12.4 kg; 

height 1.63 ± 0.06 m; peak oxygen consumption (VO2peak) 2.3 ± 0.42 l/min) gave written 

informed consent to participate in the study approved by the Ethics in Human Research 

Committee of the university. Participants were non-smokers, physically active for at least an 

hour, three times per week, unaccustomed to exercising in the heat, not carrying any type 

of knee or shoulder injury and taking a monophasic oral contraceptive pill (OC) for at least 6 

months prior to exercise testing. The environmental condition was assigned according to OC 

phase, so that each participant was tested twice in the ‘active pill’ phase and once in the 

placebo or withdrawal phase.  

Table 4.1 – Physical Activity of Participants 

 P 1 P 2 P 3 P 4 P 5 P6 P 7 P 8 

BMX racing and 

training 

 

X 

       

Netball   X    x x  

Soccer (football)     x    

Running  X       

Gym instruction   X      

Gym participant X   x  x x x 
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4.3.2 Experimental design and procedures 
 

All participants in this study were taking a low dose, monophasic OC pill for a minimum of 

six months prior to testing (Levlen 28; 30 µg ethinyloestradiol and 150 mg levonorgestrel 

and Brenda-35 ED; 35 µg ethinyloestradiol and 2 mg cyproterone acetate). Monophasic OC 

users are able to mask the natural menstrual cycle due to the action of the ‘active’ 

hormones (Sunderland and Nevill, 2003). Therefore, testing was carried out twice during the 

synthetic pill phase (day 8 and 18 of hormone pills) and once during the placebo (sugar pill) 

administration (first day of withdrawal bleeding, day 1 of the ‘cycle’). The ‘active’ hormone 

testing days were selected to correspond with the timing of the mid-luteal and mid-follicular 

phases of the normal menstrual cycle, when the usual fluctuations of oestradiol and 

progesterone occur, however with OC administration, these hormone concentrations 

remain fairly constant for most of the 21 ‘active’ pill days (Sarwar, et al, 1996). The test 

performed during placebo administration was selected to represent a control sample, 

where levels of oestradiol and progesterone are low, providing stimulus for uterine 

shedding, and to compare all other test results. Participants were required to report to the 

laboratory on four separate occasions at the same time of day to minimise diurnal 

variations. The first visit was a familiarisation session to obtain a baseline measure of V
.

O2peak, and for the familiarisation with the cycling equipment, electromyography (EMG) and 

muscle activation procedures to be used during testing. The remaining laboratory tests, 

separated by 7 – 10 days, were randomised according to where the participant was in her 

pill cycle and identical in nature. Tests were conducted at three different times during a one 

month pill cycle as follows: 
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1. The first day of withdrawal bleeding (day 1 of cycle) with exercise in 20°C (CON), 

corresponding to the menstrual phase,  

2. The eighth day of hormone pills (approx. day 10-11 of cycle) with exercise in 20°C (COOL), 

corresponding to the mid-follicular phase and  

3. The eighteenth day of hormone pills (approx. day 20-21 of cycle) with exercise in 32°C 

(WARM), corresponding to the mid-luteal phase. 

 

Therefore, 2 v 3 allows for a cross-over comparison of thermoneutral vs warm conditions on 

the assumption that hormone concentrations is similar (Sarwar, et al, 1996).  

 

Procedures describing participant requirements surrounding exercise, caffeine and food 

records prior to testing, as well as the testing protocol have been previously described in 

section 3.3.2.  

 

4.3.3 Peak oxygen uptake test 
 

The VO2peak test procedure has been described previously in section 3.3.4.   

 

4.3.4 Cycling Trials 
 

Cycle testing procedures have been described earlier in section 3.3.5.   

 

4.3.5 Blood sampling and analysis 
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The basic blood sampling procedure is described in section 3.3.10. After drawing off the 

sodium chloride into a 3 mL syringe (Becton Dickinson, Singapore), blood samples were 

divided into pre-cooled K3EDTA tubes for determination of oestradiol (E2), progesterone 

(PRG), and cortisol (COR) (Vacutainer, S-Monovette, Sarstedt, Germany). The tubes were 

inverted six times and centrifuged immediately at 4500 rpm in a refrigerated centrifuge for 

10 min. Separated plasma was placed into 1 mL aliquots and frozen at -80°C until further 

analysis of E2, PRG and COR.  

 

4.3.5.1 Hormone Analysis 

 

Before analysis the serum was thawed to room temperature and mixed gently via inversion. 

Plasma E2, PRG and COR concentrations were determined by a solid-phase two-site 

chemiluminescent immunometric assay with detection limits of 25 pg.ml-1, 0.2 ng.ml-1 and 

5.5 nmol.l-1, respectively (Immulite 2000, Diagnostic Products Corporation, Los Angeles, 

USA). Intra-assay reliability was calculated as SD/mean*100. For COR, intra-assay reliability 

was calculated to be 32.42%.To avoid inter-assay variations, all samples for each participant 

were assayed in the same assay run. Serum hormone concentrations were not corrected for 

plasma volume shifts (Bird, Tarpenning and Marino, 2006), thus all statistical analyses were 

performed on hormone values based on actual measured circulating concentrations.  

4.3.6 Body temperature 

 

Core and skin temperature measurements have previously been described in section 3.3.6. 
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4.3.7 Perceptual measures 

 

Rating of perceived exertion and thermal sensation measures are described in section 3.3.7. 

 

4.3.8 Heart rate 

 

The procedure for continuous monitoring of heart rate during cycling exercise is described 

in section 3.3.8. 

 

4.3.9 Neuromuscular measurements 

 

4.3.9.1 Preparation 

 

The setup for voluntary activation measures and preparation for EMG electrode sites has 

been described earlier in sections 3.3.9 and 3.3.9.1. 

 

4.3.9.2 Muscle activation  

 

Muscle activation procedures are described earlier in the thesis, in section 3.3.9.1. 

 

4.3.9.3 Surface Electromyography 

 

Surface EMG procedures are outlined earlier in the thesis, in section 3.3.9.3. 
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4.3.9.4 Isometric and superimposed MVCs and potentiated twitch contractions 

 

Isometric and superimposed MVC and potentiated twitch contraction procedures are 

outlined in section 3.3.9.2. 

 

4.3.10 Data Processing 

All data processing procedures are outlined in section 3.3.9.3 

 

4.3.11 Statistical Analyses 
 

A priori  power calculations were conducted using G*Power (G*Power 3.1.2, Franz Faul, 

Germany), which indicated 8 participants were needed. Repeated measures ANOVAs, 

performed separately for fixed-intensity and time trial cycling, were used to determine 

differences between environmental and OC conditions in cycling performance, 

neuromuscular properties or biochemical markers. When interactions or main effects 

achieved statistical significance, Tukey’s HSD post hoc test was used to identify differences 

between means. Statistical significance was set at P<0.05. Data are reported as mean ± SD. 

Finally, to confirm lack of significance, we calculated effect sizes (Cohen’s d) using the 

equation: Cohen’s d = (M2 – M1) / SDpooled, where SDpooled = √((SD12 + SD22) / 2) 

(http://www.socscistatistics.com/effectsize/Default3.aspx; Batterham & Hopkins, 2006). 
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4.4 Results 

4.4.1 Cycling performance 
 

Table 4.1 provides the various parameters measured during both fixed-intensity and self-

paced trials for each condition. 

 

Fixed intensity 

 

There were no significant differences in distance cycled (d = 0.13, 0.2 and 0.04 for CON v COOL, CON 

v WARM and COOL v WARM, respectively), mean cadence (d = 0.2, 0.1 and 0.1) or speed (d = 0.1, 0.2 

and 0.03) between conditions (P > 0.05). 

However, maximum cadence (P < 0.05, d = 4.79, 3.6 and 4.3 for CON v COOL, CON v WARM and 

COOL v WARM, respectively) and speed (P < 0.05, d = 6.4, 4.8 and 4.3) during the sprints were 

significantly higher than mean values across all conditions.  

Self-paced 

 

There were no significant differences in distance cycled (d = 0.23, 0.17 and 0.07 for CON v COOL, 

CON v WARM and COOL v WARM, respectively), mean cadence (d = 0.06, 0.06 and 0.06), power 

output (d = 0.1, 0.07 and 0.2) and speed (d = 0.4, 0.4 and 0.1) or maximum cadence (d = 0.1, 0.07 

and 0.06), power output (d = 0.1, 0.03 and 0.2) and speed (d = 0.6, 0.6 and 1.2) between 

environmental or contraceptive phase (P > 0.05). However, maximal cadence (d = 6.13, 3.6 and 4.4), 

power output (d = 3.8, 3.2 and 5.0) and speed (d = 4.2, 4.3 and 3.8) during the sprints were all 

significantly higher than mean values across all conditions (P < 0.05). 
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Table 4.1 Fixed-intensity and self-paced cycling performance measures  

 Fixed intensity Time trial 

 CON 

(20°C) 

COOL 

(20°C) 

WARM 

(32°C) 

CON 

(20°C) 

COOL 

(20°C) 

WARM 

(32°C) 

Total distance (km) 15.3 ± 2.2 15.7 ± 3.7 15.9 ± 3.1 11.1 ± 1.1 10.8 ± 1.2 10.9 ± 1.1 

Mean power output (W) 116.0 ± 19.6 116.0 ± 19.6 116.0 ± 19.6 127.4 ± 12.3 125.8 ± 15.5 128.4 ± 15.0 

Peak power output  

sprints (W) 
116.0 ± 19.6 116.0 ± 19.6 116.0 ± 19.6 362.5 ± 85.7# 349.9 ± 97.4# 364.9 ± 65.1# 

Mean speed (km.h-1) 30.1 ± 4.5 
30.9 ± 7.2 31.1 ± 6.0 22.0 ± 2.0 21.2 ± 2.4 21.4 ± 1.9 

Max speed  

sprints (km.h-1) 
57.6 ± 4.0* 57.7 ± 3.4* 57.8 ± 6.0* 

37.0 ± 4.6*§ 34.2 ± 3.5* 40.9 ± 7.0*§ 

Mean cadence (rpm) 75.0 ± 11.2 71.0 ± 11.1 71.0 ± 10.9 69.0 ± 8.2 70.0 ± 8.9 67.0 ± 12.6 

Max cadence  

sprints (rpm) 
132.0 ± 11.9* 124.0 ± 6.0* 130.0 ± 12.6* 115.0 ± 6.6* 110.0 ± 11.5* 116.0 ± 7.8* 

*P < 0.05 significant increases in speed and cadence from mean to maximum during intermittent sprints within both trials for all conditions. #P 

< 0.05 significant increase in speed during sprints co mpared to mean in self-paced cycling within a ll conditions. §P < 0.05 significant increase 

in maximum speed in self-paced cycling in CON and WARM, compared to COOL with the self-paced trials.   
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4.4.2 Thermoregulatory responses 

4.4.2.1 Core temperature 
 

The Tcore response for both fixed intensity and self-paced trials is shown in Figure 4.1. For this 

study there was a statistically significant interaction between exercise mode (fixed-intensity versus 

time trial) and ambient temperature.  

Fixed intensity 
 

During fixed intensity cycling exercise, Tcore increased significantly from baseline (P < 0.05, d = 2.9, 4.6 

and 2.4 for CON, COOL and WARM, respectively). COOL condition cycling was significantly higher 

than CON at the end of 30 min of fixed intensity cycling (P < 0.05, d = 0.9). 

 

Self-paced 
 

Following the commencement of self-paced cycling, Tcore continued to rise significantly on in WARM, 

reaching approximately 38.5°C (P < 0.01, d = 1.5) and in CON and COOL, reaching values of ~38.2°C, 

~38.4°C, respectively (P < 0.05, d = 3.7 for CON and 1.1 for COOL). In the final 15 min of cycling 

exercise, Tcore was significantly higher in WARM than in CON (P < 0.05, d = 1.2).  

 

4.4.2.2 Skin temperature 
 

The Tskin response increased significantly at all time points (P < 0.05, d = 4.9) in WARM, and was 

significantly higher (P < 0.05, d = 6.5) compared with CON and COOL. There was no significant 

difference between Tskin in the same ambient temperatures (P > 0.05, d = 0.1) at the completion of 

cycling exercise. 
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Figure 4.1 Core temperature response during fixed-intensity (0 - 30 min) and self-paced time 

trial performance (35 - 65 min). Conditions: CON and COOL are 20°C and WARM is 32°C 

ambient temperatures, respectively. *P < 0.05 significant increases from baseline values in all 

conditions, #P < 0.05 significant differences between CON and WARM. ^P < 0.05 significant 

increase from the commencement of self-paced cycling in all conditions.  
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4.4.3 Heart rate 
 

Figure 4.2 shows the mean HR responses from each of the fixed intensity and self-paced 

exercise periods.  

Heart rate was significantly increased from pre-exercise (~ 88 beats/min) in all conditions and 

exercise periods (P < 0.05, d = 8.2, 6.7 and 11.2 for CON, COOL and WARM, respectively, from pre- to 

post-exercise). The HR was predictably higher during sprints in both sections of the trial. During the 

fixed intensity sprints HR typically reached ~ 174 beats/min in all trial conditions. These values were 

slightly higher during the self-paced exercise period (~178 beats/min for moderate and ~181 

beats/min for hot ambient conditions, respectively) but were not statistically different (d = 0.3). 

Following each of the sprints HR was reduced to ~ 147 beats/min across the fixed intensity period. 

HR following the sprints during self-paced efforts were significantly lower in the moderate trials 

(~153 beats/min) compared with the hot trial (~166 beats/min; P < 0.05, d = 0.1 and 0.3 for CON v 

WARM and COOL v WARM, respectively).  

 

4.4.4 Rating of perceived exertion 
 

Table 4.2 includes the mean RPE responses from each of the fixed-intensity and self-paced 

exercise periods. As no statistically significant differences were detected among conditions 

only the means for sprints and low intensity efforts have been included for clarity. The RPE 

during the sprints increased significantly (P < 0.05, d = 1.06, 1.05 and 1.07 for CON, COOL 

and WARM, respectively) from the start of exercise to reach values of ~ 5 then decreasing to 

~ 3 during the low intensity efforts in the fixed intensity trial in both ambient conditions. In 

self-paced cycling periods, the RPE during the sprints increased significantly (P < 0.05, d = 

1.1, 1.1 and 0.8 for CON, COOL and WARM, respectively). Further, during time trial cycling, 

RPE in the WARM condition was significantly higher than CON during both low and high 
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intensity efforts (P < 0.05, d = 0.9). 

