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ABSTRACT 

The 40 kilometer cycling time-trial (40kmTT) is a sanctioned event in the summer 

Olympics and is an integral part of the olympic distance triathlon. It is often performed in 

hot humid climates. Thus, both the exercising muscle and the brain are subject to 

significant biological fatigue and task failure. This study examined the influence of a 

40kmTT performed in the heat on central (brain) and peripheral (muscle) variables. It 

was hypothesized that middle cerebral artery velocity (MCAv) and the degree of muscle 

activation ( integrated electromyography - iEMG) of the vastus lateralis would  decrease 

during 40kmTT cycling in hyperthermia (HYP) when compared to thermoneutrality 

(TN). Cardiovascular strain (stroke volume – SV, mean arterial pressure - MAP, cardiac 

output – Q and heart rate – HR) was expected to be higher in the HYP versus the TN 

40kmTT. Twelve triathletes completed a 40kmTT in HYP (40ºC) and TN (18ºC) on a 

Velotron cycle ergometer. iEMG (normalized to signal intensity at VO2max - %PP), 

MCAv (cm·s
-1

), performance measures, cardiovascular strain parameters, ventilatory 

measures were recorded and averaged over a one minute period immediately prior to the 

completion of every five kilometers. Results showed that iEMG was significantly lower 

at 30, 35 and 40km in HYP compared to TN (26.2 ± 7.7, 26.2 ± 5.4 and 26.7 ± 9.2 %PP 

versus 35.1± 10.2, 36.1 ± 10.1 and 40.7 ± 11.3 %PP respectively, p < 0.05). This 

coincided with slower 5km splits during HYP over these intervals (10.06 ± 1.4, 9.81 ± 

1.2 and 10.03 ± 1.1 minutes versus 8.92 ± 1.0, 8.81 ± 0.9 and 8.51 ± 0.9 minutes, p < 

0.05). No change in MCAv between and the HYP and TN 40kmTT (p < 0.05) were 

found, despite higher cardiovascular strain (i.e., reduced MAP and SV and increased 

HR). Protective mechanism of the cerebral circulatory system maintains cerebral blood 
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flow over a wide range of physiological conditions. In this investigation the degree of 

muscle activation of the vastus lateralis was found to be significantly influenced by heat, 

likely contributing to the reduced 40kmTT performance. 
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THESIS INTRODUCTION 

During exhaustive exercise, it has been suggested that both central and peripheral 

mechanisms of fatigue exist. Indeed, a central debate in the exercise science literature is 

the nature of fatigue and how it determines exercise performance and task failure under 

different conditions (Swart et al., 2009).  Integrative physiology suggests a series of 

positive and negative feedback networks that govern a close working relationship 

between the brain and muscles in an effort to protect the organism during varying 

environmental conditions (Ireland, Noakes, & Bellingham, 2004). Due to the difficulty of 

quantifying the interplay between the periphery and central nervous system, some 

research suggests that middle cerebral artery blood flow velocity (MCAv) can be used to 

assess performance impairments (Nybo, 2008; Nybo, Jensen, Nielsen, & Gonzalez-

Alonso, 2001; Nybo, Moller, Volianitis, Nielsen, & Secher, 2002; Nybo & Nielsen, 2001; 

Nybo & Rasmussen, 2007). The purpose of this investigation was to look at peripheral 

and muscle consequences of exercise, cerebral hemodynamics and voluntary muscle 

recruitment along with cardiovascular parameter in the presence of heat during 40kmTT 

cycling.  
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CHAPTER I – CONTEMPORARY KNOWLEDGE OF THE BIOLOGICAL 

PHENOMENON THAT GOVERN EXERCISE PERFORMANCE: A BRIEF 

REVIEW 

BIOLOGICAL FATIGUE 

Biological fatigue has been described as a decrease in force production and power 

output, or as an inability to maintain force despite the presence of an increased perception 

of action (Hawley & Reilly, 1997). When referring to peripheral fatigue, it is suggested 

that the exercising skeletal muscle is the source of this fatigue.  A cessation or significant 

reduction in muscular force production occurs as a direct result of metabolic 

perturbations distal to the neuromuscular junction, which bonds the nervous system to the 

contractile element (muscle).  Classical theorists proposed that limited oxygen delivery to 

exercising muscles drove an organism to peripheral fatigue. This oxygen inadequacy 

would manifest itself in substrate depletion, anaerobiosis and immediate metabolite 

accumulation/change in the exercising muscle (Mitchell & Blomqvist, 1971; Noakes, 

Peltonen, & Rusko, 2001). According to contemporary literature, there are two root 

causes to peripheral fatigue: metabolite changes and substrate depletion. Metabolite 

changes usually refers to  the accumulation of lactate (La-), adenosine diphosphate 

(ADP), inorganic phosphate (Pi), and hydorgen ions (H+). It has been cited that 

accumulation of these metabolites, which are a direct result of muscular contractions, has 

a debilitating effect on excitation contraction coupling (ECC). ECC failure has been 

accepted to conincide with the disruption of calcium (Ca+) release and uptake within the 

sarcoplasmic reticulum (SR) and  subsequent fatigue of the entire contractile apparatus 

(Amann & Dempsey, 2008b).  
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Regardless of exercise intensity, some adenosine triphosphate (ATP), is produced 

through oxidative phosphorylation and supplements the utilization of the phosphocreatine 

(PCr) stores in the muscle. In other words, even during high intensity exercise when 

oxygen delivery is less than adequate, energy is converted in the muscle via aerobic 

processes. This phenomenon represents the latter root cause of peripheral fatigue, i.e., 

substrate depletion. Investigators (Weir, Beck, Cramer, & Housh, 2006) concluded that a 

significant reduction of ATP and PCr is well correlated with a decrease in tension 

development in the muscle. Other researchers (Westerblad, Allen, & Lannergren, 2002) 

support this contention by showing a spike in Pi as it dissociates from ATP and PCr. The 

overly abundant Pi has a negative effect on Ca+ release from the SR and thus acts as a 

ECC limiting agent.  Additionally, it has been shown that electrolytic changes in the 

plasma membrane are further plausible contributors to peripheral fatigue. McKenna & 

Hargreaves (2008) reported that changes in skeletal muscle Na+ and K+ ATPase pumps 

are a causative factor in fatigue via cellular membrane depolarization and inexcitability. 

Critics to the peripheral fatigue model have argued that for a muscle to be peripherally 

fatigued complete recruitment of all available motor units must be achieved. St Clair 

Gibson and Noakes (2004) suggested the existence of a neural mechanism called a 

‘recruitment reserve’. This term reflects their findings that during peripherally induced 

fatigue complete recruitment was not observed. 

In contrast to peripheral fatigue, central fatigue models suggest that the brain and 

nervous system are responsible for biological fatigue and eventual task failure. Research 

conducted by Kay and colleagues (2001) found that cyclists were able to increase their 

muscle activation (assessed via surface EMG) and power output significantly in the last 
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of six, one minute sprints, despite a decrease in muscle activation in the five previous one 

minute sprints. If the muscles themselves had been fatigued and nearing 100% muscle 

fibre activation this last burst would not have been possible. This and other studies alike, 

point away from the muscle alone as the source of fatigue.  

The original work by Hill, Long and Lupton (1924) stated that “... the limit to 

which the muscles may be driven, while breathing air, is set, not so much by the 

exhaustion of the muscles themselves as by the distress (cardiac and cerebral)...”. It was 

historically proposed by Hill et al. (1924) that there is a mechanism, in the heart or in the 

nervous system, which acts as a ‘governor’ to protect the heart from ischemia by 

coordinating the output of the heart with the degree of saturation of the blood leaving it 

(Noakes et al., 2001). This theory served as a basis for the ‘central governor hypothesis’ 

as proposed by Noakes and colleagues. Unfortunately, because of the complexity of 

quantifying any central neural regulation of exercise performance this has been largely 

ignored by the proponents of the peripheral fatigue models (Gandevia, 2001). The work 

conducted by Dr. Noakes and colleagues has cast new light on this theory, in the 

Hill/Noakes central governor model (Noakes, 2011). This theory proposes that the brain 

continuously computes the metabolic cost of continuing at the current workload and 

compares that to the existing physical state. The goal is to continue the task most 

efficiently to prevent irreversible damage to the heart, muscles and other internal organs 

(Noakes et al., 2001). This model further suggests that fatigue, outside death, is not an 

absolute event, but rather a relative phenomenon.  

So how does the brain optimize performance? To maintain a most favorable 

output in events lasting longer than a few seconds, athletes adopt pacing strategies. A 
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typical pacing strategy comprises of an initial period of high power output followed by a 

reduction in power, usually maintained until the end when another burst in power occurs 

(Hagerman, 1984). Recent research has provided more insight on pacing strategies. It has 

been argued that exercise is regulated (rather than limited) by a complex system that 

integrates afferent sensory information in anticipation of pre-exercise expectations of task 

duration and intensity (Ireland et al., 2004; St Clair Gibson et al., 2006). The integration 

of this information generates a conscious perception of effort, which regulates the extent 

of skeletal muscle activation during exercise to ensure that a potentially catastrophic 

deviation from homeostasis does not occur. Perception of effort is therefore a crucial 

component of central regulation. As a way to compare the actual and perceived exertion 

of subjects, some research has used an index to compare the relationship between heart 

rate vs. rating of perceived exertion ratio (HR:RPE) in individuals suffering from chronic 

fatigue syndrome during incremental exercise tests (Neary et al., 2008). A lower HR:RPE 

ratio indicates that at the same HR, RPE is significantly higher. (Cook et al., 2003; 

Fulcher & White, 2000; Georgiades et al., 2003; Neary et al., 2008; Wallman, Morton, 

Goodman, Grove, & Guilfoyle, 2004). 

It is known that the central nervous system is highly sensitive to reduced 

oxygenation and is strongly defended by homeostatic controls  (Amann & Dempsey, 

2008b). During the development of fatigue and nearing the onset of task failure, there is 

an increase in central nervous system (CNS) activation. In order to meet the metabolic 

demands of hightened CNS activity, there is an increase in regional cerebral blood flow 

(CBF) (Volianitis et al., 2008). Nybo and colleagues (2001) showed that MCAv, which is 

a reflection of oxygen delivery rate, quickens to maintain homestatic oxygen supply to 
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cerebral tissue during exercise that is terminated when a predefined workload can not be 

maintained (time-to-exhaustion exercise). The approach of volitional exhaustion 

coincided with a reduction in MCAv leading researchers to report that reductions in 

MCAv may contribute to central fatigue. In contrast, Billaut and collegues (2010) found 

that, although greater cerebral deoxygenation occurs just prior to the end point of 

exercise, it is not critical enough to hinder strenuous endurance performances in self-

paced exercise. The two previous findings suggest that discrepencies in protocols (self-

paced versus time-to-exhaustion) may contribute to the degree to which central fatigue is 

elicited, further demonstrating the relevance of pacing in central fatigue models. 

CEREBRAL BLOOD FLOW 

 At rest, the human brain receives approximately fifteen percent of the available 

circulating blood via two vertebral and two carotid arteries (Sokoloff, Lassen, Mc, 

Tower, & Albers, 1959). The anterior, posterior, and middle cerebral arteries are the main 

arteries that make up the cerebral vasculature and mediate CBF. What differentiate these 

arteries from their smaller counterparts are their vasomotor characteristics. These arteries 

exhibit little to no vasodilation or constriction (Schmahl, Schlote, Heuser, & Betz, 1972), 

as such, changes in flow velocity of the MCA theoretically reflect changes in flow. Some 

human studies have provided evidence that CBF remains constant or even decreases 

(Globus et al., 1983) during exercise. However, there is significant and consistent support 

that, during submaximal exercise in humans, CBF increases (Poulin, Syed, & Robbins, 

1999). Jorgensen and colleagues (1992) were among the first to study cerebral 

hemodynamics under varying exercise intensities. They concluded that increases in CBF 

during exercise were intensity dependent. The rate of CBF, or velocity, appears to exhibit 
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a linear relationship with increasing exercise intensity until a certain point. At 

approximately 60% of maximal aerobic capacity (VO₂max) CBF velocity decreases 

towards resting levels, despite further increases in intensity (Hellstrom, Fischer-Colbrie, 

Wahlgren, & Jogestrand, 1996). This phenomenon is most likely linked to the onset of 

intensity induced hyperventilation, which, most importantly, increases the concentration 

of CO2  in the blood (Linkis et al., 1995) and subsequently changing end-tidal partial 

pressure of carbon dioxide (PETCO₂) (Betz, 1972).   

 During intense exercise, hyperventilation can expel carbon dioxide from the 

blood at a rate that outmatches the pressure gradient dependent absorption in the lungs. 

As a result, PETCO₂ is reduced, and hypocapnia ensues. The opposite is true during 

breath holding when PETCO₂ is higher than normal, also known as a state of 

hypercapnia. Hyper- and hypocapnia affect the cerebral vasculature (in vessels others 

than those listed above) respectively via an increase in flow by vasodilation, and, a 

decrease in flow by vasoconstriction (Bergo & Tyssebotn, 1995). During exercise, 

PETCO₂ steadily climbs as a direct result of the heightened metabolism. CBF climbs 

proportionally with the metabolically induced rise in PETCO₂ to an intensity of about 

60% of VO₂max after which CBF is reduced by hyperventilation and subsequent drop in 

PETCO₂ (Imray et al., 2003).  

 Hyperthermia-induced hyperventilation; exhaustive exercise; and/or oxygen 

deficiency (hypoxia) are directly linked to hypocapnia and a subsequent cerebral 

vasoconstriction (Ainslie, Hamlin, Hellemans, Rasmussen, & Ogoh, 2008). Nybo et al 

(2002) investigated the proportional relationship that is believed to exist between 

PETCO₂ and CBF. Their finding indicated that during hyperthermic exercise, an eighteen 
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percent decrease in CBF was accompanied by an eighteen percent decrease in PETCO₂. 

Nybo and Nielsen (2001) found that that fifty six percent of the decreases in MCAv can 

be attributed to changes in PETCO₂. CBF is also dependent on cardiovascular function. 

CBF is retained during changes in arterial pressure by active constriction during higher 

pressure and dilation when pressure decreases (Kontos et al., 1978). During exercise, 

systolic blood pressure (SBP) increases while diastolic blood pressure (DBP) remains 

fairly constant. As a result mean arterial pressure (MAP; calculated as DBP  + 1/3(SBP-

DBP)) increases and plays a major role in the regulation of CBF during exercise (Nybo et 

al., 2002; Pott, Ray, Olesen, Ide, & Secher, 1997).  

 Research conducted during steady-state cycling between thirty and sixty percent 

VO₂max revealed that PETCO₂ did not change; however, there was a concomitant 

change in MAP and MCAv. This suggests that under ‘normocapnia’ MAP is the 

dominant driving force controlling CBF (Abiko et al., 1999). A rowing study (Pott et al., 

1997) compared the relationship between MAP and MCAv. The cyclic movement 

involved in each stroke created a unique condition whereby the intrathoracic pressure 

change with each stroke yielded rapid fluctuation in MAP. Interestingly this cyclic 

pattern was also characteristic of MCAv, exemplifying the importance of MAP in 

maintenance of CBF. Research looking at the hyperthermia induced cardiac drift, 

whereby decreases in MAP and stroke volume occur with a concomitant increase in heart 

rate to maintain a constant cardiac output, found that CBF accompanied these 

characteristic changes of MAP (Nybo et al., 2002). Cardiac output (Q) peaks similarly to 

MCAv, but remains elevated while MCAv experiences a decline. Nybo et al. (2002) 

found that despite a similar Q during both HYP and TN exercise, CBF showed a higher 

http://en.wikipedia.org/wiki/Stroke_volume
http://en.wikipedia.org/wiki/Heart_rate
http://en.wikipedia.org/wiki/Heart_rate
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decline during hyperthermia. The hyperventilation-induced drop in PETCO₂ was deemed 

responsible for the differences, suggesting that factors aside from Q contribute to CBF 

regulation during maximal exercise (Rodriguez-Nunez, Fernandez-Sanmartin, Martinon-

Torres, Gonzalez-Alonso, & Martinon-Sanchez, 2004). 

HYPERTHERMIA 

 The combination of exercise and HYP, or environmental heat stress (ambient 

temperatures exceeding 40ºC),  results in a competition between exercising muscles, skin 

compartments and other tissues for available systemic blood flow (Nielsen, Savard, 

Richter, Hargreaves, & Saltin, 1990) As such, exercise capacity becomes limited (Nybo, 

2008) and uncompensated heat storage in the brain may set an upper limit to the amount 

of work that can be performed (Morrison, Sleivert, Neary, & Cheung, 2009; Nybo & 

Nielsen, 2001). Morrison and colleagues (2004) found that passive heating reduces the 

ability to recruit motor neurons and maintain voluntary activation. It has been 

documented that exercise in hyperthermic conditions elicits a linear rise in core 

temperature. Cessation of voluntary exercise follows immediately after core tempreature 

approaches 40ºC Celsius (Nybo & Nielsen, 2001).  HYP core temperature reduces 

VO2max, which leads to higher relative exercise intensity and an exponential decline in 

aerobic performance at any given exercise workload (Nybo, 2008). Greater relative 

exercise intensity increases cardiovascular strain, which is a prominent mediator of 

perceived exertion. As a consequence, incremental or constant-rate exercise is more 

difficult to sustain (earlier fatigue) or requires a slowing of self-paced exercise to achieve 

a similar sensation of effort (Cheuvront, Kenefick, Montain, & Sawka, 2010) 
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 A recent study by Periard et al. (2010) explained how HYP augments 

cardiovascular strain (i.e. HR, and reduced stroke volume [SV] and Q) during a 40 

kilometer time-trial (40kmTT). Their findings in HYP included: higher average core and 

skin temperature, elevated HR by eight beats per minute throughout the hot exercise, 

while SV, Q and MAP were significantly depressed compared with the TN condition. 

They concluded that a thermoregulatory-mediated rise in cardiovascular strain was 

associated with reductions in sustainable power output, VO2max and maximal power 

output during prolonged, intense self-paced exercise in heat.   

 The challenges of HYP exercise are further augmented in the brain. During 

exercise the cerebral metabolic rate for oxygen (CMRO₂) increases (Nybo et al., 2002); 

However, unlike exercise in TN environments (less than 18ºC), in HYP the increase in 

CMRO₂ coincides with a reduction in CBF. The resultant is a reduction in cerebral 

mitochondrial oxygen tension (PmitoO₂), a measure of oxygen availability. There is 

compelling evidence that a decrease in PmitoO₂ of only 5mmHg interferes with motor 

function (Rasmussen et al., 2007). Furthermore, Q and SV are reduced during intense 

exercise in HYP leading to cardiovascular drift and a shift in blood flow from the 

exercising muscle to the skin in an attempt to cool the body (Coyle & Gonzalez-Alonso, 

2001). To maintain Q at reduced pressure, HR must be increased which contributes to 

increased perception of effort during HYP exercise (Cheuvront et al., 2010). Together, 

these cardiovascular and neuromuscular changes lead to a decrement in performance. 

 Nybo and Nielsen (2001) compared MCAv, a surrogate measure of CBF, during 

one hour of time-to-exhaustion exercise under both HYP and TN conditions. The 

endurance trained cyclists of this study exercised at an intensity that elicited 57% of their 

http://en.wikipedia.org/wiki/Cardiac_output
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VO2max. Exhaustion occurred after 53 ± 4min of exercise in the hyperthermic trial and 

coincided with a core temperature of 40.0 ± 0.1 °C. In the control trial, exercise was 

maintained for 1 h without any signs of fatigue and with core temperature stabilising at 

37.8 ± 0.1 °C after 15 min of exercise. MCAv increased within the first ten minutes and 

subsequently stabilized in both conditions. However, in the HYP condition MCAv 

progressively decreased until exhaustion after only a brief stable period. The authors 

concluded that these changes in MCAv were due to factors that are secondary to HYP, 

such as Q and MAP.  

 Drust, Rasmussen, Mohr, Nielsen, and Nybo (2005) studied the effects of HYP 

on repeated sprint performance in normal (approximately 20ºC, control) and hot (40ºC, 

hyperthermia) environments. They argue that sprint performance is enhanced when 

muscle temperature is elevated by either passive heating or active warm-up. What they 

discovered was that passive heating and active warm-up increased muscle temperature; 

but, also concomitantly increased core temperature which reduced repeated sprint 

performance. See Table 1 for a review of literature on selected studies that used exercise 

in hyperthermia. 
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Table 1. 
   

    Review of contemporary literature regarding hyperthermic endurance exercise 

    Research Study Task Performance parameters Physiological parameters 

Nybo et al. Time-to-exhaustion 50±3' HYP  40°C HYP vs. 38°C  CTRL max. Core 

2001 cycling (60% VO₂max) vs. 60+' CTRL temp. 54±7% HYP vs. 82±6% CTRL 

   

degree central activation 

Nybo & Nielsen  Time-to-exhaustion 53±4' HYP  40±0.1°C HYP vs. 37.8±0.1°C CTRL 

2001 cycling (57% VO₂max) vs. 60+' CTRL final core temp. 26±3% HYP vs. 2%  

   

CTRL decline MCAV 38.6±0.6mmHg 

   

 HYP vs. 43.2±0.8mmHg CTRL 

Periard et al.  40km TT cycling 64.3±2.8' HYP  39.8°C HYP vs. 38.9°C  CTRL max. 

2010 

 

vs. 59.8±2.6' CTRL core temp. 77% HYP vs. 95% CTRL  

  

242.1W HYP  peak VO₂max, final km SV, Q, and 

  

vs. 279.4W CTRL MAP sig. reduced in HYP avg. HR  

  

avg. power output ~8 bpm highter in HYP 

Drust et al.  Intermittent cycling  558W HYP  7789ml HYP vs. 8696.5ml CTRL 

2004 (15" on/off) vs. 617W CTRL accum. O₂ uptake 35 bpm HYP 

  

avg. mean power output vs. 29 bpm CTRL HR increase  

   

6 HYP vs 4 CTRL ∆ rating of perc. 

   

exertion 

Note. HYP hypertherminc condition (35-40°C), CTRL control condition (18-20°C). 
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TECHNIQUES USED TO ASSESS BIOLOGICAL PARAMETERS DURING 

EXERCISE 

Transcranial Doppler (TCD) and blood pressure  

Doppler ultrasound recording of blood flow velocity in the extracranial arteries 

supplying the brain was first reported by Miyazaki and Kato (1965) and is now used 

routinely in clinical and applied exercise science research. TCD operates on the premise 

of the Doppler effect, i.e., a change in frequency and wavelength of sound waves 

perceived by an observer moving relative to the source of such waves (Miyazaki & Kato, 

1965). The Doppler probe emits and receives sound waves that reflect off red blood cells, 

which are amplified through a microphone or computer (Miyazaki & Kato, 1965). The 

Temporal window, located along the zygomatic arch at the level of the eye, provides an 

ideal area for the penetration of ultrasound waves. It is possible to monitor four distinct 

arteries through the temporal window, including the middle cerebral artery (MCA), the 

anterior cerebral artery (ACA), the posterior cerebral artery (PCA), and, the internal 

carotid artery (ICA) (Polito et al., 2006). Lower frequency waves, between 1-2 MHz, are 

typically used as attenuation and absoption by bone is minimal at these frequencies 

(Aaslid, 1982).  Measurement of blood flow velocity via TCD in a major cerebral artery 

allows for non-invasive, beat by beat measurement of changes in the vessel’s blood 

velocity (Ventura, Kolinsky, Querido, Fernandes, & Morais, 2007). CBF velocity is 

calculated from the maximal frequency of the Doppler shift and is based on the 

assumption that the diameter of the insonated vessels remains constant. It has been 

reported that the diameter of the MCA does not change and thus, the velocities recorded 

in this vessel can be used as an indicator of changes in overall blood flow (Lundar, 
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Lindegaard, Refsum, Rian, & Nornes, 1987; Newell, Aaslid, Stooss, Seiler, & Reulen, 

1997; Serrador, Picot, Rutt, Shoemaker, & Bondar, 2000).  

 Methods of assessing blood pressure can be subdivided into direct invasive and 

indirect non-invasive techinques. Invasive measurments require invasion of the skin, 

tissue and vessel wall via a catheder inserted through small hollow needle. Both methods 

have been used during exercise (Gallagher et al., 2001; Raftery, 1991), but the 

Peñáz/Wesseling finapres non-invasive technique has generally been used to assess 

hemodynamic parameters (MAP, SV, and Q) due to its simplicity and non-invasive 

nature. This method, also called the volume-clamp method, is based on the the principle 

of dynamic unloading of the arteries in the finger (Langewouters, Settels, Roelandt, & 

Wesseling, 1998). The device consists of an inflatable cuff and a infrared transmission 

plethysmograph mounted interiorly. The infrared transmission plethysmograph gauges 

the size of the finger arteries and subsequently controls the inflation pressure of the cuff 

to maintain constant arterial pressure; that is, to provide equal pressures dynamically on 

either side of the wall of an artery. The pressure cuff can be measured with an eletronic 

pressure gauge, thus providing an indirect measurement of the intra-arterial pressure 

waveform (Langewouters et al., 1998). Based on the notion that pressure and flow are 

inter-related at each site in the arterial system by their so-called characteristic impedance, 

flow parameters such as SV and Q can be calculated (Bogert & van Lieshout, 2005). 

Thermometry 

 The goal of thermometry is to measure core temperature, which is the temperature 

of the vital organs such as the heart, lungs and brain. A varitety of different methods of 

assessing core temperature has been utilized in exercise research. The most popular 
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methods include: rectal, skin, tympanic, and esophageal thermometry. Classical research 

established rectal thermometry as the gold standard in clinical research (Batra & Goyal, 

2013; Hoffman, Etwaru, Dreisinger, Khokhar, & Husk, 2013; Selent et al., 2013). The 

trend in contemporary research is directing away form rectal methods due to lag in 

sampling and risk of cross contamination. Additionally, research involving exercise is 

validating other methods as equally reliable, predominately citing the impracticality and 

invasive nature of rectal thermometry as problematic.  

Skin temperature is typically assessed via the 14 sight method outlined by Kenny 

et al. (1999) by which every site is weighted in accordance to it’s relative predictive 

power of total mean temperature. The highest predictive power, 9.5%, is alloted to the 

chest, most likely due to its proximal location. Although the 14 site method of estimating 

skin temperature is most accurate, the chest provides insight into total mean temperature.  

Tympanic temperature is typically assessed with a infrared heat sensitive 

thermistor via the ear as the tympanic membrane, located inferiorly to the outer ear, 

shares blood supply with the temperature control centre in the brain, the hypothalamus. 