 

4.4.5 Thermal sensation 
 

Thermal sensation was significantly increased from pre-exercise compared with all time points (P < 

0.05, d = 3.3, 2.7 and 2.4 for CON, COOL and WARM, respectively) in all testing conditions, for both 

fixed-intensity and self-paced cycling. Further, thermal sensation was higher in 32°C compared to 

20°C (P < 0.05, d = 2.2 v CON and 1.7 v COOL pre-exercise and 1.6 v CON and 1.4 v COOL post-

exercise) at all time points, for both fixed-intensity and self-paced cycling, however there were no 

differences in the 20°C cycling bouts (d = 0.3 and 0.1 for pre- and post-exercise, respectively).  

 

4.4.6 Neuromuscular responses 
 

4.4.6.1 Maximal voluntary activation and isometric contractions 
 

In all conditions, post-exercise MVC was maintained for forearm flexors (P < 0.05, d = 0.4, 0.1 and 0.1 

for CON, COOL and WARM, respectively) and decreased for the leg extensors compared to the pre-

exercise MVC (Table 4.3). The decrease post-exercise was significant for CON and WARM (P < 0.05, d 

= 1.0, 0.3 and 0.6 for CON, COOL and WARM, respectively). There were no significant differences in 

VA% of the forearm flexors or the knee extensors during pre- (d = 0.2, 0.04 and 0.1 for FF and 0.07, 

0.08 and 0.006 for LE in CON, COOL and WARM, respectively) and post-exercise MVC (d = 0.6, 0.2 

and 0.2 for FF and 0.4, 0.1 and 0.2 for LE in CON, COOL and WARM, respectively) among conditions. 

4.4.6.2 Potentiated evoked twitch contractile properties 
 

There were no significant differences in the contractile properties of the forearm flexors (P > 0.05). 

Table 4.4 includes mean data for potentiated twitch contractile properties for the leg extensors. The 

contractile properties for leg extensors resulted in significant decreases post-exercise for TPf in CON 
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and WARM only (P < 0.05, d = 1.6, 0.9 and 1.5 for CON, COOL and WARM, respectively) and CD in all 

conditions compared with pre-exercise (P < 0.05, d = 1.4, 1.3 and 1.8 for CON, COOL and WARM, 

respectively). 
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Figure 4.2 Heart rate responses during low intensity efforts (A) and sprints (B) over the 

entire trial. CON and COOL are 20°C and WARM is 32°C ambient temperatures, respectively. 

*P < 0.05 significant difference between low intensity and sprints. HR during exercise was 

significantly higher than 0 min. #P < 0.05 significant difference between low intensity HR for 

COOL v WARM.  
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Table 4.2 Rating of perceived exertion (RPE) during the low intensity effort and sprints in fixed intensity and self-paced trials 

  
Intensity 

 

 
CON  

(20°C) 
 

 
COOL 
(20°C) 

 

 
WARM 
(32°C) 

 

Fixed-intensity 

 
Low 
RPE 

 

3.5 ± 1.6 3.7 ± 1.3 3.6 ± 1.6 

 
Sprints 

RPE 
 

5.2 ± 1.6* 5.3 ± 1.7* 5.6 ± 2.1* 

Self-paced 

 
Low 
RPE 

 

5.3 ± 1.8 5.7 ± 1.6 6.7 ± 1.8§ 

 
Sprints 

RPE 
 

7.1 ± 1.4* 7.3 ± 1.2* 8.1 ± 1.5*§ 

 
*P < 0.05 significant increase in RPE from low to high intensity efforts within all trials and conditions.  §P < 0.05 higher RPE in both low and high 

intensity efforts compared with CON. 
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Table 4.3 Maximal voluntary contraction (MVC) and voluntary activation (VA) of the forearm flexors (FF) and leg extensors (LE) pre and post 
cycling exercise. 

  MVC (N) VA% 

  PRE POST PRE POST 

CON 
(20°C) 

 
FF 

 

 
160.1 ± 33.0 

 

 
145.9 ± 30.5 

 

 

100.9 ± 1.7 

102.3 ± 2.8 

 

LE 
 

438.9 ± 95.0 
 

345.4 ± 91.2* 
 

85.9 ± 11.8 87.9 ± 8.2 

COOL 
(20°C) 

 
FF 

 

 
166.1 ± 32.7 

 

 
162.6 ± 23.8 

 

101.0 ± 3.1 103.0 ± 4.4 

LE 
 

430.2 ± 130.5 
 

387.0 ± 112.4 
 

82.9 ± 15.8 81.6 ± 9.9 

WARM 
(32°C) 

 
FF 

 

 
161.5 ± 34.6 

 

 
155.8 ± 42.4 

 

100.1 ± 2.8 100.8 ± 1.9 

LE 
  

429.4 ± 121.1 
 

360.6 ± 94.4* 
 

85.6 ± 16.7 81.1 ± 11.7 

 

* P < 0.05 MVC for the leg extensors post-exercise were significantly lower than pre-exercise MVC within the CON and WARM trials.  
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4.4.6.3 Cycling EMG 
  

The EMG spectral compression and RMS amplitude did not change within exercise periods 

or between conditions in either muscle group (P < 0.05; d = 0.01).  

 

4.4.7 Biochemical markers 
 

Cortisol increased from pre-exercise to post-exercise in all conditions and are shown in Figure 4.3, 

although these differences were not significant (P > 0.05, d = 0.1, 0.2 and 0.2 for CON, COOL and 

WARM, respectively). Blood lactate increased (p < 0.05) from pre-exercise compared with post 

exercise for both fixed-intensity (d = 6.2, 4.5 and 3.5 for CON, COOL and WARM, respectively) and 

self-paced exercise periods across all conditions (d = 4.2, 8.5 and 4.7 for CON, COOL and WARM, 

respectively). There were no differences among ambient conditions at pre (d = 0.2, 0.2 and 0.3 for 

CON v COOL, CON v WARM and COOL v WARM, respectively), fixed-intensity (d = 0.3, 0.5 and 0.3, 

respectively) or self-paced time points (d = 0.3, 0.1 and 0.2, respectively).  

  



 

161 
 

Table 4.4. Leg extensor potentiated evoked twitch contractile properties pre-exercise and post-exercise each condition 

 

 

 Pf 

(N) 

RFD mean 

(N.s-1) 

TPf 

(ms) 

½ RT 

(ms) 

CD 

(ms) 

CON 

(20°C) 

 

Pre 

 

190 ± 51 

 

907.8 ± 277.9 

 

103 ± 14 

 

87 ± 29 

 

190 ± 30 

 

Post 

 

145 ± 31 

 

852.4 ± 151.3 

 

83 ± 11# 

 

75 ± 5 

 

159 ± 10* 

 

COOL 

(20°C) 

 

Pre 

 

163 ± 21 

 

806.0 ± 173.6 

 

101 ± 14 

 

96 ± 31 

 

196 ± 28 

 

Post 

 

141 ± 30 

 

790.3 ± 214.5 

 

89 ± 14 

 

79 ± 10 

 

168 ± 14* 

 

WARM 

(32°C) 

 

 

Pre 

 

149 ± 48 

 

765.4 ± 256.9 

 

96 ± 7 

 

91 ± 10 

 

187 ± 8 

 

Post 

 

147 ± 45 

 

861.6 ± 219.0 

 

83 ± 10# 

 

80 ± 15 

 

163 ± 17* 

 

Pf, peak force; RFDmean, mean rate of force development; TPf, time to peak force; ½ RT, half relaxation time; CD, contraction duration. 
*P < 0.05 decrease in CD from pre to post exercise. #P < 0.05 decrease in TPf from pre to post exercise. 
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Figure 4.3 Cortisol (A) and lactate (B) responses pre-exercise (Pre-ex), end of the 30 min fixed 

intensity cycle (Post-30 min) and at the end of the 30 min time trial (Post TT). *P < 0.05  

significantly higher lactate compared with pre-exercise.  
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4.5 Discussion 

 

The novel finding of the present study is that irrespective of environmental conditions and 

OC pill use, self-paced cycling performance was not different in these women. Our data 

indicate that these moderately physically active women achieved consistent total distance, 

and mean power outputs over the course of the trials during both fixed intensity and self-

paced sections lasting 30 min each. As far as we are aware, no studies have reported similar 

consistencies under the conditions of the present study. Previous studies have generally 

evaluated the potential effect of the menstrual cycle on exercise time to exhaustion 

(Hessemer and Brück, 1985; Pivarnik et al., 1992; Williams and Krahenbuhl., 1997), all of 

which have typically reported no significant change in exercise time. Although many of 

these studies, but not all (Jurkowski et al., 1981),   

 

Although exercise time to exhaustion tests are thought to be less ecologically valid 

compared with self-paced tests (McLellan, 1995; Marino, 2002), here we show that OC 

phase in the two different environments did not alter the exercise performance during 

either fixed or self-paced exercise. Table 1 shows that maximum speed during the self-paced 

sprints was significantly reduced in COOL. Although this specific result is difficult to attribute 

directly to either the environmental conditions or OC use per se, it is interesting to note that 

this reduced maximum speed occurred in COOL which coincides with the mid luteal phase of 

the cycle. According to previous studies this is typically when higher RPE, cardiovascular and 

thermoregulatory strain are reported to occur (De Souza et al., 1990). Given our findings 

related to exercise performance, we can only conclude that OC use is of no significant 

consequence for moderately active women in ambient temperatures ranging from 20 – 

32°C. 



 

164 
 

 

The present experimental paradigm provides an interesting snapshot of the 

thermoregulatory responses over the course of the menstrual cycle as depicted in Figure 

4.1. During the initial 30 min of fixed intensity cycling, the Tcore increased at the same rate 

across all conditions and was significantly higher at 15 – 30 min from the commencement of 

exercise. This result is particularly curious when compared to the subsequent 30 min of self-

paced cycling as there was a clear separation of Tcore response relative to the experimental 

condition. Although the rate of rise was similar among each of the conditions with the 

values becoming higher during the last 15 min of the trial compared to the commencement 

of the self-paced section, the CON Tcore remained lower when compared with WARM. This 

effectively meant that Tcore values for the COOL remained relatively similar between that of 

the CON and WARM (Figure 1). Since the experimental design allowed us to test the effect 

of OC during the mid-luteal (WARM) and mid-follicular (COOL) phases of the normal 

menstrual cycle, it is likely that the Tcore response was influenced to some extent by the 

hormonal fluctuations even though the active pill phase supposedly diminishes direct 

influence on thermoregulation. Normally, during the luteal phase, body temperature is 

purportedly ~ 0.3°C higher, and either remains higher or increases more so during exercise 

by up to ~ 0.6°C compared to the follicular phase (Pivarnik et al., 2002; Baker, 2001). 

However, in our participants we did not observe any differences in Tcore pre-exercise which 

suggests that the OC effectively masked the potential elevated body temperature in the 

luteal phase at least during the fixed intensity section of the trial. Thereafter, during the 

self-paced period, the Tcore during WARM or the mid-luteal phase was significantly elevated 

during the remaining 15 min compared to CON. Since total distance was 11.1 ± 1.1km  in 

CON versus 10.9 ± 1.1 km in WARM, we can only conclude that the menstrual cycle, whilst 

taking OC in these women did not influence exercise even though Tcore was ~ 0.3 higher in 
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WARM by the end of the trial. Although we cannot thoroughly explain why the added heat 

load did not reduce self-paced performance, Table 4.2 also shows that maximum speed was 

significantly higher in both CON and WARM compared with COOL which could partly 

account for the maintained performance during higher Tcore, whereby pacing was adjusted 

in order that performance not be adversely compromised (Tatterson et al, 2000; Marino, 

2004; Marino, et al, 2004). This was also confirmed by the HR response whereby the self-

paced section resulted in higher HR for WARM compared with the COOL (Figure 4.2) along 

with relatively higher RPE (Table 4.3) and overall higher lactate (Figure 4.3), both indicating 

that participants gave a conscious effort in the heat and there was likely some higher 

cardiovascular strain in the warmer condition for a similar performance outcome. 

 

For the forearm flexors, post-cycling exercise maximum voluntary contraction (MVC), 

voluntary activation (VA%) and contractile properties were all maintained, compared to pre-

exercise measures. This was to be expected as the forearm flexors were relatively inactive 

during cycling exercise. The MVC for the knee extensors was significantly decreased 

following cycling exercise in CON and WARM but not COOL conditions, however, VA% and 

muscle activity during cycling was maintained across all conditions. The maintenance of 

VA% is in agreement with previous studies, although a definitive reason for this seems 

elusive. Janse de Jonge et al (2001) examined females’ maximal isometric quadriceps 

strength with superimposed electrical stimulation, isokinetic knee flexion and extension and 

hand grip strength in three phases of the menstrual cycle and found that natural 

fluctuations in oestrogen and progesterone did not affect strength parameters, contractile 

properties, stimulated fatigue or isokinetic fatigue. Additionally, De Souza (1990) reported 

no change for muscle strength, fatigue, twitch and tetanus characteristics throughout the 

menstrual cycle. Both of these studies conclude that hormonal fluctuations do not exert an 
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effect on muscle strength or contractile properties, however the participants were 

eumenorrheic and had not taken any form of contraceptive or hormone therapy in the six 

months preceding the study.  

 

There are few studies that have investigated the effect of OC on muscle characteristics, 

however Elliott, Cable and Reilly (2005) reported that in women taking an OC formulation, 

maximal force production, strength of the first dorsal interosseous muscle and voluntary 

force of quadriceps and hamstrings was not improved or hindered, in comparison to 

eumenorrheic women. These findings are difficult to extrapolate to our current study, since 

we examined, in both neutral and warm ambient temperatures, pre- and post-exercise 

muscle strength and contractile properties of exercised and non-exercised skeletal muscles. 

The CD for knee extensors decreased post-exercise in all conditions, compared with pre-

exercise values, whilst TPf decreased post-exercise in CON and WARM only. Taken together, 

these results suggest the occurrence of peripheral fatigue, rather than central fatigue 

following exercise in different ambient environments at different points during the OC cycle. 

Peripheral fatigue is characterised by changes at, or distal to, the neuromuscular junction 

(Enoka & Stuart, 1992). This decline in the force-generating capacity of the skeletal muscle 

could be due to changes in the cross-bridge cycling activity, excitation-contraction coupling 

failure or failure of action potential propagation, despite unchanged or increasing neural 

drive (St Clair Gibson, et al., 2001; Taylor et al., 1997).  