Ear thermistors  measure the infrared heat generated by the eardrum and surrounding 

tissue. To prevent inaccurate temperature measurments, the probe tip is warmed to a 

temperature close to that of the human body. When the ear thermistor  is placed in the 

ear, it continuously monitors the infrared energy (Kocoglu, Goksu, Isik, Akturk, & 

Bayazit, 2002). Esophageal temperature offers the advantage of close correspondence to 

temperature in the pulmonary artery.  An esophageal probe lubricated with lidocaine 5% 

ointment, is typically inserted through the nose. The lower fourth of the esophagus is both 

the warmest and the most stable site. To reach this area, the thermocouple probe should 
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be inserted at least 24 cm below the corniculate cartilages in an adult (Turner & Whitby, 

1969). Irritation of the respiratory tract has been ducumented during the studies involving 

heavy respiration such as during exercise. 

Integrated surface electromyography (iEMG) 

 Surface iEMG provides insight into central activation of motor units by 

measuring the electrical activity in the muscle belly. The integrated signal has an 

intensity and duration component, when coupled the area under the curve represents 

signal strength. Amann & Calbet (2008b), among others, have used iEMG as a 

quantifiable measure of central and peripheral fatigue. Central fatigue shows a decrease 

in iEMG activity (reduction in motor drive) while peripheral fatigue shows an increase in 

iEMG activity (compensation for fatiguing muscles) (Amann & Calbet, 2008). However, 

iEMG has its shortcomings. The use of iEMG as a sole determinant of fatigue is 

questionable because excitation contraction coupling failure as a potential contributor 

cannot be detected. Additionally, a number of factors other than muscle fatigue have to 

be considered for alterations in surface iEMG, including shifts in anatomical positioning 

of electordes as is usually the case when testing days are separated. 

EXERCISE MODALITY & PERFORMANCE 

 Triathlon is a multi-sport event involving the completion of three continuous 

and sequential endurance events. While many variations of the sport exist, triathlon, in its 

most popular form, involves swimming, cycling, and running in immediate succession 

over various distances. Triathletes compete for fastest overall course completion time, 

including timed "transitions" between the individual swim, bike, and run components 

(Friel, 2007). Triathlon races vary in distance. According to the International Triathlon 

http://en.wikipedia.org/wiki/Multisport
http://en.wikipedia.org/wiki/Triathlon#Nonstandard_variations
http://en.wikipedia.org/wiki/Human_swimming
http://en.wikipedia.org/wiki/Cycling
http://en.wikipedia.org/wiki/Running
http://en.wikipedia.org/wiki/International_Triathlon_Union
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Union, and Triathlon Canada, the main international race distances are Sprint distance 

(750 m swim, 20 km bike, 5 km run), Intermediate (or Standard) distance, commonly 

referred to as "Olympic distance" (1.5 km swim, 40 km bike, 10 km run), the Long 

Course (1.9 km swim, 90 km bike, 21.1 km run, such as the Half Ironman), and Ultra 

Distance (3.8 km swim, 180 km bike, and a 42.2 km marathon). The most recognized 

triathlon event is the Ironman triathlon (Friel, 2007). 

 Of particular interest in the current study is the 40kmTT, the distance covered in 

an olympic distance triathlon. Average ambient temperatures during Olympic distance 

triathlon often exceed 40ºC and are almost guaranteed during the 2016 Summer Olympic 

games to be held in Rio de Janeiro, Brazil. Thus, additional research is needed to 

understand the effects of high ambient temperature on integrative physiology and 

performance.  

 Cycling activity in  exercise physiology research has been used extensively as 

workload can be easily monitored, and can simulate race conditions in the laboratory 

(Atkinson, Davison, Jeukendrup, & Passfield, 2003). There is substantial evidence that 

triathletes have high VO₂max values (Gallmann, Knechtle, Rust, Rosemann, & Lepers, 

2013; Galy et al., 2013; Hodgson, Randell, & Jeukendrup, 2013; Spence, Sim, Landers, 

& Peeling, 2013), as VO₂max is a strong predictor of performance and also a good 

indicator of aerobic training status (Faria, Parker, & Faria, 2005) Considering the 

physical stature of trained triathletes and the endurance nature of the sport of triathlon, 

the current porject used triathletes as participants. 

 Exercise performance in the laboratory environment is typically measured in 

two different ways: 1.Self-paced exercise; and 2. Constant load, time-to-exhaustion 

http://en.wikipedia.org/wiki/Olympic_Games
http://en.wikipedia.org/wiki/Ironman_triathlon
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exercise. Self-paced exercise is the most commonly found form of exercise. Events such 

as the marathon, triathlon and swimming events consist of this type of exercise. The 

exerciser is able to voluntarily modulate his or her effort in attemp to mazimize 

performance or minimize metabolic costs. Constant load, time-to-exhaustion exercise is 

different from self-paced exercise in that the exerciser cannot control the effort level of 

the task. Instead, he or she follows a previoulsy determined workload, until either 

exhaustion occurs or the exercise is terminated. Pace controlled treadmill exercise, 

whereby a given speed is adhered to is an axample of such exercise. The latter is typically 

used in laboratory settings where controlled relative intensities between sujects are 

crucial. The former is more desireable in attempting to quantify voluntary human 

potential, i.e., sports. There are obvious physiological and psychological differences 

between these two different tests that make them suitable and also unsuitable for certain 

type of activites. Enforced constant paced exercise presents a significantly greater 

physiological challenge than self-paced exercise (Lander, Butterly, & Edwards, 2009). 

The ability to dynamically self-pace effort via manipulations of power output 

during exercise is an important behavioral response to homeostatic challenges and thus 

forms an integral part of a complex central regulatory process (Lander et al., 2009). 
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CHAPTER II – SUMMARY OF PRELIMINARY FINDINGS 

A preliminary investigation was conducted to collect pilot data (n=9) to compare 

HYP (40ºC) vs. TN (18 ºC) during a time-to-exhaustion cycling performance. Prior to the 

performance test, a VO2max test was conducted to determine the cyclists aerobic power. 

The VO2max test was conducted no less than 72 hours prior to the time-to-exhaustion 

test. Data collection including:  MCAv, MAP, HR, PETCO₂, and VO₂ PO, and time. The 

test commenced with a five minute warm up at a self-selected cadence and workload of 

50 Watts (W). A workload that elicited 75% of VO₂max was selected (M=195W). This 

corresponded to an intensity that could be maintained up to thirty minutes in TN 

environments. Time-to-exhaustion was recorded when the participant could no longer 

sustain a cadence of 65% of cadence selected in the VO₂max test for more than five 

seconds or if volitional fatigue was reached (Amann, Romer, Subudhi, Pegelow, & 

Dempsey, 2007). The control trial consisted of the same protocol but was conducted in a 

TN environment (18ºC), with both trials performed in an environmental chamber 

(Hypoxico, New York). This pilot investigation revealed that during constant load, time-

to-exhaustion exercise took significantly longer to perform under TN (21.8 ± 8.7 min) 

versus HYP (15.7 ± 5.7 min). The results also showed a strong correlation between 

PETCO₂  and MCAv (r=0.91-0.98) during both trials despite equal work output. 

 PETCO₂ has been shown to be a major stimulus of changes in cerebral blood 

flow (Brothers, Wingo, Hubing, & Crandall, 2009). During exercise in the heat, it has 

been shown that hyperthermia-induced hyperventilation and related hypocapnia results in 

reduced MCAv (Nybo & Nielsen, 2001). Additionally, Brothers et al. (2009) found that 

restoration of PETCO2 by clamping PETCO₂ at normothermic level (using a computer-
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controlled sequential gas delivery breathing circuit) partially restored CBF. It has been 

illustrated that SV and venous return are important determinants of CBF during mild heat 

stress; however, during severe heat stress (greater than 40ºC), PETCO₂ has a much 

greater driving influence on MCAv (Ide & Secher, 2000; Secher, Seifert, & Van 

Lieshout, 2008). 

HYP core temperature can lead to a reduction in VO2max, which further leads to 

higher relative exercise intensity and an exponential decline in aerobic performance at 

any given exercise workload (Nybo, 2008). Greater relative exercise intensity increases 

cardiovascular strain, which is manifested in the hyperventilatory induced decreases in 

PETCO₂. No differences in HR across conditions were evident. This is most likely due to 

the change in absolute intensity (inferred via changes in VO₂ across conditions) and 

subsequent maintenance of relative effort (inferred via the absence of changes in HR 

across conditions). These speculations are supported by Cheuvront et al. (2010) who 

suggested that constant-rate exercise is more difficult to sustain (earlier fatigue) or 

required a slowing of self-paced exercise (via reduction in aerobic output) during heat to 

achieve a similar sensation of effort (Table 2).  
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Exhaustive exercise in heat usually results in some degree of hypovolemia, 

whereby reductions in blood plasma signify dehydration, yielding a higher hematocrit. 

Such is seen in activities lasting longer than one hour in combination with significant heat 

stress (Cheuvront et al., 2010). I did not record such changes in this pilot study as the 

exercise duration did not exceed thirty minutes in either trial. Body mass changes were 

not assessed in this pilot investigation, limiting further inferences about perspiration 

induced blood plasma shift. 
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CHAPTER III – GENERAL AND SPECIFIC HYPOTHESES 

General hypothesis  

 It has been demonstrated that hyperthermia-induced hyperventilation and 

decline in Q, evident in extreme temperatures, affects MCAv during exhaustive exercise 

(Nybo, 2008; Nybo et al., 2001; Nybo et al., 2002; Nybo & Nielsen, 2001). Considering 

the peripheral muscle consequences of exercise, such as lactate accumulation and 

subsequent excitation contraction coupling impairments; and central cerebrovascular 

factors such  as reductions in CBF, concomitant with reductions in motor output,  it is 

logical to hypothesize that prolonged endurance performance will be affected when 

ambient temperatures exceed 40ºC. Additionally, HYP induced cardiovascular strain 

(increase in HR with concomintant reduction in SV, Q, and MAP) are expected to 

negatively affect performance.  

Specific Hypothesis 

  The specific hypotheses of this study include:  

 H1 = It was hypothesised that a rise in cardiovascular strain will occur in the 

presence of  increases in skin and core (tympanic) temperature. Ultimately, this will yield 

a significant reduction in MCAv, particularily in the latter stages of the 40km TT. This 

will lead to a decrease in 40km TT performance (time-to-completion and power output) 

and muscle recruitment (iEMG) during hyperthermia in comparison to thermoneutrality. 

 H2 = Significant reductions in MCAv will be strongly correlated with increases 

in cardiovascular strain (MAP, SV, Q and HR). Furthermore, the relationship between 

HR and RPE (HR:RPE ratio) is expected to be amplified in hyperthermic when compared 

to thermoneutral 40kmTT cycling. 
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CHAPTER IV – METHODS 

PARTICIPANTS 

 Triathletes were selected for this study because of their high level of aerobic 

fitness. As indicated previously, a trained sample group is crucial in ensuring the validity 

of the results as the environmental condition (HYP) will impose a tremendous strain on 

test subjects. An untrained status may pose greater health risks under these conditons. 

Subjects  were recruited via the Regina multisport club email list. All subjects were 

healthy and with no known neurological or cardiovascular diseases. All participants were 

required to be actively training at the time of testing. Minimum requirements were at 

least 5 h·week
-1

of which at least 2.5 h were spent training on the bicycle. Additionally, all 

participants and had at least 4 years of competitive experience. These subjects were 

chosen because they were accustomed to high-intensity exercise and familiar with cycle 

ergometry used in a laboratory testing. Before the trials, all subjects were informed of the 

nature of the investigation, after which they gave written informed consent. Signed 

informed consent forms and the Physical Activity Readiness –Questionnaire (PAR-Q) 

were completed prior to any testing. Age, anthropometric data (height and body mass) 

along with resting heart rate and blood pressure (before and after tests) were recorded. 

Participants were excluded if there were any positive response on the PAR-Q and the 

PARmed-X was subsequentely not cleared and signed by a family physician. Subjects 

were also be asked to follow the pre-exercise requirements outlined by the Canadian 

Society for Exercise Physiology (CSEP) (The Canadian Physical Activity, Fitness & 

Lifestyle Approach, 2004). They included: No strenous physical activity within 24 hours; 
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no alcohol or caffeine within 6 hours; and, no large meals within 3 hours of testing. These 

procedures were used to ensure consistency between trials. 

Ethical approval  

Ethical approval for this study (see appendix for details) was received from the 

University of Regina Research Ethics Board (REB). Approval was granted as the REB 

deemed the conduct of research with human subjects appropriate, safe and consistent 

with the most current version of the Tri-Council Policy for the Ethical Conduct of 

Research Involving Humans. Signed informed consent forms and the Physical Activity 

Readiness –Questionnaire (PAR-Q) were completed before any subejcts were permitted 

to participate the in the study. 

MAXIMAL AEROBIC CAPACITY (VO2MAX) PROTOCOL – PROCEDURE 

 The first laboratory visit consisted of a maximal aerobic test to exhaustion to 

determine VO₂max and maximal HR of each participant. A Vmax Sensormedics 

Metabolic cart was used for all testing.  Pre-test evaluation for resting HR and BP were 

performed to ensure all participants were within the cut-off values as determined by 

CSEP (The Canadian Physical Activity, Fitness & lifestyle Approach: Third edition, 

2003).  Resting blood lactate was also collected.VO₂max tests were conducted on a 

Veltron electronically controlled  cycle ergometer (RaceMate, Seattle, WA).  The test 

started with a warm up at 100W at a self selected cadence. Following the warm-up the 

load was increased incrementally at a rate of 50W every 2 minutes until either the 

participant could not sustain a cadence of 65% of self selected cadence for more than five 

seconds or the participant reached volitional fatigue (Amann et al., 2007). VO₂max was 

considered achieved when VO2 plateaued (changes were less than 2 mL·kg
-1

·min
-1 

over a 
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period of at least 1 minute) without a further increase in workload (Watts)  (Webster & 

Hill, 1924). If no plateau was evident, peak VO₂ (maximal VO₂ recorded) was 

considered provided the heart rate was within ten beats of the age predicted maximum; 

respiratory exchange ratio (RER) was in excess of 1.10; and/or BLac
-
 exceeded 8 

mmol·L
-1

 (Bassett & Howley, 1997). iEMG at maximal aerobic intensity was recorded 

and averaged during the final minute of the VO₂max protocol and was established as 

100%PP. BLac
-
 was recorded before the trial and immediately after the VO₂max 

protocol. HR and RER was monitored  and recorded throughout. 

FORTY KILOMETER TIME TRIAL (40KMTT) PROTOCOL – PROCEDURE 

The second and third laboratory visit consisted of the HYP and TN 40kmTT 

performed within an environment chamber (Hypoxico, New York). Subjects were not 

informed of the environmental condition prior to testing. The HYP trial (no less than 

72hrs after the VO2max test) consisted of a 40kmTT protocol in 40.1ºC ± 0.4 ºC ambient 

temperature controlled by three portable ceramic heaters (Honeywell™, Hong-Kong, 

China). Frequent monitoring of ambient temperature in this study along with the pilot 

study confirmed the ability to maintain the chamber within 0.5ºC. The test commenced 

with a five minute warm up at a self-selected cadence and workload of 50W. The 

protocol was designed to last approximately 75 minutes. Work load was self-selected by 

each subject via a gear lever on the Velotron cycle ergometer. Time-to-completion, and 

real-time power output was recorded every 5km until the participant reached 40km. The 

TN trial, which served as the control trial, consisted of the same protocol but was 

conducted in a thermoneutral environment (17.9ºC ± 0.4 ºC). Subjects were given 300ml 

of water to drink prior to each trial and permitted to drink, ad libitum, during both 
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experimental sessions (Periard, Cramer, Chapman, Caillaud, & Thompson, 2011). Blood 

plasma volume and body mass was assessed before and after each trial to determine 

differential degree of dehydration. Water consumed during both trials was also recorded. 

Both trials were performed at the same time of the day to avoid circadian changes. 

TEST MEASURMENT INSTRUMENTATION 

Oxygen consumption and cardiac output 

VO2, ventilation (VE) and PETCO₂ was measured online with a breath by breath 

metabolic cart (Vmax Sensormedics Spectra 229LV). Q, MAP and SV was recorded 

using finger plethysmography (FMS finometer, Finapress medical systems, The 

Netherlands). Measurements were sampled and averaged over a one minute interval prior 

the completion of every five kilometer segment of the 40kmTT protocol. See Figure 1. 

for instrumentation set-up. 

Middle cerebral artery blood flow velocity (MCAv) 

The MCAv was monitored with transcranial Doppler ultrasound 

(Nicolet Companion III; VIASYS Healthcare, Burlington, Canada) with the same 

technician performing all testing in this study. The proximal segment of the MCA was 

isonated at a depth of 45-50 mm from the temporal window depending on the position 

with the best signal-noise ratio (Aaslid, 1982). The probe was secured with an adjustible 

headband and the position was maintained throughout the examination. MCAv was 

computed as the time average of continuously sampled maximum frequency doppler 

shifts for each heart beat which afterwards was averaged over a one minute interval prior 

the completion of every five kilometer segment of the 40kmTT protocol. See Figure 1. 

for instrumentation set-up. 
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Figure 1. 1. Transcranial Doppler Ultrasound (Nicolet Companion III; VIASYS  

Healthcare, Burlington, Canada). 2. Finger Plethysmography (FMS finometer, Finapress 

medical systems, The Netherlands). 3. Breath-by-breath Metabolic Analysis System 

(Vmax Sensormedics Spectra 229LV). 4. Environment chamber (Hypoxico, New York) 
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Thermometry & HR  

Skin temperature (Tsk) and tympanic temperature (Tear) were recorded using the 

BioHarness device (Annapolis, Maryland, Zephyr™) and Braun Thermoscan Ear 

Thermometer (Braun™, Kronberg, Germany) respectively. Tsk was recorded continually, 

while Tear was recorded in 5km intervals during the 40kmTT. The Bioharness device also 

recorded HR at 1 minute averages prior to every 5km. 

Surface electromyography  

The EMG (BIOPAC Systems, Inc., Goleta, California, USA) signals of the vastus 

lateralis was recorded from the dominant lower limb via surface electrodes. Recording 

electrodes were fixed longitudinally (aligned parallel to the underlying muscle fibre 

direction) over the muscle belly. The reference electrode was fixed over an electrically-

neutral site (epicondyle of femur). Electrode site preparation was thoroughly performed 

before the beginning of every test (skin impedance < 2 k) and electrode location was 

marked with a waterproof felt-tip pen to ensure reliable electrode replacement in 

subsequent testing sessions. To ensure low levels of movement artifact, electrode cables 

were fastened to the subjects’ limb with medical adhesive tape and wrapped in elastic 

bandage. The raw EMG signal was pre-amplified and filtered (bandwidth frequency = 

20–450 Hz, common mode rejection ratio = 92 dB, gain = 1000). A 50-Hz line filter was 

applied to the EMG data to prevent interference from electrical sources. The filtered 

EMG signal was sampled at 2 kHz. During post-processing, the onset and offset of 

activation of all EMG bursts in every sprint were detected using a constant electrical 

threshold of 0.2 mV (Billaut, Basset, & Falgairette, 2005). Each EMG burst was visibly 

inspected to verify the timing identified by the computer. 

http://www.biopac.com/
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Muscle activity was considered as the integrated EMG (iEMG) of the signal 

between the onset and offset of activation of a total of 10 bursts prior to the completion of 

every 5km. iEMG is expressed as a percentage of peak power (%PP) established during 

the VO₂max test. 

BLac
- 
and HR:RPE ratio  

BLac
-
 (mmol·L

-1
) was analyzed and recorded using a Accutrend™ lacate analyzer 

(Roche diagnostics, Laval, Quebec, Canada) at 5 minutes prior, 15km, 30km and 5 

minutes after completion of both 40kmTT protocols. One sample was also taken 

immediately after the VO2max protocol. RPE was recorded at every 5km mark, after 

completion RPE values were divided by HR for all 8 time markers to yield HR:RPE ratio.  

All physiological data was integrated simultaneously with the PowerLab 16/30  

A/D data acquistion system (AD Instruments, Colorado, USA). This included:MCAv, Q, 

SV, HR, MAP, Tskin., VE, PETCO₂ and VO2.  The data was output to a separate computer 

and analyzed using LabChart software (version 7). MAP was calculated in LabChart 

using the formula MAP = DBP + 1/3(SBP-DBP), a method supported by Ogoh and 

colleagues (2004). 

DATA ANALYSES 

All statistical calculations were performed using SPSS 17.0. A one-way (within-

subjects design) repeated-measures analysis of variance (ANOVA) was performed to test 

the significance between HYP and TN 40kmTT cycling and between 5km distance 

intervals within each 40kmTT. Independent variables were identified as: Temperature, 

with two levels (HYP and TN); and, distance with eight levels (5km, 10km, 15km, 20km, 

25km, 30km, 35km and 40km). Dependent variables analysed in this study were as 
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follows: MCAv, PETCO₂, MAP, VE, VO2, HR, SV, Q, Time splits, Power, HR-RPE, 

iEMG, Tear, and Tsk.  Multivariate tests, specifically the reported Wilk’s Lambda was 

analyzed. A p-value less than 0.05 revealed statistically significant effects for 

temperature and distance. Partial Eta Squared values (effect size) were interpreted 

utilizing commonly used guidelines proposed by Cohen (1988) (0.01 = small, 0.06 = 

moderate, 0.14 = large effect).  Appropriate post hoc analyses (LSD) were conducted 

where significant interaction effects were established. Additionally, a multiple regression 

analysis was to be performed to evaluate the associative strength between MCAv, 

PETCO₂ and iEMG, provided there were significant differences in MCAv between 

40kmTT in each environmental condition. Significant differences in blood plasma 

volume, blood lactate accumulation, water consumed and nutritional intake were 

identified using Student’s paired t-tests. A value of P<0.05 was considered statistically 

significant for all statistical tests. 
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CHAPTER V – RESULTS 

 Thirteen males and two females (74.5 ± 11.6 kg and 32 ± 9.6 years of age) 

completed the initial baseline test. Two males did not participate in either of the 40kmTT 

protocols, citing interference of testing with their competition schedule. An additional 

male was also excluded from both 40kmTT due to absence of sufficient MCAv 

waveform. Primary testing of the remaining twelve (n=10 males) participants revealed a 

mean VO2max of 60.8 ± 12.1 mL·kg
-1

·min
-1

, corresponding to a PP of 432.5 ± 83.5 

Watts (Table 3.). All subjects confirmed that pre-exercise guideline (No strenous physical 

activity within 24 hours; no alcohol or caffeine within 6 hours; and, no large meals within 

3 hours of testing) were stringently followed. No statistically significant differences were 

found between the caloric intake in the thirty-six hours prior to each 40kmTT (HYP: 

3616.4 ± 831.5 kcal; TN: 3514.4 ± 813.6 kcal.). Table 4 also shows that no differences in 

the consumption of any of the macronutrients (carbohydrates, fats and proteins) or water 

were found between the two 40kmTT. 

40kmTT  

 The cyclists demonstrated a significantly faster 40kmTT time-to-completion 

under TN (1:10:06 ± 06:48) versus HYP (1:17:21 ± 07:39). This is a 10% difference in 

the time to complete the 40kmTT, or ~4km in distance. Slower time-to-completion 

corresponded to reduced Poweravg in the HYP 40kmTT (175.9 ± 44.6W) vs. TN 40kmTT 

(229.5 ± 85.0W) (Table 5).  
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Table 3. 
    

     
Individual baseline performance data 

     
ID Sex HRmax VO2max  PP 

  
(bpm) (mL·kg

-1
·min

-1
) (Watts) 

     
1 M 174 66.1 600 

2 M 188 71.7 413 

3 M 193 80.1 525 

4 M 184 57.5 463 

5 M - 59.9 338 

6 F 191 52.9 388 

7 F 188 39.6 350 

8 M 195 69.8 438 

9 M 191 73.8 513 

10 M 176 53.9 463 

11 M - 59.9 350 

12 M 167 44.9 350 

Mean ± SD   184.7 ± 9.3 60.8 ± 12.1 432.5 ± 83.5 

Note. Depicted above are individual baseline performance data and sample mean ± 1 SD for  

each variable. HRmax=heart rate maximum,VO2max=maximal aerobic power, PP= peak power 

output. 
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Table 4. 
  

   
Nutritional profile thirty-six hours before 40kmTT cycling  

 

   

 
HYP TN 

      

Total caloric intake (kcal) 3616.4 ± 831.5 3514.4 ± 813.6 

Carbohydrate (% total caloric intake) 53.4 ± 2.4  52.8 ± 1.6 

Protein (% total caloric intake) 19.6 ± 1.1 19.4 ± 2.9 

Fat (% total caloric intake) 27.0 ± 2.6 27.8 ± 3.0 

Water (L) 2.7 ± 0.6 2.9 ± 0.6 

Note. The nutritional totals in the thirty-six hours prior to each of the hyperthermic (HYP) 

and thermoneutral (TN) 40kmTT expressed as mean ± 1 SD. 
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Table 5. 
    

     
Individual 40kmTT performance data 

     
ID 40kmTTHYP 40kmTTTN HYP Poweravg TN Poweravg 

 
(hh:mm:ss) (hh:mm:ss) (Watts) (Watts) 

          

1 1:04:37 1:01:32 258 312 

2 1:16:25 1:05:46 161 259 

3 1:07:37 1:01:07 233 321 

4 1:05:32 1:04:04 252 282 

5 1:22:27 1:14:21 147 182 

6 1:21:47 1:22:28 141 143 

7 1:28:52 1:16:53 134 163 

8 1:21:48 1:14:23 157 208 

9 1:18:41 1:03:37 165 263 

10 1:19:56 1:14:02 151 184 

11 1:22:28 1:13:27 145 210 

12 1:18:02 1:09:54 167 227 

Mean ± 1SD 1:17:21 ± 07:39 1:10:06 ± 06:48 175.9 ± 44.6 229.5 ± 85.0 

Note. Depicted above are individual 40kmTT performance data and sample mean ± 1 SD for each 

variable. TN and HYP denote thermoneutral and hyperthermic, respectively. 



 37 

A higher consumption of water was reported during the HYP 40kmTT relative to the TN 

40kmTT (1.5 ± 0.5 L versus 0.7 ± 0.1 L respectively). Despite discrepancies in time-to-

exhaustion and consumed water, blood plasma volume samples indicated no significant 

change in blood viscosity within and between the two environmental conditions (Table 

6). No significant difference was reported for weight loss between the environmental 

conditions (Table 6). 