 

A theory regarding the decline in TPf slowing relates to slower muscle contraction, which is 

largely dependent on the speed of cross-bridge interactions (Cannon, Kay, Tarpenning & 

Marino, 2008; Wada, et al, 2013; Klitgaard, Ausoni & Damiani, 1989). A decline in CD and 

TPf was present in all conditions of this study, which suggests that for this parameter, 
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peripheral fatigue is not related to ambient temperature differences, as WARM attained a 

Tcore of ~38.5°C, compared with 38.2°C and 38.3°C for CON and COOL respectively, or 

hormone concentration as during the pill cycle, hormone concentrations remain constant 

for 21 days (COOL and WARM were tested here) and even during the withdrawal phase 

(CON), synthetic oestrogens can remain elevated for at least 24 hours and synthetic 

progestins for 4-5 days (Sarwar, et al, 1996). Despite significant changes in TPf and CD, these 

measures cannot be considered in isolation. Whilst it can be suggested that a faster TPf and 

CD may be indicative of muscle potentiation post-exercise (Rassier & MacIntosh, 2000; 

Hodgson, Docherty & Robbins, 2005) these measures are not sensitive to the influence of 

twitch force amplitude. A more precise indicator muscle potentiation is RFD because it 

is a normalised measure of the rate of change in twitch force production. In this study, there 

was no significant change in RFD between testing conditions, which suggests that the extent 

of any muscle potentiation associated with the cycling exercise was minimal. Alternatively, it 

is possible that some muscle potentiation may have occurred; however, such benefits would 

have been minimal compared with any potential deficit from peripheral fatigue.   

 

In conclusion, our findings suggest that monophasic OC use in normal women do not affect 

their performance of self-paced exercise in either warm or moderate ambient conditions, 

even though core temperature was higher by the end of exercise in the warmer compared 

with cool conditions. Limitations of this study include the activity level of our participants 

and the lack of hormonal blood measures. Our participants were required to be healthy and 

active for a minimum of three hours per week. The level of activity varied, as there were 

state and national competitors mixed with regular gym participants, however all of the 

participants were able to meet or exceed this physical activity requirement. A further 

limitation is the lack of hormonal blood data. Due to errors in blood analysis, we were 
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unable to report progesterone and estradiol measures, which would add a great deal to this 

study. Further study should address women who are more highly trained than those in our 

study and ensure that plasma hormones are accounted for accurately, to enable a more 

thorough picture can be completed. Importantly, we believe that our study is the first to 

show that OC use does not detrimentally alter neuromuscular performance in these women 

across ambient conditions and across the OC cycle. 
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CHAPTER FIVE: STUDY THREE 

 

 

CELLULAR STRESS AND THERMOREGULATION DURING SELF-PACED EXERCISE AND DURING 

YOUNG, HEALTHY MEN AND WOMEN 
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5.1 Abstract 

 

The purpose of this study was to investigate the response of heat shock protein 72 (HSP72) 

production, thermoregulation, performance and muscle strength and contractile properties 

following self-paced cycling in the heat, to examine the association between the stress 

response and exercise performance in the heat and to determine whether the stress 

response to exercise in the heat differs between men and women. We also examined the 

effects of oral contraceptives (OC) on the HSP72 response in women completing self-paced 

cycling. Sixteen physically active men (n=8) and women (n=8) performed 30 min fixed-

intensity cycling at 50%Wmax, followed by 30 min of self-paced time trial (TT) with each 

section interspersed with a 30 s maximal sprint at 9, 19 and 29 min. Core and skin 

temperature, heart rate (HR) and perceptual responses, neuromuscular and hormonal 

measures were measured at multiple times throughout the trials and post-exercise. Men 

exercised at a higher intensity than women, even though women had almost a 2-fold 

increase in circulating HSP72 at rest, post fixed-intensity cycling and post time trial 

performance. Women also attained a higher core temperature than men at the conclusion 

of TT exercise in the heat (38.5°C v 37.9°C for women and men, respectively; P < 0.03), 

higher mean HR and perceived exertion. This study indicates that females who use an OC 

had higher levels of HSP72 than males when tested under the same environmental 

conditions. The reasons for this are currently unclear thus further research is required to 

establish the mechanisms involved in the HSP72 response to self-paced cycling in the heat.  
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5.2 Introduction 

 

In the previous studies in this thesis, we have established that a dopamine/noradrenaline reuptake 

inhibitor influenced thermoregulation but not exercise performance in either warm or moderated 

conditions in males exercising in the heat.  

In the second study we established that females taking an OC pill formulation were able to cycle 

consistently across the pill cycle, consisting of hormonal manipulation (steady hormone 

concentration) and withdrawal phase (variable hormone concentration). 

Furthermore, cycling performance was not affected by apparent cardiovascular or thermoregulatory 

strain, as evidenced by an elevated Tcore and slightly elevated HR in the final 15 min of self-paced 

cycling in 32°C, but not in the moderate temperatures. As established in the review of literature, OC 

are thought to influence the menstrual cycle by reducing the fluctuation in oestrogen and 

progesterone and possibly even skeletal muscle function. In addition, because of the change in 

skeletal muscle function, the cellular stress response may also be altered. Therefore, the final study 

in this thesis will investigate whether the cellular stress response to exercise and heat stress is 

different between men and women when it is apparent both sexes are able to regulate their self-

paced cycling efforts across ambient temperature differentials, despite evidence of increased 

thermoregulatory and cardiovascular strain.   

To prevent the possibility of cellular damage occurring during exercise and heat stress, cells 

produce a family of highly conserved proteins which bind to denatured proteins and are 

involved in the assembly of protein complexes. As such, these heat shock proteins (HSPs), 

are known as molecular chaperones. HSPs are a family of endogenous, protective proteins 

(Voss, et al., 2003), thought to play important roles in homeostasis and protection of cells 

from harm caused by stress (Yamada, et al., 2007; Fehrenbach, et al., 2005). Cellular stress 

may originate from any number of factors including many that are characteristic of 
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contracting mammalian skeletal muscle, such as hypoxia (Fehrenbach, et al., 2005), 

ischemia, protein degradation, acidosis, lack of glucose availability, increased calcium ions, 

cytokines, exercise (Febbraio, et al., 2002; Milne and Noble, 2002, Yamada et al, 2007) and, 

as the name suggests, heat (Febbraio and Koukoulas, 2000). The most abundant and widely 

studied family of HSPs is the 70-kDa family which includes the inducible form of HSP known 

as HSP72 (Fehrenbach et al, 2005).  

 

During exercise, a number of physiological and metabolic events occur within muscle cells. 

This includes increases in muscle temperature (Tmuscle), oxidative stress, altered pH and 

structural damage to proteins. Exercise is a powerful stimulus of intracellular the HSP 

response in immune cells, muscle and other tissues including myocardium, spleen, liver and 

brain (Milne & Noble, 2002; Fehrenbach et al, 2005), however, the relative intensity 

required to elicit any beneficial increase in HSP70 is not well known.  

Temperature is an important stimulus to the stress response and likely contributes at least 

in part, to the exercise-induced increase in HSPs. Acute exercise heat stress presents both 

thermal and sympathetic challenge and as such, increases physiological strain on the body in 

comparison with temperate conditions (Gibson et al 2013). It does appear, however, that 

HSP72 is exercise duration and intensity dependent in initiating an immune response. 

 

Further, the exercise stress response appears to be mediated by sex hormones, although 

the mechanism by which this occurs is not clearly understood. In female rats, exercise-

induced elevations in HSP70 appear to vary with stage of reproductive cycle and is 

negatively correlated with circulating oestrogen immediately before the exercise bout. 
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Controversy exists over the thermal adaptive response of women, particularly in relation to 

the menstrual cycle (Chang et al, 1998). Rats treated with oestrogen regulate Tcore at a lower 

level during heat exposure and show an increased evaporated water loss at all levels of Tcore, 

with decreased Tcore threshold for the onset of saliva spreading (Baker, Dawson, Peters & 

Walker, 1994). Cellular chaperones are differentially regulated in males and females and an 

increase in HSP70 and HSP90 occur in ovariectomised female rats following oestrogen 

supplementation (ES). As far as we can identify, no studies have examined the combined 

effects of oral contraceptive use, self-paced exercise and the appearance of circulating 

HSP72. 

 

Progesterone, a female sex hormone, is known to elicit a thermogenic effect, raising the 

Tcore of a female in the luteal phase of the menstrual cycle by ~0.5°C (Kaciuba-Uscilko & 

Gruzca, 2001; Nichols et al, 2008; Pivarnik et al, 1992; Baker, Mitchell & Driver, 2001; Baker 

& Driver 2007). For a woman of reproductive age, the menstrual cycle is divided into two 

main phases, each governed by the synthesis and release of pituitary and ovarian hormones. 

The follicular phase (FP) runs for approximately the first 14 days of a 28 day menstrual cycle 

and is characterised initially by low levels of oestrogen, progesterone, follicle-stimulating 

hormone (FSH) and luteinising hormone (LH) (Janse de Jonge, Boot, Thom, Ruell & 

Thompson, 2001). Gradual increases in LH and oestrogen throughout the FP culminate in 

the release of a mature oocyte from an ovarian follicle, termed ovulation, following which 

the luteal phase begins. It is during this second phase when progesterone concentrations 

are highest and it remains elevated for 7-10 days, after which, in the absence of conception, 

progesterone and oestrogen levels decline, providing the stimulus for uterine shedding 

(menstruation) and the beginning of the cycle again from day one. The monophasic oral 
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contraceptive pill (OC) is a formulation of exogenous hormones that provides low doses of 

progesterone and oestrogen for 21 days and a ‘withdrawal’ phase, consisting of sugar pills 

for seven days. There is currently no consensus and in some instances, no evidence, as to 

the combined effects of the OC on cycling performance, thermoregulation, skeletal muscle 

function and production of cellular chaperones.  It appears that exercise duration and 

intensity, combined with elevated Tcore appear to be the most likely stimulus for the 

appearance of cellular chaperones, however it is difficult to isolate and identify additional 

factors during the multi-faceted response to exercise.  

 

Therefore, the aims of this study were many: 1) to determine whether exercise in the heat is 

associated with cortisol and the HSP72 response; 2) to examine the association between the 

stress response to exercise in the heat and exercise performance; 3) to investigate whether 

the stress response associated with exercise performance differs between males and 

females and 4) to determine whether OC use influences the stress response associated with 

exercise and exercise performance in females. We hypothesise that both men and women 

will exhibit higher levels of cellular stress markers, that will be more pronounced in the heat 

and that men, cycling at higher intensities than women, will produce a greater cellular stress 

response despite the effects of female sex hormones on HSP72 production. 

 

5.3 Methods 

 

5.3.1 Participants 

 

Sixteen healthy, physically active males (n=8; mean ± SD; age 22.1 ± 5.3 yr; mass 74.2 ± 5.1 

kg; height 1.78 ± 0.03 m; peak oxygen consumption (VO2peak) 3.9 ± 0.74 L/min; BSA 1.92 m2) 
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and females (n=8; mean ± SD; age 20.9 ± 2.9 yr; mass 67.9 ± 12.4 kg; height 1.63 ± 0.06 m; 

peak oxygen consumption (VO2peak) 2.3 ± 0.42 l/min; BSA 1.75 m2) gave written informed 

consent to participate in the study, which was approved by the Ethics in Human Research 

Committee of the University. Participants were non-smokers, physically active for at least an 

hour, three times per week, unaccustomed to exercising in the heat and free from any type 

of knee or shoulder injury. The female participants had been taking a monophasic oral 

contraceptive pill (OC) for at least six months prior to exercise testing. Each participant 

completed two tests, one each in a warm and cool environment with the females tested 

during the active pill phase of the OC cycle, to control for potential effects from fluctuations 

of natural sex hormones. 

 

5.3.2 Testing Design and Procedures 
 

 Participants were required to report to the laboratory on three separate occasions at the 

same time of day to minimise any diurnal variations. The first visit was a familiarisation 

session to obtain a baseline measure of V
.
O2peak, and for the familiarisation with the cycling 

apparatus, electromyography (EMG) and muscle activation procedures to be used during 

testing. The remaining laboratory sessions were identical testing sessions and were 

conducted in either of two different environmental conditions: exercise in an ambient 

temperature of 32°C or exercise in an ambient temperature of 20°C. In order to control for 

any changes in female reproductive hormones throughout the testing period, the women 

were tested while in the ‘active’ pill phase, meaning that they received the same amount of 

synthetic oestrogen and progesterone derivatives each day. These testing sessions were 

conducted on: 



 

 180 

 

3. The eighth day of hormone pills with exercise in 20°C (FCOOL) and  

4. The eighteenth day of hormone pills with exercise in 32°C (FWARM).   

 

Participants were asked to report to the laboratory rested and fasted for a minimum of 3 h 

prior to testing. Additionally, they were asked to refrain from exercising and consuming 

alcohol or caffeine in the 12 h preceding testing. A 24 h food diary was maintained for the 

day prior to the first test so that individuals could follow similar eating patterns on the days 

immediately prior to all remaining tests. Nude mass was measured after voiding. Following 

this, an indwelling venous cannula (BD Saf-T-Intima™, Utah) was introduced into a 

superficial forearm vein to allow for repeated blood sampling throughout the testing 

session. Site preparation for electrode or thermistor attachment consisted of identifying the 

correct site, shaving the hair, abrading the outer layer of the epidermal cells and cleaning 

with an alcohol swab. After attachment, all electrodes and thermistors were firmly taped 

firmly to the skin to minimise sweat interference. 

 

Following a 2 min warm up on a stationary bike at self-selected intensity, voluntary 

activation (VA) surface EMG and twitch measurements for the right thigh and right arm 

were performed on a KinCom isokinetic dynamometer (Model 125H; Chatanooga Group, 

Inc., Hixon, Tennessee, USA). Participants then commenced a cycling protocol under their 

allocated testing condition. Immediately following the cycle testing protocol participants 

again performed electrically superimposed isometric (ISO) maximal voluntary contractions 

(MVC) and evoked potentiated twitch contractions of the right thigh and right arm, with 

measurement of muscle twitch properties. Testing sessions were separated by 
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approximately 7 – 10 days, depending on when in the OCP cycle testing began. All cycle 

testing was performed inside a climate chamber in either a moderate (20.0 ± 0.5°C) or warm 

(32.0 ± 1.1°C) ambient environments with relative humidity set at 48 ± 3% and 66 ± 2%, 

respectively. Regardless of ambient temperature, participants were permitted to consume 

plain water ad libitum throughout the testing sessions. 

 

5.3.3 Oral Contraceptive Pills 
 

All female participants in this study were taking a low dose, monophasic OC pill for a 

minimum of six months prior to testing (Levlen 28; 30 µg ethinyloestradiol and 150 mg 

levonorgestrel and Brenda-35 ED; 35 µg ethinyloestradiol and 2 mg cyproterone acetate). 

Monophasic OC users do not experience the follicular and luteal phases of the natural 

menstrual cycle due to the action of the ‘active’ hormones (Sunderland and Nevill 2003). 

Therefore, testing was carried out twice during the synthetic pill phase (day 8 and 18 of 

hormone pills). The ‘active’ hormone testing days were selected to correspond with the 

timing of the mid-luteal and mid-follicular phases of the normal menstrual cycle, when the 

usual fluctuations of oestradiol and progesterone occur, to allow for future comparisons of 

methods and results.  

 

5.3.4 Peak Oxygen Uptake Test 

 

The VO2peak test was conducted on an Avanti road bicycle (Corsa Pro Elite Series) mounted 

on a Tacx cycle ergometer (Cosmos, Model T1970, Tacx bv, Netherlands) with the front 

wheel stabilised by a Tacx Skyliner (Model T1979, Tacx bv, Netherlands). After a free paced 

warm up for 2 min, the test began at a workload of 50 watts (W) and then increased by 50 
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W every 2 min until volitional termination. Throughout the test participants remained 

seated but were permitted to change gears and/or cadence as desired. The gas analysers 

(True One 2400 Metabolic Measuring System, Parvo Medics, USA) were calibrated with a 3 l 

calibration syringe (Hans Rudolph Inc, USA) and reference samples of oxygen (O2) (16.01%) 

and carbon dioxide (CO2) (3.98%) (Airgas™, Puritan Medical Products, Overland Park, KS, 

USA). Participants breathed through a one-way valve (Hans Rudolph, USA) with the air 

transported via a 3.5 m hose through a pulmonary function filter (Creative Biomedics, Inc., 

USA) into a mixing chamber where gases were analysed for O2 and CO2. 

 

5.3.5 Cycling Trials 

 

Cycle testing was performed with the same apparatus used during the VO2peak test. Data for 

each experimental session were recorded through Fortius Software for Cosmos Ergometer 

(v1.29, Tacx bv, Netherlands). 

 

Following the pre-exercise VA and MVC testing at the start of each testing condition, 

participants commenced a 30 min fixed-intensity cycle period. This was performed at 50% 

Wmax calculated from the previous VO2peak test which was programed at the beginning of 

each trial through the Fortius Software to ensure the fixed intensity was maintained 

throughout. Gear settings were kept constant throughout the entire 30 min. Subsequently, 

a 3 min rest was provided in the climate chamber to allow for collection of blood samples. 

Immediately following the 3 min rest period, the 30 min self-paced time trial (TT) 

commenced. During both the fixed intensity and TT 30 s sprints were completed at the 9, 19 

and 29 min mark.  
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For each TT, the participant was instructed to cycle as far as possible in the 30 min. 

Participants were permitted to change the bicycle gears as desired throughout the TT. No 

feedback was provided to the participant during any part of the trial apart from a 

countdown to the next sprint given at 2 min, 30 s and 10 s prior to the commencement of 

the sprint. The participants were given strong verbal encouragement by the researchers 

during the sprints. During the sprints EMG was recorded from four sites on the right thigh 

(EMGworks Signal Acquisition and Analysis Software version 3, Delsys, USA) as described in 

detail subsequently. Upon completion of the 30 min TT, a final blood sample was taken 

before the participant exited the climate chamber after which VA and surface EMG were 

reassessed in the same order as those performed prior to cycle testing. The participant was 

disconnected from the apparatus and a final nude body mass was recorded to estimate total 

body sweating. Distance covered in km, average and peak cadence in rpm, average and peak 

speed in km/h and average and peak power (W) recorded from the Tacx software at 5 min 

intervals throughout the cycling protocol. 

 

5.3.6 Body temperature 

 

Four hours prior to reporting to the laboratory, participants were instructed to ingest a 

telemetry pill for determination of intestinal temperature as an index of core temperature 

(Tcore), which was recorded at 5 min intervals throughout each testing session (Vital Sense®, 

Mini Mitter Company Inc., USA). Upon arrival at the laboratory, participants had skin 

thermistors fastened to four sites as previously described and a mean skin temperature 

(Tskin) (Ramanathan, 1964) calculated at 5 min intervals throughout the cycling protocol.  



 

 184 

 

5.3.7 Perceptual measures 

 

A rating of perceived exertion (RPE) (1-10; (Borg, 1990) and perception of thermal sensation 

(Gagge et al., 1967) were recorded at 5 min intervals from the beginning of the cycling 

protocol until the completion of the final sprint. 

 

5.3.8 Heart rate 

 

Heart rate was continuously monitored and recorded at 5 min intervals (FS1; Polar Electro 

Oy, Kempele, Finland) during the cycling protocol. In order that no feedback was available to 

participants, the HR receiver was attached to the heart rate monitor strap on the 

participant’s back.  

 

5.3.9 Blood sampling and analysis 

 

Upon reporting to the laboratory, the subject rested in a chair while a 20-gauge cannula (BD 

Saf-T-IntimiaTM – Becton Dickinson, Utah) was inserted into a superficial forearm vein in 

the left arm and covered with an adhesive dressing. Blood samples were drawn immediately 

following the cannula set up, immediately following the fixed intensity cycling protocol and 

upon completion of the 30 min time trial. The line was kept patent by flushing with 0.9% 

sodium chloride (Pfizer, Australia) after each blood draw and approximately every 5 min. 

After drawing off the sodium chloride into a 3 mL syringe (Becton Dickinson, Singapore), 

blood samples were divided into pre-cooled serum separator (SS) tubes for determination of 
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heat shock protein 72 (HSP72) and pre-cooled K3EDTA tubes for determination of cortisol 

(Vacutainer, S-Monovette, Sarstedt, Germany).  

 

The SS tubes were inverted six times and left to clot at room temperature before being 

centrifuged, while the K3EDTA tubes were centrifuged immediately. Both types of tubes 

were centrifuged at 4500 rpm in a refrigerated centrifuge for 10 min. Separated plasma was 

placed into 1 mL aliquots and frozen at -80°C until further analysis of HSP72 and cortisol. 

 

5.3.9.1 Plasma Analysis  
 

Before analysis of HSP72 the serum was thawed to room temperature and mixed gently via 

inversion. Duplicate plasma HSP72 concentrations were measured using an ELISA kit (Anti-

Human Hsp70 (total) ELISA Kit, Assay Designs Inc., Ann Arbor, MI, USA), with detection limits 

of 31.25 ng.mL-1 and an intra-assay reliability of 22.76%. Before analysis of cortisol the 

serum was thawed to room temperature and mixed gently via inversion. Plasma cortisol 

concentrations were determined by a solid-phase, two-site chemiluminescent 

immunometric assay (Immulite 2000, Diagnostic Products Corporation, Los Angeles, CA, 

USA), with detection limits of 5.5 nmol.L-1 and intra-assay reliability of 17.64%. To avoid 

inter-assay variations, all samples for each subject were assayed in the same assay run. 

 

Serum protein concentrations were not corrected for plasma volume shifts, thus all 

statistical analyses were performed on hormone based on actual measured circulating 

concentrations (Bird, Tarpenning & Marino, 2006). 
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5.3.10 Neuromuscular measurements 

 

5.3.10.1 Preparation  
 

For voluntary activation measures, all testing was performed under isometric (ISO) 

conditions on a Kin-Com isokinetic dynamometer (Model 125H; Chattanooga Group, Inc., 

Hixon, Tennessee) linked to a signal acquisition system (PXI1024 & BNC2100; National 

Instruments, Austin, Texas), which performed A/D conversion at 16-bit resolution. All data 

were synchronously sampled at a rate of 2000 Hz. Activation of the quadriceps was achieved 

using two reusable 2” x 5” rectangular neurostimulation gel electrodes (PALS Platinum, CA 

USA) placed at the top of the right thigh, just below the inguinal fold over the femoral nerve. 

Outlines of each electrode were marked on the skin to ensure consistent electrode 

attachment sites for each trial. Muscle activation of the biceps brachii was achieved using 

two conductive adhesive Ag/AgCl stimulating electrodes, 2 cm in diameter (Medi-Trace Mini 

100 Snap electrode, Kendall®, Chikopee, Massachusetts, USA), placed at either end of the 

muscle belly of the biceps brachii. The placement of these electrodes was chosen so as to 

stimulate the intramuscular nerve branches of the musculocutaneous nerve.  

 

Participants were seated on the dynamometer with their upper body supported by the chair 

back with the hip at an angle of 100° flexion (0° being full extension) and secured by a waist 

strap. During the lower body measurements, participants positioned their arms across their 

chest to minimise upper body contributions to performance. The axis of rotation of the 

dynamometer was aligned with the lateral epicondyle of the femur with the lower leg 

attached to the lever arm 1 cm above the lateral malleolus of the ankle. The knee was flexed 

at 90◦ for all lower limb testing (0° being full extension). 
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During the biceps measurements, the right arm was supported at the elbow, which was 

flexed at 65° (0° being full extension). The axis of rotation of the dynamometer was aligned 

with the lateral epicondyle of the humerus and the forearm was attached to the lever arm 

at the styloid processes of the radius. The order of activation and contraction of the limbs 

was counter balanced by trial. 

 

Preparation of all EMG sites consisted of shaving the area where the electrode would be 

placed, abrading the outer layer of epidermal cells with sandpaper and removing oil and dirt 

on the skin with an alcohol swab. Single differential pre-amplified recording electrodes with 

a bandwidth of 20-450 Hz (model DE2.1, bar configuration of 1 x 10 mm with a 10 mm inter-

electrode distance) were used in all instances throughout data collection. A disposable gel 

adhesive reference electrode was positioned on the left patella during VA contractions and 

on the left elbow during the sprints (Q-Trace® Gold, Kendall®, Chikopee, Massachusetts, 

USA). EMG electrodes were placed over the distal end of the muscle on four sites on the 

thigh for the measurement of electrical activity of vastus lateralis (VL), vastus medialis (VM), 

rectus femoris (RF) and biceps femoris (BF). The sites were selected based on 

recommendations for sensor locations provided by the Surface ElectroMyoGraphy for the 

Non-Invasive Assessment of Muscles (SENIAM) project (http://www.seniam.org/sensor 

_location.htm). To minimise movement artefact and sweat interference throughout the 

cycling test, the electrodes were firmly taped to the thigh using micropore tape.  
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5.3.10.2 Muscle activation  
 

The applied current was delivered by a constant-current stimulator (DS7AH; Digitimer; 

Welwyn Garden City, Hertfordshire, UK) linked to a BNC2100 terminal block connected to a 

signal acquisition system (PXI1024; National Instruments) using a single square-wave pulse 

with a width of 200 μs (400 V with a current of 250 – 480 mA), which was driven using 

customised software (v8.0, LabView; National Instruments). Following an isometric warm-

up, the current was applied in incremental steps until the twitch amplitude plateaued. The 

current was then increased by a further 25% to ensure supramaximal stimulation of the 

intramuscular nerve branches and was used for both pre-exercise and post-exercise tests. 

 

5.3.10.3 Surface Electromyography 
 

Surface EMG signals were sampled continuously throughout VA contractions and during the 

entirety of each 30 s sprint, but not throughout the low-intensity cycling periods.  M-waves 

were captured during the assessment of the potentiated resting twitches with a custom 

designed instrument using LabView software (v8.0, LabView; National Instruments), where 

signals were obtained with a gain of 100 v/v and a common mode rejection ratio of > 90 dB 

at a sampling rate of 2000 Hz. Data from the cycling trials were captured using a Delsys EMG 

amplifier (model Bagnoli-4, Delsys, Boston, MA, U.S.A.) at 2000 Hz, with a gain of 1000 v/v, 

and stored on a host computer. EMG measurement of the biceps brachii involved placing 

one single differential recording electrode over the muscle belly of the biceps brachii, and a 

second electrode on the triceps brachii, in line with the biceps electrode. 
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5.3.10.4 Isometric and superimposed MVCs and potentiated twitch contractions 
 

Once the participant was positioned, they performed a standardised warm up, consisting of 

a series of ISO contractions. Specifically, the warm up consisted of 1) 3 x contractions at 

~50% maximal effort; 2) 2 x contractions at ~75% maximal effort; 3) 2 x contractions at 

~90% maximal effort and 4) 100% maximal effort. There was a 10 s rest between each 

contraction and a 2 min rest between the warm up and the commencement of testing. 

  

For superimposed testing, participants were instructed to produce a maximal effort as fast 

as possible and to continue exerting a maximal effort until instructed to relax, which was 

typically 3 – 4 s. The stimulus was delivered 1 – 2 s after initiation of each contraction, when 

peak force was observed to plateau. Within 5 s following each ISO superimposed 

contraction, a second stimulus was delivered with the muscle at complete rest. Participants 

performed 4 x maximal voluntary contractions for both the quadriceps and biceps, before 

and after the cycle testing.  

 

5.3.11 Data Processing 

 

5.3.11.1 Voluntary muscle activation 
 

Voluntary activation levels were calculated using the twitch interpolation technique 

(Herbert & Gandevia, 1999). Peak superimposed force following the delivery of the stimulus 

was determined as the peak force value produced during the 50 – 150 ms period 

subsequent to the delivery of the stimulus. Voluntary peak force during each superimposed 

contraction was determined as the mean force value produced during the 50 ms prior to the 

delivery of the stimulus. Interpolated twitch force was subsequently determined as the peak 
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superimposed force minus peak voluntary force and was calculated to four decimal places. 

Voluntary activation levels were then determined by expressing the interpolated twitch 

force as a percentage of the peak potentiated evoked twitch force obtained at rest using VA 

(%) = [1 – (interpolated twitch force / peak evoked twitch force)] x 100. All trials were 

assessed with the trial yielding the highest voluntary activation level used for subsequent 

analysis. These procedures were performed using Matlab™ Software (R2009b 7.9.0.529, The 

Mathworks Inc, Natick, USA).  