Cardiovascular and cerebrovascular responses  

 Middle cerebral artery velocity (Table 7). Significance tests revealed that the 

environmental condition exhibited no effect on MCAv. However, during the TN 

40kmTT, MCAv was markedly reduced at the 35km mark when compared to the 5km 

mark (Table 7; 55.6 ±11.4 cm·s
-1

 versus 59.0 ± 8.0 cm·s
-1

 respectively).  

 Mean arterial pressure (Table 7). MAP was significantly responsive to the 

environmental condition. From the 20km mark onward MAP was significantly lower in 

the HYP 40kmTT when compared to the TN 40kmTT. Values recorded at each 5km 

mark during the TN 40kmTT were 106.3 ± 15.1, 105.4 ± 15.2, 107.0 ± 19.8, 107.5 ± 

20.0, 110.7 ± 23.4 mmHg. The paired values in the HYP 40kmTT were 90.3 ± 14.8, 89.7 

± 14.1, 85.4 ± 12.3, 87.0 ± 11.3 and 87.1 ± 12.0 mmHg. During the HYP 40kmTT, MAP 

at the 20km mark through to the 40km mark differed significantly from MAP at the 5km 

mark. 

 Stroke volume (Table 7). No statistically significant effect of environmental 

condition on SV was found. However, SV was lower from the 25km mark onward, 

relative to the 5km mark, in the HYP 40kmTT. 
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Table 6.      

      
Differences in blood lactate, consumed water, weight and blood plasma volume before, during    

and after 40kmTT cycling with and without hyperthermia 

      

 
Distance BLac

-
 ∆Weight  Water consumed ∆Blood Plasma 

 
(km) (mmol·L

-1
) (kg) (L) (% total) 

            

HYP Pre 3.7 ± 1.6 
   

 
15 9.1 ± 5.4 

   

 
30 8.3 ± 3.9 

   

 
Post  7.5 ± 4.7 -0.5 ± 0.3 1.5 ± 0.5 † 1.2 ± 2.2 

 

TN 

 

Pre 

 

3.6 ± 1.4    

 
15 8.7 ± 4.4 

   

 
30 10.6 ± 5.6 

   
  Post 8.4 ± 8.3 -0.5 ± 0.4 0.7 ± 0.1 0.6 ± 6.0 

Note. Blood lactate levels immediately before, during and  five minutes after 40kmTT; consumed 

water; changes in post weight and blood plasma volume compared to pre-values with and without 

hyperthermia (HYP and TN respectively) during 40kmTT cycling expressed as mean ± 1SD 

† Significantly different from thermoneutral trial, p < .05. 
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Table 7. 
     

       
Cardiovascular and cerebrovascular responses to 40kmTT cycling during hyperthermic and thermoneutral trial. 

       
 

Distance MCAv MAP Q SV HR 

 
(km) (cm·s

-1
) (mmHg) (L·min

-1
) (mL) (bpm) 

       
HYP Rest 52.6 ± 7.7 77.4 ± 13.7 5.5 ± 1.8 91.7 ± 27.3 63 ± 11 

 
5 55.9 ± 7.6 98.7 ± 12.9 16.8 ± 6.1 115.5 ± 31.5 145 ± 13 

 
10 56.3 ± 11.9 97.5 ± 10.1 17.7 ± 4.7 118.3 ± 30.5 149 ± 15 * 

 
15 55.6 ± 11.3 95.5 ± 8.3 16.9 ± 5.3 116.3 ± 34.5 151 ± 13 * 

 
20 53.8 ± 10.4 90.3 ± 14.8 * † 15.8 ± 5.5 105.1 ± 34.6 152 ± 12 * 

 
25 53.0 ±10.6 89.7 ± 14.1 * † 15.5 ± 5.1 102.4 ± 31.7 * 154 ± 10 * 

 
30 52.6 ± 11.1 85.4 ± 12.3 * † 14.4 ± 5.2 96.8 ± 34.3 * 152 ± 7 

 
35 52.7 ± 11.2 87.0 ± 11.3 * † 15.2 ± 4.1 98.9 ± 26.3 * 157 ± 8 * 

 
40 50.7 ± 11.4 87.1 ± 12.0 * † 15.6 ± 5.2 97.5 ± 29.7 * 163 ± 6 * 

TN 
 

Rest 

 

51.4 ± 7.6 

 

77.6 ± 11.1 

 

6.0 ± 1.8 

 

91.1 ± 27.1 

 

60 ± 8 

 
5 59.0 ± 8.0 110.8 ± 17.7 15.7 ± 4.7 115.7 ± 36.2 146 ± 15 

 
10 57.5 ± 11.5 107.4 ± 17.3 16.8 ± 4.5 118.7 ± 31.7 147 ± 14 

 
15 56.8 ± 11.8 106.4 ± 15.1 16.2 ± 4.2 114.5 ± 26.7 150 ± 13 

 
20 57.2 ± 12.8 106.3 ± 15.1 16.5 ± 5.3 112.9 ± 33.6 151 ± 14 

 
25 55.9 ± 12.9 105.4 ± 15.2 14.9 ± 5.3 106.8 ± 37.5 151 ± 12 

 
30 55.1 ± 13.1 107.0 ± 19.8 15.0 ± 4.9 107.7 ± 31.6 151 ± 15 

 
35 55.6 ±11.4 * 107.5 ± 20.0 16.2 ± 5.2 113.4 ± 32.4 156 ± 12 * 

 
40 55.8 ±11.4 110.7 ± 23.4 17.2 ± 6.6 113.2 ± 39.4 163 ± 12 * 

Note. Cardiovascular and cerebrovascular indices include: MCAv=middle cerebral artery blood flow velocity; 

MAP=mean artertial pressure; Q=cardiac output; SV=stroke volume; and, HR=heart rate. Measured across nine 

different intervals with and without hyperthermia (HYP and TN respectively) and expressed as mean ± 1 SD 

* Significantly different from five kilometers, p < .05. † Significantly different from thermoneutral trial, p < .05. 
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 Heart rate (Table 7). During the HYP 40kmTT HR increased significantly at 

the 10km mark, relative to the 5km mark. It remained elevated until the end of the 

40kmTT with the exception of a similar value to the 5km mark at the 30km mark. No 

significant effect of environmental condition on HR was found.  

 Cardiac output (Table 7).  Cardiac output (Q) was not significantly different 

between or within the experimental conditions. 

Ventilatory and temperature responses 

Oxygen consumption (Table 8). Significance tests showed that between 20km and 

40km, %VO2 max was lower in HYP 40kmTT when compared to the paired time 

markers in the TN 40kmTT. Further significance tests showed that only at the 40km mark 

within the TN 40kmTT did %VO2max vary significantly from the 5km mark.  

Minute ventilation (Table 8). VE did not differ between environmental conditions. 

However, within trial significance tests revealed that during TN, VE was elevated from 

the 5km mark on three separate occasions in the second half of the test.  

End-tidal partial pressure of carbon dioxide (Table 8). PETCO₂ did not differ 

between environmental conditions. Within significance tests revealed changes in 

PETCO₂ in both 40kmTT. During HYP the value recorded at 5km remained depressed 

for the remainder of the 40kmTT. This held true for TN also, where the 5km value was 

higher than those recorded at 15km and 25-40km.  

Ear and skin temperature (Table 8). Ear temperature was found to be significantly 

higher from start to finish in the HYP 40kmTT when compared to the TN 40kmTT.  
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Table 8. 

       
Ventilatory and temperature responses to 40kmTT cycling during then hyperthermic and thermoneutral trials. 

       
 

Distance VO2 VE  PETCO₂ Tear Tsk 

 
(km) (%max) (L·min

-1
) (mmHg)  (˚C)  (˚C) 

              

HYP Rest 7.8 ± 1.8 10.0 ± 2.5 37.0 ± 3.6 36.6 ± 0.3 33.5 ± 1.0 

 
5 66.7 ± 17.7 63.7 ± 25.8 37.0 ± 3.5 37.6 ± 0.5 † 33.7 ± 1.8 † 

 
10 67.6 ± 14.4 64.9 ± 22.8 35.8 ± 4.5 * 37.8 ± 0.6 † 34.3 ± 2.5 † 

 
15 66.4 ± 13.6 65.0 ± 21.3 34.5 ± 4.4 * 38.1 ± 0.7 * † 33.8 ± 3.1 † 

 
20 64.3 ± 13.1 † 61.2 ± 17.5 34.5 ± 4.5 * 38.2 ± 0.7 * † 33.8 ± 3.1 † 

 
25 62.2 ± 12.1 † 60.3 ± 17.4 33.9 ± 4.7 * 38.3 ± 0.7 * † 33.6 ± 3.5 † 

 
30 62.1 ± 13.5 † 58.0 ± 18.9 33.5 ± 4.7 * 38.4 ± 0.5 * † 33.8 ± 3.3 † 

 
35 61.8 ± 9.7 † 59.7 ± 16.9 33.5 ± 4.5 * 38.4 ± 0.5 * † 33.5 ± 3.7 † 

 
40 71.4 ± 15.0 † 74.2 ± 26.7 32.9 ± 4.3 * 38.5 ± 0.7 * † 33.7 ± 3.3 † 

TN 
 

Rest 

 

8.1 ± 1.8 

 

9.8 ± 2.9 

 

37.1 ± 4.0 

 

36.6 ± 0.4 

 

33.3 ± 1.1 

 
5 74.5 ± 10.7 68.5 ± 18.3 37.1 ± 4.2 36.7 ± 0.7 27.2 ± 5.0 

 
10 76.0 ± 10.8 71.7 ± 18.1 36.4 ± 4.7 37.0 ± 0.8 * 27.2 ± 5.1 

 
15 74.7 ± 10.8 72.4 ± 19.2 35.2 ± 4.0 * 36.9 ± 0.8 * 27.0 ± 5.2 

 
20 74.7 ± 10.4 73.8 ± 19.4 * 35.7 ± 3.8 36.9 ± 0.9 27.0 ± 5.4 

 
25 75.5 ± 11.0 73.6 ± 19.9 * 34.8 ± 4.1 * 36.8 ± 0.9 26.6 ± 5.4 

 
30 75.0 ± 10.9 71.6 ± 19.2 34.8 ± 3.9 * 36.7 ± 0.9 26.4 ± 5.3 

 
35 78.1 ± 10.2 75.6 ± 20.7 34.3 ± 3.6 * 36.7 ± 0.9 26.0 ± 5.6 * 

  40 83.6 ± 11.3 * 93.5 ± 25.2 * 32.6 ± 3.9 * 36.8 ± 0.9 25.8 ± 5.7 * 

Note. Ventilatory and temperature indices include: VO2=oxygen consumption; VE =minute ventilation; PETCO₂ 
=partial pressure of carbon dioxide; Tear=ear temperature; and, Tskin=skin temperature. Measured across nine 

different intervals with and without hyperthermia (HYP and TN respectively) and expressed as mean ± 1 SD 

* Significantly different from five kilometers, p < .05. † Significantly different from thermoneutral trial, p < .05 
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Skin temperature also varied significantly between environmental conditions. 

From the start to the finish of the HYP 40kmTT, skin temperature was significantly 

warmer than in the paired time markers in the TN 40kmTT.  Ear temperature recorded at 

5km in the HYP 40kmTT was significantly cooler than recorded after and including 

15km. Ear temperature variability was also recorded in the TN 40kmTT, specifically at 

10 and 15km. In addition, the recorded skin temperature was significantly cooler during 

the last 10km of the TN 40kmTT when compared to the 5km mark. 

iEMG and performance measures 

Integrated electromyography (Table 9). A stronger iEMG signal in the last three 

time markers in the TN 40kmTT in contrast to the HYP 40kmTT was recorded. In 

addition, statistical analysis showed a weaker iEMG signal at the 30km mark relative to 

the 5km mark in the HYP 40kmTT. The inverse was true during the TN 40kmTT where a 

stronger iEMG signal was recorded at the 40km mark relative to the 5km mark.  

Time splits (Table 9). During the TN 40kmTT, time splits recorded at each 5km 

did not significantly differ for the entire duration of the trial. During the HYP 40kmTT, 

however, the splits that were recorded at 20 and 25km were significantly slower than the 

initial split. Time splits recorded at 10 km mark and between 20 and 40km during the 

HYP 40kmTT were significantly slower than the matched times in the TN 40kmTT, 

corresponding to approximately a 10% difference in 40kmTT time-to-completion 

between trials. 

Power output (Table 9). Power output was lower from 10km through to 40km in 

the HYP 40kmTT relative to the TN 40kmTT.  
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Table 9. 

    
      iEMG and performance measures in 40kmTT cycling during then hyperthermic and thermoneutral trials 

      

 

Distance (km) iEMG (%PP) Splits (minutes) Power (Watts) HR-RPE 

            

HYP 5 31.7 ± 14.1 9.25 ± 1.1 191.3 ± 65.6 11 ± 3 

 

10 30.8 ± 11.4 9.47 ± 1.0 † 182.7 ± 48.9 † 14 ± 12 

 

15 29.7 ± 13.3 9.40 ± 0.8  168.1 ± 49.4 † 10 ± 2 

 

20 28.8 ± 9.5 † 9.81 ± 1.0 * † 161.0 ± 53.1 * † 10 ± 1 

 

25 28.1 ± 8.3  10.08 ± 1.1 * † 158.4 ± 50.9 † 9 ± 1 * 

 

30 26.2 ± 7.7 * † 10.06 ± 1.4 † 150.6 ± 53.6 * † 9 ± 1 * 

 

35 26.2 ± 5.4 † 9.81 ± 1.2 † 165.1 ± 49.5 9 ± 1 * 

 

40 26.7 ± 9.2 † 10.03 ± 1.1 † 222.7 ± 75.2 9 ± 1 * 

 

Mean 28.5 ± 9.9 9.7 ± 1.1 175 ± 55.8 10.1 ± 2.8 

 

TN 5 34.8 ± 13.1 8.75 ± 0.9 221.3 ± 60.1 12 ± 3 

 

10 36.4 ± 11.3 8.64 ± 0.8 228.4 ± 57.8 11 ± 2 

 

15 35.2 ± 9.8 8.74 ± 0.9 213.4 ± 57.3 11 ± 1 * 

 

20 38.1 ± 9.3 8.85 ± 0.9 215.0 ± 56.3 10 ± 1 * 

 

25 34.8 ± 10.3 8.91 ± 0.8 219.0 ± 59.8 10 ± 1 * 

 

30 35.1 ± 10.2 8.92 ± 1.0 218.7 ± 61.2 10 ± 1 * 

 

35 36.1 ± 10.1 8.81 ± 0.9 196.8 ± 70.7 10 ± 1 * 

  40 40.7 ± 11.3 * 8.51 ± 0.9 282.9 ±75.5 * 9 ± 1 * 

 

Mean 36.4 ± 10.7 8.8 ± 0.9 224.4 ± 62.3 10.4 ± 1.4 

Note. iEMG and performance indices include: iEMG=integrated electromyography; Time splits; Power=one 

minute average; and HR-RPE=relationship between heart rate and rating of perceived exertion. Measured across 

eight different intervals with and without hyperthermia (HYP and TN respectively) and expressed as mean ± 1 SD 

* Significantly different from five kilometers, p < .05. † Significantly different from thermoneutral trial, p < .05 
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At the 20 and 30km interval during the HYP 40kmTT, power output was 

significantly lower than at the 5km mark. Conversely during the TN 40kmTT, the power 

output recorded at the 40km mark was significantly higher than at the 5km mark. The 

difference in mean PO between the trials was approximately 22%. 

Heart rate and rating of perceived exertion ratio (Table 9). The relationship 

between HR and RPE was not significantly different between trials. However, there were 

differences in the HR:RPE ratio within each environmental condition. During the HYP 

40kmTT, The HR:RPE ratio was significantly different from 25km to 40km when 

compared to the 5km mark. During the TN 40kmTT, relative to the 5km mark, a higher 

HR:RPE ratio was discovered from 15km through to 40km. 
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CHAPTER VI – DISCUSSION 

The main finding of the present investigation was that overall time trial performance and 

the poweravg were markedly reduced during 40kmTT in the HYP environment. This 

occurred despite the absence of differences in MCAv between trials, which other 

investigators have reported finding differences in MCAv (Nybo & Nielsen, 2001).  

Hyperthermia induced hyperventilation has been shown to have a detrimental effect on 

MCAv (Nybo et al., 2001; Nybo et al., 2002; Nybo & Nielsen, 2001), leading to a 

reduced performance (Drust et al., 2005; Nybo, 2010; Periard et al., 2011). However, in 

this study no significant differences in VE between environmental conditions were 

recorded which may explain the lack of observed differences in MCAv. Faster time-to-

completion in the TN 40kmTT in contrast to the HYP 40kmTT corresponded with a 

stronger iEMG signal (%PP) at several intervals during the 40kmTT (e.g. 20, 30, 35, 

40km). It is postulated that hyperthermia-induced cardiovascular strain was, in part, 

responsible for suppressed performance when temperature exceeded 40ºC. This in part 

supports the first hypothesis in this study, i.e., a increase in cardiovascular strain will be 

closely linked to increases in skin and core (tympanic) temperature. This therefore lead to 

a decrease in 40km TT performance (time-to-completion and power output) and muscle 

recruitment (iEMG) during hyperthermia in comparison to thermoneutrality. 

Cardiovascular and cerebrovascular responses  

MCAv did not differ significantly between environmental conditions. However, 

despite starting at lower values during the HYP trial there was a slight trend in lower 

MCAv  (p>0.05) at the end of the 40kmTT. During intense exercise, hyperventilation-

induced decline in PETCO₂ and to a lesser degree reductions in mean arterial pressure 
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and cardiac output are responsible for decrements in MCAv (Nybo & Nielsen, 2001). The 

hypocapnic reduction in PETCO₂, will affect the cerebral vasculature via a decrease in 

flow by vasoconstriction of smaller cerebral vessels. It may be that hyperventilation is a 

type of thermorgulatory panting (White & Cabanac, 1996) and it seems that a substantial 

fraction of total cephalic heat loss can be liberated via this mechanism across a range of 

environmental conditions (Rasch, Samson, Cote, & Cabanac, 1991). In other words, 

panting is thought to be a reflex which aims to reduce heat storage in the brain. Nybo et 

al (2002) investigated the proportional relationship that is believed to exist between 

PETCO₂ and MCAv. Their finding indicated that during hyperthermic exercise, an 

eighteen percent decrease in MCAv was accompanied by an eighteen percent decrease in 

PETCO₂. Although there was a decline in PETCO₂ during both 40kmTT in my study, it 

did not differ in magnitude between environmental conditions. As a result, VE did not 

differ significantly between trials either. It is therefore logical to conclude no observed 

differences in MCAv were directly linked to the absence of these hyperventilatory 

changes. Relative changes in MCAv provide a good reflection of changes in MCA blood 

flow and no changes in MCA diameter either during hypercapnia or hyperventilation 

have been found by investigators utilizing magnetic resonance imaging (Serrador et al., 

2000). In addition, vasomotor changes in response to PETCO₂ have shown that only the 

small vessels of the brain become restricted (Bradac, Simon, & Heidsieck, 1976; Serrador 

et al., 2000; Valdueza et al., 1997). Despite this evidence, it is speculated that the 

combination of exercise and HYP could result in a cross sectional area change in MCA, 

which would subsequently mask any changes in flow. However, further research is 

needed to substantiate this speculation. 
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The present investigation found that hyperthermia significantly affected MAP. 

During the latter half of the HYP 40kmTT, MAP was lower from the 5km mark. In 

addition, MAP values in the latter half of the HYP 40kmTT were significantly lower than 

the paired values recorded in the TN 40kmTT. These differences in MAP between 

environmental conditions and within the HYP 40kmTT (Figure 2) are likely due to 

increased cardiac strain or cardiac drift. To promote cooling, blood vessels in the skin 

dilate and thus increase blood flow to the skin. This eventually coincides with diminished 

MAP and SV (Coyle & Gonzalez-Alonso, 2001). Gonzalez-Alonso and Calbet (2003) 

showed that severe heat stress reduces VO2max by accelerating the decline in SV, MAP 

and Q, in turn decreasing blood flow and oxygen delivery to exercising muscles. Training 

status may also add to these findings. Gagnon, Lynn, Binder, Boushel, and Kenny (2012) 

found trained men exhibit greater post-exercise hypotension following prolonged 

exercise in heat with no fluid replacement. Although fluid was replaced ad libitum, these 

findings could be linked, to some degree, to training status. 
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Figure 2. Mean arterial pressure (MAP, mmHg) during two environmental conditions: Hyperthermic 40kmTT 

(HYP) and thermoneutral 40kmTT (TN). Values are expressed as mean ± 1 SD across nine different distance 

intervals ranging from rest to forty kilometers. 

* Significantly different from five kilometers, p < .05. † Significantly different from thermoneutral trial, p < .05. 

 

35 

55 

75 

95 

115 

135 

155 

rest 5 10 15 20 25 30 35 40 

M
A

P
 (

m
m

H
g
) 

Distance (km) 

HYP 

TN 



 49 

These cardiovascular changes, particularity those in Q, are often reversed in the “end-

spurt” during the final maximal effort (Billaut, Bishop, Schaerz, & Noakes, 2011).  

Although muscle blood flow was not measured during this study, it was suggested that 

due to the absence of increased Q during the final maximal efforts in the heat, oxygen 

delivery to the exercising muscles was compromised. A more recent study looking at 

self-paced cycling performance showed similar finding (Periard et al., 2011). 

Furthermore, anticipatory reductions in workload appear to be related to the rate of heat 

storage, which contribute to further alterations in cardiovascular parameters (i.e., HR, 

MAP, SV and Q) at significantly lower relative power output. 

In the present study SV and Q did not differ in magnitude between trials, but the 

relationship between these parameters and power output (significantly lower) suggests 

that HYP reduces the workload at a particular level of cardiovascular strain. The motor 

cortex and cardiovascular control centers are activated in parallel (Goodwin, McCloskey, 

& Mitchell, 1972), and therefore by increasing motor outflow, heart rate and ventilation 

via autonomic neural activity, cardiovascular and hemodynamic modifications are made 

to meet the metabolic demands of the exercising muscles (Nobrega, Williamson, 

Friedman, Araujo, & Mitchell, 1994; Williamson, Fadel, & Mitchell, 2006). Q is 

typically maintained in favor of adequate oxygen supply to the exercising muscles. Due 

to diminishing SV, characteristic of prolonged exercise in the heat, HR must increase to 

maintain Q (Q=SV x HR). Reductions in SV may be directly linked to a reduced diastolic 

filling time that occurs as a consequence of increased HR and therefore shortened cardiac 

cycle (Fritzsche, Switzer, Hodgkinson, & Coyle, 1999). In the present study, HR did not 
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differ between the TN and HYP 40kmTT. However, HR significantly increased from the 

5km mark only in the HYP 40kmTT (Figure 4).  

As there were no recorded changes in Q and a concomitant reduction in SV in the 

HYP 40kmTT (Figure 3), it is logical to conclude that increases in HR (Figure 4), 

mediated by autonomic neural mechanisms, were responsible for the unchanged Q and 

ultimate maintenance of motor outflow (Lafrenz, Wingo, Ganio, & Cureton, 2008; 

Wingo, Ganio, & Cureton, 2012). 

Ventilatory and temperature responses 

VO2max is suppressed in HYP exercise due to increased cardiovascular strain. As 

discussed in the previous section, blood flow to the exercising muscles is reduced in 

favor of increasing flow to the skin to promote cooling. Research has demonstrated that 

decreases in cycling performance in the heat are accompanied by reductions in VO2 

(Drust et al., 2005; Nybo & Nielsen, 2001; Periard et al., 2011). Uncompensated heat 

storage is the main driving force behind VO2 decrements. Only when there is a 

simultaneous increase in skin and core temperature are reductions in VO2max provoked 

(Mortensen et al., 2005; Nybo et al., 2001). Intense exercise is associated with very high 

rates of endogenous heat production. Even with ambient temperatures as low as 25ºC, 

core temperature can rise above 40ºC. As long as skin temperature does not parallel core 

temperature then VO2max remains unaffected. However, VO2max becomes markedly 

reduced if exercise is performed under conditions that cause a concomitant elevation in 

skin and core temperatures, i.e., very high environmental temperatures or a moderately 

hot and humid environment (Arngrimsson, Stewart, Borrani, Skinner, & Cureton, 2003; 

Klausen, Dill, Phillips, & McGregor, 1967; Nybo et al., 2001; Pirnay, Deroanne, & Petit, 
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1970).  Both Tear and Tsk were significantly higher in the HYP 40kmTT when compared 

to the TN 40kmTT. The findings of the present study found decrements in sustained VO2 

during HYP 40kmTT cycling which closely followed changes in Tear. Interestingly, Tsk 

showed reductions during TN 40kmTT cycling. Evaporative heat loss is the dominant or 

only mechanism for heat dissipation when the environmental temperature is high, i.e., 

above resting core body temperature. However, during cycling in temperate or cold 

climates, heat is mainly released from the skin to the surroundings via convection which 

allows for more efficient heat dissipation (Nybo, 2010). This convection process can 

further be enhanced by moving air, i.e., while moving on a bicycle or by accelerating air 

with a fan (Altareki, Drust, Atkinson, Cable, & Gregson, 2009). During both TN and 

HYP 40kmTT cycling a fan was used to simulate road cycling conditions. The enhanced 

dissipation of heat from the skin via enhanced convection led to a significantly lower Tsk 

from 35-40km, relative to the 5km value in the TN 40kmTT. 
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Figure 3. Stroke volume (mL) during two environmental conditions: Hyperthermic 40kmTT (HYP) and 

thermoneutral 40kmTT (TN). Values are expressed as mean ± 1 SD across nine different distance intervals 

ranging from rest to forty kilometers. 

* Significantly different from five kilometers, p < .05.  
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Figure 4. Heart rate (bpm) during two environmental conditions: Hyperthermic 40kmTT (HYP) and 

thermoneutral 40kmTT (TN). Values are expressed as mean ± 1 SD across nine different distance intervals 

ranging from rest to forty kilometers. 