 

5.3.11.2 Potentiated evoked twitch contractile properties  
 

Force-time curves from the potentiated evoked twitch contractions were averaged across all 

trials with mean data used to determine the following: 1) peak potentiated twitch force (Pf; 

the highest force value obtained during the evoked contraction); 2) rate of force 

development (RFD; the mean tangential slope of the twitch force-time curve between the 

onset of force development and Pf); 3) time to peak force (TPf; time from evoked force 

onset to Pf); 4) rate of relaxation (RR; the mean tangential slope of the twitch force-time 

between Pf and ½RT); half-relaxation time (½RT; the time required for Pf to decline by half) 

and contraction duration (CD;  TPf plus ½RT). RFD and RR were calculated as the first 

derivative of the twitch force-time curve between force offset and Pf and Pf & HRT, 

respectively. These procedures were performed using Matlab™ Software (R2009b 7.9.0.529, 

The Mathworks Inc, Natick, USA). 
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5.3.11.3 Electromyography  
 

Voluntary activation and cycling EMG were calculated by zero averaging the raw data to 

remove any bias. A second order Butterworth bandstop filter was applied between 49 – 51 

Hz to remove mains noise, followed by a second order Butterworth bandpass filter between 

20 – 450 Hz, applied across the entire contraction. Voluntary EMG during each 

superimposed contraction was determined as the mean EMG signal during the 50 ms prior 

to the delivery of the stimulation. The root mean square (RMS) of the signal obtained during 

sprints was quantified using a window length of 60 ms and a window step of 30 ms. RMS 

amplitude was calculated by taking the sum of all signals across the middle 20 s of data for 

each channel and is reported in millivolts (mV). The data collected during the initial sprint in 

each testing session is described as 100% EMG activity where subsequent EMG data were 

normalised  against sprint 1 data using the formula: EMG Activity (%)= [Sprint (#) data (mV) 

/Sprint 1 data (mV)] x 100; data ; where # represents sprints 2 – 6 to be compared with the 

values from sprint 1. 

 

5.3.11.4 Spectral compression  
 

Power spectrum compression was estimated from sprint data using raw EMG data as 

previously described (Lowery, et al., 2000) using a Fast Fourier Transformation algorithm. 

Spectral power of the raw signals was determined for each frequency between the 65th to 

90th percentiles. An estimate of power shift at each frequency was then determined by 

normalising data against the same frequency range obtained from the first 20 s of EMG data 

recorded at the start of exercise. Spectral compression at each interval was finally calculated 

as the ratio of the average change in spectral power across the entire mid frequency range. 
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These procedures were performed using MatlabTM software (R2009b 7.9.0.529, The 

Mathworks Inc, Natick, USA). 

 

5.3.12 Statistical Analyses 

 

A priori  power calculations were conducted using G*Power (G*Power 3.1.2, Franz Faul, 

Germany), which indicated 8 participants were needed. Repeated measures ANOVAs, 

performed separately for fixed-intensity and time trial cycling, were used to determine 

differences between environmental and OC conditions in cycling performance, 

neuromuscular properties or biochemical markers. When interactions or main effects 

achieved statistical significance, Tukey’s HSD post hoc test was used to identify differences 

between means. Statistical significance was set at P<0.05. Data are reported as mean ± SD. 

Finally, to confirm lack of significance, we calculated effect sizes (Cohen’s d) using the 

equation: Cohen’s d = (M2 – M1) / SDpooled, where SDpooled = √((SD12 + SD22) / 2) 

(http://www.socscistatistics.com/effectsize/Default3.aspx; Batterham & Hopkins, 2006). 

 

5.4 Results 

 

5.4.1 Cycling Performance 

 

Table 5.1 provides the various parameters measured during both fixed-intensity and self-

paced trials for each condition.  

Fixed intensity 
 

The distance cycled, mean and peak power output, mean and peak speed during the fixed 

intensity cycling bouts were not different for either sex or between ambient temperature. 
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Cycling speed during the sprints was significantly faster compared to the mean speed by 

approximately 27 km/h in both F20 and F32 (P < 0.0001) and approximately 33 km/h in both 

M20 and M32 (P < 0.0001), respectively. 

  

Self-paced 
 

The distance cycled, mean and peak power output, mean and peak speed during the self-

paced time trial bout was not different between ambient temperature for respective sexes. 

However, peak speed was approximately 7 km/h faster in F32 compared with F20 (P < 

0.0068). In addition, peak speed and power outputs were significantly faster and higher 

than the mean speed and power outputs in all conditions (P < 0.05). 

 

5.4.2 Thermoregulatory Responses 

 

5.4.2.1 Core Temperature 
 

The core temperature responses to exercise are presented in Figure 5.1. For this study there 

was a statistically significant interaction between exercise mode (fixed intensity versus self-paced) 

and time (from baseline to end of cycling trial) (P < 0.001). There was no interaction for condition for 

males, only females (P < 0.001). 

 

Fixed intensity 
 

In all instances, Tcore was significantly elevated from baseline by 10 min and 15 min of 

exercise, for males and females, respectively (P < 0.05). Cycling trials in differing ambient 
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temperatures did not result in a significant change in Tcore between males and females, 

although there was a trend from 20 min onwards for a higher Tcore in F32 compared with 

M32 and at the completion of cycling in 20°C between males and females. 

 

Self-paced 
 

Self-paced cycling exercise in 32°C resulted in a significantly higher Tcore in females 

compared with males at all time points from the commencement of the self-paced cycling 

bout (P < 0.03). Females completed the 30 min cycling bout with a Tcore of ~38.5°C and 

~38.4°C for WARM and COOL, respectively, whereas males completed the same cycling bout 

with Tcore values of 37.9°C for both WARM and COOL conditions.  

In 20°C, females exercised with higher Tcore than males from the commencement of the time 

trial (38.0°C versus 37.7°C, respectively), however this difference was only significant from 

20 min until the completion of exercise (~38.4°C versus ~37.9°C; P < 0.05). 

 

5.4.2.2 Skin Temperature 
 

During cycling exercise, Tskin was significantly elevated from baseline by 10 min in all 

conditions, until the completion of exercise (P < 0.05). Predictably, Tskin during cycling in 

32°C was higher than that reached during cycling in 20°C, in both sexes (P < 0.05), reaching 

31.8°C and 29.6°C during cycling in 20°C and 35.7°C and 35.9°C during cycling in 32°C, for 

males and females respectively.  
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5.4.3 Heart Rate 

 

The heart rate responses to exercise are presented in Figure 5.2 

Heart rate was significantly elevated from baseline, ~93 beats/min and ~86 beats/min for 

males and females respectively, in all conditions (P < 0.05) and all sprint values were 

elevated from mean values. The peak values during fixed-intensity cycling reached ~173 

beats/min and ~172 beats/min for males and females respectively, compared to ~132 

beats/min and ~141 beats/min during the non-sprint periods. Throughout the time trial, 

peak HR values reached ~175 beats/min for males and ~177 beats/min for females, 

compared with ~146 and ~157 beats/min during lower-intensity periods. The HR responses 

in differing ambient temperatures were not statistically significant for either sex. 

 

Heart rate in F32 was significantly higher than that of F20 following the sprints (~163 

beats/min compared to ~150 beats/min, respectively) during the time trial, although there 

were no differences attained during the sprints (P < 0.05).  

 

5.4.4 Rating of Perceived Exertion 

 

The mean RPE responses for each of the fixed-intensity and time trial cycling bouts are 

presented in Table 5.2. RPE responses followed that of HR, in that RPE significantly 

increased from baseline and was elevated immediately following the sprints, then 

significantly decreased in the lower-intensity period (P < 0.05).  

 



 

 196 

RPE in M32 was significantly higher than M20 at all moderate-intensity periods during, and 

at the completion of self-paced cycling, reaching 8 and 7, respectively for 32°C and 20°C (P < 

0.05).   

For females, RPE in 32°C was higher than that achieved in 20°C at the completion of the 

fixed-intensity cycling and early in the self-paced exercise (P < 0.05), but were not 

significantly different at the completion of the time trial. 

 

Finally, F20 RPE was significantly higher than M20 during the self-paced cycling bout, 

averaging ~6 during the lower-intensity periods, ~7 during the sprints and peaking at ~8 at 

the completion of the trial, compared with ~4, ~7 and ~7 at the same time points for the 

males (P < 0.05).  
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Table 5.1. Fixed-intensity and self-paced cycling performance measures  

 Fixed intensity  Time trial 

 F20 F32 M20 M32  F20 F32 M20 M32 

Total distance (km) 15.7 ± 3.7 15.9 ± 3.1 16.8 ± 3.2 17.0 ± 2.9  10.8 ± 1.2 10.9 ± 1.1 13.0 ± 1.8 13.1 ± 2.6 

Mean power output (W) 116 ± 20 116 ± 20 155 ± 23 155 ± 23  126 ± 16 128 ± 15 189 ± 48 187 ± 65 

Peak power output  
sprints (W) 116 ± 20 116 ± 20 155 ± 23 155 ± 23  350 ± 98# 365 ± 65# 611 ± 76# 609 ± 113# 

Mean speed (km.h-1) 30.9 ± 7.2 31.1 ± 6.0 33.8 ± 6.0 32.9 ± 5.8  21.2 ± 2.4 21.4 ± 1.9 24.5 ± 4.0 22.9 ± 5.1 

Max speed  
sprints (km.h-1) 
 

57.7 ± 3.4* 57.8 ± 6.0* 66.3 ± 1.0* 66.4 ± 1.4*  34.2 ± 3.5* 40.9 ± 7.0*^ 46.8 ± 5.4* 49.5 ± 7.9* 

 
F is female, M is male, 20 & 32 is 20°C and 32°C *P < 0.05 maximal speed higher than mean speed in all conditions. #P < 0.05 peak power 

output higher than mean power output in all conditions. ^P < 0.05 peak speed faster in F32 compared with F20 ambient temperatures, 

respectively.  
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Figure 5.1. Core temperature response during fixed-intensity (0 - 30 min) and self-paced 

time trial performance (35 - 65 min). Conditions: M20 and F20 are males and females, 

respectively in 20°C; M32 and F32 are males and females, respectively in 32°C. *P < 0.05 

significant differences between from baseline in M20 and M32, #P < 0.05 significant 

differences from baseline in F20 and F32, ~P < 0.05 significant differences between M20 and 

F20 and ΔP < 0.05 significant differences between M32 and F32 values.  

0 5 1 0 1 5 2 0 2 5 3 0

3 7 .0 0

3 7 .2 5

3 7 .5 0

3 7 .7 5

3 8 .0 0

3 8 .2 5

3 8 .5 0

3 8 .7 5

3 9 .0 0

3 5 4 0 4 5 5 0 5 5 6 0 6 5 7 0

*

*
F 20

M 20

F 32

M 32

T im e  (m in )

T
c

o
re

#

#
#

#
*

*

*

*

#D

~
~

~

~



 

 199 

 

 

Figure 5.2. Heart rate responses response during low intensity efforts (A) and sprints (B) over 

the entire trial. M is males, F is females, 20 & 32 is 20°C and 32°C ambient temperatures, 

respectively. *P < 0.05 significant difference between low intensity and sprints; #P < 0.05 

significant differences between F20 and F32. HR during exercise was significantly higher than 

pre-exercise (0 min).  
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5.4.5 Thermal Sensation 
 

Thermal sensation was significantly higher in the 32°C trial, compared with the 20°C trial at 

all time points, for both sexes (P < 0.05). However, there were no differences between male 

and female responses in the same ambient conditions.  

 

5.4.6 Neuromuscular Responses 
 

5.4.6.1 Maximal voluntary isometric contractions and voluntary activation 

 

The MVC and VA% for forearm flexors (FF) and leg extensors (LE) are presented in Table 5.3. 

For the FF, all force produced declined following cycling exercise, however there were no 

statistical differences from pre- to post-exercise in any condition except M20, where the 

force produced was ~378 N and ~ 354 N for pre- and post-exercise, respectively (P < 0.05).  

LE force production was significantly reduced post-exercise compared to pre-exercise in 

M20, M32 and F32 (P < 0.03).  

 

There were no differences from pre- to post-exercise VA% for either forearm flexors or leg 

extensors in any sex or ambient temperature condition.  

 

5.4.6.2 Potentiated evoked twitch contractile properties 
 

Table 5.4 contains the mean data for potentiated twitch contractile properties for the leg 

extensors and forearm flexors.  



 

 201 

Pf declined in leg extensors following cycling exercise in F20 (P < 0.05). Male values were 

significantly elevated compared with females both pre- and post-exercise, for forearm 

flexors and leg extensors, in both ambient temperatures (P < 0.02). TPf decreased post- 

exercise for leg extensors in F32 (P < 0.03) and significantly increased for males compared 

with females at both pre- and post-exercise time points (P < 0.02). 1/2RT was not different 

at any time point or sex for the leg extensors, however was significantly increased for FF in 

M20, compared to pre-exercise (P < 0.04). Lastly, CD was decreased in females from pre- to 

post-exercise for LE but not FF (P < 0.02). Post-exercise LE values were higher in males than 

in females for both 20°C and 32°C (P < 0.04). 

 

5.4.6.3 Cycling EMG 
 

The EMG spectral compression and RMS amplitude did not change between environmental 

condition, sex, sprint repetition or muscle group.  

 

5.3.7 Biochemical markers 
 

All cortisol and lactate samples in all conditions were increased from pre-exercise and are 

shown in Figure 5.3.  

 

For cortisol M32 increased significantly by the completion of the self-paced exercise, 

compared with pre-exercise and fixed-intensity cycling (334, 357 and 514 nmol/L, for pre-

exercise, fixed-intensity and self-paced exercise, respectively; P < 0.04).  
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The data for HSP is presented in Figure 5.3. The HSP response in females was higher than 

males at all sample points in both 20°C and 32°C, except for pre-exercise in 20°C (P < 0.04). 

There were no differences within each condition for males or females.  

 

Lactate was not significantly different among sexes, ambient temperature or fixed-intensity 

versus self-paced cycling exercise. Both men and women reached ~9.1 nmol/L at the 

completion of fixed-intensity cycling and decreased to ~8.8 nmol/L at the completion of self-

paced cycling. The increase of lactate from rest was significant in both sexes and 

environmental condition (P < 0.01).
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Table 5.2. Rating of perceived exertion (RPE) during the low intensity effort and sprints in fixed intensity and self-paced trials. 