* Significantly different from five kilometers, p < .05 
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Compared to the TN 40kmTT a lower VO2 (Figure 5) was accompanied by 

simultaneously higher skin and ear temperature (Figure 6 and 7, respectively) in the HYP 

40kmTT. This inverse relationship between body temperatures and VO2 has been well 

documented in the literature examining the factors that limit exercise in heat (Gonzalez-

Alonso & Calbet, 2003; Gonzalez-Alonso et al., 1999; Mortensen et al., 2005; Periard, 

Thompson, Caillaud, & Quaresima, 2013). To further explain this phenomenon, heat 

transfer from the body core to the skin depends on the perfusion gradient between the 

core and skin. During exercise in heat, the temperature gradient between the body core 

and skin narrows and for thermoregulatory purposes skin blood flow must therefore 

increase (Kenney & Johnson, 1992; Wendt, van Loon, & Lichtenbelt, 2007). As such, 

skin temperature serves as a proxy measure for skin blood flow. During TN 40kmTT 

cycling in the present study, Tear remained between 36-37ºC for the entire duration. As 

this is a typical body temperature of a human at homeostasis, 40kmTT cycling in a TN 

environment does not appear to lead to reductions in VO2 as enough heat is dissipated. 

Tear recorded during HYP 40kmTT cycling reveals a different situation. Throughout this 

40kmTT, Tear ranged between 38-39ºC. This would suggest that skin blood flow 

increased to a point where a balance between heat dissipation and storage within the body 

could no longer be maintained.  The evidence gathered in this investigation suggests 

higher body temperatures (Tear) are met with lower VO2 values during HYP (60-

66%VO2max ) versus TN 40kmTT cycling (74-78%VO2max). 

PETCO₂ decreased from the 5km mark during both environmental conditions in 

the present study. However, there were no differences in PETCO2 between environmental 

conditions (Figure 8). Reductions in PETCO2 coincide with hypocapnia by which a 
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temporary reduced partial pressure in carbon dioxide exists. However, during 

hyperthermic exercise, some researchers have reported hypocapnia in response to 

hyperthermia-induced hyperventilation (measured as increases in VE) (Nybo et al., 2001; 

Nybo & Nielsen, 2001). Shallow breathing expels carbon dioxide at a rate that 

temporarily outmatches the rate under normocapnia. Nearing the end of the TN 40kmTT, 

a lower PETCO₂ relative to the 5km mark corresponded to an increase in VE relative to 

5km mark. However, during the HYP 40kmTT these same reductions in PETCO₂ 

occurred in the absence of any significant changes in VE.  
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Figure 5. VO2 and iEMG (%max, %PP respectively) during two environmental conditions: Hyperthermic 

40kmTT (HYP) and thermoneutral 40kmTT (TN). Values are expressed as mean ± 1 SD across nine different 

distance intervals ranging from five to forty kilometers. 

* Significantly different from five kilometers, p < .05.  

† Significantly different from thermoneutral trial, p < .05. 
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Figure 6. Skin temperature (ºC) during two environmental conditions: Hyperthermic 40kmTT (HYP) and 

thermoneutral 40kmTT (TN). Values are expressed as mean ± 1 SD across nine different distance intervals 

ranging from five to forty kilometers. 

* Significantly different from five kilometers, p < .05.  

† Significantly different from thermoneutral trial, p < .05. 
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Figure 7. Ear temperature (ºC) during two environmental conditions: Hyperthermic 40kmTT (HYP) and 

thermoneutral 40kmTT (TN). Values are expressed as mean ± 1 SD across nine different distance intervals 

ranging from five to forty kilometers. 

* Significantly different from five kilometers, p < .05.  

† Significantly different from thermoneutral trial, p < .05. 
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Figure 8. PETCO₂ (mmHg) during two environmental conditions: Hyperthermic 40kmTT (HYP) and 

thermoneutral 40kmTT (TN). Values are expressed as mean ± 1 SD across nine different distance intervals 

ranging from five to forty kilometers. 

* Significantly different from five kilometers, p < .05.  
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iEMG and performance measures  

Voluntary exercise starts and ends in the brain, and it starts with the spatial and 

temporal recruitment of motor units and ends with their de-recruitment (Kayser, 2003). 

The central nervous system integrates input from the body that are related to the exercise 

and adjusts recruitment of skeletal muscle to prevent jeopardizing the integrity of the 

organism (Kayser, 2003). To determine the influence of central fatigue on time trial 

performance, iEMG was used and showed that voluntary activation was reduced during 

the HYP trial in comparison to TN (Figure 5). The degree of voluntary muscle 

recruitment is represented by the intensity of EMG signal. This premise has been used in 

research investigating pacing strategies in both intermittent and continuous high intensity 

exercise (Ansley, Schabort, St Clair Gibson, Lambert, & Noakes, 2004; Billaut et al., 

2011; Hettinga, De Koning, Broersen, Van Geffen, & Foster, 2006) A significantly 

weaker iEMG signal was recorded in four of the eight time markers in the HYP 40kmTT 

versus the TN 40kmTT. It has been shown that when an athlete is aware of their distance 

during a performance, iEMG activity tracks the work rate or power output (Billaut et al., 

2010; Kay et al., 2001; St Clair Gibson, Schabort, & Noakes, 2001). Endurance 

performance can thus be significantly influenced by implementing a pacing strategy. 

Pacing is typically defined as a conscious and/or subconscious modification of intensity 

during exercise in an effort to limit premature fatigue (Billaut et al., 2010; Palmer, 

Noakes, & Hawley, 1997; St Clair Gibson et al., 2006). This was arguably the case in the 

current study as iEMG activity of the vastus lateralis, cycle ergometer power output and 

time splits exhibited very similar patterns of change (Figure 5, Figure 9, Figure 10). For 

example, the iEMG activity at the 30, 35 and 40km marker in the HYP declined similarly 
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to power output and time splits. Moreover, the values for iEMG and power output were 

significantly lower than those in the TN time trial. This “tracking” of reduced power 

output with downward trending iEMG suggests that centrally regulated mechanism is 

limiting performance. These mechanisms alter the number of motor units recruited and 

de-recruited during exercise based upon peripheral feedback or anticipatory feed-forward 

mechanism (Ansley et al., 2004).  
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Figure 9. Power output (Watts) during two environmental conditions: Hyperthermic 40kmTT (HYP) and 

thermoneutral 40kmTT (TN). Values are expressed as mean ± 1 SD across nine different distance intervals 

ranging from five to forty kilometers. 

* Significantly different from five kilometers, p < .05.  

† Significantly different from thermoneutral trial, p < .05. 
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Figure 10. Time (min) during two environmental conditions: Hyperthermic 40kmTT (HYP) and thermoneutral 

40kmTT (TN). Values are expressed as mean ± 1 SD across nine different distance intervals ranging from five 

to forty kilometers. 

* Significantly different from five kilometers, p < .05.  

† Significantly different from thermoneutral trial, p < .05. 
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The integration of information such as pre-exercise expectations of task duration 

and intensity (Paterson & Marino, 2004), and knowledge of external environmental 

conditions (ambient temperature) as well as the internal temperature (Tear) would regulate 

the mass of skeletal muscle recruited during exercise to adjust the work rate to the 

appropriate level (Noakes, St Clair Gibson, & Lambert, 2005; St Clair Gibson et al., 

2006). Perturbations of these external and internal conditions were arguably amplified in 

the HYP 40kmTT versus the TN 40kmTT and as such yielded suppressed performance 

outcomes and iEMG signals. The current observation that iEMG activity and power 

output increased concomitantly in the last 5km of the TN 40kmTT is considered 

significant. It may reflect the presence of a neuromuscular reserve despite a conscious 

effort by all subjects to perform maximally as evidenced by the HR:RPE ratio (Kay et al., 

2001). Similar strategies of muscle recruitment and pacing have been described in both 

cycling and running (Billaut et al., 2010; Kay et al., 2001; Paterson & Marino, 2004). 

Information processing between the brain and the periphery is crucial in maintaining 

work rate (Billaut et al., 2010; Noakes et al., 2005; St Clair Gibson et al., 2006). As the 

brain is the ultimate site where motor recruitment starts and ends (Kayser, 2003), it 

makes sense that physiological changes in the brain (eg. MCAv) would be directly 

involved in the control of pacing strategies. In the case of the present study, changes in 

iEMG were not paralleled with similar changes in MCAv. However, the protective 

mechanisms, governed by afferent feedback, ensure that the brain is protected during the 

ensuing biological fatigue and task failure. As exercise intensity was self determined, 

decrements in iEMG were not expected to be followed by potentially critical changes in 

MCAv.  
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To examine whether there was a potential dysregulation of perceived rating of 

exertion between the environmental conditions and within each environmental condition,  

HR:RPE ratio was used as a method to compare the actual and perceived exertion of the 

subjects during both 40kmTT, and thus a way to control for self reported fatigue (Cook et 

al., 2003). The perception of effort is an important factor that limits exercise. Central 

command in the motor cortex is perceived as a sense of effort, and exercise is volitionally 

terminated or reduced in intensity when the sense of effort and other sensations such as 

muscle pain become more intense than is tolerable (Kayser, 2003). The lower HR:RPE 

ratio, as compared to the 5km mark, recorded in the later stages of both the TN and HYP 

40kmTT indicates that at the same HR, RPE was significantly higher (Figure 11). This 

suggests, regardless of environmental condition, that individuals perceive their level of 

effort as becoming incrementally more difficult throughout 40kmTT cycling. Research 

looking at chronic fatigue syndrome are in agreement with the findings of the present 

study (Cook et al., 2003; Fulcher & White, 2000; Georgiades et al., 2003; Neary et al., 

2008; Wallman et al., 2004). 
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Figure 11. Heart rate and rating of perceived exertion ratio (HR:RPE) during two environmental conditions: 

Hyperthermic 40kmTT (HYP) and thermoneutral 40kmTT (TN). Values are expressed as mean ± 1 SD across 

nine different distance intervals ranging from five to forty kilometers. 

* Significantly different from five kilometers, p < .05. 
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BLac
-
, water and weight  

The integrity of the thermoregulatory system during exercise is maintained by an 

adequate blood volume (Cheuvront & Haymes, 2001; Gisolfi & Copping, 1993). 

Previous research compared the thermoregulatory responses of six men during two hours 

of treadmill running at 33ºC under seven experimental conditions (Cheuvront & Haymes, 

2001). Dehydration progressively elevated core temperature but regular fluid replacement 

dampened this response again after one hour of running. A strong correlation (r = 0.76 to 

0.87) was reported for the effect of percent body weight loss and core temperature and a 

0.4 ºC rise in core temperature was predicted for each 1% of body mass loss incurred 

beyond 2% of body weight (Cheuvront & Haymes, 2001; Gisolfi & Copping, 1993). A 

comparison between two elite marathon runners revealed the significant practical 

implications of this research (Cheuvront & Haymes, 2001; Maron, Horvath, Wilkerson, 

& Gliner, 1976). Both athletes finished the race within three minutes of each other, ran at 

approximately the same velocity and had similar bodyweight and sweat rates but 

markedly different fluid intakes. The quicker runner had a body water deficit of 2.6% and 

an overall increase of 2.2ºC in core temperature while the slower runner finished with a 

3.6% body mass loss and a 2.6ºC rise in core temperature. The difference between the 

two runners was a 1% dehydration and a 0.4ºC difference in core temperature, 

corroborating the prediction of Gisolfi and Copping (Cheuvront & Haymes, 2001). The 

present study found performance reductions in excess of 7 minutes, or approximately 

3.7km in distance. In addition, significantly more water was consumed in the HYP 

40kmTT versus the TN 40kmTT (1.5 ± 0.5L versus 0.7 ± 0.1L respectively). As a result, 

there were no significant differences in weight loss between 40kmTT in either 
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environmental condition and it is therefore believed that dehydration was not a 

performance limiting factor (Noakes, 1995, 2006).  

Blood plasma volume analyses before and after both the HYP and TN 40kmTT 

showed no difference between, or within environmental conditions. Adequate water 

intake, provided ad libitum, ensured that such critical hematological perturbations did not 

occur.  

Peripheral fatigue is understood to coincide with excitation contraction coupling 

(ECC) failure, typically as a result of accumulation of metabolites such as BLac
- 
and H

+
 

ions (Amann & Dempsey, 2008a).  During exercises when the rate of demand for energy 

is high, glucose is broken down and oxidized to pyruvate, and lactate is produced from 

the pyruvate faster than the tissues can remove it or utilize it for energy, so lactate 

concentration begins to rise. The production of lactate is a beneficial process because it 

regenerates NAD
+
 which is used up in the creation of pyruvate from glucose, and this 

ensures that energy production is maintained and exercise can continue (Lindinger, 

Kowalchuk, & Heigenhauser, 2005). The increased BLac
- 
produced can be removed in 

two ways: oxidation back to pyruvate by well-oxygenated muscle cells, or by conversion 

to glucose via gluconeogenesis in the liver and release back into circulation (Lindinger et 

al., 2005). Recently published research addressed the importance of peripheral fatigue in 

pacing (Noakes et al., 2005). It was suggested that peripheral metabolites, such as BLac
-
, 

may act as afferent signaling agents. The brain interprets these signals and subsequently 

regulates physiological output to maximize performance but prevent premature fatigue 

(Billaut et al., 2011; Hettinga et al., 2006). The present study used BLac
-
 profiles to infer 

metabolism of exercising muscles. BLac
-
 profiles did not significantly vary between 

http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Pyruvate
http://en.wikipedia.org/wiki/Nicotinamide_adenine_dinucleotide
http://en.wikipedia.org/wiki/Oxidation
http://en.wikipedia.org/wiki/Pyruvate
http://en.wikipedia.org/wiki/Muscle
http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Gluconeogenesis
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environmental conditions in the present study. However, differences in power output 

between the HYP and TN 40kmTT suggests that a similar degree of exercising muscle 

metabolism may be required to sustain a lower power output during HYP exercise. This 

is only speculative at best, as VO2 values were significantly lower in the HYP trial when 

compared to the TN trial (65.3 ± 14.7 %VO2max versus 73.4 ± 10.6 %VO2max). 