 
 

    
 

Intensity 
 

F20 
 

 
F32 

 
M20 

 
M32 

 
 
 

Fixed-intensity 

 
Low 
RPE 

3.7 ± 1.3 3.6 ± 1.6 3.1 ± 1.1 3.3 ± 1.2 

 
Sprints 

RPE 
 

5.3 ± 1.7* 5.6 ± 2.1* 6.0 ± 0.6* 6.1 ± 1.1* 

 
 

 
 

Self-paced 

 
Low 
RPE 

5.7 ± 1.6◊ 6.7 ± 1.8 4.0 ± 0.3 5.0 ± 0.8§ 

 
Sprints 

RPE 
 

7.3 ± 1.2* 8.1 ± 1.5*§ 7.1 ± 0.4* 
 

7.8 ± 0.5* 
 

 

F is female, M is male, 20 & 32 is 20°C and 32°C ambient temperatures, respectively. *P < 0.05 increase in RPE from low to high intensity efforts 

in all conditions; §P < 0.05 between ambient conditions, for each sex; ◊P < 0.05 increase in mean RPE compared with the male mean value. 
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Table 5.3. Maximal voluntary contraction (MVC) and voluntary activation (VA) of the forearm flexors (FF) and leg extensors (LE) pre and post 
cycling exercise.  

  MVC (N) VA% 

  PRE POST PRE POST 

F20 

 

FF 
 

161.5 ± 34.6 
 

147.08 ± 37.1 

 

101.0 ± 3.1 

 

103.0 ± 4.4 

LE 439.2 ± 151.3 413.7 ± 110.4 82.9 ± 15.8 81.6 ± 9.9 

F32 

 

FF 
 

165.26 ± 32.6 
 

164.5 ± 25.0 

 

100.1 ± 2.8 

 

100.8 ± 1.9 

LE 437.4 ± 120.4 365.3 ± 113.7* 85.6 ± 16.7 81.1 ± 11.7 

M20 

 

FF 

 

377 ± 92.9 

 

354 ± 77.9* 

 

96.8 ± 3.7 

 

97.0 ± 2.5 

LE 734.6 ± 130.2 627.4 ± 103* 92.8 ± 6.7 92.1 ± 7.8 

M32 

 

FF 

 

349 ± 75.9 

 

331 ± 63.8 

 

98.2 ± 1.2 

 

95.7 ± 5.7 

LE 729.2 ± 117.5 665.5 ± 133.1* 92.8 ± 4.4 87.2 ± 10.3 

P < 0.05 decrease in force production from pre- to post-exercise. F is female, M is male, 20 & 32 is 20°C and 32°C ambient temperatures, 

respectively. 
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Table 5.4. Potentiated evoked twitch contractile properties of the forearm flexors (FF) and leg extensors (LE) pre and post cycling exercise. 

  Pf (N) RFD (N.s-1) RR (N.s-1) TPf (ms) ½ RT (ms) CD (ms) 

  Pre Post Pre Post Pre Post Pre Post Pre Post Pre Post 

F20 
FF 34 ± 12 35 ± 13 153 ± 55 141 ± 49 -204 ± 

101 
-230 ± 

106 117 ± 42 124 ± 26 90 ± 32 90 ± 25 207 ± 35 215 ± 19 

LE 163 ± 21 141 ±  30* 806 ± 174 790 ± 215 -815 ± 
350 

-1006 ± 
390 101 ± 14 89 ± 14 96 ± 31 79 ± 10 196 ± 28 168 ± 14* 

F32 
FF 33 ± 16 36 ± 12 166 ± 72 166 ± 91 -196 ± 

117 -231 ±78 107 ± 39 118 ± 27 90 ± 31 80 ± 11 207 ± 24 198 ± 24 

LE 149 ± 48 147 ± 45 781 ± 232 899 ± 214 -913 ± 
360 

-1074± 
439 96 ± 17 83 ± 10* 91 ± 10 80 ± 15 187 ± 8 163 ± 17* 

M20 
FF 73 ± 14^ 73 ± 15^ 398 ± 203 376 ± 151 -422 ± 

127 
-431 ± 

123 101 ± 22 104 ± 33 78 ± 11 92 ± 10* 180 ± 17 198 ± 30 

LE 240 ± 55^ 255 ±  39^ 1190 ± 
204 

1174 ± 
145 

-1419 ± 
630 

-1307 ± 
525 111 ± 23 124 ± 11^ 108 ± 65 81 ± 14 236 ± 64 205 ± 13^ 

M32 
FF 79 ± 22^ 76 ± 20^ 362 ± 97 372 ± 136 -358 ± 91 -498 ± 

155* 117 ± 42 124 ± 26 92 ± 38 81 ± 16 206 ± 32 192 ± 22 

LE 224 ± 48^ 236 ±  20^ 1249 ± 
170^ 

1302 ± 
201 

-1690 ± 
501^ 

-1463 ± 
188 107 ± 12^ 118 ± 27#^ 80 ± 18 88 ± 19 187 ± 10 199 ± 26^ 

F is female, M is male, 20 & 32 is 20°C and 32°C ambient temperatures, respectively. Pf, peak force; RFD, rate of force development; RR, rate of 

force relaxation; TPf, time to peak force; ½ RT, half relaxation time; CD, contraction duration. *P < 0.05 significant differences pre to post 

exercise; ^P < 0.05 significant differences between males and females for corresponding ambient temperature; #P < 0.05 significant differences 

between ambient temperatures for the same sex. 



 

 
 

 

 

 

Figure 5.3. Heat shock protein, cortisol and lactate responses pre-exercise (Pre-Ex), end of the 

30 min fixed intensity cycle (Post-30 min) and at the end of the 30 min time trial (Post TT). *P 
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< 0.01 with Males; ^P < 0.03 for M32 at Post TT compared with Pre-Ex and Post-30 min. aP < 

0.01 vs Pre-Ex in both sexes across all conditions. 

 

5.5 Discussion 
 

The aims of this study were to examine the HSP response following self-paced cycling 

exercise; to investigate if OC use influences the HSP response in women and to establish 

whether cycling performance, thermoregulation and muscle fatigue affects HSP 

concentration in warm ambient temperatures.To the best of our knowledge, this is the first 

study to examine the responses of HSP in females using OC. In females exercising in both 

temperate and warm ambient conditions, the HSP72 response was significantly higher 

compared with men exercising in the same environments. We believe this is the first time 

this observation has been reported. The reason for this elevated response is not clear, 

however, there are multiple possibilities which could explain this finding.   

 

Firstly, males and females produced different cycling performances in both fixed-intensity 

and self-paced cycling. During fixed-intensity cycling, the difference in distance covered in 

30 min was 7% further in males compared with females. Likewise, the fixed-intensity power 

output was ~25% higher for males and they were able to produce higher mean and peak 

speeds (~8% and ~13% increases, respectively). In self-paced exercise, males cycled ~16% 

further than females (13.0 km compared with 10.9 km) and produced significantly higher 

mean (~32% increase) and peak (~42% increase) power output and mean (~11% increase) 

and peak (~21% increase) speed, in both ambient and warm conditions. Despite the higher 

intensity that males were able to maintain during cycling exercise, there was no difference 
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in thermal sensation and in fact, females sustained higher HR, RPE and Tcore than their male 

counterparts.  

 

Females exercised at a higher Tcore than males, although this difference was not significant 

until 30 min in fixed-intensity in F20 and from the beginning of the time trial exercise in F32. 

The difference in Tcore value was approximately 0.5°C at the completion of both cycling 

bouts, which aligns with reports that females in the luteal phase of the menstrual cycle 

experience an elevation in Tcore of 0.3 - 0.5°C, due to the increase in circulating progesterone 

(Pivarnik et al, 1992), which is maintained during exercise. The women in this study 

however, did not experience the fluctuations of the natural menstrual cycle, as they were 

ingesting a monophasic OC formulation, which provides a steady, albeit low dose of 

oestrogen and progesterone across 21 d before the withdrawal phase, consisting of sugar 

pills. It is presumed that these women are free of day-to-day variations in body temperature 

characteristic of natural ovulatory cycles. However, synthetic hormones interfere with 

thermoregulation, elevating body temperature consistently over 24 h, to the same extent as 

it is in ovulating women in the LP (Baker et al, 2001; Baker, Waner, Viera, Taylor, Driver & 

Mitchell, 2001b).   

 

The increased Tcore obtained by females in this study could explain the higher values of 

HSP72 compared to males. HSP72 for female participants was higher at rest, and 

significantly elevated at the completion of fixed-intensity cycling and the completion of self-

paced cycling compared to males (~49% higher at all time points). There was no statistical 

difference between ambient temperatures, although in the F32 condition HSP72 

concentration was higher than in F20. Heat shock protein response was not reflective of 
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circulating cortisol, in that only M32 produced significant increases during self-paced 

cycling. All other conditions demonstrated elevations in cortisol, however these differences 

were not significant. Thus, it is likely that the elevation in HSP72 is unrelated to the stress 

response to exercising in the heat.  

 

It is quite likely that changes in cortisol and HSP72 were not completely developed over the 

course of this exercise bout, as it is purported that the cellular chaperone response is 

duration and intensity dependent. Thus, it is possible that the cycling exercise used here was 

insufficient to induce high levels of cellular stress. Further, it is possible that self-paced 

exercise allowed the participants to adjust their efforts to preserve homeostasis as much as 

possible (Tatterson et al, 2000; Marino, 2004; Marino, et al, 2004). Further explanations 

about the differences in HSP response in this study include differences in surface area to 

volume ratio (0.026 compared with 0.027 for males and females, respectively),  muscle mass 

and body composition, sweat rate and biomechanical efficiency, however,none of the latter 

were examined here. Prospective research could examine these differences in conjunction 

with longer, possibly more intense cycling exercise.  

 

Muscle force production in leg extensors was decreased following self-paced exercise in 

both temperate and warm conditions, however, this was not related to the differences in 

HSP response between males and females. Voluntary activation was unchanged in all 

conditions for both sexes, thus it is clear that fatigue in this protocol was not central in 

origin. The twitch contractile properties show reductions in each of the measurements 

across conditions; however, the only significant reduction from pre to post exercise was in 

CD for F20 and F32 for LE and TPf decreased in females post exercise, but increased for 
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males in the same condition.  Whilst it can be suggested that a faster TPf and CD may be 

indicative of muscle potentiation post-exercise (Rassier et al, 2000; Hodgson et al, 

2005), these measures are not sensitive to the influence of twitch force amplitude. 

A more precise indicator for muscle potentiation is RFD because it is a normalised measure 

of the rate of change in twitch force production. In this study, there was no significant 

change in RFD between testing conditions, which suggests that the extent of any muscle 

potentiation associated with the cycling exercise was minimal. Alternatively, it is possible 

that some muscle potentiation may have occurred; however, such benefits would have 

been minimal compared with any potential deficit from peripheral fatigue.  This is a curious 

result as previous work suggested there would likely be reductions in neuromuscular 

performance due to the normal progress of central and peripheral fatigue under these 

exercise conditions (Klass et al., 2012; Saboisky et al., 2003). 

 

An important limitation for this study is the lack of hormonal blood data. Due to errors in 

blood analysis, we were unable to report progesterone and estradiol measures, which 

would add a great deal to this study. Further study should address women who are more 

highly trained than those in our study and ensure that plasma hormones are accounted for 

accurately, to enable a more thorough picture can be completed. 

 

In conclusion, there is very little evidence to explain the difference in HSP response to self-

paced exercise in the heat in males and females. However, our findings indicate that 

females who use an OC had higher levels of HSP72 than males when tested under the same 

environmental conditions (~120 pg.l-1 v ~280 pg.l-1 in WARM and ~124 pg.l-1 v ~266 pg.l-1 in 

COOL for males and females, respectively). The reasons for this are currently unclear 
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because males exercised at a higher intensity than females and it has been established that 

HSP response is likely to be intensity-dependent. In addition, females achieved a higher 

mean HR (~157 v ~146 bpm) and Tcore (~38.5°C v ~37.9°C) at the completion of the self-

paced cycling trial, which is suggestive of higher cardiovascular and thermoregulatory strain. 

Therefore, we can only conclude that the HSP response between males and females under 

the conditions of this study was driven by the higher cardiovascular and thermoregulatory 

strain exhibited by the females compared to the males.  

 

Further research is required to establish the mechanisms involved in the HSP72 response to 

self-paced cycling in the heat.  
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CHAPTER SIX: DISCUSSION, LIMITATIONS AND CONCLUSIONS 
 

 
 

 



 

 
 

6.1 Discussion 
 

The aims of this thesis were to investigate the interplay between self-paced cycling exercise 

performance, fatigue and neuromuscular function and the influence that a pharmacological 

intervention and oral contraceptive use might have in this exercise model. In addition, we 

aimed to understand whether cellular chaperones such as HSP, respond differently for 

women compared with men under the conditions of our exercise performance model during 

heat stress. 

There is an abundance of research into the physiology of fixed-intensity, or constant-load 

exercise, however, there is much less clarity surrounding the physiology of self-paced 

exercise.   This is somewhat surprising given that it has been known for some time that 

biological reliability of constant load exercise is limited (McLellan, et al, 1995). Although, 

current research demonstrates disparity around self-paced exercise when compared to 

constant load cycling, especially when under heat stress, our findings generally agree with 

the view that self paced exercise does not produce different performances under different 

conditions. An example of this is that under constant load exercise in the heat, subjects 

typically cease exercise when reaching a core temp of about 40°C (Galloway & Maughan, 

1997; Nybo & Nielsen, 2001; González-Alonso,et al, 1999). However, in self paced exercise 

this does not seem to be the usual response (Tucker et al, 2004). For this reason, we 

decided to examine various interventions with the self-paced model, in particular, the 

effects of pharmacological interventions such as hormone altering drugs and oral 

contraceptives. Further to this, is the dearth of experimental data on women generally, and 

the level of cellular stress under these conditions. 
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Pharmacological interventions have been shown to impact the brain catecholamines, 

namely serotonin (5-HT), dopamine (DA) and norepinephrine (NE). The focus of this thesis 

was on DA and NE, hormones known to exert their effects on arousal and motivation and 

motor behaviour. Further, DA has been implicated in the control of body temperature, 

tolerance to exercise in the heat and increased motivation. NA on the other hand, is 

associated with arousal and consciousness. The use of particular reuptake inhibitors, such as 

bupropion, blocks reabsorption of neurotransmitters, allowing for circulating levels to 

increase, thus increasing their effects on the body. Bupropion is a weak, but selective 

inhibitor of DA reuptake and has been suggested to dampen inhibitory signals from the 

central nervous system (CNS) to cease exercise due to hyperthermia. In addition, DA’s 

influence on motivation could mean that an athlete could maintain the motivation to 

produce a higher power output. There is no evidence of studies being undertaken to 

evaluate the effect of a DA/NA reuptake inhibitor on neuromuscular performance following 

cycling exercise in the heat, therefore, the aim of the first study was to compare the effects 

of acute administration of a DA/NE re-uptake inhibitor on neuromuscular performance and 

efferent drive following fixed intensity and all-out time trial performance in both moderate 

(20°C) and warm (32°C) ambient conditions.  

The main finding was that the Tcore response was elevated in the fixed intensity section of 

the trials for BUP in both ambient temperatures. However, the DA/NE re-uptake inhibitor 

had no significant effect in cooler conditions on Tcore when compared to the PLA in the self-

paced TT. As far as we are aware this observation, of a continued rise in Tcore during fixed 

intensity exercise in the heat with DA/NE re-uptake inhibitors has not been previously 

reported. This finding suggests that neurotransmission is maintained with the use of DA/NE 

re-uptake inhibitors during exercise-induced hyperthermia so that potential for 

hyperpyrexia could be masked under these conditions. In conclusion, our findings from 
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study 1 show that DA/NE re-uptake inhibitor influenced thermoregulation but not exercise 

performance in either warm or moderate conditions. Although our findings support 

previous reports that DA/NE re-uptake inhibitors are likely to act centrally to override the 

inhibitory signals for the cessation of exercise, we also show that these drugs could act 

peripherally to reduce the twitch characteristics of skeletal muscle. This latter finding could 

partly explain why previous studies do not report improvements in performance in cool to 

moderate ambient conditions (Klass et al, 2012; Klass et al, 2016). 

 

The female menstrual cycle is characterised by fluctuations in endogenous hormones that 

act not only on the ovary, but exert their effects elsewhere in the body. Throughout the 

menstrual phase, fluctuations in the female sex hormones, oestrogen and progesterone are 

associated with changes in exercise performance (Moran et al 1999), tolerance to exercise-

heat stress (Kaciuba-Uscilko & Grucza, 2001) and muscle strength (Bennell et al., 1999). 

During the luteal phase of the menstrual cycle, basal body temperature is elevated and 

thought to be associated with increased levels of progesterone concentration (Hessemer & 

Brück, 1985; Carpenter & Nunneley, 1988). The monophasic oral contraceptive pill (OC) 

provides a constant, low dose of exogenous hormones, most commonly as a mix of 

synthetic oestradiols and progesterones. The constant dosage of hormones blunts the 

natural production of these hormones, thus female athletes using OC are less vulnerable to 

the effects of hormonal fluctuations on performance. Whilst there is a wealth of research 

into the menstrual cycle, it appears that there is limited research into the effects of OC on 

self-paced endurance exercise in cool and warm environments. It remains to be determined 

whether the combined effects of heat stress with and without OC alters exercise 

performance and muscular strength. To this end, the present study examined the effect of 
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OC on self-paced exercise performance in the heat. A further aim was to evaluate these 

combined effects on neuromuscular performance. 

 

The novel finding for the second study was that irrespective of environmental conditions 

and OC pill use, self-paced cycling performance was not different in these women. The data 

indicate that these moderately physically active women achieved consistent total distance, 

and mean power outputs over the course of the trials during both fixed intensity and self 

paced sections lasting 30 min each. As far as we are aware, no studies have reported similar 

consistencies under the conditions of the present study. In summary, these findings suggest 

that OC use in normal women do not affect their performance of self paced exercise in 

either warm or moderate ambient conditions, even though core temperature was higher by 

the end of exercise in the warmer compared with cool conditions. Importantly, we believe 

that our study is the first to show that OC use does not detrimentally alter neuromuscular 

performance in these women across ambient conditions and across the OC cycle. 

 

During exercise and heat stress, a number of responses, including increased temperature, 

acidosis and reduced glucose availability, occur within the body that could potentially 

disrupt the maintenance of homeostasis (Voss et al, 2003). Heat shock proteins are a group 

of protective proteins thought to carry out the role of ‘cellular chaperone’, in that they bind 

to denatured proteins and are involved in the assembly of protein complexes (Yamada et al, 

2007; Fehrenbach et al, 2005; Febbraio et al, 2000). Although the effect of exercise on the 

HSP response in rodents is well documented, there are relatively few studies that have 

examined this phenomenon in humans, and these have produced conflicting findings. 

Further, there has been extensive work investigating HSP release and mechanisms of action, 
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however, researchers are unable to agree upon or even identify the tissue from where HSPs 

are released during exercise, nor are they able to isolate an exact stimulus for that release. 

Exercise duration and intensity, combined with elevated Tcore appear to be the most likely 

stimuli, however it is difficult to isolate and identify additional factors during the multi-

faceted response to exercise. Importantly for this thesis, there does not appear to be 

evidence of research into oral contraceptive use and the possible relationship with the HSP 

response during exercise. 

 

The main finding for this study was that females had a two-fold higher HSP72 concentration 

than males, at all time points, when tested under the same environmental condition. 

Whether this is related to OC use remains unclear, because while females attained a higher 

Tcore, HR and perceived exertion, males actually cycled at higher intensities.  Further 

research is required to establish the mechanisms involved in the HSP72 response to self-

paced cycling in the heat 
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6.2  Limitations and delimitations of the research 

6.2.1  Limitations 

 

§ Sleep habits of subjects may affect their performance in athletic trials; 

§ Due to the participants in the studies being active, but not specifically trained 

individuals, the results may not be applicable to older individuals or trained athletes; 

§ Throughout the duration of each study, participants will be required to reasonably 

replicate the food consumed and activity performed in the 24 hours prior to the first 

testing session for subsequent testing sessions. This variable may not be completely 

controlled;  

§ Skin thickness or body fat may impede the electrical stimulation currents and 

electromyography data collected from sites on the body; 

§ The research relies on self-reported medical, menstrual and training histories, which 

may or may not be influenced by bias; 

§ Participants will be instructed to ingest core temperature thermistors and, if 

applicable, DA/NA reuptake inhibitor or placebo, at a given time before their testing 

sessions, thus putting the expectation on the individual that this direction is adhered 

to; 

§ Muscle samples will not be collected for this research because practically, there is a 

limited window of time following the completion of the cycling protocol to complete 

the repeated muscle tests before the body starts to cool down. If muscle samples 

were to be taken, the anaesthesia is required to be administered and take effect 

before the sample is taken, thus affecting the time- and temperature-sensitive 

collection of muscle activation data; 
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§ The protocol assumes that participants will maximally exert themselves during the ‘all-

out’ sprints conducted at ten minute intervals throughout the cycling protocol, as well 

as maximally exerting themselves during maximal muscle contractions.   

 

6.2.2  Delimitations 

 

§ By recruiting generally active people as opposed to specifically trained athletes, the 

results may be more applicable to a wider range of scenarios and settings including 

the military and populations of people what show pathophysiologies associated with 

fatigue;  

§ Further to the above point, our participants were required to be healthy and active for 

a minimum of three hours per week. The level of activity varied, as there were state 

and national competitors mixed with regular gym participants, however all of the 

participants were able to meet or exceed this physical activity requirement.  

§ Participants will be required to follow similar diet and exercise for 24 hours prior to 

each testing session. In addition, they will be instructed to avoid strenuous activity, 

alcohol and excessive caffeine ingestion during the same time periods;  

§ The testing sessions and associated physiology collections will take place in a 

controlled laboratory setting;  

§ All equipment and data collection procedures will be kept consistent throughout 

familiarisation and testing trials and participants will be well familiarised with all 

testing procedures; 
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§ The primary researcher will be present at all familiarisation and testing sessions to 

ensure that procedures are followed in specific sequence and to ensure continuous 

quality control;  

§ All testing sessions times will be kept consistent for each participant to control for 

circadian variations in physiology;  

§ Only females taking a monophasic oral contraceptive pill for at least 6 months prior to 

data collection will be recruited to eliminate fluctuations in sex hormones that occur 

in both the natural menstrual cycle and triphasic OC preparations; 

§ A further limitation is the lack of hormonal blood data. Due to errors in blood analysis, 

we were unable to report progesterone and estradiol measures, which would add a 

great deal to these studies. Further study should address women who are more highly 

trained than those in our study and ensure that plasma hormones are accounted for 

accurately, to enable a more thorough picture can be completed. 

§ For the final study comparing the heat shock protein responses of men and women, 

the participants will not be matched based on body weight, size, surface area or 

fitness, beyond meeting the physical activity guidelines for participation in the study 

(at least 3 hours per week). The reason for this is that it is difficult to find a 

characteristic to match given that we are measuring a plasma protein and not a 

physical parameter such as body size. 
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6.3 Conclusions and Future Directions 
 

The three studies presented in this thesis evaluated cycling performance, thermoregulation, 

neuromuscular and stress responses in men and women exercising in warm and cool 

environmental conditions. Study one investigated the effects of a dopamine/noradrenaline 

reuptake inhibitor on cycling performance, thermoregulation, neuromuscular and stress 

responses in healthy young men. We conclude that in the heat men were able to exercise 

with a higher Tcore during self-paced cycling, while neuromuscular and cycling performance 

remained relatively unaffected. The DA/NE reuptake inhibitor did not influence cortisol 

production any more than ambient temperature. Study two demonstrated that oral 

contraceptives did not affect self-paced cycling performance even though Tcore was higher in 

warm conditions compared with cool. Furthermore, neuromuscular performance and 

cortisol production were unaffected by OC administration. In relation to study 2 we 

conclude that OC did not affect self-paced cycling performance. The third study showed that 

heat shock protein, a marker of cellular stress, was elevated in women but not in men 

following exercise in the heat, despite men exercising at a higher intensity than women. In 

this study, HSP72 was not related to increased cortisol production because men 

experienced greater cortisol production than women. The current results do not allow us to 

conclude that OC are the sole cause of increased HSP production, rather, it seems that this is 

likely to be an outcome of the higher thermoregulatory and cardiovascular strain 

experienced by the women compared to the men. 

 

 

The research questions for this thesis and their respective outcomes are:  
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Study 1 

1. What effect does the administration of a DA/NA reuptake inhibitor have on 

thermoregulation during self—paced exercise in the heat?  

The main finding of this study was that Tcore response was elevated in the fixed intensity 

section of the trials for BUP in both (20°C and 32°C) ambient temperatures. However, the 

DA/NE re-uptake inhibitor had no significant effect in cooler conditions on Tcore when 

compared to the PLA in the self-paced TT. 

 

2. Is there a decline in neural drive (motor output) to exercised and non-exercised muscles 

following self-paced endurance exercise in the heat? Does the administration of a 

dopamine/noradrenaline (DA/NA) reuptake attenuate the decline in neural drive? 

Neural drive to exercised and non-exercised muscles appears to be maintained following 

this exercise protocol. Further, it appears that neurotransmission is maintained with the use 

of DA/NE re-uptake inhibitors during exercise-induced hyperthermia. We hypothesized that 

by maintaining central neurotransmission by administration of DA/NE re-uptake inhibitors, 

an improvement in performance would ensue in the heat as a consequence of sustained 

efferent drive, motivation and arousal (Klass et al., 2012; Roelands et al., 2008b). Our 

neuromuscular data suggests that MVC and VA were unaffected by the administration of 

DA/NE re-uptake inhibitors. Across both environmental conditions in drug and PLA 

treatments, these measures remained relatively unaltered from pre to post exercise for the 

musculature involved (leg extensors) and for those uninvolved (forearm flexors) in the 

cycling exercise. 
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3. Is self-paced endurance exercise improved by ingestion of a DA/NA reuptake inhibitor? 

The results show that endurance performance in this particular protocol (30 min fixed-

intensity cycling at 50%Wmax, followed by 30 min self-paced time-trial, with six, interspersed 

with 30 sec maximal sprints) was not affected by the administration of a DA/NE reuptake 

inhibitor. 

 

4. Does a DA/NA reuptake inhibitor affect the stress response during self-paced exercise in 

the heat? 

COR response increased immediately post the fixed-intensity and TT trials for BUP 

compared with PLA in the temperate condition (Fig. 3.3B). Notably, COR also increased by 

the end of the TT in the warm PLA condition, suggesting that BUP administered in either 

condition will induce a higher COR response and that high ambient temperature alone can 

have a similar effect on COR. Interestingly, BUP administration in the heat did not augment 

the COR beyond that achieved in the heat without the DA/NE re-uptake inhibitor. Our study 

shows COR response increased significantly by the end of the time trial in the heat whether 

or not BUP was administered. The fact that COR did not increase in the temperate condition 

by the end of the TT in PLA, indicates that that DA/NE reuptake inhibitors induce a higher 

stress response similar to what is achieved in the heat without the drug. 

 

Study 2 

1. Does oral contraceptive (OC) use eliminate fluctuations in self-paced time trial 

performance at different stages of the menstrual cycle and in different ambient conditions? 
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The main finding for study 2 was that OC did not result in any difference in self-paced cycle 

time trial in either 20°C or 32°C, even though core temperature was higher by the end of 

exercise in the warm condition compared with the cool.   

 

2. Does OC use influence neural drive to exercised and non-exercised muscles following self-

paced endurance exercise in the heat? 

Neuromuscular performance was not significantly altered by OC use in either the exercised 

or non-exercised muscles following endurance exercise, either in the heat or in the cool.  

 

3. Does OC use influence the stress response during self-paced exercise in the heat?  

There was no significant change in COR in the OC conditions compared to CON, thus it 

appears that OC use does not influence the stress response during self-paced exercise in the 

heat. 

 

Study 3 

1. Is the heat shock protein (HSP) response influenced by self-paced cycling performance in 

the heat? 

Heat shock protein concentration was elevated following cycling exercise in women, but not 

men, regardless of ambient temperature. Women exercising in 32°C displayed the highest 

levels of circulating HSP72 at the completion of cycling exercise, however this was not 

statistically higher than that of women after cycling in 20°C. 
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2. Does self-paced exercise in the heat promote cell and hormonal stress response? 

Interestingly, HSP72 was higher in women in both 20°C and 32°C, however cortisol 

concentration was significantly higher in males following cycling exercise in 32°C, suggesting 

that HSP concentration is not associated with the stress response.   

 

3. Will OC use influence the HSP response in females exercising in the heat compared to 

males?  