Nutrition  

Research in sport nutrition has increased dramatically over the past 30 years. 

There is little doubt that nutrition plays a vital role in exercise performance and training. 

As such it was of interest to record, in detail, the nutritional habits of all participants 

leading into both 40kmTT. Significant differences in consumption of certain nutrients 

could potentially skew the results. The goal, therefore, was to match diets as closely as 

possible from trial to trial. Carbohydrates are pivotal for high intensity endurance 

exercise performance and during periods of high intensity training. Fluid intake during 

and prior to exercise is important in both short term and endurance exercise. Proteins are 

particularly important during the recovery period as they aid in the repair and growth of 

body tissue. Thus, nutritional balance is important for optimal performance. The average 

western diet contains approximately 45–50% carbohydrate and 35–40% fat, with 

approximately 15% derived from protein. Interestingly, the normal diet of endurance 

athletes is very similar to this, although in absolute terms their intake of carbohydrate is 

higher because of their higher energy expenditure (Jeukendrup, 2003). 

Carbohydrate and fat are the most important energy sources for endurance 

exercise. Both sources are stored in the body with fat representing 92% of all endogenous 

stored energy and carbohydrate only about 2%. Diets for athletes have been modulated to 
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account for these discrepancies in storage, i.e., carbohydrate-loading (Jeukendrup, 2003). 

Many studies have examined the effects of fasting on exercise. The comparison between 

a fasted and non-fasted state represent major differences in total caloric but particularly 

carbohydrate intake. The consensus is that, in a fasted state performance is reduced, 

especially when exercise duration is in excess of 30 minutes (Aragon-Vargas, 1993; Aziz, 

Wahid, Png, & Jesuvadian, 2010; Koubi et al., 1991; Maughan, 2002; Peters, 2003). 

Analyses of total caloric intake as well as proportional intake of all macronutrients 36 

hours prior to testing revealed no differences in intake between the HYP and TN 

40kmTT. Moreover, Table 4 reveals that macronutrient proportions were within typical 

ranges outlined by Jeukedrup (2003). It can thereby be concluded that any effect of 

nutrition on 40kmTT performance was nullified between environmental conditions.  

Ergogenic aids, particularly caffeine, added another dimension of possible 

performance incongruities. Researchers found that ingesting an energy drink containing 

carbohydrates, taurine, glucuronolactone, caffeine, and numerous B vitamins 40 minutes 

before exercise improved cycling performance in a 1-hour time trial (Ivy et al., 2009). It 

is supported that the increase of epinephrine from the ingestion of caffeine increases 

intramuscular triglyceride oxidation early in exercise as well as sparing muscle glycogen 

and thus acting in favor of endurance performance (Spriet et al., 1992). Pre-exercise 

guideline stipulated that no such ergogenic aids were to be consumed within a 6 hour 

period of testing. Self reported nutrient intake summaries revealed that none of the 

volunteers consumed caffeine, taurine and/or large concentrations of vitamin B, 

eliminating any performance benefits these ergogenic aids would have provided. 
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Concluding remarks and limitations 

Exercise performance in this study was significantly impaired in the hot 

environment. The findings of the present study along with a great deal of existing 

empirical data have demonstrated that increased ambient temperature will reduce 

endurance exercise performance (Davis & Bishop, 2013; Drust et al., 2005; Gagnon et 

al., 2012; Kenney, Stanhewicz, Bruning, & Alexander, 2013; Nybo, 2008, 2010; Nybo & 

Nielsen, 2001; Periard et al., 2013). However, the results from this study did not show 

that central motor output and exercise performance were related to cerebral blood flow 

changes, but rather to uncompensated heat storage (inferred by significantly higher Tear 

and Tsk in HYP 40kmTT cycling)  and concomitant increased cardiovascular strain 

(cardiovascular drift).  

The utilization of MCAv as a surrogate of CBF is based on the absence of 

vasomotor functions in the MCA. Vasodilation and constriction is assumed to be 

restricted to small vessels of the brain only (Bradac et al., 1976; Serrador et al., 2000; 

Valdueza et al., 1997). Despite this evidence, it is possible that the combination of 

exercise and HYP could result in a cross sectional area change in MCA, which would 

subsequently mask any changes in flow as described by Willie et al. (2011). In addition, 

positioning of the TCD probe for best signal:noise ratio may have varied between trials. 

However, I am confident that the collected data is accurate as inter-test reliability 

examination of MCAv was not significantly different between trials (52.6 ± 7.7 cm·s
-1 

versus 51.4 ± 7.6 cm·s
-1

) and the same technician performed all measurements. 
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Based on pilot research and other similar HYP studies in the literature (Nybo et 

al., 2002; Nybo & Nielsen, 2001; Nybo & Rasmussen, 2007), a sample size n=8-15 was 

assumed to be sufficient. Twelve subjects completed both trials.  

 The use of finger plethysmography may have imposed some limitations. The 

infrared transmission plethysmograph gauges the size of the finger arteries and 

subsequently controls the inflation pressure of the cuff to maintain constant arterial 

pressure; that is, to provide equal pressures dynamically on either side of the wall of an 

artery. Wrongful placement of the finger cuff, poor circulation in the arteries of the finger 

(affecting dynamic unloading), and internal malfunctions of the finger plethysmography 

could have been a source for possible error.  

Participant motivation is always a challenge when completing a 40kmTT, but by 

using trained triathletes this was controlled as each participant indicated that they 

provided a maximal effort.  
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PURPOSE: 

The purpose of this study is to determine the effects of exercise performance on cerebral 

and muscle oxygenation and blood flow. This research will help our understanding of the 

nature of fatigue, specifically in endurance exercise during conditions of elevated 

temperature. 

 

METHODS: 

Experimental Design of the project 

Individuals that are cleared to enter this study will complete necessary medical forms and 

informed consent. Physical characteristics will be recorded (height, weight) as well as 

resting heart rate (Polar F6 heart rate monitor) and blood pressure. Each individual will 

be equipped with: (a) a non-invasive surface electromyography electrode over the knee 

and muscle belly of the dominant vastus lateralis , (b) a transcranial Doppler (TCD), and 

(c) a breath-by-breath metabolic cart (Vmax Sensormedics), and beat x beat continuous 

blood pressure (Finometer). All of these measurement devices are non-invasive.  Trained 

research assistants (Canadian Society for Exercise Physiology certifications) will be used 

for all physiological testing. 

 

Surface Electromyography (EMG)  

Surface Electromyography is a technique for evaluating and recording the electrical 

activity produced by skeletal muscles. The signals can be analyzed to detect to detect 

medical abnormalities, activation level, and recruitment order or to analyze biomechanics 

of human or animal movement. This is a non-invasive technique that poses no health 

risks to participants. 

 

Transcranial Doppler Ultrasonography (TCD) 

mailto:patrick.neary@uregina.ca
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Cerebral blood flow velocity will be recorded non-invasively using transcranial Doppler 

ultrasonography. A cerebral probe will be placed over the right middle cerebral artery and 

held in place with the adapted adjustable headgear apparatus and adhesive ultrasound gel.  

Other research studies within the Faculty of Kinesiology & Health Studies at the 

University of Regina have also received ethical approval and have been undertaken 

using TCD (REB #13R-0708). 

 

Breath-by-breath Metabolic Cart 

Ventilation volume (VE), volume of oxygen (VO₂) and carbon dioxide (VCO₂), and 

respiratory exchange ratio (RER) will be recorded continuously via a breath-by-breath 

metabolic cart (Vmax Sensormedics Spectra 229LV) that will require participant to plug 

their nose with a nose-clip and breath through a mouthpiece for the entire test. Heart rate 

will also be recorded and monitored via ECG electrodes or with a heart rate monitor. 

 

Beat-by-beat blood pressure (Finometer) 

Non-invasive blood pressure will be measured continuously by using a finger sensor 

(plethysomography) during exercise using the Finometer (Finopres Medical Systems). A 

small finger cuff is placed on the index finger which records changes in pressure, along 

with a pressure cuff place around the bicep muscle to initially calibrate the system.  

 

Maximal Aerobic Capacity (VO₂max) Test 

All participants will perform a preliminary maximal aerobic test to exhaustion to 

determine their VO₂max and maximal heart rate. Prior to the VO2max test, thet 

participants will be asked not to exercise within 24 hours, arrive properly hydrated, and 

have followed appropriate nutrional guidelines (provided for them by the research team; 

i.e., high carbohydrate diet). The VO₂max test will be performed on a ergoselect cycle 

ergometer, with the workload starting at a 100watts, and then increased  incrementally at 

a rate of 50W every 2 minutes until participant cannot sustain a cadence greater than 

65rpm.  

 

40km Time Trials (40km TT) Protocol  

Preliminary VO₂max testing will be performed at least 48 hours prior to 40km time trials 

 (40kmTT). 40TT will be performed on the Velotron Pro cycle ergometer. This is 

a specifically designed bike for cyclists so that seat height and hand bars can be adjusted 

to suit the participant.  40kmTT will follow the protocol of:  2mins resting, 5min warm 

up, 40 km cycling distance, and 2 mins recovery. There will be two 40kmTT performed, 

under hyperthermic conditions (40 degrees Celsius) and thermoneutral (18 degrees 

celsius) conditions (environmental chamber), of which the order of trials will be 

sequentely assigned. 40kmTT will be  separated by at least 48 hours.  Trials will be 

self-paced and participants will be blinded to time and distance travelled as well as 

condition. Participants will be instructed to pedal at maximal capacity, as if they were 

competing in a race. During the 40kmTT, repiratory gas exchange data will be collected 

at 4-5 km intervals to record the metabolic stress of the exercise. Water will be provided 

ad libitum. 
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POTENTIAL RISKS: The VO₂max test and 40kmTT (during which participants are 

expected to simulate a race, thus also maximal intensity) are maximal aerobic tests and 

therefore they may feel fatigued during the exercise protocol, or you may even feel 

nausea and vomit. If they feel that need to stop cycling, at any time or for any reason, 

they may do so without penalty. The hyperthermic condition will be performed at 40 

degrees Celsius.  All of the equipment used is non-invasive and safe to use on human 

subjects and has been previously approved by the REB at the University of Regina for 

research in the Exercise Physiology Laboratory. 

 

POTENTIAL BENEFITS: This research study may provide the participant with an 

opportunity to gain some knowledge and education about what is happening 

physiologically in the body during maximal exercise, which can then be applied to their 

own exercise training. . The VO₂max test will provide the participant with your maximal 

aerobic power score. Subject participation in this study will also provide us, the 

researchers, with valuable information on how the brain and muscle fatigue during 

maximal aerobic exercise. However, subject  participation in this study may not lead to 

any direct or personal benefit.  

 

EXPLANATION OF RESULTS: You will be given a thorough explanation of your 

own test results, and you may request a copy of your own personal results when this 

study is completed. 

 

 

If you wish to contact an independent person regarding any aspect of participation 

in this study please contact: Research Ethics Board, Office of Research Services, 

University of Regina, Phone: (306) 585-4775; E-mail: research.ethics@uregina.ca 

 

 

Participation is voluntary and you may withdraw at any time without penalty. Please 

complete the section on the following page. Thank you for your participation! 
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APPENDIX C – INFORMED CONSENT FORM 

CONSENT FOR SUBJECTS TO PARTICIPATE IN THIS RESEARCH 

PROJECT 
 

Title of Project: Cerebral Hemodynamics in healthy Triathletes during 40 km Time Trial 

cycling in Hyperthermia 

 

 I understand that my participation in this study is voluntary and that I may withdraw 

my participation in this experiment at any time, without any consequences. 

 

 I understand that an ear lobe or finger prick will be used to draw blood which will be 

used for blood lactate analysis 

 

 I have been informed that all information collected from me will be treated 

confidentially, and will be locked in the desk and password protected computer of the 

principal investigator, Dr. Patrick Neary, with access available to graduate student 

Simon Schaerz. 

 

 I have been assured that I may contact Simon Schaerz at schaerzs@ureinga.ca 

or Dr. J. Patrick Neary at patrick.neary@uregina.ca (306-585-4844) at any time if I 

have questions or would like more information about the study. I may obtain a copy 

of my results, upon completion of the study, by contacting any of the above persons. 

 

 I understand that I may register any concerns I might have about this experiment with 

Dr. Craig Chamberlin, Faculty of Kinesiology and Health Studies, University of 

Regina, Phone: (306) 585-4535; Email: craig.chamberlin@uregina.ca, or the 

Research Ethics Committee, University of Regina, Phone: (306) 585-4775; Email: 

research.ethics@uregina.ca. 

 

 I understand the contents of this form, and I agree to participate in this research study. 

 

 I have received a copy of the information sheet and this informed consent form for 

my records. 

 

NAME (Please print legibly): ______________________________________ 

ADDRESS: ____________________________________________________ 

SIGNATURE: __________________________________________________  

PARENTAL/GUARDIAN:________________________________________ 

DATE: ________________________________________________________  
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APPENDIX D – ETHICS APPROVAL 
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