It is difficult to identify whether there is a sole cause of the increased response of HSP 

production in females. In this study, females completed their cycling protocol with a higher 

Tcore than males by ~0.5°C in both ambient conditions, but the highest value was a peak Tcore 

of ~38.5°C at the completion of time trial exercise in 32°C. It is possible that the increase in 

Tcore, evident in women using OC was responsible for the increase in circulating HSP72.   

 

Recommendations for further research: 

• It would be both interesting and informative to compare women who use OC with 

eumenorrheic women undertaking a similar protocol to the that described in chapter 

four, to allow for direct comparison of results, at particular times during the 

menstrual and pill cycles and under the same environmental condition. However, 

given the popularity of OC use for a number of medical conditions, such a group of 

women would be difficult to recruit. 
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• It is possible that the exercise duration and intensity was not enough to elicit a stress 

or heat shock response. Therefore, by increasing duration and/or intensity of self-

paced exercise, we could address two issues: the stress and heat shock response and 

we could potentially amplify any differences in pacing and neuromuscular 

performance.  

 

• Athletic competition occurs in all environmental conditions, thus testing in 32°C may 

not be truly indicative of the responses experienced in even hotter environments. 

The addition of a third ambient temperature, of ~ 38 - 40°C, would contribute to the 

body of knowledge surrounding self-paced exercise in the heat.  

 

• Cycling exercise is a fairly low-impact exercise mode in comparison to running for 

example. A comparison of cellular stress between running and cycling could provide 

evidence that mode of exercise is an important consideration when reviewing 

research findings and understanding the relative stress response. 

 

• In this research, the participants were healthy, active individuals as opposed to well-

trained individuals. Athletes may be more physiologically responsive than their 

moderately-active counterparts, and this could impact neuromuscular performance, 

cycling performance and even the stress and heat shock responses.  

 

• If dopamine is associated with motivation, it stands to reason that blocking the 

reuptake and increasing circulating levels of the neurotransmitter could very well 

affect motivation. Introducing motivational scales to the testing protocol, in addition 
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to RPE in the pharmacological intervention could help to identify the degree to 

which increased dopamine concentration affects motivation. 

 

In conclusion, the three studies presented in this thesis evaluated cycling performance, 

thermoregulation, neuromuscular and stress responses in men and women exercising in 

warm and cool environmental conditions. Study 1 investigated the effects of a 

dopamine/noradrenaline reuptake inhibitor on cycling performance, thermoregulation, 

neuromuscular and stress responses in healthy young men. The findings were that in the 

heat men were able to exercise with a higher Tcore during self-paced cycling, while 

neuromuscular and cycling performance remained relatively unaffected. The DA/NE 

reuptake inhibitor did not influence cortisol production any more than ambient 

temperature. Study 2 demonstrated that oral contraceptives did not affect self-paced 

cycling performance even though Tcore was higher in warm conditions compared with cool. 

Furthermore, neuromuscular performance and cortisol production were unaffected by OC 

administration. The third and final study showed that heat shock protein, a marker of 

cellular stress, was elevated in women but not in men following exercise in the heat, despite 

men exercising at a higher intensity than women. In this study, HSP72 was not related to 

increased cortisol production because men experienced greater cortisol production than 

women. The current results do not allow us to determine whether OC is the sole cause of 

increased HSP production, as women experienced a higher Tcore but lower cycling intensity 

than men in the same ambient conditions.  
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APPENDIX 1 – INFORMATION FOR PARTICIPANTS 
 

Information for Participants 

 

“Central Nervous System drive and endurance time trial performance in a warm environment following 
ingestion of a dopamine / noradrenaline reuptake inhibitor.” 

 

Principal Investigator Katrina Onus, PhD Candidate 

    konus@csu.edu.au 

    Tel: 02 6338 4161 

Supervisor   Associate Professor Frank Marino 

    fmarino@csu.edu.au    

    Tel: 02 6338 4268 

 

Purpose of the Research 

The purpose of this research is to investigate the magnitude of decline in drive from the central nervous 
system to the active and non-active muscles after performing an exercise bout in the heat. This will be done by 
stimulating the nerve to the muscles with mild electrical currents and determining the difference between the 
values obtained. We will also observe how a hormone reuptake inhibitor affects the drive from the brain to 
the exercising and non-exercising muscles. 

 

Methods 

You will be required to attend 5 laboratory sessions. The first time you report to the lab will be a baseline 
testing and familiarisation session. The baseline testing will consist of body weight, a peak oxygen and peak 
power output test on a cycle ergometer and muscle strength testing on the Kin Com dynamometer, which is a 
computerised strength testing chair. The familiarisation section of this initial session will consist of the baseline 
maximal muscle strength tests for the knee extensor (thigh muscles) and elbow flexor (arm muscles) muscle 
groups. Following this, you will perform a shortened version of the cycling time trial protocol, including the 1 
minute sprints. This session will take approximately 2 hours.  

The remaining sessions will consist of data collection, either in a warm environment of 33oC and 40 - 50% 
relative humidity or a moderate ambient environment (about 20oC). On the day prior to data collection, you 
will be provided with the dosage of Bupropion (2 x 300mg, 600mg). Bupropion is commonly known as Zyban 
and is usually prescribed for those people wanting to stop smoking. Therefore, this medication has an 
antidepressant action but it is not normally prescribed for this purpose. You will be required to take this before 
you go to bed and upon waking the day of data collection. Following is what you can expect during each of 
your actual testing trials in an approximate order: 

 

o Report to the lab. 

o Nude weight measure (in private). 

o Ingest thermal telemetry pill for core temperature measurement. 
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o Insertion of cannula into your forearm for blood sampling (~10 mL). 

o Preparation of sites on right arm and leg for electrode placement. 

o Maximal strength tests of arm and leg, with electrical stimulation. 

o Enter into climate chamber and rest for ~10 min. 

o Blood sample (~10 mL). 

o Start steady state ride, ~30 min. 

o Blood sample (~10 mL). 

o 60 min time trial, as far as you can ride in that time. 

o Blood sample (~10 mL). 

o Exit climate chamber and repeat maximal strength tests, with electrical stimulation. 

o Final blood sample (~10 mL). 

o Removal of electrodes and cannula. 

o Nude weight (in private). 

o Test completion and debriefing. 

 

Expectations of Research Participants 

Before your participation commences in this study, you will be required to attend an appointment with a local 
physician for a medical clearance, with costs to be covered by the researcher. If you are cleared to participate, 
you will be asked to attend the Human Performance Laboratory at CSU Bathurst a total of 5 times. Each time 
you report to the lab you will be required to bring exercise gear and bike pedals, if you wish to use your own 
pedals. Shower and changing facilities are available for your use after your lab sessions. Each of your lab 
sessions will be scheduled at the same time, with 7 days between each trial.  

The day before your experimental trials and upon waking the morning of your trials, you will be required to 
take the directed dosage of the prescribed drug. It’s very important that you take the drug at the specified 
time and the correct dosage, because any variations could distort the results.  

The first time you report to the lab will be a baseline testing and familiarisation session, which is outlined 
above in the Methods section. This session will take approximately 90 mins – 2 hours. 

For your 4 experimental trials you will be required to have the same lead up to each trial, including continuing 
your normal training program and diet and refraining from heavy exercise, alcohol and cigarettes in the 24 
hours before each lab session. You will need to replicate your exercise and diet leading up to your remaining 
trials. You can expect each experimental trial to take approximately 2 hours. 

 

Potential Risks and Side Effects 

We will take precautions to minimise any potential risks and side effects, which is why you will be screened by 
a local physician prior to commencement of the research, however, as with any physical activity, there are 
some potential risks and side effects you need to be aware of. These might include: 

o Discomfort while exercising for longer than 1 hour in a warm or cool environment. 

o Muscle stiffness or soreness following maximal muscle contractions and electrical stimulations. 

o Bruising and discomfort around cannulation site. 

o Possible side effects of Bupropion include nausea, dizziness, light headedness, insomnia, however these 

are usually observed during prolonged usage and you will only be taking an acute dose.  
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Use of Collected Data 

The data that is collected during this research project will contribute to the completion of the Principal 
Investigator’s PhD thesis. We will also submit papers for publication in international science journals. 

 

Protection of Privacy and Confidentiality 

Your name and personal details will not be disclosed to anyone except the investigators and the local physician 
involved in the study. If we need to refer to any specific participant in any way, we will allocate you a number 
and you will be referred to as ‘Participant 1, 2’ and so on. 

If any identifying photographs are taken during the data collection period, they will not be published anywhere 
without your written consent. 

Personal information will be kept on a personal laptop computer during data collection and then transferred 
on to hard copies and stored in a locked filing cabinet in the School of Human Movement Studies. 

Each participant will have access to their own personal results if they wish for this. 

 

Voluntary Nature of Participation 

Participation in this study is voluntary. You are not obliged to participate in this project and if you start, you are 
free to withdraw from the project at any time without penalty or discrimination. 

 

 

NOTE: Charles Sturt University’s Ethics in Human Research Committee has approved this project.  If you have 
any complaints or reservations about the ethical conduct of this project, you may contact the Committee through the 
Executive Officer: 

  

 The Executive Officer 

 Ethics in Human Research Committee 

 Academic Secretariat 

 Charles Sturt University 

 Private Mail Bag 29 

 Bathurst  NSW  2795 

 

 Tel: (02) 6338 4628 

 Fax: (02) 6338 4194 

 

Any issues you raise will be treated in confidence and investigated fully and you will be informed of the outcome. 

 

Agreement to Participate 

Having been fully informed about the nature of the study, so you agree to participate in this study? 

If yes, please sign the attached consent form and return it to the Principal Investigator. 

If you have any further questions, please ask the Principal Investigator before you sign the consent form.  
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APPENDIX 2 – CONSENT FORM STUDY 1 
 

 

Participant Consent Form 

 

“CNS drive and endurance time trial performance in a warm environment, following ingestion of a 

dopamine / noradrenaline reuptake inhibitor.” 

 

Principal Investigator  Katrina Onus, PhD Candidate 

    Rm 1.15, Allen House 

    Charles Sturt University 

    Bathurst, NSW 2795 

    Phone 02 6338 4161 

Phone  0402 501 829 

konus@csu.edu.au 

 

Supervisor   Associate Professor Frank Marino 

    Rm 2.27, Allen House 

    Charles Sturt University 

    Bathurst, NSW 2795 

    Phone 02 6338 4268 

    fmarino@csu.edu.au 

 

Please read and initial each point below then sign the bottom if you consent to participate in this 

study. 

 

I, _________________________, agree that: 

konus@csu.edu.au 
Tel: +61 2 6338 4161 

Fax: +61 2 6338 4065 
www.csu.edu.au/faculty/educat/human 

Panorama Avenue 
Bathurst NSW 2795 

Australia 

FACULTY OF EDUCATION 
School of Human Movement Studies 
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o I understand that I am free to withdraw my participation in this research project at any time 

without any penalty or discriminatory treatment. _____ 

o The purpose of the research has been explained to me and I have read and understood the 

information sheet given to me.  Any questions have been answered to my satisfaction. 

_____ 

o The potential risks and discomforts associated with the research have been explained to me 

and I have been given the opportunity to ask questions, the answers to which have been 

explained to my satisfaction. ______ 

o I understand that any information or personal details gathered in the course of this research 

about me are confidential and that no identifying information will be used or published 

without my written permission. ______ 

o I acknowledge that the results of this research will contribute to the completion of a PhD 

thesis and will also be published in national and international journals. ______ 

 

o Charles Sturt University’s Ethics in Human Research Committee has approved this study. I 
understand that if I have any complaints or concerns about this research I can contact: 

Executive Officer 

Ethics in Human Research Committee 

Academic Secretariat 

Charles Sturt University 

Private Mail Bag 29 

Bathurst  NSW  2795 

 

Phone: (02) 6338 4628 
Fax: (02) 6338 4194 

 

By signing below, I give my consent to participate in this study. 

 

Signed by ________________________________ Date _________________ 

Please return this form to the Principal Investigator. 

Principal Investigator signature ________________________________ 
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APPENDIX 3 – CONSENT FORM STUDY 2 
 

 

 

Participant Consent Form 

 

“The effect of the female menstrual cycle on exercise performance in a warm environment.” 

 

Principal Investigator  Katrina Onus, PhD Candidate 

    Rm 1.15, Allen House 

    Charles Sturt University 

    Bathurst, NSW 2795 

    Phone 02 6338 4161 

Phone  0402 501 829 

konus@csu.edu.au 

 

Supervisor   Associate Professor Frank Marino 

    Rm 2.27, Allen House 

    Charles Sturt University 

    Bathurst, NSW 2795 

    Phone 02 6338 4268 

    fmarino@csu.edu.au 

 

Please read and initial each point below then sign the bottom if you consent to participate in this 

study. 

 

I, _________________________, agree that: 

konus@csu.edu.au 
Tel: +61 2 6338 4161 

Fax: +61 2 6338 4065 
www.csu.edu.au/faculty/educat/human 

Panorama Avenue 
Bathurst NSW 2795 

Australia 

FACULTY OF EDUCATION 
School of Human Movement Studies 
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o I understand that I am free to withdraw my participation in this research project at any time 

without any penalty or discriminatory treatment and if I withdraw prior to the end of the 

research, my blood samples will be disposed of and my data will not be included in analysis 

without my written consent. _____ 

o The purpose of the research has been explained to me and I have read and understood the 

information sheet given to me.  Any questions have been answered to my satisfaction. 

_____ 

o The potential risks and discomforts associated with the research have been explained to me 

and I have been given the opportunity to ask questions, the answers to which have been 

explained to my satisfaction. ______ 

o I understand that any information or personal details gathered in the course of this research 

about me are confidential and that no identifying information will be used or published 

without my written permission. ______ 

o I acknowledge that the results of this research will contribute to the completion of a PhD 

thesis and will also be published in national and international journals. ______ 

 

o Charles Sturt University’s Ethics in Human Research Committee has approved this study. I 
understand that if I have any complaints or concerns about this research I can contact: 

Executive Officer 

Ethics in Human Research Committee 

Academic Secretariat 

Charles Sturt University 

Private Mail Bag 29 

Bathurst  NSW  2795 

 

Phone: (02) 6338 4628 
Fax: (02) 6338 4194 

 

By signing below, I give my consent to participate in this study. 

Signed by ________________________________ Date _________________ 

Please return this form to the Principal Investigator. 

Principal Investigator signature ________________________________ 


